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Y YV U X � ��4,�� 5, �, �,�, �, �,Âk ±Âk lsktk ãÂk xskX V XV X � ��8,�
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ã x� � �� �U � � � �� � � �� �V V� �� � �� �U �� � � �� �� �V V � ���,��, �, �, �, �,jk tk yk ãÂk ykV U V U � ��Q,�� �55¹ �, �,º ¹ �, �,º45 ¹ �, �,º ¹ �, �,º �, �,4 �| �� � � �kk � �kkc ãÂk yk bãÂk ykãÂk yk �ãÂk yk skqskV UVV U UX U U X� � ���,�N �537 M537 �,b � q qkU UV V� V � ��N,�� �5 5¹ �, �,º ¹ �, �,º �, �,4 4� 5, �, �,� ��â ãÂk yk �ãÂk yk skqsk^k ±Âk lskV U U XX X X � ���,�� � � �� � 5, � 5, �, �,� 5,â Âk Âk ±Âk lsk^k² V X � X V X² X � �Q3,�
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�� �*/'�0�1#���2��3333455�� R";'&������� �G�H�� #�����+6��7�4358� �'<��58���!�4N8����'+";";<� %��";0"E"0:'&�H��((:��� �'��(�';0�FR¶��:�E�(� %��:<%� %���; "��� �';(" "�;�H��E"0�(�0� '"&(��!�/%' �%'HH�;(�'(� %����; ��&�H'�'+� ��(��%';<�����R"<:���5�8�(%�/(� %��";" "'&����J�&�(��!� %�� �';(" "�;7�( '� ";<�' ��J�&���3��:( �'(� %���'+(�6�<";� ��+�E���C%��!"�( ��J�&�(�0�+�;( �' �� JH"�'&�?L���+6:( "�;��%'�'� ��"( "�(�/" %�'�P*�3�H%'(���!�'6�: ��@�*C�P���L;��J�&�(��42�M7� %��";���'(";<�$¡��H��"�0�( '� (� �� �'H�+������%':( �<'(7�';0�P*�3��� '�0(�'(�H�'@�H��((:���0��H(�';0�E'�"'6"&" J�";���'(�(��� �R"<:���5�8#����((:���';0�FR¶� �'��(��!� %��!"�( �!"E���J�&�(��!� %��5�2�J�&�� �';(" "�;��C%��;�� ��2�J�&��H��((:���';0�FR¶��:�E�(�'���H��E"0�0�";�R"<:���5�M�';0�" �"(�E��J��&�'�� %' � %��%J6�"0���+6:( "�;�'HH�'�(�";��J�&���������'@�";2�J&";0���H��((:��(�";���'(��!��+� %����&' "E�&J�&�/�H����0";<�?L���+6:( "�;�H��((:��(�'(�'�(+'&&�'+�:; ��!�': �2"<;" "�;��>PPL,�'HH�'�(�' � %���;0��!� %��FR¶��:�E�(���*(� %�� %��  &���H�;(�';0� %��(H'�@�6�<";(� ���� '�07� %��6'&';���6� /��;�»¿½ »ú½ »À½ »Â½ ½ Â½ À½ ú½ ¿½ û½½Â½À½ú½¿½û½ �ÄÊÏÏÖÄÊ�ÞÄÅÑÊÏÃ�ý�ÄÊÏÏÖÄÊ�=ÛÅÄ> � �ÑÚÑÉÊ�û½ÑÚÑÉÊ�ûÂÑÚÑÉÊ�ûÀÑÚÑÉÊ�ûúÑÚÑÉÊ�û¿»¿½ »ú½ »À½ »Â½ ½ Â½ À½ ú½ ¿½ û½½½ÁÂ½ÁÀ½Áú½Á¿½Áû½Á¾½Á�½Á¼½Á�Â ÎÐÕ�ÑÖÄ	ÊÏÃ�ýÎÐÕ



�� �*/'�0�1#���2��3333455�� R";'&������� �G�H�� #�����+6��7�4358� �'<��5M3��!�4N8��?L�';0�': �2"<;" "�;�(%"! (�+���� �/'�0(�': �2"<;" "�;7����";�� %���/��0(7� %��H����; '<���!� %��>PPL���+6:( "�;�";���'(�(����E��� %�(��!"E���J�&�(7� %��H����; '<���!� %��?L���+6:( "�;�/" %�!&'+��H��H'<' "�;�0����'(�(�!'"�&J�( �'0"&J�!��+�'HH���"+' �&J�Q�³�";��J�&����� ��'��:;0�53³�6J��J�&�������L;��'�%��!� %�(���J�&�(7� %�� �';(" "�;� ��': �2"<;" "�;��>PPL,� '@�(�H&'���' �'��:;0�53@�*C�P����� �R"<:���5�M#����((:���';0�FR¶� �'��(��!� %��+"00&��!"E���J�&�(��!� %��5�2�J�&�� �';(" "�;�»¿½ »ú½ »À½ »Â½ ½ Â½ À½ ú½ ¿½ û½½Â½À½ú½¿½û½ �ÄÊÏÏÖÄÊ�ÞÄÅÑÊÏÃ�ý�ÄÊÏÏÖÄÊ�=ÛÅÄ> � �ÑÚÑÉÊ�ûûÑÚÑÉÊ�û¾ÑÚÑÉÊ�û�ÑÚÑÉÊ�û¼ÑÚÑÉÊ�û�»¿½ »ú½ »À½ »Â½ ½ Â½ À½ ú½ ¿½ û½½½ÁÂ½ÁÀ½Áú½Á¿½Áû½Á¾½Á�½Á¼½Á�Â ÎÐÕ�ÑÖÄ	ÊÏÃ�ýÎÐÕ



�� �*/'�0�1#���2��3333455�� R";'&������� �G�H�� #�����+6��7�4358� �'<��5M5��!�4N8��¶J��J�&��Q37� %���'+�H�(" "�;(�';0�+';"!�&0�H��((:���'���' � %��&�E�&(�(:�%� %' �'���;("( �; �': �2"<;" "�;��>PPL���+6:( "�;,�"(�H��(�; ���¶J��J�&��Q87�(H'�@�%'(�6��;��� '�0�0� ���@�¶C�P7��'+(�'���!:&&J�H%'(�0�!���+'�"+:+�$¡�7�';0�+';"!�&0�H��((:���%'(���'�%�0�" (�+'�"+:+���R�&&�/";<� %"(� �';(" "�;7� %���;<";��/'(��H��' �0�' � %��>PPL���+6:( "�;�+�0��/" %���33�6'��LF��7�4��³�LF���P�¡7�';0�23�5��6'���F������� �R"<:���5��#����((:���';0�FR¶� �'��(��!� %��&'( �!"E���J�&�(��!� %��5�2�J�&�� �';(" "�;��²" %� %����"<";'&�<�'&��!�'�!"E�2�J�&��+�0�� �';(" "�;7�!:� %���'  �+H (�/����+'0�� ��(%�� �;� %�� �';(" "�;�0:�' "�;����:�� ��(&�/�(�  &";<� "+���!� %����%':( ��'+�H%'(";<7� � '&�H%'(";<� "+����:&0��;&J�6����0:��0� ��55��J�&�(� ��!:&&J�(�  &����>�/�E��7�" �/'(�H�(("6&�� ��'�%"�E��!:&&�': �2"<;" "�;��>PPL���+6:( "�;,�' � %��N %��J�&���!� %�� �';(" "�;�/" %� %����%':( ��'+�'0E';��0� ����@��!�" (�N3@� � '&�H%'(";<��'H'6"&" J�';0�(H'�@�(�  &";<�' �" (�!";'&�&��' "�;��!�2�@���C%�� �';(" "�;�»¿½ »ú½ »À½ »Â½ ½ Â½ À½ ú½ ¿½ û½½Â½À½ú½¿½û½ �ÄÊÏÏÖÄÊ�ÞÄÅÑÊÏÃ�ý�ÄÊÏÏÖÄÊ�=ÛÅÄ> � �ÑÚÑÉÊ�¾½ÑÚÑÉÊ�¾ÂÑÚÑÉÊ�¾ÀÑÚÑÉÊ�¾úÑÚÑÉÊ�¾¿»ú½ »À½ »Â½ ½ Â½ À½ ú½ ¿½ û½½½ÁÂ½ÁÀ½Áú½Á¿½Áû½Á¾½Á�½Á¼½Á�Â ÎÐÕ�ÑÖÄ	ÊÏÃ�ýÎÐÕ



�� �*/'�0�1#���2��3333455�� R";'&������� �G�H�� #�����+6��7�4358� �'<��5M4��!�4N8���';��!!�� "E�&J�6���'&&�0�';�N2�J�&�� �';(" "�;�/" %��� �'��J�&�(�!����'+�H%'(���(�  &";<� "+����C%"(�N2�J�&��+�0�� �';(" "�;���;("( �0��!� %����";" "'&�?L��J�&�(�0:�";<��'�&J��'+�H%'(";<�!�&&�/�0�6J�!�:�� ��!"E��%J6�"0�+�0����+6:( "�;��J�&�(� %' �&�0� ��!:&&�': �2"<;" "�;��>PPL���+6:( "�;,�� �R"<:���5�Q#�P�; ��&�H'�'+� ��(��!� %��N2�J�&�� �';(" "�;���C%����; ��&�( �' �<J�!��� %��N2�J�&�� �';(" "�;�"(�(%�/;�";�R"<:���5�N���¶�("0�(��E��J %";<�%'HH�;";<�(&"<% &J�!'( ��7� %���;&J�+'����0"!!���;��(��!� %"(� �';(" "�;7���+H'��0� �� %��5�2�J�&���;��'��� %�� "+";<(��!� %�� %��  &���H�;";<�';0� %��(/" �%� ��'�(H&" �";��� "�;�����C%�� %��  &��/'(��H�;�0�(&"<% &J��'�&"��� ��+'"; '";�H��H���'"�2 �2!:�&��' "��';0�<:'�'; ���%�'& %J�?L���+6:( "�;�6�!���� %��%J6�"0���+6:( "�;��J�&�(���*(� %���'+(�H%'(�7�%"<%���&�E�&(��!���%':( �<'(�'��� �'HH�0�";� %���J&";0�����C%�(����%':( �<'(�(�(&�/�!&'+��H��H'<' "�;�';0�";%"6" � %��"; '@���!�!��(%�'"��(&"<% &J7�/%"�%�+'J�%'E��6��;��':(";<� %��(%�� ��"�%�0"H�";� %��&'+60'� �'�����¶J��H�;";<� %�� %��  &��(&"<% &J��'�&"��7�" �/'(�6�&"�E�0� %' � %"(�0"H�";�*RG��&'+60',���:&0�6��¿À ¿¿ ¿¾ ¿¼ û½ ûÀ û¿ û¾ û¼ ¾½ ¾À½À½¿½¾½¼½ÃÅÜ�ÞÓÜÓÆÈ � �ØÆÒ��Ì	ÅÆÑÊþ����Ì	ÅÆÑÊ¿À ¿¿ ¿¾ ¿¼ û½ ûÀ û¿ û¾ û¼ ¾½ ¾À¿½¾½¼½Â½½Î���=Ç�Å> ¿À ¿¿ ¿¾ ¿¼ û½ ûÀ û¿ û¾ û¼ ¾½ ¾À½ÂÀúØÆ9ÊÑÒÓÔÆ�üÖÉÏÊÏ ÃÚÑÉÊ��ÖÜÛÊÄ� �ÎÅÓÆ�ÓÉÔÒ¿À ¿¿ ¿¾ ¿¼ û½ ûÀ û¿ û¾ û¼ ¾½ ¾À»ú½»À½»Â½½Â½×üÅÄÇ�ÞÓÜÓÆÈ y0 z{68?| z--0



�� �*/'�0�1#���2��3333455�� R";'&������� �G�H�� #�����+6��7�4358� �'<��5M8��!�4N8���&"+";' �07�';0� %��'00" "�;'&�!��(%��%'�<����:&0�"+H��E�� %����+6:( "�;�H��!��+';���/" %�%"<%�&�E�&(��!���%':( �<'(���� �R"<:���5��#�PJ�&�26J2�J�&��H��((:��� �'����!� %��N2�J�&�� �';(" "�;� ��R"<:���5�N#�K'+60'�';0�LF��� �'��(�0:�";<� %��N2�J�&�� �';(" "�;��$� �� %' � %��(H&" �";��� "�;�!��� %��N2�J�&�� �';(" "�;�/'(�+�E�0��;���J�&���'�&"�����&' "E�� ���'+�H�(" "�;� ��+�E�� %��%J6�"0���+6:( "�;�'%�'0�";� %�� �';(" "�;�6�!����?L���+6:( "�;�6��'+��(&�/�';0�:;( '6&����L;� %��5�2�J�&�� �';(" "�;7� %��(H&" �";��� "�;�/'(�"; ��0:��0�/%�;� %��"; '@��';0���%':( ��'+(�'0E';��0� ��6� /��;�43@�';0�M3@�";��J�&���Q��(���R"<:���5�3,���>�/�E��7�¿À ¿¿ ¿¾ ¿¼ û½ ûÀ û¿ û¾ û¼½ûÂ½ÂûÀ½Àûú½úû¿½¿ûû½ ÃÚÑÉÊ��ÖÜÛÊÄÃÚÉÓÆÌÊÄ��ÄÊÏÏÖÄÊ�=ÛÅÄ> ¿À ¿¿ ¿¾ ¿¼ û½ ûÀ û¿ û¾ û¼û½¾½�½¼½�½Â½½ Î���=Ç�Å>KNÔXPNQRST̂UVTRSQtP_]ZZYV̂]XVSQ WXN_}̂UVTRSQ̂Z]̂O]uV̂Z]eN_̂t̂lK WXN_}̂QVZZYVQ̂NẐ(~�tlKWĜ\]OUdQZR]S àU_R̂̂\a\YVQ K̀KG½Á¼½Á�ÂÂÁÂÂÁÀÂÁú
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jß�Aápààå�¹88º����G���:J';<7�¶��*���� ��';0�R��R��A"7��L ��' "E��&�'�;";<���; ��&�/" %�(/" �%";<�<'";�!��06'�@�!���;�;&";�'��(J( �+(7��chsßS̀gAh�AãhâsR̀R|hS̀gÀSZAÅhSg|Sj̀ßAxtS̀a|QP��¡�&��Q7�4355��¹8Mº����$'"0:7��̂R|àgAãhSRßhgAÁtPRjaP7�PGP����((�KKP7�43387�HH��484248���¹8�º�A��B';<�';0�9��=%:7��*�+"��0�+�';2E'&:��';0���';@26'(�0�+�0�&��!�'�0:'&2( '<�� :�6��%'�<�0�?L��;<";��!���%'�0/'��2";2 %�2&��H�("+:&' "�;7���ßhQjjZ|SiPAh�AápàpA±ajß|Q̀SAãhSRßhgAãhS�jßjSQj7�¶'& "+���7�F�7�4353��¹8Qº�O��D';<7�P��P%';<7�';0�C��D:�7��?:!!"�"�; �P�;0" "�;��;�¡'&E��C"+";<�!���G�6:( �K�'0�C�';("�; (�";�>PPL��;<";�(7��Á±nA�jQ�S|Q̀gA�̀ ĵß�4353235254M87�4353��¹8�º�$��G'E"7�F��O��G��&&�7�� �'&7��F�0�&26'(�0���; ��&��!�>PPL��;<";�(�:(";<���%':( �����+H��(("�;7��ännnA�ß̀SP̀QR|hSPAhSAãhSRßhgAÁtPRjaPA�jQ�Shghit�A�hgåAà��AÅhåA��AÅh�ja
jßAápàp7�HH��54N�25834��¹8Nº�?��=%';<7�9��=%:7�B��B��;7�';0�=��?:;7��*���; ��&���"�; �0��%'�<��+"�";<�';0�>PPL���+6:( "�;�+�0�&�!���"; ��;'&���+6:( "�;��;<";�(7��ápàáA±Á�nAxtS̀a|QAÁtPRjaAãhSRßhgAãhS�jßjSQj�AbRåAp̀sZjßZ̀gj�Abp�A�QRh
jß�Aápàáå�¹8�º�=��G�;�';0�9��=%:7��F�0�&";<�';0���; ��&��!�';��&�� �"�'&�E'�"'6&��E'&E�� "+";<�(J( �+�!���?L�';0�>PPL���+6:( "�;�+�0�� �';(" "�;7��ápààA±ajß|Q̀SAãhSRßhgAãhS�jßjSQj�AÁ̀SAbß̀SQ|PQh�Aã±�AcsSj�Aápààå�¹M3º�=��G�;�';0�9��=%:7��F�0�&";<�';0���; ��&��!�';��&�� �"�'&�E'�"'6&��E'&E�� "+";<�'� :' ��7��±Á�nAchsßS̀gAh�AxtS̀a|QAÁtPRjaP�A�j̀PsßjajSRÀSZAãhSRßhg��±QQĵRjZA|SA�QRh
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jß�Aápà�å�M��=��G�;�';0�9��=%:7��F�0�&";<�';0���; ��&��!�';��&�� �"�'&�E'�"'6&��E'&E�� "+";<�'� :' ��7��±Á�nAchsßS̀gAh�AxtS̀a|QAÁtPRjaP�A�j̀PsßjajSRÀSZAãhSRßhg��±QQĵRjZA|SA�QRh
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Abstract—Engine electronic throttle control is challenging 

due to its high nonlinearities. In this paper, a discrete-time 

electronic throttle system was modeled as an LPV (linear 

parameter varying) system, where the vehicle battery voltage, 

the nonlinear friction, and spring are the measurable 

time-varying parameters. Gain-scheduling H2 controller was 

designed for the LPV throttle control system using the linear 

matrix inequality (LMI) convex optimization approach. The 

designed controller was experimentally validated and compared 

with the baseline fixed gain PI controller and showed significant 

performance improvement. 

I. INTRODUCTION 

Electronic throttle replaces the mechanical link between 
the vehicle acceleration pedal and engine intake throttle valve 
plate by accurately regulating the throttle plate angle using 
either a DC motor or step motor [1] for internal combustion 
(IC) engines. This process is called electronic throttle control 
(ETC). The traditional engine throttle with the mechanical link 
adjusts the engine charge air directly and engine fuel quantity 
tracks the charge air to provide the desired air-to-fuel ratio that 
is critical for engine emission regulation. The advantage of 
using the ETC for IC engines is that the engine charge air and 
fuel can be regulated simultaneously, providing accurate 
air-fuel-ratio control, especially under the transient engine 
operations. The ETC is also a key enabler for torque based 
engine control [2], where the acceleration pedal provides 
desired torque and the engine control system determines the 
desired engine charge air and fuel to provide the desired 
torque. The torque based control is especially important for 
hybrid powertrains ([3] and [4]), where the IC engine, electric 
motor(s) and generator(s) are managed by their torque outputs 
or loads.  

A conventional electric throttle consists of a DC (or step) 
motor, a set of speed reduction gears, throttle plate, and the 
limp-home (LH) spring set that keeps the valve plate at its 
default position. The electronic throttle system is highly 
nonlinear due to the rotational static and dynamic friction and 
the highly nonlinear LH spring set; the vehicle battery voltage 
fluctuation due to the vehicle electrical load variation 
introduces another degree of variation; in addition, the torque 
load introduced by the intake air flow [5] brings another 
uncertainty to the electronic throttle system. In this paper, 
these uncertainties are model as the measurable LPV (linear 
parameter varying) parameters. 
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Proportional-integral-derivative (PID) control is widely 
used in powertrain control system due to its simplicity ([6] and 
[7]). However, the high spring nonlinearity and charge air 
flow exogenous disturbances could limit the PID control to 
achieve the desired performance under wide operation 
conditions, especially in these operational conditions that 
require low change air flow rate. The other commonly used 
approach for the electronic throttle control is sliding mode 
control, where the nonlinearities of friction and spring force 
can be considered as the parameter uncertainty and bounded 
external disturbance ([8]-[10]); however, the robust 
performance cannot be guaranteed. In reference [11], a 
discrete-time piecewise affine approach was used to 
accurately model the throttle nonlinearity, and the constrained 
optimal control was used to design a controller satisfies all 
imposed constrains. However, the uncertainties, especially the 
battery voltage change was not considered, which could lead 
to poor transient performance. In [12] an LPV throttle model 
was established to convert the nonlinear system into a linear 
LPV system, and an H2 static output feedback control was 
designed to guarantee the robust stability and performance 
using the tracking error as the performance output.  

In this paper, the nonlinear electronic throttle system was 
model as an LPV system, where the friction torque and battery 
voltage are the varying parameters; and the disturbance torque, 
induced by the air flow and other sources are modeled as 
exogenous input. A virtual state was added to denote the 
integration of the tracking error for set-point control, leading 
to zero steady-state error. A feed-forward control is also used 
to compensate the preload spring torque. An LPV 
gain-scheduling controller is designed for the developed LPV 
model utilizing the LMI (linear matrix equality) convex 
optimization scheme to guarantee the system stability and 
performance.  All the performance weighting matrices were 
well-tuned during the control design and simulation validation 
process, and a sequence of controllers with control effort from 
low to high was designed and experimentally validated to 
study the trade-off between control effort and system 
performance under the  modeling error. This provides a 
systematic approach for LPV control gain tuning. 

The paper is organized as follows. Section II presents a 
discrete-time electric throttle model that is linearized into an 
LPV form; and Sections III and IV describe the LMI (linear 
matrix inequality) based convex optimization design for the 
LPV ETC control system and the associated experimental 
validation results, respectively. The last section adds some 
conclusions. 

II. SYSTEM MODELING 

An electronic throttle system can be described by the 
block diagram shown below in Figure 1. A DC motor is driven 

by a controlled voltage 
m

V , which is powered by the battery. 
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m b
V V u=  is regulated by a PWM (pulse width modulated) 

duty cycle signal u , where the duty cycle is the output of the 

electronic throttle controller and 
b

V  is the battery voltage. An 

H-bridge drive module is used to make it possible to apply the 
voltage in both directions. R and L  denote the resistance and 
inductance of the DC motor, respectively. The motor is 
connected to the throttle plate shaft by a set of gears, and a pair 
of return springs that keeps the throttle plate resting at the 
default position (limp-home) when the control input is zero. 

 

Figure 1.  An electronic throttle system 

Figure 2 shows the nonlinear characteristic of the return 

spring. The magnitude of spring torque at limp-home position 

0
θ  is 

s
T , and the direction of the torque could switch around 

this position. Since the developed model in this paper is linear, 

the parameter denoting the throttle angle position discussed 

later is the position relative to 
0

θ . 

 
Figure 2.  Nonlinear property of return spring 

A. Electronic Throttle Modeling 

The electronic throttle (a mechatronic system) dynamics 
can be expressed using the following differential equations 

,m a

di
V iR L E

dt
= + +      

2

2
 

m s f d

d
J T T T T

dt

θ
= − − −               (1) 

where
m

V , i, L and R are the motor voltage, current, inductance 

and resistance, respectively; 
a a

E K θ= ɺ is the motor back EMF 

(electro-magnetic field) voltage; J and θ are motor throttle 

assembly inertia and throttle angle; and 
m

T , s
T , 

f
T  and dT  

represent the motor output torque, nonlinear spring torque, 
friction torque and other exogenous input torque such as the 
disturbance torque due to the unbalanced force, caused by the 
charge air flow, applied on the throttle plate.  

Since the inductance L is relatively small for a DC motor, 
the inductance dynamics can be ignored and the motor current 
can be approximated by setting 0L = . That is 

( )
1

m ai V K
R

θ= − ɺ                            (2) 

and the motor output torque satisfies 

( )m

m m m a

K
T K i V K

R
θ= = − ɺ                     (3) 

Finally the throttle system dynamics can be described by 
the following nonlinear differential equation. 

( ) ( ) ( )sgn sgnm

b a s s B f d

K
J V u K K T K T T

R
θ θ θ θ θ θ= − − − − − −ɺɺ ɺ ɺ ɺɶ  

(4) 

where mK , aK , BK  and sK  represent the motor torque, 

back EMF, viscous friction, and spring stiffness coefficients; 

sT (where ( )sgn
s s s

T K Tθ θ= + ) and fT  (where 

( )sgn
f B f

T K Tθ θ= −ɺ ɺ ) represent the spring preload torque 

used to hold the throttle at limp-home position, and Coulomb 

friction torque. The differential equation can be represented 

by the following continuous-time state space model 

,   x Ax Bu y Cx= + + Γ =ɺ                 (5) 

where

1

2

0 1 0

,   ,  ,1s m a m b
B

x
A B xK K K K V

K x
J J R JR

θ

θ

   
      = = = =        − − +         

ɺ

   (6a) 

( ) ( )( )

0
1 0

= ,  1
0 1sgn sgn

s f d

C
T T T

J
θ θ

 
  Γ =   − + +  

 
ɺ

       (6b) 

Since the system is very nonlinear due to term Γ , it will 

have quite different dynamic behaviors (or transfer functions) 

under different operation conditions. Furthermore, system 

parameters are coupled in the state space matrices; it will be 

almost impossible to use the experimental throttle step and 

sinusoid response data to determine all system parameters. 

The alternative method was adopted in this case, where the 

spring preload torque and stiffness were obtained by 

measuring the torque at different stationary points; the 

Coulomb friction was obtained approximately by moving the 

throttle plate from the same initial position to opposite 

directions through electronic control; the system inertia and 

viscous friction were obtained together by releasing the plate 

freely with and without electronic control. The values of the 

parameters are shown in Table 1.  

TABLE I.  ELECTRONIC THROTTLE PARAMETERS 

Parameter Value Parameter Value 

R 2.07 J 0.0058 

Km 0.537 Ka 0.5589 

KB 0.005 Ks 0.0914 

Tf 0.137 Ts 0.3193 

B. Discrete-time LPV System 

To design an LPV gain-scheduling controller, the 
nonlinear system (6) needs to be converted into an LPV one. 

The entries in matrix Γ were treated in different ways.  



  

Firstly, the spring preload torque ( )sgn
s

T θ can be 

compensated by a control signal ( )0
u θ as function of θ  where 

( )0
sgns

m b

JRT
u

K V
θ=                              (7) 

 

Figure 3.  Approximation of sign function 

Secondly, as shown in Figure 3, ( )sgn
f

T θɺ  can be 

expressed by  

( ) 0 1
sgn f

f f f

T
T T F Tθ θ γ θ

θ
= + ∆ = + ∆ɺ ɺ ɺ

ɺ
         (8) 

where fT

θɺ  is treated as a term containing varying parameter 

1
γ , and 

0
F  is a constant chosen to normalize 

1
γ . 

max
θɺ  can be 

experimental determined, by setting extreme operation 

condition; 
min

θɺ  is chosen to be small enough to reduce 

approximation error. 

Finally, 
d

T , along with uncertainty f
T∆ , forms the 

system exogenous input w , where 

( )
1

f d
w T T

J
= ∆ +                              (9) 

Since the battery voltage varies during the operation, 
b

V  

can be expressed as 

( )2
1

b b
V V γ= +                             (10) 

where 
2

γ  is the second varying parameter that is measurable. 

The following equation defines the range of 
1

γ  and 
2

γ . 

( ) [ ] ( ) [ ]1 2
0.000115,  0.8 ,   0.417,  0.167t tγ γ∈ ∈ −      (11) 

Then the continuous-time state space model can be converted 
into the following LPV system  

( ) ( ) ( )1 2 0+ 1c c w

c

x A A x B u u B w

y C x

γ γ γ= + + + +

=

ɺ
       (12) 

where the system matrices in (5) can be expressed as a sum of 

nominal state space matrices 
c

A , 
c

B , 
w

B , 
c

C , and varying 

parameter depended matrices 1 
1

Aγ γ  and 
2cB γ . 

The system is then discretized in to a discrete-time state 
space model using the first order approximation system 
matrices as follows: 

( )1 2
,  1 ,  c s c s sA T A T AcT

P s P c s P c
A e e A t B e B t C Cγ γ γ= + = + =               

(13) 
where ts is the sampling time of the discrete-time system. For 

convenience, 
1

γ  and 
2

γ are supposed to lie in the compact 

structure { }1 2diag ,Θ γ γ= , and 

( ){ }1 2 1 2diag , : 0.000115 0.8, 0.417 0.167Θ γ γ γ γ∈Ω = ≤ ≤ − ≤ ≤  

(14) 
Then the discrete-time state-space LPV system is in the 
following form of 

( ) ( ) ( ) ( ) ( ) ( )

( ) ( )

1
P P P P w

P P P

x k A x k B u k B w k

y k C x k

Θ Θ+ = + +

=
   (15) 

Figure 4 shows the closed-loop discrete-time system 
architecture, where plant P is the resulting discrete time state 
space model (15) with the third state x3 added for the set-point 
control purpose that will be clarified in Section III; K is the 
closed loop LPV controller to be designed.  There are two 
inputs for the system plant and they are the reference signal r  
and the summation of feedback control u (from LPV controller 
K) and the feed-forward control u0 (used to compensate the 
spring preload torque). Since u0 can be obtained directly by (7) 
with known battery voltage, and will only change sign when 
crossing the limp-home position, it will be ignored during the 
control design process and will be added back during the 
simulations. For the LPV control design, since the system is 
linear, the reference signal can be set to zero, and r denotes the 
input noise (pedal sensor error). The weighting function Wr is 
selected as a low pass filter 

1

0.9
r

W
z

=
−

 

which reflects the frequency character of the input noise. The 
weighting function Wu is selected as a high pass filter 

( )0.967

0.6703
u

a z
W

z

−
=

−
 

Note that the high pass filter is selected to limit the high 
frequency component in the control signal due to limited 
bandwidth of the ETC system. However, the filtering 
frequency was selected in such a way that the control system 
will have the bandwidth high enough to have satisfactory 
transient response (e.g., step response). Coefficient a in the 
weighting function Wu and the weighting functions We and WI 
are selected as design constants and will be tuned during the 
control design and experimental validation process for the best 
performance possible.  

 
Figure 4.  Closed loop system block diagram 

III. LPV CONTROL DESIGN 

A.  Set-point Control 

In order to achieve zero steady-state regulation error, a 
third state was added into the electric throttle system in the 

continuous-time form： 

1I
x r x= −ɺ                                        (16) 

Since the throttle position can be measured, 
I

x can be 

obtained by integrating the tracking error online, it is available 



  

for the state feedback control. Then in the discrete-time 
system it becomes 

( ) ( ) ( ) ( )1
1

I I s s
x k x k t r k t x k+ = + −                     (17) 

B. Augmented LPV System  
For LPV gain-scheduling control design, a state space 

model of the entire system, shown in Figure 4, is augmented 
with the set-point control (17) and weighting functions. The 
augmented state space model is in the form of 

( )
( )
( )

( ) ( ) ( ) ( )
( )
( )

1 2

1 1 2

2

1

0 0

x k A B B x k

z k C D D w k

e k C u k

Θ Θ Θ+     
     

=     
          

ɶ

                (18) 

where ( ) ( ) ( ) ( ) ( )
T 5   P I r Wx k x k x k x k x k= ∈   ℝ  (

W
x  is due to 

the weighting function), the exogenous input 

( ) ( ) ( )
T 2 w k r k w k= ∈  ɶ ℝ , the performance output 

( ) ( ) ( ) ( )
T 3

1 2 3  z k z k z k z k= ∈   ℝ and the measurement for 

control ( ) ( ) ( ) ( )
T 3

1 2 3,  ,  y k y k y k y k= ∈   ℝ . The state 

space matrices are 
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T
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    (19) 

C. LPV Control Synthesis 

For the augmented system in (19), the 
2

H  

gain-scheduling controller ( )K Θ will be synthesized to 

minimize the upper bound of the closed loop 
2

H  norm from 

( )w kɶ to ( )z k . The goal is to design a static output feedback 

gain-scheduling control ( ) ( ) ( )u k K e kΘ= that stabilizes the 

closed-loop system and minimizes the upper bound for the 

2H  norm of the closed-loop LPV system (18) over any 

trajectories of ( )kΘ ∈ Θ . 

 
Figure 5.  Parameter space polytope 

The state space model (18) is converted to a discrete-time 
polytopic time-varying system by solving state space matrices 

containing varying parameters ( ( )A Θ  and ( )B Θ ) at the 

vertices of the parameter space polytope, as shown in Figure 5. 
Any system inside the polytope is represented by a convex 
combination of the vertex systems as weighted by the vector 

( )kλ  of the barycentric coordinates, and formula for 

computing the barycentric coordinates is provided by [13]. 
The discrete-time polytopic time-varying system is given by 

( )
( )
( )

( )( ) ( )( ) ( )( ) ( )
( )
( )

1 2

1 1 2

2

1

0 0

A k B k B kx k x k
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λ λ λ +   
    

=     
         

ɶ ɶ ɶ

ɶ ɶ ɶ ɶ

ɶ

   (20) 

where the system matrices ( )( ) 5 5A kλ ×∈ɶ ℝ , ( )( ) 5 2

1
B kλ ×∈ɶ ℝ  and 

( )( ) 5 1

2
B kλ ×∈ɶ ℝ  belong to the following polytope 

( ){ ( )( )

( ) ( )( ) ( ) ( ) ( )

1 2

1 2 1 2

1

, , :

         , , , , ,
N

i i
i

A B B k

A B B k k A B B k

λ

λ λ λ
=

=


= ∈Λ


∑

ɶ ɶ ɶ
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D       (21) 

where 
i

A , 1i
B  and 2i

B are vertices of the polytope with N=4 

in this case, and ( )kλ is the vector in the barycentric 

coordinates which belongs to the unit simplex 

1

: 1, 0, 1, ,
N

N

i i

i

i Nζ ζ ζ
=

 
Λ = ∈ = ≥ = 

 
∑ℝ ⋯        (22) 

The rate of variation of ( )kλ can be defined as 

( ) ( ) ( )1
, 1, ,

i i i
k k k i Nλ λ λ+∆ = − = ⋯          (23a) 

which is bounded by 

( ) , 1, ,ib k b i Nλ− ≤ ∆ ≤ = ⋯                  (23b) 

where [ ]0,1b ∈ . 

The LMI convex optimization approach will be used to 
solve the LPV gain-scheduling control problem. Based on 
Theorem 9 of reference [14], if there exists, for i = 1, ... , N, 

matrices 3 3

,1i
G ×∈ℝ , 2 2

i
W

×∈ℝ , 2 3

,2j
G ×∈ℝ , 1 3

,1i
Z ×∈ℝ  and 

symmetric positive-definite matrices 5 5

i
P

×∈ℝ  and 
2 2

,3j
G ×∈ℝ  such that the following LMIs hold 
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T T T T T
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1 * *

* 0
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i i i i i i i
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B I
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          (24) 

for i = 1, ... , N, and l = 1, ... , N, 

( ) ( )
T T T T T T T T

2, 2,

1, 1,

1 1 2 * *

( , ) * 0

0 2

i j l

j i i j j i i j

T T

i j

b P b P bP

G A G A Z B Z B f i j

B B I

 − + − +
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+ + + > 
 + 

ɶ ɶ ɶ ɶ

ɶ ɶ
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where 

T T( , )
i i j j i j

f i j G G G G P P= + + + − −  

for l = 1, ... , N, i = 1, ... , N-1, and j = i+1, ... , N,  

1, 2,

*
0

i

T T T T T

i i i i i i i

W

G C Z D G G P

 
> + + − 

ɶ ɶ
               (26) 

for i = 1, ... , N, 
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1, 1, 2, 2,
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W W

G C G C Z D Z D f i j
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  (27) 

for i = 1, ... , N-1, and j = i+1, ... , N, then the robust static 
output feedback controller 

 ( )( ) ( )( ) ( )( )
1ˆˆK k Z k G kλ λ λ

−
=           (28) 

where 

( )( ) ( )

( )( ) ( )

,1

1
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i i
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i i
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Z k k Z

λ λ

λ λ
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=

=

=

∑

∑
                  (29) 

stabilizes the system with a guaranteed 
2

H  performance ν  

given by 

( )
,1 ,2 ,3 ,1

2

, , , , ,
min max

i i i i i i

i
P G G G Z W i

Tr Wν =            (30) 

 

IV. EXPERIMENTAL VALIDATION 

The designed gain-scheduling controllers were validated 
in simulations using the ETC model described in Section II. 
Due to the page limitation, the simulation results are not 
included in this paper. In reality, the model and physical 
system are always different. For example, the friction model 
may not match with the actual system friction due to its 
nonlinearity. Therefore, the simulated performance of the 
designed LPV controllers will not match with the 
experimental one. As the control gain (effort) increases from 
low to high, the performance of the actual system could 
deviate from the expected performance, obtained through 
simulation validation, significantly and eventually the closed 
loop system may become unstable as the control gain is 
increased to certain level; see [15] for detail. 

Therefore, in order to obtain the best performance 
possible for the actual physical system (ETC), a sequence of 
controllers with different control gains was designed by 
selecting different values for weighting matrices Wu 
(parameter a), We and WI.  Table 2 shows the selected 
weighting matrices to achieve control gains from low to high. 
The designed controllers were implemented into the electronic 
throttle control system and evaluated experimentally.   

TABLE II.  WEIGHTING MATRICES TUNING 

Controller We WI a (Wu) 

1 2.5 2.10 0.25 

2 2.5 2.25 0.22 

3 2.5 2.50 0.20 

4 2.5 2.50 0.10 

5 2.5 1.50 0.05 

 

By fixing weighting matrix We, as the a (gain of weighting 
matrix Wu) increases, the penalty to control effort (z3) goes up, 
which leads to the decreased control effort (gain). As a result, 
the closed loop system response becomes slow. At the same 
time, weighting matrix WI is also tuned to achieve the smallest 
tracking error integration (z2) in each case. During the 
simulation evaluation, all five controllers showed a trend of 
tracking performance improvement as the weighting 

coefficient a decreases. Then this sequence of controllers was 
implemented into the prototype electronic throttle controller 
and validated experimentally.  

 

Figure 6.  Step response comparison 

Figure 6 shows the experimental validation results of step 
responses from 20 to 40 degree opening. Note that the control 
effort (gain) increases from controllers 1 to 5. From 
experimental results shown in Figure 6 it can be observed that 
the closed loop system with controller 5 is almost unstable and 
the step responses associated with controllers 1 and 2 have no 
overshoot with relatively slow responses. Among the five step 
responses, the step response associated with controller 3 
provides the best performance. This can also be observed by 
the integration of the absolute tracking error (z2 performance) 
shown in Figure 7, while the simulation results show a 
uniform improvement as the control gain increases. 

 

Figure 7.  Performance comparison 

Next, the robust performance of the throttle operation 
under battery voltage disturbance is studied. It is assumed that 
a stabilized throttle position is interrupted with a sudden 
vehicle battery voltage change. This could happen during the 
engine crank start-up process. The performance of LPV 
controller 3 is compared with that of the baseline well-tuned 
fixed gain PI controller. Both battery voltage dropping and 
recovery cases are studied. Figure 8 shows the system 
responses when the battery voltage drops from normal value 
12V to a low level of 7.5V within 100 ms and remains at that 
level. It can be seen that the response of the LPV controller is 
much more robust than that of the PI controller. When battery 
voltage drops, throttle opening under LPV control has a 
tracking error less than 0.3 degree and it recovers within 
600ms; and the tracking error of the PI control is about 0.8 
degree and it recovers within 1000ms. Figure 9 shows the case 



  

when the battery voltage recovers to its normal level. The 
tracking error for the LPV controller remains unchanged at 0.3 
degree and the corresponding PI one is 1.1 degrees. This is due 
to two main reasons. Firstly, the LPV control has a battery 
voltage depended u0 (see Figure 4) to compensate the spring 
preload torque; while the PI control compensate the battery 
voltage change to the spring preload torque based upon the 
tracking error. Secondly, the LPV gain-scheduling controller 
adjusts its control gains as a function of the battery voltage 
change since battery voltage is one of the varying parameters. 
In this case, the control gains increase as the battery voltage 
drops. Combining both effects, the LPV controller provide 
much better performance than the PI controller. 

 

Figure 8.  Battery voltage drop case 

 

Figure 9.  Battery voltage recovery case 

V. CONCLUSIONS 

In this paper a discrete-time gain-scheduling 
2

H  

controller is designed for an electronic throttle system based 
upon the LMI (linear matrix equality) convex optimization 
scheme. To enable model-based control gain tuning, a 
sequence of the LPV controllers were designed with control 
effort from low to high and evaluated through simulations and 
experiments. The controller associated with the best 
performance was chosen through experimental validation and 
used for performance comparison with the conventional fixed 
gain PI (proportional-integral) controller under battery voltage 
variation. The experimental results show significant tracking 
performance improvement of the LPV controller over the PI 
one. The future work is to reduce the modeling error and 

extend the 
2

H  LPV control design to mixed 
2

H  and H∞  

LPV control design.  
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Abstract—Control-oriented engine model is often used in HIL 

(hardware-in-the-loop) simulation environment for developing 

and validating the corresponding control strategies. For the 

HCCI (homogeneous charge compression ignition) combustion, 

mixture heterogeneity should be considered in the 

control-oriented model to provide accurate combustion phase 

prediction. This paper describes a two-zone HCCI combustion 

model, where the in-cylinder charge is divided into the 

well-mixed and unmixed zones as the result of charge mixing. 

Simplified fluid dynamics is used to predict the residual gas 

fraction before the combustion phase starts, which defines the 

mass of the unmixed zone, during real-time simulations. The 

unmixed zone size not only determines how well the in-cylinder 

charge is mixed, which affects the start of HCCI combustion, but 

also the resulting peak in-cylinder pressure and temperature 

during the combustion process. The developed model was 

validated in the HIL simulation environment. The HIL 

simulation results show that the proposed charge mixing and 

HCCI combustion model provides better agreement with the 

corresponding GT-Power simulation results than the previously 

developed one-zone model. 

 

Index Terms—internal combustion engine, charge mixing, 

two-zone combustion model.  

 

I. INTRODUCTION 

N recent years the HCCI (homogeneous charge compression 

ignition) capable SI (spark ignition) engines have been 

widely investigated, as an alternative combustion technology, 

to obtain the benefit of high efficiency of compression ignition 

(CI) engines and the benefit of low emissions of SI engines, to 

meet the increasingly strict emissions legislation. The major 

advantage of HCCI engines is realized by eliminating the 

formation of flames, which results in a much lower combustion 

temperature. As the consequence of the low flame temperature, 
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the formation of NOx (nitrogen oxides) is greatly reduced. The 

lean burn nature of the HCCI engine also enables un-throttled 

operation to improve vehicle fuel economy [1], [2]. 

However, one challenge for the HCCI combustion control is 

to predict the start of combustion precisely. Moreover, HCCI 

combustion mode can only operate in a certain range of engine 

conditions and is limited at high engine load due to knock and 

low load due to misfire. Several approaches have been 

demonstrated to achieve auto-ignition combustion for an SI 

engine, such as intake charge heating, increasing the 

compression ratio, exhaust gas recirculation, and residual gas 

trapping that is achieved by negative valve overlap (NVO) [1], 

along with corresponding control strategies. Nowadays for the 

purpose of reducing research cost and shortening the 

development duration, one of the most efficient approaches is 

to develop and validate the control strategy using an HIL 

(hardware-in-the-loop) simulation environment, where the real 

engine is replaced by a control-oriented real-time engine 

model.  

To accurately control the HCCI combustion process, a 

precise charge mixing and combustion model is a necessity.  

Widely used high fidelity engine models, such as GT-Power 

and WAVE, provide fairly accurate engine charge mixing and 

combustion models. However, they can only be used for off-line 

simulations and cannot be used for model-based control, where 

real-time HIL simulations are required. Multi-zone models 

based on chemical kinetics, that divide the cylinder into 

adiabatic core zones and thermal boundary layers, are capable 

of simulating more realistic HCCI combustion phenomena [3], 

[4]. Unfortunately, these models are not fast enough for 

real-time simulations. The mean-value single-zone method 

was used in [5] to model the averaged chemical kinetics and 

thermodynamic properties and a control-oriented modeling 

approach was used for multi-mode HCCI engine in [6].  

In [7] a control-oriented one-zone HCCI combustion model 

was constructed based on the assumption that the in-cylinder 

fuel, air, and residual gas charges are uniformly premixed at 

the intake valve closing (IVC). However, during the engine 

intake process, some of the residual gas is not mixed with the 

fresh intake gas, which remains at certain position of the 

cylinder. This unmixed portion is so-called unmixed residual 

gas fraction. Ignoring the unmixed residual gas fraction will 

result in modeling errors for the peak in-cylinder pressure and 

temperature since the unmixed residual gas may have a quite 
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different temperature compared with the well mixed zone. Also 

the volume and air-to-fuel ratio (AFR) of the mixed zone will 

be affected by the unmixed portion in the cylinder. During the 

gas exchange process described in [1], a first order transfer 

function was used to approximate the in-cylinder pressure, 

which led to large errors compared with the actual pressure. In 

[8] and [9] a two-zone HCCI model were established taking 

into consideration of unmixed zone during combustion phase. 

Reference [8] developed a two-zone model based on 

thermochemistry and chemical kinetics, which ensures better 

combustion results, but the charge mixing process is not 

modeled. As a result, the size of the unmixed zone cannot be 

determined in real-time. In [9] the unmixed zone was assumed 

to remain at the bottom of the cylinder with a columnar intake 

flow jet, and the mass transfer rate from unmixed zone to 

mixed zone is proportional to the kinetic energy of the intake 

flow, which denoted that the charge mixing only occurs during 

the intake phase; however, this simplified model ignored the 

turbulent phenomenon caused by both of the bifurcated intake 

flow shear and high speed moving piston, which would last for 

the entire intake phase and compression phase. 

In this article, to make the real-time simulation possible, 

mass fraction burned Wiebe function, along with energy 

conservation principle, was used to model the combustion 

process to guarantee the accuracy of thermodynamics 

characteristics such as in-cylinder pressure and temperature. 

One dimensional flow dynamics equations are used to model 

the detailed gas exchange dynamic process. During the intake 

phase, the in-cylinder charge is divided into two zones, mixed 

and unmixed zones, and modeled based upon the turbulent flow 

analysis approach.  

The main contribution of this article is to provide a 

control-oriented HCCI engine model, capable of real-time HIL 

simulations and model-based engine combustion control, with 

simulation accuracy comparable with that of the high fidelity 

off-line engine model. It is true that the accuracy of the 

developed control oriented model is not compatible with high 

fidelity 3-D model due to the simplification of the engine 

charge mixing and combustion models. However, the 

developed control oriented engine model is able to provide 

crank-based combustion information while the traditional 

mean-value engine model cannot.  

The rest of this paper is organized as follows.  In section II 

the engine description and modeling framework are discussed. 

In section III detailed modeling approach is described for each 

combustion phase and simulation results are compared with 

GT-Power simulation results and experimental data in section 

IV. Section V addresses the conclusions. 

II. ENGINE DESCRIPTION AND MODELING FRAMEWORK 

The engine used for the modeling work is a 2.0L 

four-cylinder equipped with two-step valve lift and electrical 

cam phaser. The engine is capable of SI and HCCI combustion.  

Figure 1 shows the architecture of the entire engine model. 

Compared with the one-zone model in [7], it has the similar 

overall framework. The engine model receives inputs from the 

engine controller, including spark signal, injection signal, 

throttle signal, etc. The outputs of the engine model include 

mean-value based crank shaft speed, exhaust pressure, crank 

based in-cylinder pressure, temperature, etc. Also, the engine 

crank, cam and gate signals are generated to synchronize with 

engine control unit for HIL simulations. The engine model 

consists of five subsystem models: combustion model, throttle 

and manifold model, EGR (exhaust gas recirculation) model, 

piston/crank dynamics and dyno model. Crank-based 

combustion related variables are updated every crank degree; 

and mean-value engine variables, including throttle, manifold 

model, crank and dynamometer models are updated with a 

fixed sample time at 1ms. 

 
Fig. 1.  Two-zone model architecture. 

 

For the charge mixing process, the in-cylinder charge 

mixture is divided into two zones, mixed and unmixed, before 

the combustion starts. In order to predict the size of the 

unmixed zone, it is essential to model the flow dynamics during 

the entire intake process. A compressible flow dynamics 

method is used to predict the flow rate in real-time. When 

combined with turbulent diffusion analysis, the transfer rate 

between the two zones can finally be obtained. During the 

intake phase, due to the NVO recompression occurred before 

the intake phase, the in-cylinder pressure is usually higher than 

the intake manifold pressure at the start of the intake phase. 

Therefore, at the beginning of the intake process, the trapped 

in-cylinder gas flows from cylinder to manifold and then flow 

back to the cylinder. This intake process is considered in the 

model. 

 
Fig. 2.  Two-zone charge mixing and HCCI combustion model. 
  

Figure 2 shows a diagram of the two-zone mixing process 

over an entire engine cycle. The unmixed zone is assumed to be 
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located in the inner part of the cylinder, and its size is shrinking 

due to the gas diffusion to the mixed zone. Once auto-ignition 

occurs, it is assumed that the mass of unmixed zone does not 

change and a polytropic compression is assumed. When 

combustion ends, the two-zone assumption is not essential to 

in-cylinder analysis, hence it is assumed that the in-cylinder 

residual gas distributes homogeneously. Since the calculated 

temperature and volume of the unmixed zone can be updated 

each crank degree under this assumption, it is easy to analyze 

the combustion process in the mixed zone. In this article, it is 

also assumed that there is no heat exchange between the two 

zones, but the mixed zone exchanges heat with the cylinder 

wall. 

III. TWO-ZONE CHARGE MIXING AND COMBUSTION MODEL 

The thermodynamic characteristics of the in-cylinder gas, 

such as in-cylinder pressure and temperature, are of great 

interest in the SI and HCCI combustion modeling research. 

This is especially important at certain critical combustion 

phases such as the IVC (intake valve closing). 
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Fig. 3.  Combustion phases within an engine cycle. 

  

Figure 3 shows five key combustion phases of an HCCI 

combustion process within one engine cycle. They are: intake 

valve closing; start of HCCI combustion (SOC); exhaust valve 

opening (EVO); exhaust valve closing (EVC); and intake valve 

opening (IVO). For each combustion phase, the in-cylinder 

combustion variables, such as pressure and temperature are 

modeled using thermodynamic governing partial differential 

equations that are discretized every crank degree and solved 

analytically. For the HCCI combustion process, Wiebe based 

mass fraction burned (MFB) function, calibrated using 

experimental data, was used to approximate the complicated 

chemical reaction process to make the real-time simulation 

possible with required simulation accuracy; for the gas 

exchange process, the discretized governing equations (6) and 

(8) were solved iteratively, along with 1-D flow dynamics 

equations, with the guaranteed convergence for in-cylinder 

thermodynamics characteristics. In the rest of this section, 

crank resolved model of each combustion phase are presented. 

A. Intake Phase 

During this phase, the fresh charge enters the cylinder and 

mixes gradually with the residual gas. As a result, the total 

mass of the unmixed zone reduces. The goal is to predict the 

size of the unmixed zone at IVC; hence, it is essential to model 

the flow dynamics during the entire intake phase. Calculation 

of the intake flow rate is based on the one-dimensional 

compressible flow equations [10]: 

a)  When the flow is not choked ( ( )
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where 
DC  is the discharge coefficient and experimentally 

determined, 
0P  and 

0T  are the upstream stagnation pressure 

and temperature, 
TP  is the downstream pressure, 

v
A  is the 

intake valve reference area, and γ  is the specific heat ratio. 

For an HCCI combustion engine with the NVO strategy, 

most often, the in-cylinder pressure is higher than the intake 

manifold pressure at the IVO due to the residual gas 

recompression and early exhaust valve closing. Hence, a 

certain portion of the residual gas will escape into the manifold 

after IVO. This is called backflow. In order to simplify the 

modeling process, the entire intake phase is divided into three 

stages under certain assumptions: 

Firstly, right after the IVO, the trapped residual gas flows out 

of the cylinder through the intake valve. In this case, 
0P  and 

0
T  

in (1) and (2) are in-cylinder pressure and temperature, 

respectively, 
TP  is the manifold pressure, and mɺ  is treated as a 

negative value in the model for calculation convenience. 

During this stage, as the in-cylinder total mass is decreasing 

while the cylinder volume is increasing, the in-cylinder 

pressure and temperature both drop significantly. 

Secondly, once the in-cylinder pressure becomes lower than 

the intake manifold pressure, the flow direction reverses. It is 

assumed that the escaped residual gas in the first stage was not 

mixed with the fresh charge in the manifold. Since the 

GT-Power and CFD (computational fluid dynamics) 

simulation results show that the back flow occurred during the 

first stage will be charged back into the cylinder completely. 

Therefore, this assumption will not lead to large modeling error 

at the end of the charge mixing process. For equations (1) and 

(2), in this case, 
0

P  is the manifold pressure, 
TP  is the 

in-cylinder pressure, and 
0T  is the residual gas temperature 

reduced by a factor governed by heat transfer and expansion. 

Finally, after all the escaped residual gas flows back into the 

cylinder, the actual fresh charge process begins. During this 

stage, 
0P  and 

0
T  are the intake manifold pressure and 

temperature, respectively, and
TP  is the in-cylinder pressure. 

This stage has the longest duration among the three stages. 

Mixing occurs in this stage. 

The calculation of in-cylinder pressure and temperature is 
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based upon the first law of thermodynamics. Since there is only 

one-direction flow path at one time due to the NVO operation, 

the energy conservation equation can be written as 

( )
hmWQ

dt

mud
w

ɺɺɺ +−=                            (3) 

where Wɺ  is the rate of the transferred work, which equals Vp ɺ . 

wQɺ  is the total heat-transfer rate to the cylinder walls, which 

can be obtained using the Woschni correlation model [11], 

[12]: 

( )w c c w e
Q A h T T N= − −ɺ                          (4) 

where 
c

A is the contact area between gas and cylinder wall, 
w

T  

is average temperature of cylinder wall, 
e

N  is the engine speed, 

and 
c

h  is the instantaneous convection coefficient that can be 

calculated by 

( )
0.8

0.2 0.8 0.55

1 2
d r

c p mot

r r

V T
h B P T C S C P P

p V
α − −  

= + − 
 

      (5) 

where B  is the bore; P is the in-cylinder pressure; 
pS is the 

mean piston speed; Vd is the displaced volume; Tr, pr, and Vr are 

the in-cylinder temperature, pressure and volume at some 

reference state, such as intake valve closing; and Pmot is the 

motored in-cylinder pressure at the current crank position. α , 

C1 and C2 are the scaling factors used as model calibration 

parameters. To simplify calculation, it is assumed that hc is 

constant within the calculation step but variable step-by-step. 

In the developed model equation (3) is discretized and solved 

analytically. Note that Cp and Cv do change as a function of 

temperature and species. However, within one computational 

step (one crank degree) the variations of Cp and Cv are fairly 

small. To simplify calculation, it is assumed that Cp and Cv are 

constant within the calculation step but variable step-by-step. It 

is also assumed that the pressures in mixed and unmixed zones 

are identical. Then the in-cylinder temperature can be 

determined at every crank degree by the following equation 

[ ]
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ivipiiiw
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−−−−
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11011
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(6) 

where θ  is crank angle;
0T  is the intake flow temperature; t∆  

is the time interval for each crank degree; and Qw is the heat 

transfer to the cylinder wall during the time interval, which can 

be obtained by 

( )1w w iQ Q tθ −= ∆ɺ                             (7) 

based on the assumption that the heat transfer rate remains 

unchanged within one calculation step. 

Since the mixture can be considered as an ideal gas, 

in-cylinder pressure can be obtained by 

)(

)()(
)(

i

ii
i

V

RTm
P

θ

θθ
θ =                              (8) 

Equations (1) and (2) are discretized at each crank step and 

solved numerically, where the solution is obtained using 

iterative approach for a given step, along with (6) and (8). 

In-cylinder pressure, temperature and intake flow rate are 

updated at each iteration. During the third phase of the process, 

the residual gas mixes with the fresh charge gradually in a 

fairly complicated dynamic process. The main task of the 

modeling work is to describe the mass transfer rate from the 

unmixed zone to the mixed zone using a simple approach, 

which is solvable in real-time for HIL simulations.  

Due to the high intake flow velocity and piston motion, there 

is significant in-cylinder turbulent motion, combined with 

tumble and swirl. The flow field changes significantly as 

manifold shape, combustion chamber geometry and valve 

timing vary. CFD models were widely used to provide the 

relatively accurate estimation of in-cylinder gas motion [13], 

[14]. Figure 4 shows a side view of a simulated charge mixing 

process with NVO. The entire process can be considered as a 

turbulent diffusion process. Figure 4 (a) shows that at the 

beginning of the third stage, as discussed previously, the fresh 

charge comes in, and bifurcates into two jets; the right jet flows 

along the cylinder wall towards the piston, and the left jet flows 

along the cylinder head and past the exhaust valve. As the valve 

lift increases, additional incoming fresh charge leads to faster 

in-cylinder flow velocity and turbulent intensity, and forms two 

main vortices: the left-top vortex caused by the shear between 

the left jet and cylinder wall, and the right-bottom vortex 

caused by the interaction between the right jet and piston, as 

shown in Figure 4 (b). The mass transfer from residual gas to 

well-mixed gas, resulting from the species gradient between 

fresh charge and residual gas, is augmented by this in-cylinder 

turbulence. Once the intake valve is about to close and the 

piston is approaching to BDC (bottom dead center), the 

in-cylinder average flow velocity drops, but turbulence keeps 

the process going albeit at a decreasing rate, as shown in Figure 

4 (c). When the piston moves up towards the TDC (top dead 

center), it pushes the residual gas to the upper location of the 

cylinder, and a newly formed vortex is conducive to charge 

mixing, as shown in Figure 4 (d).  

 
Fig. 4.  Charge mixing process. 

 

Based on the CFD simulation results [13], [14], although 

different valve timing strategies will lead to different flow 

fields and residual gas shapes, the  shape of the unmixed zone 
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formed by the residual gas is similar. In most of the cases, the 

residual gas is surrounded by the mixed charge due to 

continuous shear flow. Hence a simplified model is proposed in 

Figure 5.  

 
Fig. 5.  A simplified charge mixing model. 

 

It is assumed that during the charge mixing process the 

unmixed zone (formed by residual gas) remains in the center of 

the cylinder, and the shape is assumed to be spherical. The 

fresh charge surrounds the unmixed zone with velocity tangent 

to the sphere and mixes with the residual gas gradually, which 

forms the mixed zone. The mass transport from the unmixed 

zone to mixed zone is caused by gas diffusion, which consists of 

both molecular diffusion and turbulent diffusion. Since the 

turbulent diffusion rate is much higher than that of molecular 

diffusion, the latter is ignored. Under this assumption Fick's 

first law of diffusion will be applied [15]: 

t t

d
j

dr

ω
ρ= − D                                   (9) 

where 
t

j is the turbulent mass flux of the residual gas; ρ is the 

density of the residual gas; 
t
D is the turbulent diffusivity and 

the last term describes the mass fraction of the residual gas 

distribution in the mixed zone in the radius direction. This 

mass flux denotes the mass flow rate from unmixed zone to 

mixed zone per unit interaction area per unit time. To simplify 

the problem, it is assumed that at any time the residual gas in 

the mixed zone has a constant distribution gradient, hence the 

last term can be rewritten as 
0 lω− , where 

0ω  is the 

concentration of residual gas at the interaction surface and l  is 

the thickness of mixed zone. The relationship between 

turbulent diffusivity and turbulent viscosity leads to the 

following equation that can be used to solve 
t
D : 

t
t

t

Sc
ν

=
D

                                       (10) 

Here, 
t

Sc  is a dimensionless constant known as the turbulent 

Schmidt number. The turbulent viscosity can be obtained by:  

  
1t c vlν =                                       (11) 

where v  is the average velocity in the mixed zone, which is 

approximated by mean value of intake flow velocity and piston 

velocity; l  is the thickness of the mixed zone, the same as in 

residual gas distribution gradient calculation; and 
1c  is a 

constant to be calibrated. Finally the mass transfer rate can be 

expressed as  

( ) ( ) ( ) ( )1 0 2tr i i i i tm c v c A Scθ ρ θ θ ω θ=ɺ             (12) 

where A  is the surface area of the unmixed zone, which can be 

easily calculated under the “sphere” assumption; and 
2c  is a 

calibration constant due to the assumptions made. Notice that 

at the beginning of the charge mixing process, the amount of 

the incoming fresh charge is not enough to surround the 

residual gas, and in this case A  should be the surface area of 

the mixed zone and calculated by assuming that the thickness 

of the mixed zone is identical to the intake valve lift. 

Notice that during the entire intake phase temperature 

gradient exists between two zones, resulting in heat transfer 

from the unmixed zone to the mixed zone. Hence a polytropic 

process can be approximated in the unmixed zone, and the 

polytropic exponent n was calibrated as a function of 

temperature to match the GT-Power simulation results over a 

wide engine operation range. Then the temperature in both 

zones can be obtained sequentially, assuming that the pressures 

of the mixed and unmixed zones are identical: 
1

( )
( ) ( )

( )

n n

IVO

i unmixed IVO

i

P
T T

P

θ
θ θ

θ

−
 

= ⋅ 
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            (13) 

( ) ( ) ( ) ( )
( )

( )

i i unmixed i i unmixed
i mixed

mixed i

m T m T
T

m

θ θ θ θ
θ

θ

−
=       (14) 

The volume of both zones can be determined by ideal gas law. 

Since the developed model is capable of SI and HCCI 

combustion modes, the modeling methodology described above 

can be also used for the positive valve overlap (PVO) case. 

Similar analysis can be used during the intake valve opening 

and exhaust valve closing; however, during the valve overlap 

stage, complicated in-cylinder mixing process exists. Due to 

the strong in-cylinder motion (combination of turbulence and 

tumble) after intake valve opening, it is assumed that intake 

fresh charge will not get out through the exhaust valve, that is, 

there is no fresh charge flow into the exhaust port. This 

assumption is due to the fact that under most engine 

operational conditions there is no fresh charge escaped through 

the exhaust valve. Hence the intake charge mixing process and 

residual gas exhaust process can be calculated separately. Note 

that in some case the backflow phenomenon does exist, 

including flow from cylinder to intake manifold, and flow from 

exhaust manifold to cylinder. Similar criteria and method can 

be applied to this case as in the first two stages mentioned 

above. 

B. Compression phase 

Since at the end of compression phase the in-cylinder 

temperature might be very high, the heat transfer portion 

cannot be neglected for achieving an accurate prediction of the 

start of HCCI combustion. Here an iteration method is used to 

determine the in-cylinder pressure and temperature for each 

zone separately. First (14) is used to approximate the average 

in-cylinder temperature, based on an isentropic process with 
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heat transfer assumption for the entire cylinder. 

( ) ( )
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where 

( ) ( ) ( ) ( ) ( ) ( )1 1
ˆ   ,  

      ( ) ( ) ( )

i unmixed i unmixed i i mixed i mixed i

i tr i p i unmixed

V V V V V V

F m tC T

θ θ θ θ θ θ

θ θ θ

− −∆ = − ∆ = −  

= ∆ɺ

 

Note that 
mixed

Q  is heat transfer to the cylinder walls from the 

mixed zone; and 
tr

mɺ  is the mass transfer rate from unmixed 

zone to mixed zone that can be obtained by (12). Heat transfer 

between mixed zone and unmixed zone is neglected here. Then, 

the average in-cylinder temperature can be obtained by 

( ) ( )
( ) mixed i mixed unmixed i unmixed

i

IVC

m T m T
T

m

θ θ
θ

+
=           (17)   

The compression phase ends when the HCCI combustion 

starts. A commonly used criterion for the start of combustion 

(SOC) timing is the Arrhenius integral [16], [17], that depends 

on the oxygen and fuel concentration, which is described as 

[ ] [ ] ( )
2

a

i
mixed

IVC

E

b c R Ta
ARI Ap O Fuel e d

θ θ

θ
θ

−
⋅

= ∫            (18) 

where Ea is the activation energy for the auto ignition reaction 

and is chosen to be a constant; and A is a scaling factor related 

to fuel composition. Since for NVO strategy EGR rate has a 

strong effect on ignition delay [18], A is also a function of EGR, 

and a lookup table can be used to calibrate A.  

The SOC crank position is defined as the crank angle for 1% 

fuel burned under HCCI combustion. During this phase, the 

Arrhenius integral continues its integration. As the in-cylinder 

temperature and pressure increase gradually due to 

compression, the Arrhenius integral increases as well. Once 

the ARI reaches criteria of the SOC (ARI ≥ 1), it shows that the 

HCCI combustion phase starts. At this moment, the 

temperature of mixed zone will be recorded as )( SOCT θ  and 

volume of unmixed zone as ( )unmixed SOCV θ to be used for 

calculation in the next phase.  

C. Combustion and expansion phase 

In the HCCI combustion phase, the following two 

assumptions are made: 

1) There is no mass exchange between the mixed (burned) 

and the unmixed zones due to the weak in-cylinder gas 

motion during the combustion phase (near TDC). 

2) There is no heat transfer between the two zones but each 

zone has heat transfer to the cylinder wall. 

Under the two assumptions, thermodynamic activity in both 

zones can be solved separately. In order to simplify the coupled 

equations, in-cylinder pressure in the last crank degree is used 

to calculate the volume of the current unmixed zone. 
1

1

( )
( ) ( )  

( )

SOC

unmixed i unmixed SOC

i

P
V V

P

γ

θ
θ θ

θ −

 
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 

        (19) 

In the mixed zone, the fuel MFB is modeled based upon the 

Wiebe MFB function and associated heat release rate function. 

Experimental results show that the heat release rate curve for 

HCCI combustion varies significantly and is heavily dependent 

on the fuel types and engine operational conditions. Typically 

the combustion process can be divided into two stages, 

cool-flame reactions and main combustion [19], [20].  Under 

certain lean combustion cases, especially with very high EGR 

rate (combined with both NVO trapped residual mass and 

external EGR), or highly diluted mixture case (high N2 

concentration or low fuel concentration), the main HCCI 

combustion stage can be further divided into two stages: fast 

reaction (heat release) rate stage and slow reaction rate stage 

[21], [22], as shown in Figure 6. In order to develop a generic 

combustion model that can be applied to all types of four-stroke 

SI and CI engines, a generalized formula for MFB curve, that 

covers most possible combustion processes, is modeled by a 

combination of three functions 

( ) ( ) ( ) ( ) ( )1 2 31x x x xθ α θ β θ α β θ= + + − −        (20) 

and each of these three functions is modeled by the Wiebe 

function [10] with ( 0,  0,  + 1α β α β≥ ≥ ≤ ) 

( )

1

0

1 ,   1,2,3

mi
i

i
i

a

ix e i

θ θ

θθ

+
 −

−  
∆ = − =            (21) 

where coefficients
i

a , 
i

m , factors α , β , and predicted burn 

duration 
i

θ∆ are calibration parameters of engine speed and 

load, and coolant temperature; 
0i

θ represents the start of 

combustion for the stage i ; and 
01 SOC

θ θ= is given by the 

Arrhenius criterion in (18). All these parameters were 

calibrated within certain engine operation condition range and 

lookup tables were used as functions of engine speed and 

air-to-fuel ratio. For the combustion with relatively low EGR 

rate and not extremely lean combustion the third combustion 

stage does not exist and α β+  can be set to one; and for 

gasoline type fuels combustion where the cool-flame reaction is 

not evident α  can be set to one and β  to zero 
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Fig.6.  HCCI combustion mass fraction burnt and heat release rate. 

The energy conservation equation applied to the mixed zone 

has the form 

mixed w HCCI fuel LHV

du dV dx
m p Q m Q

d d d
η

θ θ θ
+ + =        (22) 
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where the combustion efficiency 
HCCIη  is a calibration 

parameter used to match the simulated IMEP (indicated mean 

effective pressure) provided by GT-Power model, and QLHV is 

the low heating value of the fuel. Considering the time interval 

for each crank degree is fairly small, the temperature 

calculation was simplified into two steps shown in (23) to make 

real-time simulation possible. They are a polytropic volume 

change process without heat exchange and a heat exchange 

process without volume change, where in the numerical 

simulations parameter n is equal to γ. Then the temperature, 

pressure and volume of mixed zone can be solved by 

[ ]
1

11
1

( ) ( ) ( )( )
( ) ( )

( )

n

HCCI fuel LHV i i imixed i
mixed i mixed i

mixed i mixed v

m Q x x QV
T T

V m C

η θ θ θθ
θ θ

θ

−

−−
−

− − 
= ⋅ + 

 

        

(23) 

1
1

1
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( ) ( )

( ) ( )

mixed i mixed i

i i

mixed i mixed i

V T
P P

V T

θ θ
θ θ

θ θ
−

−

−

= ⋅ ⋅                (24) 

and 

( ) ( ) ( )
mixed i i unmixed i

V V Vθ θ θ= −                 (25) 

Temperature in the unmixed zone can be obtained by (15). 

After the HCCI combustion phase, the two-zone analysis is 

no longer essential for in-cylinder combustion behavior, and 

the two zones are assumed to be well mixed instantaneously.  

The in-cylinder average temperature can be obtained by (13) 

with the initial condition: 

( ) ( )
( ) mixed e unmixed unmixed e

e

IVC

m T m T
T

m

θ θ
θ

+
=            (26) 

where the index e denotes the crank position when combustion 

terminates. 

D. Exhaust phase 

The exhaust process is similar to the intake phase. Equations 

(1), (2), (6) and (7) are used for calculating the exhaust flow 

rate, in-cylinder temperature and pressure. Note that during 

this phase the in-cylinder pressure is higher than the exhaust 

manifold pressure in most of time, however, the situation can 

be reversed. Therefore, the backflow occurring is also 

considered. At the exhaust valve closed (EVC), the trapped 

mass can be calculated by 

EVC

EVCEVC

EVC
RT

VP
m =                               (27) 

E. NVO  phase 

The NVO phase is called as engine recompression. During 

this phase the trapped in-cylinder gas is polytropically 

compressed or expanded in a closed system with heat transfer 

to the cylinder wall, so (28) and (8) are used to calculate both 

temperature and pressure with )( im θ  replaced by 
EVCm  in (8). 

( ) ( )
( )
( )

1

1
1

−

−
− 








⋅=

n

i

i
ii

V

V
TT

θ

θ
θθ                   (28)  

F. Throttle and manifold model 

Throttle and intake manifold models provide the manifold 

pressure required for intake flow rate calculation in real-time. 

The fresh air flow rate through the throttle plate can be 

calculated using the one-dimensional compressible flow 

equation similar to the one used to solve intake valve case:  

( )
( )0

0

2 1d t

t r

C A P
m p

RT

γ γ −
= Ψɺ               (29) 

where 
d

C  is the discharge coefficient; 
0P  and 

0T  are the 

atmosphere pressure and temperature; 
t

A  is the throttle 

reference area; and 
0r man

p p p=  where 
man

p  denotes the 

manifold pressure. The function Ψ  is given by 

( )

2 1
1

1

1 1

2
               ,    if      

1
 

1 2 2
  ,    if      

2 1 1

r r r

r

r

p p p

p

p

γ
γ

γ
γ γ

γ γ

γ γ

γ

γ

γ γ γ

+
−

+

− −


  − ≥   + 

Ψ = 
      − <    + +      

  (30) 

Considering the throttle geometry, 
t

A  can be approximated by  

 ( )2

0
1 cos

4
t

A D
π

α α= − −  
                  (31) 

where D  is the diameter of the throttle plate, and 
0

α  is the 

closed throttle angle. 

Actual flow dynamics and thermodynamics in the manifold 

are quite complicated. In order to simplify the problem, a 

uniform condition assumption for the manifold is made, which 

assumes that there is no pressure gradient or temperature 

gradient in spatial distribution. By choosing the entire 

manifold as the control volume and applying the mass 

conservation, the mass change in the manifold is the difference 

between inlet mass flow (combined with air mass flow past the 

throttle and external EGR flow) and outlet mass flow (flow 

enter the cylinder through the valves). Then the equation for 

manifold mass change rate can be expressed as 

man t EGR v
m m m m= + −ɺ ɺ ɺ ɺ                           (32) 

Applying the ideal gas law in the manifold volume V , the 

pressure differential equation can be written as 

man man

man

m RT
p

V
=
ɺ

ɺ                               (33) 

Neglect the different gas thermodynamic properties between 

fresh air and EGR, the difference equation for manifold 

temperature is 

( ) ( )

1 1 ,

0 0 , 1 ,

[ ( ) ( ) ( ) ( )]

    ( ) ( )  

man i man i man i man i v man

t i v EGR EGR i v EGR man i v i v man

T m T m C

T m C T m C T m C t

θ θ θ θ

θ θ θ θ

− −

−

− =

 + − ∆ ɺ ɺ ɺ

    (34) 

where t∆  is the time interval for each crank degree. Then 

equations (32) and (33) can be discretized, along with (29) and 

(34),
man

p  and 
man

T  can be solved online iteratively, which is 

similar to solving equations (1) – (8). 

IV. SIMULATION RESULTS 

The two-zone HCCI combustion model was validated in the 

HIL simulation environment (see Figure 7 for the HIL system 
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architecture). On top of the figure a host computer is used for 

running the Opal-RT based engine controller; the lower host 

computer is used for running the dSPACE based real-time 

engine simulator which was introduced in this paper. The two 

host computers can communicate with each other to get all the 

data updated each crank angel to achieve the real-time 

simulation. An oscilloscope can be applied to display the 

simulation results. 

 
Fig.7.  HIL simulation environment. 
 

    The engine parameters are given in Table 1, and Table 2 

shows the model calibration parameters and how they are 

calibrated. 

 

 
Fig.8.  GT-Power engine model diagram. 

 

The two-zone model was validated for the engine operation 

at 2000 rpm with various loads. The simulation results at 4.2 

bar IMEP are presented below. The associated valve timing for 

EVO, EVC, IVO and IVC are 156°, 304°, 382°, and 530° after 

TDC (top dead center). A four-cylinder GT-Power model is 

also developed and used to provide baseline simulation results, 

and Figure 8 shows the architecture of the model. For the 

purpose of validation, the proposed two-zone charge mixing 

and combustion model was compared with the one-zone model 

in [7], along with the improved one-zone model where the gas 

exchange flow dynamics was included but with the assumption 

of homogeneous mixing during the entire gas exchange 

process. 

Figures 9 and 10 show the in-cylinder pressures and 

temperatures over an engine cycle. Note that the two-zone 

charge mixing model can provide an accurate simulation 

results that match with GT-Power simulation results quite well. 
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Fig.9.  In-cylinder pressure comparison. 
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Fig.10.  In-cylinder temperature comparison. 

 

Figures 11 and 12 show the in-cylinder pressures and 

temperatures during the gas exchange process. Compared with 

one-zone model without fluid dynamics, two-zone charge 

mixing model shows a significant improvement, and the 

simulated pressure and temperature responses match with 

these provided by GT-Power simulations quite well. On the 

other hand, the in-cylinder pressure of one-zone model has a 

large error with respect to GT-Power simulation, especially at 

the beginning of valve opening, but at the end of the intake 

process it converges to the accurate value due to the effect of the 

first-order approximation; the in-cylinder temperature of 

one-zone model has significant error during the entire gas 

exchange process since it was obtained based upon the 

in-cylinder pressure, assuming an isentropic process at each 

time interval. Moreover, at IVC the temperature does not 

converge to a reasonable value, leading to inaccurate trapped 

mass calculation and SOC prediction.  

TABLE 2 

CALIBRATION PARAMETERS 

Parameter Equations Calibration method 

DC  (1), (2), (29) GT-Power 

21,CC，α  (5) GT-Power 

21 ,cc  (11), (12) Experiment 

n (13), (23), (28) GT-Power 

A, a, b, c (18) Experiment 

βα，  (20) Experiment 

 

TABLE I 

ENGINE SPECIFICATIONS 

Parameter Model value 

bore/stroke/con-rod length 86mm/86mm/143.6mm 

compression ratio 9.8:1  

intake valve opening duration 148 crank degree 

exhaust valve opening duration 148 crank degree
 

Intake/exhaust valve lifts 5mm 
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TABLE 3 

SIMULATION RESULTS COMPARISON 

Model Fuel (mg) SOC IMEP 

GT-Power 13.2 2 4.2 

Two-zone model 13.2  2 4.22 

One-zone model (w/ flow dynamics) 13.2 4 4.23 

One-zone model (w/o flow dynamics) 13.2 8 4.36 
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Fig.11.  In-cylinder pressure during the gas exchange process. 
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Fig.12.  In-cylinder temperature during the gas exchange process. 
 

Table 3 compares the simulation results between two-zone 

and one-zone models under the same engine operation 

condition, where GT-Power simulation results are used as the 

baseline. Since the temperature obtained in one-zone model is 

always higher than the unmixed zone temperature in two-zone 

model, the SOC prediction is much earlier than that of the 

two-zone model. The IMEP is also higher due to the error in 

intake phase and combustion phase.  
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Fig.13.  Mass flow rate comparison. 

 

In Figure 13 both of the simulated exhaust and intake flow 

rates obtained from the two-zone model were compared with 

these of GT-Power simulations. Again they matched quite well; 

on the other hand, the simulation result of one-zone model is 

not shown here since a first order transfer function was used to 

approximate the in-cylinder pressure, the flow rate calculation 

is trivial. This indicates the benefit of the proposed charge 

mixing model. Note that the error between GT-Power and 

two-zone model responses are due to the un-modeled pressure 

wave in both of the intake and exhaust manifolds; and this 

dynamics is fairly difficult to model using a simplified 

modeling approach for real-time simulations. However, the 

proposed charge mixing model does provide good charge flow 

estimation without pressure wave. 

Figure 14 shows the charge mixing process during the intake 

phase. At the beginning of intake valve open, the total 

in-cylinder trapped mass is reducing due to the backflow in the 

first stage; afterward, the backflow is sucked back to the 

cylinder and the trapped mass returns to the level before IVO. 

Then the third stage begins, fresh charge flows into the 

cylinder, which causes the mixed zone expanding and unmixed 

zone shrinking. At first the mass transfer rate is relatively slow 

since the unmixed zone is not been surrounded by the fresh 

charge thoroughly; then the transfer rate increases due to the 

increased intake flow and piston movement; and after IVC, the 

unmixed zone continues shrinking tardily, which indicates the 

effect of piston movement on mass diffusion is relatively 

weaker than that of the intake flow. 
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Fig.14.  Size change of each zone. 
 

Figure 15 shows the in-cylinder average temperature, along 

with temperature in both of mixed zone and unmixed zone. 

Obviously, before combustion starts, since the unmixed zone  

consists of residual gas, its temperature is higher than that of 

the mixed zone; hence the average in-cylinder temperature is a 

little higher than that of the mixed zone, since the mixed zone 

occupies most portion of the cylinder volume. After combustion, 

the temperature in the mixed zone rises significantly, but there 

is no combustion occurs in the unmixed zone, which results in 

higher temperature in the mixed zone than the average 

temperature.  
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Fig.15.  Temperature of each zone. 
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Figure 16 compares in-cylinder pressure of the two-zone 

model with that of the improved one-zone model during 

compression and combustion phases. This improved one-zone 

model contains the flow dynamics during the gas exchange 

phase. Since the in-cylinder pressure is assumed to be 

uniformly distributed at any time, the averaged in-cylinder 

pressure of the two-zone model is much closed to these of the 

improved one-zone model. It can be seen that in the two-zone 

model the prediction of the SOC in the two-zone model is later 

than the one-zone model, and also the peak in-cylinder 

pressure is lower. This is due to the difference in estimated 

in-cylinder temperatures since the one-zone model uses the 

averaged temperature of two zones to estimate the SOC while 

the two-zone model uses the mixed zone temperature that is 

lower than the unmixed zone. It can be seen in Figure 17 that 

the Arrhenius integral increases slower for the two-zone model 

than that for the one-zone model. 

-80 -60 -40 -20 0 20 40 60 80
0

10

20

30

40

Crank position (deg)

In
-c

y
lin

d
e

r 
p

re
s
s
u

re
 (

b
a

r)

 

 

-80 -60 -40 -20 0 20 40 60 80
-2
0
2
4
6

E
rr

o
r 

(b
a

r)

One-zone model

Two-zone model

 
Fig.16.  In-cylinder pressure of two-zone and one-zone models. 
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Fig.17.  In-cylinder temperature of two-zone and one-zone models. 
 

To validate the charge mixing two-zone model over an 

operating range, additional simulations were conducted with 

nine different load conditions at 2000 rpm, where the injected 

fuel mass varies between 13.2 mg and 10.8 mg; exhaust valve 

timing EVO and EVC at 156° and 304°, respectively; and 

intake valve timing IVO and IVC at 382° and 530°, respectively. 

Figure 18 compares the IMEP and SOC of the two-zone model 

with those of GT-Power model, and shows that two-zone model 

has good agreement with GT-Power model. 

The two-zone HCCI combustion model was then validated 

using experimental data. The engine was equipped with intake 

air heater and without external EGR, and the engine 

parameters are listed in Table 1. The associated valve timing 

for EVO, EVC, IVO and IVC are 146°, 294°, 392°, and 540° 

after TDC, respectively. Intake air temperature is 330K. Figure 

19 shows the in-cylinder pressure and MFB of the two-zone 

model and experimental results during combustion phase. Note 

that the MFB was calibrated based upon the two-piece Wiebe 

function (a special case of the three-piece one) using 

experimental data. The parameters in equations (20) and (21) 

are: 0.79α = , 0.21β = , 
1 2

0.61a a= = , 
02

6θ = − , 
1

2m = , 

2
1.5m = , 

1
8θ∆ = , and

2
22θ∆ = . It shows that the two-zone 

model matches experimental result fairly well during 

combustion process. 
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Fig.18.  IMEP and SOC of two-zone model and GT-Power model. 
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Fig.19.  Experimental comparison of In-cylinder pressure and MFB. 

 

In summary, the charge mixing two-zone model is capable of 

achieving much more accurate simulation results than that of 

the one-zone model due to utilizing the fluid dynamics analysis. 

The two-zone charge mixing and combustion model provides 

the simulation results that are comparable with these of 

GT-Power model and experimental results. 

V. CONCLUSION 

A two-zone charge mixing and HCCI (homogeneous charge 

compression ignition) combustion model is proposed in this 

paper based upon the simplified fluid dynamics. The developed 

model was implemented into the hardware-in-the-loop 

simulation environment for model validation. The simulation 

results of the proposed model match with the GT-Power 

simulation and experimental data well, and it is also 

demonstrated that the discretized fluid dynamics approach 

provides a satisfactory simulation results compared with 

GT-Power model. This indicates that it is feasible to develop a 

real-time control-oriented engine model that provides 

comparable simulation results to these provided by high fidelity 
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model such as GT-Power. The simulation results also show that 

the unmixed zone plays an important role in predicting the start 

of combustion, in-cylinder pressure and temperature during the 

combustion process. It is believed that the two-zone charge 

mixing and HCCI combustion model provides an improved 

simulation platform for developing the real-time HCCI control 

strategy. The future work is to further validate and calibrate the 

developed model using experimental data. 
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ABSTRACT 
In this paper, a discrete-time electronic throttle model was 

developed based upon the parameters obtained through system 

identification. To design gain-scheduling controllers using 

LPV (linear parameter varying) scheme, the throttle was 

modeled as an LPV system, where the vehicle battery voltage 

and the non-linear friction coefficient are the measurable 

time-varying parameters. Gain-scheduling 
2

H  controller was 

designed for the LPV throttle system using the linear matrix 

inequality (LMI) convex optimization approach.  The 

designed controller is validated through simulations and show 

that the proposed controller provides improved performance 

over the baseline fixed gain controller. 

INTRODUCTION 
Electronic throttle of internal combustion (IC) engines 

replaces the mechanical link between the vehicle acceleration 

pedal and engine intake throttle valve plate by accurately 

regulating the throttle plate angle using either a DC motor or 

step motor [1]. This process is called electronic throttle control 

(ETC). The traditional engine throttle with the mechanical 

link controls the engine charge air directly and engine fueling 

tracks the charge air to provide the desired air-to-fuel ratio, 

which is critical for engine emission regulation. The advantage 

of using the ETC for IC engines is that the engine charge air 

and fuel can be regulated simultaneously, providing accurate 

air-fuel-ratio control, especially during the transient engine 

operations. The ETC is also a key enabler for torque based 

engine control [2], where the acceleration pedal provides 

desired torque and the engine control system determines the 

desired engine charge air and fuel to provide the desired 

torque. The torque based control is especially important for 

hybrid powertrains ([3] and [4]), where the IC engine, 

electrical motor(s)/generator(s) are managed by their torque 

output or load.  

A conventional electric throttle consists of a DC (or step) 

motor, a set of speed reduction gears, throttle plate, and 

springs that keep the valve plate at its default position. The 

electronic throttle system is highly nonlinear due to the 

rotational static and dynamic friction and the highly nonlinear 

limp-home (LH) spring set; the vehicle battery voltage 

fluctuation due to the vehicle electrical load variation 

introduces another degree of variations; in addition, the torque 

load introduced by the intake air flow [5] brings another 

uncertainty to the electronic throttle system. In this paper, 

these uncertainties are model as the measurable LPV 

parameters. 

Proportional-integral-derivative (PID) control is widely 

used in powertrain control system due to its simplicity. 

However, the high spring nonlinearity and charge air flow 

exogenous disturbances could limit the PID control to achieve 

the desired performance under wide operation conditions, 

especially in these operational conditions that require low 

change air flow rate. In [6] a non-linear gain-scheduling PID 

controller with PID control parameters as a function of 

regulation error was developed to achieve fast response. In [7] 

a fuzzy immune adaptive PID controller was presented which 

is capable of providing improved robustness. The other 

common used approach for the electronic throttle control is 

sliding mode control, where the nonlinearities of friction and 

spring force can be considered as the parameter uncertainty 

and bounded external disturbance ([8]-[10]); however, the 

robust performance cannot be guaranteed. In reference [11], a 

discrete-time piecewise affine approach was used to accurately 

model the throttle nonlinearity, and the constrained optimal 

control was used to design a controller satisfies all imposed 

constrains. However, the uncertainties, especially the battery 

voltage change was not considered, which could lead to poor 

transient performance. 



  

In this paper, the nonlinear electronic throttle system was 

model as a linear parameter varying (LPV) system, where the 

friction torque and battery voltage are the varying parameters; 

and the disturbance torque, induced by the air flow and other 

sources are modeled as exogenous input. An inverse dynamic 

feedforward control is also used to compensate the preload 

spring torque. An LPV gain-scheduling controller is designed 

for the LPV model utilizing the LMI (linear matrix equality) 

convex optimization scheme to guarantee the system stability 

and performance. 

The paper is organized as follows. The next section 

presents a discrete-time LPV electric throttle model that is 

calibrated using system identification in the LFT (linear 

fraction transformation) form; and the following two sections 

describe the process of the LPV control design based upon the 

LMI convex optimization and the simulation validation results. 

The last section adds some conclusions. 

ETC SYSTEM MODELING 
An electronic throttle system can be described by the block 

diagram shown below in Figure 1. 

 

FIGURE 1: AN ELECTRONIC THROTTLE SYSTEM 

A DC motor is driven by a controlled voltage 
m

V , which 

is powered by the battery. 
m b

V V u=  is regulated by a PWM 

(pulse width modulated) duty cycle signal u , where the duty 

cycle is the output of the electronic throttle controller and 
b

V  

is the battery voltage. An H-bridge drive module is used to 

make it possible to apply the voltage in both directions. R and 

L  denote the resistance and inductance of the DC motor, 

respectively. The motor is connected to the throttle plate shaft 

by a set of gears, and a pair of returning springs that keeps the 

throttle plate resting at the default position (limp-home) when 

the control input is zero. Figure 2 shows the nonlinear 

characteristic of the return spring. The magnitude of spring 

torque at limp-home position 
0

θ  is 
s

T , and the direction of 

the torque could switch around this position. Since the 

developed model in this paper is linear, the parameter denoting 

the throttle angle position discussed later is the position 

relative to 
0

θ . 

 

FIGURE 2: NONLINEAR PROPERTY OF RETURN SPRING 

Electronic Throttle Modeling 
The electronic throttle (a mechatronic system) dynamics 

can be expressed using the following differential equation 

m a

di
V iR L E

dt
= + +               (1a) 

2

2
 

m s f d

d
J T T T T

dt

θ
= − − −             (1b) 

where
m

V , i, L and R are the motor voltage, current, inductance 

and resistance, respectively; 
a a

E K θ= ɺ is the motor back EMF 

(electro-magnetic field) voltage; J and θ are motor throttle 

assembly inertia and throttle angle; and 
m

T , 
s

T , 
f

T  and 
d

T  

represent the motor output torque, nonlinear spring torque, 

friction torque and other exogenous input torque such as the 

disturbance torque due to the unbalanced force, caused by the 

charge air flow, applied the throttle plate.  

Since the inductance L is relatively small for a DC motor, 

the inductance dynamics can be ignored and the motor current 

can be approximated by setting 0L = . That is 

( )
1

m ai V K
R

θ= − ɺ                (2) 

and the motor output torque satisfies 

( )m

m m m a

K
T K i V K

R
θ= = − ɺ            (3) 

Finally the throttle system dynamics can be described by 

the following nonlinear differential equation. 

( ) ( ) ( )sgn sgnm

b a s s B f d

K
J V u K K T K T T

R
θ θ θ θ θ θ= − − − − − −ɺɺ ɺ ɺ ɺɶ  (4) 

where 
m

K , 
a

K , 
B

K  and 
s

K  represent the motor torque, 

back EMF, viscous friction, and spring stiffness coefficients; 

s
T (where ( )sgn

s s s
T K Tθ θ= + ) and 

f
T  (where 



  

( )sgn
f B f

T K Tθ θ= +ɺ ɺ ) represent the spring preload torque 

used to hold the throttle at limp-home position, Coulomb 

friction torque. The differential equation can be represented by 

the following continuous-time state space model 

,   x Ax Bu y Cx= + + Γ =ɺ                 (5) 

where 

1

2

0 1 0

,   ,  ,1s m a m b
B

x
A B xK K K K V

K x
J J R JR

θ

θ

   
      = = = =        − − +         

ɺ

   (6a) 

( ) ( )( )
[ ]

0

= ,  1 01
sgn sgn

s f d

C
T T T

J
θ θ

 
 Γ =
 − + +
 

ɺ

       (6b) 

The system modeling parameters was calibrated based 

upon the experimental throttle step and sinusoid response data, 

along with the measured spring stiffness. The values of the 

parameters are shown in Table 1. 

TABLE 1: ELECTRONIC THROTTLE PARAMETERS 

Parameter Value Parameter Value 

R 2 J 0.008 

Km 1.08 Ka 0.2 

KB 0.1 Ks 0.18 

Tf 0.09 Ts 1.02 

Discrete-time LPV System 
To design an LPV gain-scheduling controller, the 

nonlinear system (6) needs to be converted into an LPV one. 

The items in matrix Γ were treated in different ways.  

Firstly, the spring preload torque ( )sgn
s

T θ can be 

compensated by a control signal ( )0
u θ as function of θ  

where 

( )0
sgns

m b

RT
u

K V
θ=                (7) 

 

FIGURE 3: APPROXIMARION OF SIGN FUNCTION 

Secondly, as shown in Figure 3, ( )sgn
f

T θɺ  can be 

expressed by  

( ) 0 1
sgn f

f f f

T
T T F Tθ θ γ θ

θ
= + ∆ = + ∆ɺ ɺ ɺ

ɺ
         (8) 

where fT

θɺ  is treated as a term containing varying parameter 

1
γ , and 

0
F  is a constant chosen to normalize 

1
γ . 

max
θɺ  can 

be experimental determined, by setting extreme operation 

condition; 
min

θɺ  is chosen to be small enough to reduce 

approximation error. 

Finally, 
d

T , along with uncertainty 
f

T∆ , forms the 

system exogenous input w , where 

( )
1

f d
w T T

J
= ∆ +                (9) 

Since the battery voltage varies during the operation, 
b

V  

can be expressed as 

( )2
1

b b
V V γ= +                 (10) 

where 
2

γ  is the second varying parameter that is measurable. 

The following equation defines the range of 
1

γ  and 
2

γ . 

( ) [ ] ( ) [ ]1 2
0.02,  0.8 ,   0.417,  0.167t tγ γ∈ ∈ −       (11) 

Then continuous-time state space model can be put into 

the format of an LPV system as follows  

( ) ( ) ( )1 2 0+ 1c c w

c

x A A x B u u B w

y C x

γ γ γ= + + + +

=

ɺ
       (12) 

where the system matrices in (5) can be expressed as a sum of 

nominal state space matrices 
c

A , 
c

B , 
w

B ,
c

C  and varying 

parameter depended matrices 
1

Aγ γ  and 
2c

B γ . 

The system is then discretized in to a discrete-time state 

space model using the first order approximation system 

matrices as follows: 

( )

1

21

c s c s

s

A T A T

P s

AcT

P c s

P c

A e e A t

B e B t

C C

γ γ

γ

= +

= +

=

               (13) 

where 
s

t  is the sampling time of the discrete-time system. For 

convenience, 
1

γ  and 
2

γ are supposed to lie in the compact 

structure { }1 2diag ,Θ γ γ= , and 

( ){ }1 2 1 2diag , : 0.02 0.8, 0.417 0.167Θ γ γ γ γ∈ Ω = ≤ ≤ − ≤ ≤  (14) 

Then the discrete-time state-space LPV system is in the form 

of 



  

( ) ( ) ( ) ( ) ( ) ( )

( ) ( )

1
P P P P w

P P P

x k A x k B u k B w k

y k C x k

Θ Θ+ = + +

=
   (15) 

Figure 4 shows the closed-loop discrete-time system 

architecture, where plant P is the resulting discrete time state 

space model (15); a feed-forward controller G is designed to 

provide fast transient response; and K is the closed loop LPV 

controller to be designed.  There are three inputs for the 

system plant and they are the feedback control u from LPV 

controller K, the feed-forward control uff from controller G, 

and u0 used to compensate the spring preload torque. Since u0 

can be obtained directly by (7) with known battery voltage, and 

will only changes sign when crossing the limp-home position, 

it will be ignored during the control design process and will be 

added back during the simulations. Integrator I is used to 

eliminate the steady-state error between the throttle angle and 

the reference command r. For the LPV control design, since 

the system is in a linear structure, the reference signal can be 

set to zero, and r denotes the input noise (pedal sensor error). 

The weighting function Wr is selected as a low pass filter 

1

0.9
r

W
z

=
−

 

Note that the low pass filter is used to ensure that the closed 

loop system is able to provide good tracking performance. The 

weighting functions Wz, We and Wu are selected as constants 

and will be tuned during the control design process for the best 

performance. 

 

FIGURE 4: BLOCK DIAGRAM OF CLOSED-LOOP SYSTEM  

 
LPV CONTROLLER DESIGN 

Feed-Forward Controller 
The objective of using a feed-forward controller is to 

provide fast transient response, especially in the case of sudden 

change in the input command. Ideally a feed-forward 

controller can be designed using the inverse plant dynamics, 

the output of feed-forward control shall provide accurate 

tracking to the command signal. However, in reality, the exact 

inverse system dynamics is impossible to obtain, and feedback 

control is used to achieve improved performance with zero 

steady-state error. 

Since the electronic throttle system is nonlinear, through 

the system identification, a linearized system transfer function 

was obtained. The resulting second-order discrete-time transfer 

function from input u (motor voltage) to output y (throttle 

position) is 

2

( ) 0.0007776 0.00007893

( ) 1.068 0.068

y z z

u z z z

−
=

− +
          (16) 

To make the feed-forward controller casual, the inverse 

transfer function is connected in series with a unite-gain first-

order low pass filter 

( )
2( ) 1.068 0.068 0.05

( ) 0.0007776 0.00007893 0.95

ff
u z z z

G z
r z z z

− +
= = ⋅

− −
    (17) 

where the low pass filter is used to make the feedforward 

control casual and to eliminate the noise generated by the 

inverse dynamics. Then a state space realization for this feed-

forward controller can be obtained. 

( ) ( ) ( )
( ) ( ) ( )

1
G G G G

ff G G G

x k A x k B r k

u k C x k D r k

+ = +

= +
        (18) 

where 
G

A , 
G

B , 
G

C and 
G

D  are the state space matrices of 

the feed-forward controller. 

Augmented LPV System 
For LPV gain-scheduling control design, a state space 

model of the entire system, shown in Figure 4, is augmented 

with the feed-forward control (18), the integrator and 

weighting functions. The augmented state space model is in 

the form of 

( )
( )
( )

( ) ( ) ( ) ( )
( )
( )

1 2

1 1 2

2

1

0 0

x k A B B x k

z k C D D w k

e k C u k

Θ Θ Θ+     
     

=     
          

ɶ

    (19) 

where ( ) ( ) ( ) ( ) ( )
T 6   G P r Ix k x k x k x k x k= ∈   ℝ . Note that 

( )rx k is the state with respect to the weighting function Wr , 

and ( )Ix k  is the state with respect to the integrator I. The 

exogenous input ( ) ( ) ( )
T 2

 w k r k w k= ∈  ɶ ℝ , the performance 

output ( ) ( ) ( )
T 2

1 2
 z k z k z k= ∈   ℝ and the measurement for 

control ( ) ( ) ( )
T 2

,  
P I

e k e k e k= ∈   ℝ . The state space 

matrices are 



  

( )
( ) ( )

( )
( )

( )
( )

[ ]

1 2

1 1

2 2

0 0 0

0 0
,

0 1 0.1

0 0 0 0.9

0 0

,  ,
0 0 0  

1 0 0

0 0 0 0

0 0 0  ,  0 0 ,

0 0 0 0 0 0

0 0 0.1
, 0 0 .

0 0 1 0

G

P G P

P s s

G

P G w P

z P z

e

TP

u

A

B C A
A

C T T

B

B D B B
B B

W C W

C W D

C
C D W

Θ Θ
Θ

Θ Θ
Θ Θ

 
 
 =
 −
 
 

   
   
   = =
   
   
   

−   
   = =   
      

− 
= = 

 

      (20) 

LPV Control Synthesis 

For the augmented system in (19), the 
2

H  gain-

scheduling controller ( )K Θ will be synthesized to minimize 

the upper bound of the closed loop 
2

H  norm from ( )w kɶ to 

( )z k . To simplify the design process, during the design 

process, reference input to the feedforward control is ignored. 

That is, during the design the feedforward dynamics is not 

considered by setting 0
G

B =  and 0
G

D = . The goal is to 

design a static output feedback gain-scheduling control 

( ) ( ) ( )u k K e kΘ= , a proportional and integral controller, that 

stabilizes the closed-loop system and minimizes the upper 

bound
2

H  norm of the closed-loop LPV system (18) over any 

trajectories of ( )kΘ ∈ Θ . 

 

FIGURE 5: PARAMETER SPACE POLYTOPE 

The state space model (18) is converted to a discrete-time 

polytopic time-varying system by solving state space matrices 

containing varying parameters ( ( )A Θ  and ( )B Θ ) at the 

vertices of the parameter space polytope, as shown in Figure 

5. Any system inside the polytope is represented by a convex 

combination of the vertex systems as weighted by the vector 

( )kλ  of the barycentric coordinates, and formula for 

computing the barycentric coordinates is provided by [12]. 

The discrete-time polytopic time-varying system is given by 

( )
( )
( )

( )( ) ( )( ) ( )( ) ( )
( )
( )

1 2

1 1 2

2

1

0 0

A k B k B kx k x k

z k C D D w k

e k C u k

λ λ λ +   
    

=     
         

ɶ ɶ ɶ

ɶ ɶ ɶ ɶ

ɶ

   (21) 

where the system matrices ( )( ) 6 6
A kλ ×∈ɶ ℝ , ( )( ) 6 2

1B kλ ×∈ɶ ℝ  and 

( )( ) 6 1

2B kλ ×∈ɶ ℝ  belong to the polytope 

( ){ ( )( )

( ) ( )( ) ( ) ( ) ( )

1 2

1 2 1 2

1

, , :

         , , , , ,
N

i i
i

A B B k

A B B k k A B B k

λ

λ λ λ
=

=


= ∈Λ


∑

ɶ ɶ ɶ

ɶ ɶ ɶ

D       (22) 

where 
i

A ,
1i

B  and 
2i

B are vertices of the polytope with N=4 

in this case, and ( )kλ is the vector in the barycentric 

coordinates which belongs to the unit simplex 

1

: 1, 0, 1, ,
N

N

i i

i

i Nζ ζ ζ
=

 
Λ = ∈ = ≥ = 

 
∑ℝ ⋯        (23) 

The rate of variation of ( )kλ can be defined as 

( ) ( ) ( )1 , 1, ,i i ik k k i Nλ λ λ+∆ = − = ⋯          (24a) 

which is bounded by 

( ) , 1, ,ib k b i Nλ− ≤ ∆ ≤ = ⋯          (24b) 

where [ ]0,1b ∈ . 

Linear matrix inequality (LMI) approach will be used to 

solve the LPV gain-scheduling control problem. Based on 

Theorem 9 of reference [13], if there exists, for i = 1, ... , N, 

matrices 2 2

,1i
G

×∈ℝ , 2 2

i
W

×∈ℝ , 4 2

,2j
G

×∈ℝ , 1 2

,1i
Z

×∈ℝ  

and symmetric positive-definite matrices 6 6

i
P

×∈ℝ  and 

4 4

,3j
G

×∈ℝ  such that the following LMIs hold 

( )
T T T T T

2,

1,

1 * *

* 0

0

i l

i i i i i i i

T

i

b P bP

G A Z B G G P

B I

 − +
 

+ + − > 
  

ɶ ɶ

ɶ

          (25) 

for i = 1, ... , N, and l = 1, ... , N, 

( ) ( )
T T T T T T T T T T

2, 2,

1, 1,

1 1 2 * *

* 0

0 2

i j l

j i i j j i i j i i j j i j

T T

i j

b P b P bP

G A G A Z B Z B G G G G P P

B B I

 − + − +
 

+ + + + + + − − > 
 + 

ɶ ɶ ɶ ɶ

ɶ ɶ

 

(26) 

for l = 1, ... , N, i = 1, ... , N-1, and j = i+1, ... , N,  

1, 2,

*
0

i

T T T T T

i i i i i i i

W

G C Z D G G P

 
> + + − 

ɶ ɶ
        (27) 



  

for i = 1, ... , N, 

T T T T T T T T T T

1, 1, 2, 2,

*
0

i j

j i i j j i i j i i j j i j

W W

G C G C Z D Z D G G G G P P

+ 
> + + + + + + − − 

ɶ ɶ ɶ ɶ

 

(28) 

for i = 1, ... , N-1, and j = i+1, ... , N, then the robust static 

output feedback controller 

 ( )( ) ( )( ) ( )( )
1ˆˆK k Z k G kλ λ λ

−
=           (29) 

where 

( )( ) ( )

( )( ) ( )

,1

1

,1

1

ˆ

ˆ

N

i i

i

N

i i

i

G k k G

Z k k Z

λ λ

λ λ

=

=

=

=

∑

∑
            (30) 

stabilizes the system with a guaranteed 
2

H  performance ν  

given by 

( )
,1 ,2 ,3 ,1

2

, , , , ,
min max

i i i i i i

i
P G G G Z W i

Tr Wν =          (31) 

SIMULATION VALIDATION 

The proposed gain-scheduling controller is validated in 

simulation and compared to a conventional PID controller with 

fixed gain.  The first simulation was set up to represent 

different electronic throttle operating conditions without 

parameter variation. Figure 6 shows the response of the ETC 

system for the first simulation, where the input is a multi-step 

signal filtered by a low pass filter with a constant battery 

voltage and no external disturbance torque. The simulation 

results show that both of the LPV gain-scheduling and PI 

controls are able to provide a good tracking of the reference 

signal since there is no parameter variations. 
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FIGURE 6: RECATNGULAR SIHGNAL RESPONSE 

 

In the second simulation, it is assumed that a stabilized 

throttle position is interrupted with a vehicle battery voltage 

drop due to the additional vehicle electrical load, for instance, 

during engine cranking. Figure 7 shows throttle responses in 

the top graph, associated control duty cycle in the middle 

graph, and the vehicle battery variation in the bottom graph. 

From Figure 7, it can be observed that the LPV control 

provides much more stable response than that of fixed gain 

PID one. This is due to two reasons. Firstly, in LPV control 

design, a battery voltage depended u0 is adjusted online to 

compensate the spring preload torque, in contrast with which 

a significant drop of throttle opening in PI control design 

reflects that the spring preload torque overcomes the control 

effort. Secondly, the LPV gain-scheduling controller adjusts 

its gain as battery voltage changes since battery voltage is one 

of the varying parameters. In this case, the control gains 

increases as the voltage drops. This can be seen from the 

middle graph of Figure 7. When the battery voltage drops, the 

increased control gain leads an increased control duty cycle to 

compensate it. 
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FIGURE 7: BATTERY VOLTAGE VARYING CASE 
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FIGURE 8: EFFECT OF EXTURNAL DISTURBANCE 

In the third simulation, a sinusoidal disturbance is 

imposed on the plant model, which simulates the uncertain 

disturbance torque caused by the intake air flow wave 

dynamics. Figure 7 shows both the uncertain torque load and 

throttle positions, where the lower graph is sinusoid torque 

disturbance; and upper graph shows the throttle position 

responses of both conventional and LPV gain-scheduling PI 

controllers, along with the reference signal. The simulation 

results show that the LPV system have much smaller steady-

state error, since it is designed to minimize the closed loop 

2
H  norm from external disturbance to the throttle position 

output. 

CONCLUSION 
In this paper a discrete-time gain-scheduling controller is 

designed for an electronic throttle system based upon the LMI 

(linear matrix equality) convex optimization scheme. The 

designed LPV gain-scheduling controller was validated in 

simulations against the conventional PID (proportional-

integral-derivative) controller, and demonstrates the robustness 

to the parameter variation and external disturbance. The future 

work is to extend the 
2

H  LPV control design to mixed 
2

H  

and H∞  LPV control design and validate the design LPV 

gain-scheduling control on an actual throttle body. 
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ABSTRACT 

This paper presents a model of an electric variable valve timing (EVVT) system and its closed-loop 

control design with experimental validation. The studied EVVT uses a planetary gear system to control 

the engine cam timing. The main motivation of utilizing the EVVT system is its fast response time and 

the accurate timing control capability. This is critical for the combustion mode transition control 

between the spark ignition and homogeneous charge compression ignition combustion, where the 

engine cam timing needs to follow a desired trajectory to accurately control the engine charge and 

recompression process. A physics-based model was developed to study the characteristics of the EVVT 

system, and a control oriented EVVT model, with the same structure as the physics-based one, was 

obtained using closed-loop system identification. The closed-loop control strategies were developed to 

control the EVVT to follow a desired trajectory. Both simulation and bench test results are included. 

 

I. INTRODUCTION 

Variable valve timing (VVT) systems, used in internal combustion engines, were developed in 

the nineties [1] and have since been widely used due to the growing fuel economy demands 

and emission regulations. VVT systems improve fuel economy and reduce emissions at low 

engine speed, and improve engine power and torque at high engine speed. Conventional 

electronic-hydraulic VVT ([1] and [2]), also called hydraulic VVT, is the most widely used in the 

automotive engines today. The hydraulic VVT systems require minor changes when applied to 
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traditional non-VVT valve-trains [1], which makes design and manufacturing relatively easy. 

However due to its mechanism, the hydraulic VVT system also has its limitations [3].  

The performance of hydraulic VVT systems is significantly affected by the engine operational 

conditions such as engine oil temperature and pressure. For instance, at low engine 

temperature, the hydraulic VVT system cannot be activated and has to remain at its default lock 

position so that the cold start performance and emissions cannot be improved [3]. This leads to 

the study of other variable valve-train systems, such as electromagnetic [4], hydraulic [5], 

electro-pneumatic [6], and electric motor-driven planetary gear systems ([7] and [8]). 

Comparing to hydraulic VVT, the electric motor-driven VVT (or electric VVT) is that its 

performance is less dependent of engine oil temperature and pressure [3]; and it has wider 

operational range, and hence, it improves engine performance over a wider operational range. 

Especially, since the electric VVT (EVVT) system is actuated by an electric motor, its 

performance, such as response time, is independent of the engine oil pressure and can be 

greatly improved by selecting a proper electric motor. 

The major advantage of homogeneous charge compression ignition (HCCI) combustion is 

realized by eliminating the formation of flames. That results in much lower combustion 

temperature. As a result, the formation of NOx (nitrogen oxides) is greatly reduced. The lean 

burn nature of the HCCI combustion also enables un-throttled operation to improve engine fuel 

economy. Unfortunately, HCCI combustion is feasible only over a limited engine operational 

range due to engine knock at high load and misfire at light load. Achieving HCCI in an 

automotive internal combustion engine requires it to operate in the spark ignition (SI) 

combustion mode at high load and in the HCCI combustion mode at low and medium load ([9] 

and [10]). This makes it necessary to have a smooth transition between SI and HCCI combustion 

modes. 

Achieving HCCI combustion and controlling the mode transition between SI and HCCI 

combustion in a practical engine require a few enabling actuating and sensing technologies. 

They are used to control the thermodynamic and gas mixture conditions in the combustion 

chamber at the intake valve closing. The engine actuating subsystems under consideration 

includes variable valve actuation (cam-based or camless), dual fuel systems (port and direct fuel 

injection with multiple fuel injections), supercharger and/or turbocharger, exhaust energy 

recuperation and fast thermal conditioning of the intake charge mixture, spark-assist HCCI 

combustion, etc. Variable valve actuation can be used to control the effective compression 

ratio (via the intake valve closing time), the internal residual fraction via the negative valve 

overlap (also called recompression); see [11] and [12], or secondary opening of the exhaust 

valve (residual re-induction); see [11] and [12]. Although hydraulic VVT systems played critical 

roles in accomplishing smooth mode transitions from SI to HCCI and vice versa, see [13], [14], 

and [15], in addition to providing the basic control of the HCCI combustion (i.e., ignition timing 

and burn rate or duration), its slow response time limits the performance of mode transition 

and extends the transition duration. A typical EVVT system is more than five times fast than the 

traditional VVT one and is capable of accurately tracking the desired cam phase. The EVVT 

system studied in this paper was used to control the engine valve timings at either SI or HCCI 

combustion mode, and to track the desired cam phase trajectory during the combustion mode 

transition for optimized performance.  

A feedback controller was introduced in [8] to control the electric planetary VVT system. The 
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closed-loop EVVT system needs to meet both steady-state regulation and dynamic tracking 

performance requirements, due to the steady-state and transient requirements of the HCCI 

combustion. Therefore, a feedback control combined with the feedforward control was 

developed for the simulation study. The cam phase is the integration of speed difference 

between the EVVT motor and engine camshaft in an EVVT system. This leads to using the 

camshaft reference speed as the feedforward control for the EVVT motor. An output covariance 

constraint (OCC) controller ([16], [17], and [18]), an H2 controller with specially selected output 

weight [18], was used for feedback control to reduce both steady state and tracking errors. 

Performance of the OCC controller was compared to well-tuned proportional-derivative (PD) 

controllers, and the OCC controller with feedforward provides improved cam phase tracking 

control over the PD control. Different cam phase sample rates were also studied and results 

show that four samples per engine cycle are sufficient for the OCC feedback control. 

The physical based model and simulation results provide a modeling and control framework 

for the EVVT bench. The EVVT system with a local speed controller was mounted on an engine 

head. An electric motor was used to simulate the rotating engine crankshaft. The EVVT pulley 

was connected to the motor through a timing belt. Because of the complexity of the actual 

system and unknown motor local speed control parameters, the developed physical-based 

model was difficult to calibrate. As a result, closed-loop system identification [19] was used to 

obtain the model calibrations. The q-Markov COVariance Equivalent Realization (q-Markov 

Cover) system identification method ([20], [21], and [22]) using PRBS (pseudo-random binary 

signal [22]) was used to obtain the closed-loop system models. The EVVT open-loop system 

model was calculated based upon the identified closed-loop model. The q-Markov Cover theory 

was originally developed for model reduction. It guarantees that the reduced order system 

model preserves the first q-Markov parameters of the original system. The realization of all q-

Markov Covers using input and output data of a discrete time system is capable of system 

identification. Q-Markov Cover for system identification uses pulse, white noise, or PRBS as 

input excitations. It can be used to obtain the linearized model with matching input/output 

sequence for nonlinear systems [22]. It was also been extended to identify multi-rate discrete-

time systems when input and output sampling rates are different [23]. An OCC controller [18] 

was designed based upon the identified model.  

This paper is organized as following. Section II describes the EVVT model and system 

architecture. Section III introduces the feedforward control and the closed-loop OCC control 

design. Section IV provides the simulation results. EVVT test bench setup is discussed in Section 

V. System identification frameworks are discussed in Section VI; and the experimental results 

are shown in Section VII, along with the study of performance impact of the engine oil viscosity. 

Conclusions are drawn in Section VIII.  

II. EVVT MODELING 

A. Planetary EVVT Components 

The planetary gear EVVT system studied in this paper consists of four major components (see 

Figure 1). Ring gear, serves as VVT pulley, is driven directly by a crankshaft through a timing belt 

at half crankshaft speed. Planet gear carrier is driven by an electric motor. Planet gears engage 

both ring and sun gears. Sun gear is connected to the camshaft. The sun and planet gears are 
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passive components that obtain kinetic energy from carrier and ring gears. Comparing to other 

components, the inertia of engine fly wheel and crankshaft is fairly large. As a result, dynamics 

of the ring gear is ignored in the model. All other components have known mechanical 

properties and their dynamics are considered in the modeling.  

B. Planetary Gear System Kinematics 

In a planetary gear system [24] shown in Figure 1, angular velocities of components are 

determined by 

( ) ( )

( ) ( )

s c r

r c s

t t n

t t n

ω ω

ω ω

−
= −

−
 (1) 

where sω , cω  and rω  are angular velocities of the sun, carrier, and ring gears, respectively. rn  

and sn  are the teeth numbers of ring and sun gears. Laplace transformation [25] of (1) can be 

expressed as 

( ) ( ) ( ) ( )r r
s r c c

s s

n n
s s s s

n n
Ω = − Ω + Ω + Ω  (2) 

The cam phase angle φ  is the integration of the double difference between camshaft and 

crankshaft speeds. That is, 

02 [ ( ) ( )]
t

s r dφ ω τ ω τ τ= −∫  (3) 

and its corresponding Laplace transformation is 

2
( ) [ ( ) ( )]s rs s s

s
Φ = Ω − Ω  (4) 

Substituting (2) into (4) yields,  

2
( )( )s r

c r
s

n n

s n

+
Φ = Ω − Ω  (5) 

Equation (5) shows that the cam phase is an integral function of speed difference between 

carrier and ring gears. By controlling the EVVT motor speed with respect to the engine 

crankshaft speed, cam phase can be adjusted. When the carrier speed is equal to the ring 

speed, cam phase is held; when the carrier speed is greater than the ring speed, cam phase is 

advancing; and when the carrier speed is slower than the ring speed, cam phase is retarding. 

Notice that equation (5) contains an integrator, and target cam phase reference cannot be used 

as feedforward control directly. 

C. Planetary Gear System Dynamics 

Planetary gear system dynamics with an electric motor are modeled in this section. For 

simplicity, the gear system friction is ignored in this modeling study. Figure 2 shows free body 

diagrams of planetary gear components.   
 

Without loss of generality comparing with the system in Figure 1, the system is treated as 

having only one planet gear (Figure 2a). Assuming that all the gears are properly engaged, the 

following equation is derived: 
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,   2
ps r

r p s
s p r

nn n
r r r

r r r
= = = +  (6) 

where pn is planet gear number of teeth. sr , pr , and rr  are pitch circle radius of sun, planet, and 

ring gears, respectively. In this study, the gears use a standard pressure angle θ  of 20 degrees. 

Since the ring has a very large inertia comparing to other components, angular velocity of the 

ring rω  is assumed to be constant during the phase shifting.  From (2): 

r s
s c

s

n n

n
ω ω

+
=ɺ ɺ  (7) 

There are two torques applied to the sun gear (Figure 2b). They are camshaft load camT and 

torque from tooth force 34F .  

34 coss cam s sF r T Jθ ω⋅ ⋅ − = ɺ  (8) 

where sJ  is sun gear’s moment of inertia with respect to its center of gravity. 

Two tooth forces ( 43F  and 13F ) and one bearing force from carrier 23F  are applied to planet 

gear (see Figure2c) that rotates around the bearing on the carrier at pω : 

( ) ( )

( ) ( )

p c s

s c p

t t n

t t n

ω ω

ω ω

−
= −

−
 (9) 

and from torque balance with respect to bearing point: 

43 13( ) cosp p pF F r Jθ ω+ ⋅ ⋅ = ɺ  (10) 

where pJ  is planet gear moment of inertia with respect to its center of gravity.  The planet gear 

also rotates about the center of sun gear. Therefore, 

13 43 23[ (2 ) ]cos ( ) cosr s p s ps cF r F r F r r Jθ α ω− + + = ɺ  (11) 

where the direction and magnitude of bearing force 23F  are unknown. The planet gear moment 

of inertia with respect to the center of sun gear psJ  can be calculated by 

2
[1 ( ) ]ps p p s pJ J m r r= + +  (12) 

Since the carrier is driven directly by the motor shaft, the carrier inertia is also considered as 

part of motor shaft inertia, and modeled in the next sub-section. Torque balance of carrier is 

32 cos ( )p s loadF r r Tα + =  (13) 

where loadT  is the mechanical load to the motor shaft and 32F  is the bearing force from planet 

gear. 

Equations (6) to (13) can be simplified as follows. 

load gears c camT J kTω= +ɺ  (14) 

where constant gearsJ  is an equivalent inertia of the planetary gear system, and k  is a factor of 

gear ratio.  

D. EVVT Motor Dynamics 

An electric motor is used to drive carrier in the planetary system. A local closed-loop speed 
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governor is used to control both the motor speed and direction. The input to the local motor 

controller is the reference speed and direction. The motor and its controller are treated as an 

actuator in this study (Figure 3). It is modeled with two inputs of motor velocity command and 

cam load, and one output of motor shaft speed. 

The mechanical load of the motor can be modeled [25] as 

c c c loadJ B Tω τ ω= − −ɺ  (15) 

where cJ  is the moment of inertia of motor shaft and carrier, B  is the friction coefficient, and τ  

is the motor torque. Substituting (14) into (15) leads to 
( )c gears c c camJ J B kTω ω τ+ + = −ɺ  (16) 

and the associated transfer function can be written as 

1
( ) [ ( ) ( )]

( )
c cam

c gears

s T s kT s
J J s B

Ω = −
+ +

 (17) 

 

Modeling procedure of the electrical portion can be found in [25]. Let c gearsJ J J= + , the 

electric motor with planetary gear load (Figure 3) can then be represented by 
( ) ( ) ( ) ( ) ( )c e a m cams G s E s G s T sΩ = +  (18) 

where the voltage input transfer function is 

( )( ) ( )
e

m m m m m

K K
G

L s R Js B K K R Js B K K

τ τ

τ τ

= ≅
+ + + + +

 (19) 

and the mechanical input transfer function is 

( )

( )( ) ( )

m m m
m

m m m m m

L s R R k
G

L s R Js B K K R Js B K Kτ τ

− + −
= ≅

+ + + + +
 (20) 

and Kτ , mK , mL , and mR  are the motor parameters representing motor torque constant, back 

EMF (electric magnetic field) constant, armature inertia and resistance, respectively.  

Note that the model described by equations (18) to (20) were used to determine the order 

of the identified system model described in Section VI and used for simulation validation and 

evaluation of the closed-loop system performance. 

III. FEEDFORWARD AND CLOSED-LOOP CONTROL DESIGN 

A. Output Covariance Constraint (OCC) 

Consider the following state-space linear time-invariant system  
( 1) ( ) ( ) ( )

     ( ) ( )

       ( ) ( ) ( )

k k k k

k k

k k k

+ =

=

=

p p p p p p

p p p

p p

x A x + B u + D w

y C x

z M x + v

 (21) 

where px is the state; u  is the control input; pw  represents process noise; and v  is the 

measurement noise. The vector py  contains all variables whose dynamic responses are of 

interest. Vector z is the noisy measurements. Suppose that a strictly proper output feedback 

stabilizing control law, expressed in state-space form below, is employed for plant (21). 
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( 1) ( ) ( )

      ( ) ( )

k k k

k k

+ =

=

c c c

c

x A x + Fz

u Gx
 (22) 

where cx is the controller state; u  is the control output; and z  is the noisy measurement input. 

Note that matrices ,  ,  and cF A G  are control design parameters. Then the resulting closed-loop 

system is 
( 1) ( ) ( )

( )
( ) ( ) ( )

( )

k k k

k
k k k

k

+

  
  

      

yp

u

x = Ax + Dw

Cy
y = = x = Cx

Cu

 (23) 

where T T T

p cx = [x x ]  and T T T

pw = [w v ] . Formulas for the closed-loop system matrices A , C , 

and D  can be obtained based upon (21) and (22). 

Consider the closed-loop system (23). Let pW  and V  denote positive definite symmetric 

matrices with dimensions compatible to the process noise pw and measurement vector z , 

respectively. Define  block diag  =  pW W V  and let X  denote the closed-loop controllability 

Gramian from the input 
1
2

−
W w . Since A  is stable, X  satisfies 

= T T
X AXA + DWD  (24) 

The goal is to find controllers of form (12) that minimize the (weighted) control energy 

( )trace
T

u uRC XC  with 0>R subject to the following constraint 

= ≤T
Y CXC Y  (25) 

where 0>Y  is given and X  solves (24). This problem, called the OCC problem [18], is defined as 

finding a full-order dynamic output feedback controller (22) for system (21) that minimizes the 

following cost 

( ), 0occJ trace= >T

u uRC XC R  (26) 

subject to constraints (24) and (25).  

The OCC problem has several interesting interpretations. For instance, assume first that pw  

and v  are uncorrelated zero-mean white noises with intensity matrices 0>pW  and 0>V . Let 

E  be an expectation operator, and 

[ ( )] 0; [ ( ) ( )] ( )
 

[ ( )] 0; [ ( ) ( )] ( )

E k E k k n n

E k E k k n n

δ

δ

= − =

= − =

T

p p p p

T

w w w W

v v v V

 (27) 

Define [ ] [ ]: lim
k

E E∞
→∞

⋅ = ⋅ , it is easy to see that OCC is the problem of minimizing E∞
T

u Ru  subject 

to the OCC constraint : ( ) ( )E k k∞= ≤T
Y y y Y . It is well known that this constraint may be 

interpreted as constraint on the variance of the performance variables or lower bounds on the 

residence time (in a given ball around the origin of the output space) of the performance 

variables; see [26] for details. 

The OCC problem can also be interpreted from a deterministic point of view. To see this, 

define the ∞ℓ   and 2ℓ  norms as follows 
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2
0

2

2
0

: sup ( ) ( )

: ( ) ( )

k

k

k k

k k

≥∞

∞

=

=

= ∑

T

T

y y y

w w w

 (28) 

and define the (weighted) 2ℓ  disturbance set 

2
1/2

2
: : and 1wn − 
= → ≤ 
 

w R R W wW  (29) 

where 0>W  is a real symmetric matrix. Then, for any ∈w W , the following is true (see [27] and 

[28] for details) 

[ ] 22
,  and ,   1, 2,i u

ii
i nσ

∞ ∞
≤ ≤ = 

 
T

u u
y Y u C XC …  (30) 

where un  is the dimension of u ; [ ]σ ⋅  denotes the maximum singular value; and [ ]
ii

⋅  is the i
th

 

diagonal entry. Moreover, references [27] and [28] show that the bounds in (30) are the least 

upper bounds for any signal ∈w W . 

Thus, using 2
I=Y ε  in (25) and 1 2, , ,

undiag r r r =  R …  in (26), the OCC is the problem of 

minimizing the weighted sum of worst-case peak values on the control signals (related to 

actuator sizing) given by 

2

1

sup
un

occ i i
i

J r
∞

= ∈

 
= ∑  

 w

u

W

 (31) 

subject to the constraint on the worst-case peak value of the performance variables of the form 
2 2

sup
∞

∈

≤
w

y ε

W

 (32) 

This interpretation is important in applications where hard constraints on responses or 

actuator signals cannot be ignored such as space telescope pointing error and machine tool 

control problems. Detailed proof can be found in [16]. The controller matrices cA , F , and 

G can be calculated using an iterative algorithm introduced in [16] and [18]. 

B. Control Design Parameters 

The EVVT system model includes the VVT controller, the local motor controller, 

motor/planetary dynamics, and planetary kinematics. Figure 4 shows an overview of the 

control system architecture. The system parameters are listed as following and the controllers 

were designed based on these parameters.  
 

The voltage input transfer function is 

45

0.2 1
eG

s
=

+
 (33) 

the mechanical input transfer function is 

5

0.2 1
mG

s

−
=

+
 (34) 

and the motor has a local PID controller defined by 
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0.1
1 0.05( )

0.01 1
motor

s
K

s s
= + +

+
 (35) 

 

Teeth numbers of the gear-train are listed in Table 1. Substituting these values into (5) results 

the planetary kinematics 

6
( )c r

s
Φ = Ω − Ω  (36) 

Figure 5 describes the cam torque load of each cylinder over an engine cycle. It consists of 

three portions: constant friction load, sinusoidal load representing cam profile, and steps 

represent the valve spring pre-load. In the study, a four cylinder engine is simulated. The total 

load is a combination of four single cylinder loads with 180 degree phase shift for each cylinder, 

assuming the cam drives both intake and exhaust valves.  

C. Feedforward Control 

A feedforward controller was employed to improve the system response. The reference cam 

phase was not used directly as feedforward control due to the physical characteristics of the 

EVVT system stated in the previous section; instead, the derivative of the cam phase reference 

signal was used due to the planetary kinematics shown in (36). The feedforward gain was 

determined by the ratio between desired cam phase slope and the motor speed. Using (36), 

feedforward gain FFK  can be determined as:  

1

6
FF FF ref r ref ru K θ ω θ ω= + = +ɺ ɺ  (37) 

where FFu  is the feedforward control effort. refθɺ  is the  filtered derivative of the  reference 

signal refθ  

0.05 1
ref ref

s

s
θ θ=

+
ɺ  (38) 

D. Baseline Control 

Since the electrical cam phase actuator plant contains an integrator, PD controllers were used 

as our baseline ones. Two baseline feedback controllers were tuned for performance 

comparison, where WFPD  was tuned without feedforward and WOFPD  was tuned with 

feedforward, and they are 

  ( ) 7 0.03

( ) 1 0.005

WF

WOF

PD s s

PD s s

= +

= +
 (39) 

E. OCC Feedback Control Design 

The OCC control design considers the mechanical cam load as a disturbance, the EVVT 

controller input as a plant input, and the cam phase as an output, the electrical portion system 

matrices of the EVVT system (Figure 4) can then be written as  
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[ ]

1455 23023 2250 0 1

1 0 0 0 0
,

0 1 0 0 0

0 0 1 0 0

0 8100 135130 13500 , 0

− − −   
   
   = =
   
   
   

= ≅

A B

C D

 (40) 

The control design parameters were chosen as 

2, 0.01, 1= = =pW V R  (41) 

Using the control design algorithm introduced in [18], the resulting OCC controller is 
3 5 2 6 5

4 3 5 2 6 5

113.6 1.65 10 2.6 10 2.6 10

1541 1.5 10 2.12 10 2.11 10

s s s

s s s s
K

× × + ×

+ + × + × + ×
=

+ +
 (42) 

The system transfer function (42) and its state-space realization (40) provide a system model 

for control design and simulation study conducted in the next section; and it also provide the 

system order selection information for system identification conducted in Section VI. 

IV. SIMULATION STUDY 

The EVVT reference signal was selected as a forty crank degree phase retard that completes 

in three engine cycles to simulate the EVVT operation under SI and HCCI combustion transition. 

The transition reference signal is divided into three stages with a constant slope within one 

engine cycle for simplicity. The retard phase is 50% (20 degrees) for the first engine cycle, 33.3% 

(40/3 degrees) for the second cycle, and 16.7% (20/3 degrees) for the third. The phase control 

signal was sampled every 5ms and the feedback signal is updated four times per engine cycle. 

For instance, at 1500 rpm the cam phase is sampled every 20ms. The closed-loop system 

performance at two engine speeds, 1500 rpm and 2000 rpm, was studied.  

Figure 6 compares the cam phase responses among three controllers, OCC, WFPD and WOFPD , 

at 1500 rpm. It shows that the initial response of the PD controller with feedforward ( WFPD ) is 

much faster than the PD controller without feedforward ( WOFPD ). However, due to the 

relatively low gain of the PD controller with feedforward, after the second cycle, it has a larger 

overshoot with longer settling time than the PD controller without feedforward. However, the 

OCC controller demonstrates fast response time with low overshoot. Table 2 shows cam phase 

angles at the end of each engine cycle after the SI and HCCI transition starts. The OCC controller 

with feedforward has the lowest overall tracking errors. Figure 7 provides the same time 

responses as Figure 6 at 2000 rpm. It is noticed that the performance is quite different at 

engine speeds of 1500 and 2000 rpm (see Figures 6 and 7). Table 2 compares the cam phase 

error at the end of each engine cycle numerically and shows that the tracking error increases at 

2000 rpm.  This could be due to the increased rate change of the reference cam phase signal in 

time domain as the engine speed increases from 1500 to 2000 rpm since the engine cycle 

period reduced from 80ms at 1500 rpm to 60ms at 2000 rpm.  
 

 
 

The tracking errors with increased feedback sampling rates were also studied and the results 

are shown in Table 3. The simulation data shows that the tracking error reduces when the 
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number of samples increased from four samples per engine cycle to eight. However, further 

increment of number of samples does not reduce the tracking error significantly. Especially, 

with the OCC design, the tracking error is fairly small with four samples per cycle. Therefore, 

considering the limited tracking error reduction and increased computational requirement with 

high sample rate, it is determined that using four samples per engine cycle is proper for this 

application. 

As a summary, simulation results show that the OCC controller has a lower overshoot than a 

well-tuned proportional controller, while with comparable response time, and four samples per 

engine cycle for the cam position is suitable for the EVVT control application. 

V. THE EVVT TEST BENCH SETUP 

A test bench was constructed for system identification and control validation of the studied 

EVVT actuator system. The test setup was very similar to the hydraulic VVT system bench [19], 

except the hydraulic VVT was replaced by an EVVT system. The EVVT system has a phasing 

range of 45 degrees and is controlled by an AC motor with its own PID speed governor. An 

Opal-RT (Hardware-in-the-loop test equipment manufacture, located in Montréal, Québec, 

Canada) real-time prototype controller controls the cam phase by adjusting the reference 

speed pulse-width modulation (PWM) signal sent to the motor speed governor. The PWM 

signal frequency is directly proportional to the command speed and the local motor controller 

has its own cut-off frequencies at both high and low motor speeds.  

A Ford 5.4L V8 engine head was used for the test bench. An electric motor was used to 

simulate the motion of the engine crank shaft. An encoder was installed on the motor shaft that 

generates crank angle and gate (360 degrees per pulse) signals. A hall-effect cam position 

sensor was installed with a four-slot cam disc, which generates four pulses per engine cycle. 

Therefore, the cam position is updated four times every engine cycle. Figure 8 shows the 

diagram of the EVVT test bench with key system components and Figure 9 is a picture of the 

associated test bench. The cam position sensing system has a theoretical resolution of 1/64 

crank degree. An electric oil pump was used to supply oil for the valve-train system and the 

EVVT planetary gear system, and the EVVT bench was running at room temperature ( 25 C° ). This 

setup enables the system identification and control experimental work. 
 

VI. SYSTEM IDENTIFICATION FRAMEWORK 

Consider a general form of linear time-invariant closed-loop system shown in Figure 10, 

where r  is the reference signal; n is the measurement noise; u  and y are system input and 

output, respectively. As discussed in the Introduction section, there are many approaches for 

the closed-loop system identification, which can be categorized as direct, indirect, and joint 

input-output approaches. In this paper, the controller knowledge is used to calculate the open-

loop plant model from identified closed-loop system model, which is called indirect approach. 

To ensure the accuracy of the identified plant, the closed-loop controller in this paper was 

selected to be proportional ([29] and [30]). 

The input and output relationship of the generalized closed-loop system, shown in Figure 10, 

can be expressed below: 
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1
( )

−⋅y = H r = GK I + GK r  (43) 

Let Ĥ  be identified closed-loop transfer functions from r  to y . The open-loop system model 

IDG  can be calculated using identified Ĥ , assuming that ˆ(I - H)  is invertible. The controller 

transfer function is used to solve for the open-loop system models. Then, the following can be 

derived: 
ˆ ˆ

ID
-1 -1

G = H(I - H) K  (44) 

PRBS signal is used as an input signal for identifying the closed-loop system model. The most 

commonly used PRBSs are based on maximum length sequences (called m-sequences) [31] for 

which the length of the PRBS is 2 1nm = − , where n is an integer (order of PRBS). Let 1
z

−  

represent a delay operator, and define 1ˆ ( )p z
−  and 1

( )p z
− to be polynomials 

1 1 1 1 1
2 1 ˆ( ) ( ) 1

n
np z a z a z a p z z

− − + − − −= ⊕ ⊕ ⊕ = ⊕⋯  (45) 

where ai is either 1 or 0, and ⊕ obeys binary addition, i.e.,  

1 1 0 0 0 and 0 1 1 1 0⊕ = = ⊕ ⊕ = = ⊕  (46) 

and the non-zero coefficients ai of the polynomial are defined in the following (Table 4) and also 

in [31]. 

Then the PRBS can be generated by the following formula 
1ˆ ˆ ˆ( 1) ( ) ( ),   0,1, 2,u k p z u k k

−+ = = …  (47) 

where ˆ(0) 1u =  and ˆ ˆ ˆ( 1) ( 2) ( ) 0u u u n− = − = = − =⋯ .  Defined the following sequence 

; If  is even;
( )

; If  is odd.

a k
s k

a k


= 

−
 (48) 

Then, the signal 
ˆ( ) ( ) [-  + 2   ( )]u k s k a a u k= ⊗  (49) 

is called the inverse PRBS, where ⊗ obeys 

a a = a = a a & a a = a = a a⊗ − − ⊗ − ⊗ − − ⊗  (50) 

It is clear after some analysis that u has a period 2m and u(k) = -u(k+m). The mean of the 

inverse PRBS is 
2 1

2
0

1
( ) ( ) 0

2

m

u m
k

m E u k u k
m

−

=
= ≡ =∑  (51) 

and the autocorrelation ( 2( ) ( ) ( )uu mR E u k u kτ τ= + ) of u is 

2

22 1

20

2

, 0;

, ;1
( ) ( ) ( )

2 / ,   even;

/ ,   odd.

m

uu
k

a

a m
R u k u k

m a m

a m

τ

τ
τ τ

τ

τ

−

=

 =

− =

≡ + =∑ 
−



 (52) 

Note that the first and second order information of the inverse PRBS signal is very close to these 

of white noise for a large enough m. The inverse PRBS is used in the q-Markov Cover 
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identification. For convenience, in the rest of this paper, the term “PRBS” is used to represent 

the inverse PRBS. 

Consider an unknown (presumed nonlinear) system: 
( 1) ( ( ), ( ))

     ( ) ( ( ), ( ))

k f k k

k g k k

+x = x w

y = x w
 (53) 

subjected to an input sequence { (0), (1), (2), }w w w …  generating the output sequence 

{ (0), (1), (2), }y y y … . The unknown system is q-identifiable, if there exists a linear model of the 

form: 
( 1) ( ) ( )

     ( ) ( ) ( )

k k k

k k k

+x = Ax + Dw

y = Cx + Hw
 (54) 

that can reproduced the same output sequence { (0), (1), (2), , ( 1)}y y y y q −… , subject to the same 

input sequence { (0), (1), (2), , ( 1)}w w w w q −… . In case that the system is not q-identifiable, it is 

possible for q-Markov Cover to construct the least squares fit using linear model for the input-

output sequence (see [32] and [33]). The above q-Markov Cover system identification 

framework was used in the next section to obtain the linearized EVVT model for control design. 

VII. EVVT CONTROL SYSTEM BENCH TESTS 

This section discusses the bench system identification and control design based upon the 

identified EVVT model. The closed-loop control is presented at the end of the section.  

A. Closed-loop Identification of EVVT System  

The engine feedforward speed (half engine speed) was used during the system identification. 

The main reason is that the EVVT model uses the speed difference between the motor and half 

engine speed as the input; see equation (5). Since the engine speed changes much slower than 

the EVVT phasing speed, it is considered as a constant during the cam phasing. The resulting 

identified model has the following form: 
1
2

( )( )evvt engG s u ω=Φ −  (55) 

where Φ  is the cam phase; ( )evvtG s  is the identified EVVT model; u  is the speed command from 

the controller; and the constant 1
2 engω  is half engine speed. The PRBS was used as the reference 

signal for the closed-loop identification and its amplitude was selected to be 10 degrees 

centered at 20 degree advance from the most retarded position. A proportional controller with 

a gain of 0.07 was used for the system identification. 

The EVVT system was identified at 1000 and 1500 rpm due to the speed limitation on the test 

bench. Parameters used in the identification are listed in Table 5. The order of the identified 

EVVT model was chosen to be four that is the same as the physical model (40). A nominal 

system model was obtained as 
3 2

4 3 2

9.7 139 5760 5785
( ) ( )

12.2 159 62 11

degree

1000 rpm
evvt

s s s
G s

s s s s

− + + +
=

+ + − +
 (56) 
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B. Control Design for EVVT System Test Bench 

An OCC controller was designed for the EVVT bench system. The system plant matrices of the 

nominal model were obtained from equation (56) 

[ ]

12.2 159 62 11 1

1 0 0 0 0
,

0 1 0 0 0

0 0 1 0 0

9.6 139.9 5756 5783 ,

− − −   
   
   = = = =
   
   
   

= = = − ≅

Ap A Bp B

Cp Mp C Dp 0

 (57) 

 

 

Controller design parameters were selected as 

1, 0.01, 1= = =pW V R  (58) 

Using the OCC iterative control design algorithm in [18], an OCC controller was obtained 
3 2 2 4 3

4 3 2 4 4

60 8.5 10 1 10 6.7 10

148 6937 8.6 10 8.2 10
( )

1000rpm
 

degree
OCC

s s s

s s s s
K s

++ × × + ×

+ + × + ×
=

+

 
 
 

 (59) 

A proportional controller (60) was tuned for performance comparison. Note that the DC gains 

of both controllers are fairly close. The proportional controller was tuned to achieve fast 

response time with low overshoot at both 1000 and 1500 rpm for a square wave reference 

signal (see Figure 11). Note that the same OCC controller was used at both engine speeds. 
( ) 0.08 (1000rpm/degree)PK s =  (60) 

C. Control Performance Evaluation 

The controllers were tested at 1000 and 1500 rpm. Both proportional and OCC controllers 

have feedforward portions from engine speed as shown in (38). Different reference signals 

were used to validate the trajectory tracking performance of the EVVT bench system.  

The reference cam phase is a 20 crank degree phase advance or retard signal with a 10 

degree linear phase change for the first engine cycle, 6.67 degrees for the second, and 3.33 

degrees for the third, respectively. This signal was also used as the reference signal in 

simulations (Figure 12). From Figure 12, it is shown that the OCC controller has lower overshoot 

than the proportional controller at 1000 rpm. At 1500 rpm, overshoots for both controllers are 

very low. The OCC controller has a faster response time than the proportional controller in both 

engine speeds. Settling times for the two controllers are also very close to each other. 

A series of sinusoidal waves was used to test the frequency response of the closed-loop 

systems to further investigate trajectory tracking performance of the EVVT controllers. The 

amplitude of the sinusoidal signal was set to be 10 degrees and centered at 20 degree advance 

from the most retarded position, and the frequencies of the signals vary from 0.01 to 2.00 Hz. 

The test results show that both controllers have very good tracking performance at low 

frequency (see Figure 13 and Table 6). As the excitation frequency increases, the phase 

responses associated with both controllers show increased phase leg with decreased 

magnitudes. The two controllers have almost identical gains at different frequencies, but the 

OCC has less phase delay than the proportional controller. 
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It was observed that when the test bench engine was running at 1000 rpm, the closed-loop 

EVVT system has overshoots when the excitation frequency is closed to 1.0 Hz. After 1.5 Hz, the 

system gain decays quickly. However, the frequency response of the identified fourth order 

nominal model in (56) does not show this behavior at 1.0 Hz. To study this phenomena, a 

seventh order model was obtained using closed-loop system identification at 1000 rpm and its 

frequency response (predicted performance) was compared with the measured data, obtained 

from magnitude and phase responses of the sinusoidal input at different frequency, in Figure 

14. A peak near 1.0 Hz can be found in the magnitude of the measured and predicted frequency 

responses. The overshoot of the closed-loop system can be duplicated under simulation 

environment using the identified seventh order model at 1000 rpm. However the physical 

dynamics behind the phenomenon are still not clear and it is believed that it could be caused by 

the timing belt vibration. 
 

D. Performance Variation due to the Engine Oil Viscosity 

Nonlinear friction in the hydraulic system [34] could also affect the performance of the EVVT. 

Two different types of engine oil, SAE 5W20 and SAE 30, were used during the bench tests to 

study this effect. The engine was running at 1500 rpm at room temperature ( 25 C° ), and OCC 

controller (59) was used in both cases. The reference signal was a 20 degree advance step. The 

10 to 90 percent rising time was 0.3 second for SAE 5W20, and 0.48 second for SAE 30 engine 

oil. The response time difference is due to the viscous friction in the planetary gear system 

caused by the engine oil viscosity. Figure 15 shows the system step response and normalized 

speed difference between the EVVT motor and half engine speed (750 rpm). The EVVT motor 

speed was saturated at 30 units above 750 rpm with SAE 30 and at about 50 units above 750 

rpm with SAE 5W20. The system response slows down as the difference between the EVVT 

motor and half of the engine speed increases. Notice that the EVVT motor speed is measured 

by calculating PWM frequency from the EVVT local speed controller.  

The test result also suggests that the frictionless assumption during the simulation study is 

not true. However, on an actual engine, the nominal operating temperature is much higher 

than the room temperature and the engine oil viscosity will have much less effect for a warm 

engine than a cold engine.  

As a summary, it was observed from the EVVT bench tests that the engine oil viscosity has a 

large impact on EVVT performance. Since the engine oil is used to lubricate the planetary gear 

system, the hydraulic friction introduced by the engine oil adds additional load to the electric 

motor and limits the peak motor speed. As a result the maximum phasing speed is reduced 

when high viscosity engine oil was used. Two kinds of engine oil with different viscosities were 

used on the test bench. The results show that at room temperature, the EVVT system response 

is 1.6 times slower using SAE 30 than using SAE 5W20 engine oil. 
 

VIII. CONCLUSIONS 

An electric variable valve timing (EVVT) system with planetary gear-train was modeled based 

upon individual system component kinematics and dynamics. A closed-loop OCC (output 

covariance constraint) controller with feedforward was designed to reduce the cam phase 

tracking error during the SI and HCCI combustion mode transition, where the filtered derivative 
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of the cam reference phase is used as the feedforward control. Compared to the well-tuned PD 

controllers, simulation results show that the OCC controller provides fast response with low 

overshot and low tracking error. 

An EVVT system was installed on an engine head and bench tests were conducted. The EVVT 

system plant model was obtained by using closed-loop system identification. The model has 

fairly similar responses to the physical system. An OCC controller was developed based on the 

identified model. Different signals were used as reference to test the controller performance. 

The experimental results showed that the OCC controller provides a faster response time than 

that of a well-tuned proportional controller. The OCC controller performance also has less 

phase delay than the proportional controller under high frequency sinusoidal reference input.  

The bench test results show that the OCC has a better overall performance and is suitable for 

an HCCI capable SI engine.   

The impact of engine oil viscosity was also investigated. The test results showed that the 

EVVT response slows down as the engine oil viscosity increases. It suggested that it is necessary 

to use low viscosity engine oil to achieve the maximum performance. This could mean either 

operating at a high oil temperature or using low viscosity engine oil. 

REFERENCES 

[1] Moriya, Y., Watanabe, A., Uda, H., Kawamura, H., Yoshiuka, M., and Adachi, M., 1996, “A 

Newly Developed Intelligent Variable Valve Timing System - Continuously Controlled Cam 

Phasing as Applied to New 3 Liter Inline 6 Engine”, SAE Technical Paper, 960579. 

[2] Dugdale, P. H., Rademacher, R. J., Price, B. R., Subhedar, J. W., and Duguay, R. L., 2005, 

“Ecotec 2.4L VVT: A Variant of GM’s Global 4-Cylinder Engine”, SAE Technical Paper, 2005-

01-1941. 

[3] Hattori, M., Inoue, T., Mashiki, Z., Takenaka, A., Urushihata, H., Morino, S., and Inohara, 

T., 2008, “Devalopment of Variable Valve Timing System Controlled by Electric Motor”, 

SAE Technical Paper, 2008-01-1358. 

[4] Theobald, M., Lequesns, B., and Henry, R., 1994, “Control of Engine Load via 

Electromagnetic Valve Actuators,” SAE Technical Paper, 940816. 

[5] Sun, Z. and Kuo, T., 2010, “Transient Control of Electro-Hydraulic Fully Flexible Engine 

Valve Actuation System”, IEEE Transactions on Control Systems Technology, 18(3), pp. 

613-621. 

[6] Ma, J., Zhu, G., and Schock, H., 2010, “A dynamic model of an electro-pneumatic valve 

actuator for internal combustion engines,” ASME Journal of Dynamic Systems, 

Measurement and Control, 132(2), doi: 10.1115/1.4000816. 

[7] Pierik, R. J. and Wilson, J. O., 1994, “Engine Timing Drive with Fixed and Variable Phasing”, 

U.S. Patent 5,327,859. 

[8] Urushihata, H. and Lida, H., 2008, “Variable Valve Timing Control Device of Internal 

Combustion Engine”, U.S. Patent 7,363,896.  

[9] Zhang, Y., Xie, H., Zhou, N., Chen, T., and Zhao, H., 2007, “Study of SI-HCCI-SI Transition on 

a Port Fuel Injection Engine Equipped with 4VVAS,” SAE Technical Paper, 2007-01-0199. 

[10] Cairns, A. and Blaxill, H., 2007, "The Effects of Two-Stage Cam Profile Switching and 

External EGR on SI-CAI Combustion Transitions,” SAE Technical Paper, 2007-01-0187. 



ASME Journal of Dynamic Systems, Measurement, and Control (DOI: 10.1115/1.4025914) 

Guoming G. Zhu, DOI: 10.1115/1.4025914 17

[11] Shaver, G. M., et al, 2005, “Dynamic modeling of residual-affected homogeneous charge 

compression ignition engines with Variable Valve Actuation,” ASME Journal of Dynamics, 

Measurement, and Control, 127(5), pp. 374-381. 

[12] Shaver, G. M., 2005, Physics based modeling and control of residual-affected HCCI engines 

using Variable Valve Actuation, PhD thesis, Stanford University. 

[13] Law, D., Kemp, D., Allen, J., Kirkpatrick, G., and Copland, T., 2001, “Controlled Combustion 

in an IC-Engine with a Fully Variable Valve Train”, SAE Technical Paper, 2001-01-0251. 

[14] Milovanovic, N., Chen, R., and Turner, J., 2004, “Influence of the Variable Valve Timing 

Strategy on the Control of a Homogeneous Charge Compression (HCCI) Engine”, SAE 

Technical Paper, 2004-01-1899. 

[15] Agrell, F., Angstrom, H., Eriksson, B., Wikander, J., and Linderyd, J., 2003, “Integrated 

Simulation and Engine Test of Closed Loop HCCI Control by Aid of Variable Valve Timings”, 

SAE Technical Paper, 2003-01-0748. 

[16] Zhu, G. and Skelton, R. E., 1994, “Integrated Modeling and Control for the Large 

Spacecraft Laboratory Experiment Facility”, Journal of Guidance, Control and Dynamics, 

17(3), pp. 442-450. 

[17] Zhu, G., Grigoriadis, K. M., and Skelton, R. E., 1995, “Covariance Control Design for Hubble 

Space Telescope”, Journal of Guidance, Control and Dynamics, 18(2), pp. 230-236. 

[18] Zhu, G., Rotea, M. A., and Skelton, R., 1997, “A Convergent Algorithm for the Output 

Covariance Constraint Control Problem”, SIAM J. Control Optim., 35(1), pp. 341-361. 

[19] Ren, Z. and Zhu, G., 2011, “Integrated System ID and Control Design for an IC Engine 

Variable Valve Timing System”, J. Dyn. Sys., Meas., Control, 133(2), 021012, doi: 

10.1115/1.4003263. 

[20] Skelton, R. E. and Anderson, B. D. O., 1986, “Q-Markov covariance equivalent realization,” 

International Journal of Control, 53(1). 

[21] Liu, K. and Skelton, R. E., 1991, “Identification and control of NASA’s ACES structure,” 

Proceedings of American Control Conference, Boston, Massachusetts, USA. 

[22] Zhu, G., Skelton, R. E., and Li, P., 1995, “Q-Markov Cover identification using pseudo-

random binary signals,” International Journal of Control, 62(1), pp. 1273-1290. 

[23] Zhu, G., 2000, “Weighted multirate q-Markov Cover identification using PRBS – an 

application to engine systems,” Mathematical Problems in Engineering, 6, pp. 201-224. 

[24] Shigley, J. E. and Mischke, C. R., 2001, Mechanical Engineering Design, 6th Edition, 

McGraw-Hill. 

[25] Phillips, C. L. and Harbor, R. D., 2000, Feedback Control System, 4th Edition, Prentice Hall. 

[26] Meerkov, S. and Runolfsson, T., 1989, “Output residence time control,” IEEE Trans. 

Automat. Control, 34, pp. 1171-1176. 

[27] Wilson, D. A., 1989, “Convolution and Hankel operator norms for linear systems,” IEEE 

Trans. Automat. Control, 34, pp. 94-97. 

[28] Zhu, G., Corless, M., and Skelton, R., 1989, “Robustness properties of covariance 

controllers,” in Proceedings of Allerton Conf., Monticello, IL. 

[29] Ren, Z. and Zhu, G., 2009, “Pseudo-random binary sequence closed-loop system 

identification error with integration control”, Journal Proceedings of the Institution of 

Mechanical Engineers, Part I: Journal of Systems and Control Engineering, 233, pp. 877-

884. 



ASME Journal of Dynamic Systems, Measurement, and Control (DOI: 10.1115/1.4025914) 

Guoming G. Zhu, DOI: 10.1115/1.4025914 18

[30] Codrons, B., Anderson, B. D. O., and Gevers, M., 2002, “Closed-loop identification with an 

unstable or nonminimum phase controller,” Automatica, 38, pp. 2127-2137. 

[31] Peterson, W.W., 1961, Error Correcting Coding, MIT Technical Press, Cambridge, 

Massachusetts, USA. 

[32] Anderson, B. D. O. and Skelton, R. E., 1988, “The Generation of all q-Markov Covers”, IEEE 

Transactions on Circuits and Systems, 35(4), pp. 375-384. 

[33] King, A. M., Desai, U. B., and Skelton, R. E., 1988, “A Generalized Approach to q-Markov 

Covariance Equivalent Realization for Discrete Systems,” Automatica, 24(4), pp. 507-515. 

[34] Shi, Y. and Burton, R., 2011, “Modeling and robust discrete-time sliding-mode control 

design for a fluid power electrohydraulic actuator (EHA) system,” IEEE/ASME Transaction 

on Mechatronics, doi: 10.1109/TMECH.2011.2160959. 

 

  

TABLE 1 PLANETARY SYSTEM PARAMETERS 

Component Sun Ring Planet 

Number of teeth 30 60 15 

 
 

TABLE 2: OUTPUT COMPARISON AT END OF EACH CYCLE 

Engine 

speed 

Cycle 

Number 

Error (Deg) 

PD PD w/ ff OCC w/ ff 

1500rpm 

1 +2.6 +0.1 +0.3 

2 +1.8 -1.0 -0.6 

3 +0.8 -1.3 -0.8 

4 +0.0 -0.8 -0.5 

2000rpm 

1 +2.5 +0.1 +0.4 

2 +1.7 -1.2 -0.7 

3 +1.0 -1.1 -0.6 

4 -0.2 -1.3 -0.9 
 

 

TABLE 3: OUTPUT COMPARISON AT 2000RPM WITH DIFFERENT SAMPLE RATE 

Sample 

Rate 

Cycle 

Number 

Error (Deg) 

PD PD w/ ff OCC w/ ff 

8/ cycle 

1 +2.2 +0.4 +0.7 

2 +1.5 -0.5 +0.0 

3 +0.8 -1.0 -0.5 

4 +0.2 -0.6 -0.4 

16/ 

cycle 

1 +2.2 +0.6 +0.9 

2 +1.5 -0.2 +0.4 

3 +0.7 -0.6 -0.2 

4 +0.0 -0.5 -0.1 
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TABLE 4: NONZERO COEFFICIENTS OF PRBS POLYNOMIAL 

Polynomial order (n) Period of sequence 

(m) 

Non-zero Coefficient 

6 63 a5, a6 

7 127 a4, a7 

8 255 a2, a3, a4, a8 

9 511 a5, a9 

10 1023 a7, a10 

11 2047 a9, a11 

 

TABLE 5: CLOSED-LOOP IDENTIFICATION PARAMETERS FOR THE EVVT BENCH 

Engine Speed (rpm) 1000 1500 

Input Sample Rate (ms) 5 5 

Output Sample Rate (ms) 30 20 

Output/Input Sample Ratio 0.167 0.25 

PRBS order 13 13 

Signal length (s) 81.88 81.88 

Markov parameter. # 100 100 

ID open-loop model order 4 4 

 

TABLE 6: FREQUENCY RESPONSES OF THE CLOSED-LOOP EVVT SYSTEM 

Input 

Freq. 

(Hz) 

1000 rpm 1500 rpm 

Magnitude Phase (deg) Magnitude Phase (deg) 

P OCC P OCC P OCC P OCC 

0.01  1 1 6 5 1 1 4 4 

0.1 0.98 0.98 21 16 0.97 0.97 21 9 

0.2 0.97 0.96 30 19 0.95 0.96 33 19 

0.4 0.95 0.97 46 30 0.93 0.95 50 21 

0.8 1.18 1.18 74 49 0.96 1.02 66 46 

1 1.33 1.35 94 58 0.95 0.98 87 58 

1.5 1.05 1.04 161 108 0.82 0.78 119 91 

2 0.70 0.72 202 137 0.60 0.61 144 115 
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Figure 1: Electric planetary gear VVT system 

 

 

Figure 2: Free body diagrams of planetary gear components 

 
 

Figure 3: Block diagram of an electric motor with the planetary gear system 
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Figure 4: EVVT control system architecture 
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Figure 5: Torque load for single cylinder 
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Figure 6: Simulated cam phase responses at 1500 rpm 
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Figure 7: Cam phase output comparison at 2000 rpm 
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Figure 8: EVVT system test bench diagram 

 
 

Figure 9: EVVT test bench 
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Figure 10: Closed-loop identification framework 
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Figure 11: EVVT bench step response comparison 
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Figure 12: EVVT phase tracking comparison 



ASME Journal of Dynamic Systems, Measurement, and Control (DOI: 10.1115/1.4025914) 

Guoming G. Zhu, DOI: 10.1115/1.4025914 24

40 60 80 100 120 140

5

10

15

20

25

30

Time (s)

P
h
a

se
 P

o
si

ti
o
n

 (
D

e
g
)

Controller performance evaluation at 0.01 Hz @1000rpm

 

 

Reference

Proportional controller

OCC controller

40 60 80 100 120 140

5

10

15

20

25

30

Time (s)

P
h
a

se
 P

o
si

ti
o
n

 (
D

e
g
)

Controller performance evaluation at 0.01 Hz @1500rpm

 

 

Reference

Proportional controller

OCC controller

 

30 30.5 31 31.5 32 32.5 33 33.5 34

0

5

10

15

20

25

30

Time (s)

P
h
a

se
 P

o
si

ti
o
n

 (
D

e
g
)

Controller performance evaluation at 1 Hz @1000rpm

 

 

Reference

Proportional controller

OCC controller

30 30.5 31 31.5 32 32.5 33 33.5 34

5

10

15

20

25

30

Time (s)

P
h
a

se
 P

o
si

ti
o
n

 (
D

e
g
)

Controller performance evaluation at 1 Hz @1500rpm

 

 

Reference

Proportional controller

OCC controller

 

 

Figure 13: Sinusoidal responses of the closed-loop EVVT system at 0.01 and 1.00 Hz 
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Figure 14: Measured and identified EVVT frequency responses at 1000 rpm 
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Figure 15: Impact of engine oil viscosity on EVVT response 
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SI and HCCI Combustion Mode Transition Control
of an HCCI Capable SI Engine

Xiaojian Yang and Guoming Zhu

Abstract— The combustion mode transition between spark
ignition (SI) and homogeneous charge compression ignition
(HCCI) combustion of an internal combustion (IC) engine is
challenging due to the distinct engine operating parameters
over the two combustion modes and the cycle-to-cycle residue
gas dynamics during the mode transition. The control problem
becomes even more complicated for a multicylinder engine
without camless variable valve actuators. This paper studies the
combustion mode transition problem of a multicylinder IC engine
equipped with dual-stage valve lift and electrical variable valve
timing (VVT) systems. Hardware-in-the-loop (HIL) simulations
were used as a tool to develop and validate the proposed control
strategies. Based on the HIL simulation results, this paper shows
that smooth combustion mode transition can be realized in a few
engine cycles. During the mode transition, a model-based linear
quadratic tracking strategy was used to track the desired engine
manifold pressure through the engine throttle control to maintain
the engine AFR in a desired range; the fuel quantity of individual
cylinder was controlled via the iterative learning; and engine
spark was maintained for the SI–HCCI (or spark assistant)
hybrid combustions during the combustion mode transition. The
HIL simulations demonstrated the effectiveness of the developed
control strategies under both steady state and transient engine
operating conditions. As a result, it is feasible to have a smooth
combustion mode transition for an HCCI capable SI engine
equipped with dual-stage valve lift and electrical VVT systems.

Index Terms— Closed-loop systems, control synthesis, numer-
ical simulation, optimal control.

NOMENCLATURE

λ Normalized air-to-fuel ratio.
P In-cylinder gas pressure (bar).
θ Crank angle position (degree ACTDC).
θST Spark timing (degree ACTDC).
θSOHCCI Start of HCCI combustion timing (degree

ACTDC).
IETC Actuator current of ETC system (A).
FDT DI fueling pulse duration (ms/cycle).
FFB, FFF Feedback/feedforward portions of FDT

(ms/cycle).
FILC ILC portion of DI pulse duration (ms/cycle).
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xEGR EGR gas fraction in engine intake manifold.
φTPS Engine throttle position (%).
φacc Acceleration pedal position (%).
φEGR External EGR valve opening (%).
�lift Peak lift of intake/exhaust valve (mm).
TIVC In-cylinder gas temperature at IVC (°K).
MEVC Residue gas mass at EVC (mg).
θ INTM Intake valve timing at peak lift (degree

AGTDC).
θEXTM Exhaust valve timing at peak lift (degree

BGTDC).
Vd Engine displacement (m3).
Vm Volume of intake manifold (m3).
Ne Engine speed (rpm).
Ra Gas constant (J/gK).
Pa Ambient pressure (bar).
Ta Ambient temperature (K).
r Radius of throttle plate (m).
kETC Spring constant of throttle plate.
bETC Damping ratio of throttle plate.
cETC Torque constant of throttle drive motor

(N·m/A).
i Index of ILC iteration.
j Engine cycle index.
k Index of sampling time for time based control

logic.
MAP Intake manifold absolute pressure (bar).
IMEP Indicated mean effective pressure (bar).
IMEPref IMEP learning reference used in ILC (bar).
ACTDC After combustion TDC.
AGTDC After gas exchange TDC.
BGTDC Before gas exchange TDC.
DI Direct injection.
EGR Exhaust gas recirculation.
ETC Electric throttle control.
EVC Exhaust valve closing.
HCCI Homogeneous charge compression ignition.
HIL Hardware-in-the-loop.
ILC Iterative learning control.
IVC Intake valve closing.
LQ Linear quadratic.
MFB Mass fraction burned.
NVO Negative valve overlap.
SI Spark ignition.
TDC Top dead center.
UEGO universal exhaust gas oxygen.
VVT Variable valve timing.
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VVA Variable valve actuation.
WOT Wide open throttle.

I. INTRODUCTION

HOMOGENEOUS charge compression ignition (HCCI)
combustion has the potential for internal combustion

(IC) engines to meet the increasingly stringent emission
regulations with improved fuel economy [1]. The flameless
nature of the HCCI combustion and its high dilution operation
capability lead to low combustion temperature. As a result,
the formation of NOx (nitrogen oxides) can be significantly
reduced [2]. Furthermore, HCCI engine is capable of un-
throttled operation that greatly reduces pumping loss and
improves fuel economy [3], [4].

On the other hand, HCCI combustion has its own limi-
tations. It is limited at high engine load due to the audible
knock; and at low load due to engine misfire caused by the
lack of sufficient thermal energy to initiate the auto-ignition
of the gas-fuel mixture during the compression stroke [5]. In
fact, HCCI combustion can be regarded as a type of engine
operating mode rather than a type of engine [6]. In order to
take advantage of the HCCI combustion mode in an spark
ignition (SI) engine, the traditional SI combustion mode, is
required at high load, at high speed, at ultralow load (such
as idle), and at certain operating conditions, such as cold
start.

It is fairly challenging to operate the engine in two distinct
combustion modes, and it is even more difficult to have
the smooth combustion mode transition between the SI and
HCCI combustions, because the favorable thermo conditions
for one combustion mode are always adverse to the other
[7]. For example, high intake charge temperature is required
in the HCCI mode to initiate the combustion, while in
the SI mode it leads to reduced volumetric efficiency and
increased knock tendency. For this reason, engine control
parameters, such as intake and exhaust valve timings and
lifts, throttle position and exhaust gas recirculation (EGR)
valve opening, are controlled differently between these two
combustion modes. During the combustion mode transition,
these engine parameters need to be adjusted rapidly. However,
the physical actuator limitations on response time prevent
them from completing their transitions within the required
duration, specifically, within one engine cycle. The multi-
cylinder operation makes it challenging [8]. And this problem
becomes more difficult when two-stage valve lift and electrical
variable valve timing (VVT) systems are adopted. Accordingly
the combustion performance during the transition cannot be
maintained unless proper control strategy is applied.

The control of the HCCI combustion process has been
widely studied in past decades. Robust HCCI combustions
can be achieved through model-based control as described in
[9]–[11]. To make the HCCI combustion feasible in a practical
SI engine, the challenge of the combustion mode transition
is inevitable. In recent years, more and more attentions have
been paid to the mode transition control between the SI and
HCCI combustions. In [12] and [13], smooth mode transitions
between the SI and HCCI combustions are realized for a
single cylinder engine equipped with the camless variable

valve actuation (VVA) system. However, high cost prevents
the implementation of the camless VVA system in production
engines. In [14], a VVT system with dual-stage valve lift is
used on a multicylinder engine for the study of the mode
transition. Experimental results show the potential of achieving
smooth mode transition by controlling the step throttle opening
timing and the direct injection (DI) fuel quantity. However,
satisfactory mode transition has not been accomplished due
to the lack of the robust mode transition control strategy.
Reference [15] uses a hybrid robust control of air-path for dual
mode diesel engines with conventional and low temperature
combustions, and the control of the thermoacoustic instability
is studied in [16].

In this paper, a control strategy of the combustion mode
transition was developed. The studied four-cylinder engine is
equipped with external cooled EGR, dual-stage valve lift and
electrical VVT systems. Hardware-in-the-loop (HIL) simula-
tions were used for control development and validation. For
this paper, the real-time HIL engine model used in the HIL
simulation was validated by the well-known GT-Power model
[5] that has been calibrated using experimental data. It is also
worth mentioning that the GT-Power modeling tool is widely
used in automotive industry to predict the engine performance.
Also the control strategies, discussed in this paper, mainly
deal with the engine intake charge and air-to-fuel ratio (AFR)
dynamics that the GT-Power-based model (1-D flow dynamic
model) is capable of predicting them accurately and the HIL
model (also a 1-D flow dynamic model) matches with the
GT-Power simulations closely. Therefore, it is believed that
the proposed strategies can be applied to an actual HCCI
capable SI engine; however, the control algorithm might need
to be recalibrated to compensate for the model calibration error
between the model used for control design and the physical
engine system. Also, the HIL simulation model used for the
mode transition simulations did not include emission models
and the emission performance was not evaluated.

The HIL simulation results demonstrated that unstable com-
bustions during the transition can be eliminated by using the
multistep strategy as discussed in [5]. In addition, the linear
quadratic (LQ) optimal MAP tracking control strategy was
developed to maintain the AFR in the desired range. Under
the optimal MAP control, smooth combustion mode transition
was achieved with the help of the iterative learning control
(ILC) of the DI fuel quantity of individual cylinder. The entire
control strategy was validated in the HIL engine simulation
environment [17], and satisfactory engine performance was
achieved during the combustion mode transition for both
steady state and transient operating conditions. It is also worth
mentioning that our control algorithm assumes that the in-
cylinder pressure sensor is available for feedback control.
Since both price and reliability of the pressure sensors are
continued improving and we believe that it will be feasible
for production engines in near future. The other option is to
use the in-cylinder ionization sensing.

This paper is organized as follows. Section II discusses the
control performance target of the combustion mode transition
and the associated engine configuration. Section III introduces
the SI–HCCI hybrid combustion mode and the associated
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Fig. 1. Configuration of the HCCI capable SI engine.

TABLE I

HCCI CAPABLE SI ENGINE SPECIFICATIONS

Engine parameter Model value
Bore/stroke/con-rod length 86 mm/86 mm/143.6 mm
Compression ratio 9.8:1
Intake/exhaust valve lifts of high stage 9 mm/9 mm
Intake/exhaust valve lifts of low stage 5 mm/5 mm
Intake/exhaust valve timing range ±40°/ ±40°
Intake/exhaust valve lifts lash 0.2 mm/0.25 mm
Intake manifold volume 3.2 L
Throttle diameter 42 mm

control oriented model. The multistep combustion mode tran-
sition strategy is proposed in Section IV, and the following
two sections present the IMEP control and the AFR tracking
control strategies. In Section VII, the real-time HIL engine
simulation system is described, and the simulation results are
presented for validating the control strategies. Conclusions are
finally drawn in Section VIII.

II. COMBUSTION MODE TRANSITION CONTROL PROBLEM

The purpose of the combustion mode transition control is
to minimize the engine output torque fluctuation during the
mode transition process.

A. Target Engine Configuration

Fig. 1 shows the configuration of the target HCCI capable
SI engine, and the engine specifications are listed in Table I.
The key feature of this engine is its valve train system. It
has two-stage lift for both intake and exhaust valves. The
high lift is 9 mm for the SI combustion mode, and the low
lift is 5 mm for the HCCI combustion mode. The ranges of
both intake and exhaust valve timings are extended to ±40
crank degrees to improve the controllability of the internal
EGR fraction, the effective compression ratio, and the engine
volumetric efficiency during the combustion mode transition
and HCCI operations.

In addition to the modification of the engine valvetrain,
external cooled EGR is used to enable high dilution charge
with low charge mixture temperature. The engine throttle can
be electronically controlled to obtain the desired engine charge
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Fig. 2. Steady state combustion characteristics of SI and HCCI modes.

TABLE II

ENGINE CONTROL PARAMETERS FOR SI

AND HCCI COMBUSTION MODES

Engine control parameter SI HCCI
θST (deg ACTDC) −36 None
ϕEGR (%) 3 26
IETC (A) 0.84 5
FDT (ms/cycle) 2.06 1.6
θ INTM (deg AGTDC) 70 95
θEXTM (deg BGTDC) 100 132
�lift (mm) 9 5

in both SI and unthrottled HCCI operations. Each cylinder
of the test engine is equipped with piezoelectric pressure
transducer. Four fast response universal exhaust gas oxygen
(UEGO) sensors are installed at the exhaust ports for feedback
control.

B. SI and HCCI Steady-State Operational Parameters

For this paper, the combustion mode transition was studied
for the engine operated at 2000 rpm with 4.5 bar indicated
mean effective pressure (IMEP). Table II lists the engine
parameters associated with the SI and HCCI combustions.
These parameters were optimized for the steady state engine
operations with the best fuel economy that satisfies the engine
knock limit requirement. That is, the maximum pressure rise
rate (dP/dθ ) is less than or equal to 3 bar per crank degree.
It can be seen in Table II that the optimized engine control
parameters are quite different between the SI and HCCI
combustion modes. Some of these parameters can be adjusted
within one engine cycle, such as spark timing θST, ETC drive
current IETC, DI fuel quantity FDT, and valve lift �lift; the
others cannot due to actuator dynamics.

The combustion characteristics are also quite different
between these two combustion modes as illustrated in Fig. 2.
For example, the HCCI combustion has higher peak in-
cylinder pressure comparing with that of the SI combustion
due to the faster fuel burn rate. Most likely, it also has a
recompression phase (see the second peak of the solid line
in Fig. 2) due to negative valve overlap (NVO) operation,
while the SI combustion does not. The goal of the combustion
mode transition is to switch the combustion mode without
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Fig. 3. MFB trace of SI–HCCI hybrid combustion mode.

detectable engine torque fluctuation by regulating the engine
control parameters, or in other words, to maintain the engine
IMEP during the combustion mode transition.

III. SI–HCCI HYBRID COMBUSTION MODE

The earlier work in [18] demonstrated that the engine
charge temperature (TIVC) has response delay during the
combustion mode transition, mainly caused by the response
delays of the engine intake/exhaust valve timings. Under such
transient conditions, if the engine was forced to switch to
the HCCI combustion mode the engine IMEP could not be
maintained with cycle-by-cycle fuel control FDT. Also the
increased charge cooling effect caused by the increment of
FDT reduces the charge temperature and leads to degraded
HCCI combustion. However, the transitional thermo condition
is suitable for the SI–HCCI hybrid combustion mode proposed
in [5] and [17].

By maintaining the engine spark, combustion during the
mode transition could start in the SI combustion mode with
a relatively low heat release rate, and once the thermo and
chemical conditions of the unburned gas satisfy the start of
HCCI (SOHCCI) combustion criteria, the combustion contin-
ues in HCCI combustion mode, which is illustrated by the
solid curve of mass fraction burned (MFB) shown in Fig. 3.
During an ideal SI to HCCI combustion transition process,
the HCCI combustion percentage (the vertical distance from
SOHCCI to MFB = 1) increases gradually along with the
increment of charge temperature (TIVC). For the HCCI to SI
combustion transition, the process is reversed. More impor-
tantly, during the SI–HCCI hybrid combustion, engine IMEP
can be controlled by regulating the DI fuel quantity. This is
the other motivation of utilizing the hybrid combustion mode
during the combustion mode transition.

In [5] and [17], a crank-based SI–HCCI hybrid combustion
model was developed for real-time control strategy devel-
opment. It models the SI combustion phase under two-zone
assumptions and the HCCI combustion phase under one-zone
assumptions. The SI and HCCI combustion modes are actually
special cases of the SI–HCCI hybrid combustion mode in
the model, since the SI combustion occurs when the HCCI
combustion percentage is zero, and the HCCI combustion
occurs when the percentage is hundred. Accordingly this
combustion model is applicable for all combustion modes

Fig. 4. Multistep SI to HCCI combustion mode transition control schedule.

during the mode transition. In the engine model, the cycle-
to-cycle dynamics of engine combustion can be expressed in
a nonlinear state space form as follows:

x( j + 1) = f (x( j), u( j))

y( j) = h(x( j), u( j)) (1)

where x( j), u( j), and y( j) are states, inputs, and outputs,
respectively. They are defined by

x( j) = [MEVC( j)TIVC( j)]T

u( j) = [θST FDTθINTMθEXTMxEGRMAP�lift]T ( j)

y( j) = IMEP( j). (2)

The state and output functions, f and h, in (1) are composed
by the governing equations of the engine combustion process.
The details of the model are described in [5] and [17].

IV. MULTISTEP MODE TRANSITION CONTROL STRATEGY

In [18], the one-step combustion mode transition was
investigated. The control references of all engine parameters
were directly switched from the SI to HCCI mode, as listed in
Table II, in one engine cycle. The simulation results showed
that misfired combustions occur during the one-step mode
transition, and significant torque fluctuation was discovered.
Thereby, a multistep mode transition strategy was proposed
in [18] by inserting a few hybrid combustion cycles between
the SI and HCCI combustions, see Fig. 4. The control
strategy proposed in this paper is based on this multistep
strategy. Ideally, we would like to have the lowest number
of engine cycles for the mode transition. For this specific
engine architecture, since it takes three cycles for the engine
valve timing to transit to its target timing, we picked three
transition cycles. Due to the pre-throttle opening requirement
to avoid rich combustions, two more engine cycles were
added, which results a five-cycle transition process. For the
engine operated at 1500 rpm it takes 0.4 s.

As illustrated in Fig. 4, five engine cycles are used during
the SI to HCCI mode transition. During the transitional cycles
some engine parameters are adjusted in an open loop manner
according to the schedule shown in Fig. 4. Cycles 1 and 2
are used for engine throttle preopening control. They provide
enough time for the engine MAP to rise to compensate the
�lift switch. At the end of cycle 2, the intake/exhaust valve lift
�lift switches from high to low lift, and the control references
of ϕEGR, θ INTM, and θEXTM are set to those of the steady state
HCCI combustion mode as listed in Table II. Spark timing
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Fig. 5. SI to HCCI combustion mode transition control diagram.

θST of each cylinder was kept constant during the transitional
cycles and was eliminated at the end of cycle 5. Throughout
the transitional cycles, the engine control parameters IETC and
FDT are regulated by time-based (1 ms sampling rate) and
cycle-based controls, respectively. The corresponding control
algorithm will be described in the next two sections. Since the
mode transition between the SI and HCCI combustions occurs
over a relatively small speed and load range, about five to six
transition points will be used to form lookup tables for each
“scheduled open-loop control” parameters (θST, φEGR, θ INTM,
θEXTM, and �lift) shown in Fig. 5.

Under the regulations of the engine parameters, the com-
bustion characteristics during the transitional engine cycles are
different from those of the typical SI and HCCI combustion
modes. The combustion at cycles 1 and 2 are still in SI
combustion mode, but the AFR is no longer stoichiometric and
most likely is lean due to the throttle (IETC) preopening. From
cycles 3 to 5, engine charge temperature TIVC is higher than
that of the SI mode and lower than the desired temperature for
the HCCI mode. Under such condition, the engine is operated
in the SI–HCCI hybrid combustion mode from cycles 3 to 5
due to the maintained engine spark. The main motivation of
operating the engine at the SI–HCCI hybrid combustion mode
is to use the SI combustion to increase the temperature of the
unburned gas mixture so that the HCCI combustion can be
achieved later in the same engine cycle.

Fig. 8 shows the diagram of the multistep combustion
mode transition controller and its interface with the HIL
engine simulator that will be introduced in Section VII. The
multistep combustion mode transition is activated as engine
IMEP switches from above IMEPref (IMEPref = 4.5 bar in
the case) to below IMEPref . Once the transition process is
initiated, the engine parameters are controlled in different
ways. The engine IMEP (or torque) is directly controlled by
regulating FDT of individual engine cylinder; the engine AFR
is regulated by IETC through an LQ optimal MAP tracking
control strategy; spark timing (θST), EGR valve opening
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Fig. 6. IMEP sensitivity analysis of the SI–HCCI hybrid combustion mode.

(φEGR), Intake/exhaust valve timings (θ INTM and θEXTM) and
lifts (�lift) are controlled by the open loop scheduled control.

In the next two sections, the engine IMEP control and AFR
control will be described.

V. INDIVIDUAL CYLINDER IMEP CONTROL

As shown in the right side of Fig. 6, IMEP is sensitive
to FDT input at the relatively high MAP or lean combustion
condition for the hybrid combustion mode during the mode
transition. On the other hand, IMEP is sensitive to MAP at
the low MAP or rich condition; see the left side of Fig. 6.
This is why the AFR control is essential to the ILC of FDT.
Accordingly, it is possible to control the engine IMEP of each
cylinder by regulating the corresponding FDT.

The engine IMEP control can be operated in two modes,
the learning and transient modes, as shown in Fig. 8, where
the learning mode is represented by the dashed lines and the
transient mode in the solid lines. Note that the injection pulse
width unit is millisecond in Fig. 8 and it can be converted into
mg by multiplying a factor of approximately 8 mg/ms. For
both control modes, FDT is adjusted every engine cycle for
each cylinder. The learning mode is enabled when the engine
is operated at steady state and close to the transition load.
Therefore, this mode can only be operated during the vehicle
cruise condition or during the engine calibration process. The
transient mode is used during engine transient operations, such
as the engine tip-out and tip-in operations.

When the IMEP control is operated at the learning mode,
FDT is regulated through the following control law:

FDT(i + 1) = FFF(i) + FILC(i)

= FFF(i) + KILC [IMEPref − IMEP(i)] (3)

where the ILC FILC is calculated by a “P” type (proportional)
self learning algorithm as described in [19] and [19], and
the iterative learning gain KILC satisfies the IMEP sensitivity
(shown in Fig. 6) constraint, and guarantees the stability of
the iterative learning

KILC <
�FDT

�IMEP
. (4)
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The feedforward term FFF is the learned control variable from
the last step that is stored in the memory of the controller. After
each learning step FFF is updated by

FFF(i) = FDT(i). (5)

The updated feedforward term FFF will be used for next
learning iteration or the transient mode control.

When IMEP control is switched to the transient mode, the
ILC is deactivated and the feedback control is activated, as
illustrated in Fig. 8, FDT is controlled by the combination of
the feedforward and feedback controls, as shown below

FDT = FFF + FFB (6)

where the feedforward term FFF is the last learned control
variable derived in (5). The feedback term FFB is the output
of a proportional and integral (PI) controller. The learned feed-
forward control FFF reduces the cylinder-to-cylinder IMEP
variance, and the feedback control FFB provides the load
tracking capability during the transient operation.

VI. ENGINE AFR CONTROL

In the last section, the FDT controller is used to control
the individual cylinder IMEP. To maintain the controllability
of the DI fuel control (FDT) to the IMEP, lean gas-fuel
mixture is required during the mode transition. However, the
combustion could become unstable if the mixture becomes
extreme lean since the engine spark might not be able to ignite
the gas mixture during the transitional cycles. For this paper,
the desired normalized AFR is set between λmin (0.97) and
λmax (1.3). In [19], a step throttle pre-opening approach was
proposed to prevent rich combustions at cycle 3, but it leads
to very lean combustion at the following engine cycles. In this
section, an LQ MAP tracking control strategy is developed to
regulate the AFR at the desired range.

Since during the combustion mode transition period the
engine fueling quantity is adjusted to maintain desired IMEP
(or torque), the AFR control during the mode transition is
accomplished by regulating the in-cylinder charge air. Assum-
ing that the in-cylinder pressure equals to the MAP at intake
valve closing (IVC), the quantity of the charge air can be cal-
culated from the MAP and IVC position. Therefore, the AFR

600 660 720 780 840 900
0

0.5

1

1.5

Sampling index k, time (ms)

R

Fig. 8. Adjustment of weighting matrix R.

control can be achieved by regulating the engine MAP and
it is naturally to convert the AFR control problem to a MAP
regulation problem. Fig. 6 illustrates the relationship between
the engine MAP and AFR, and Fig. 7 shows how the AFR
operational boundary is translated into MAP constraints for the
studied engine operational conditions during the combustion
mode transition.

A. MAP Tracking Reference

As discussed above, the normalized AFR needs to be
maintained within the optimal range (λmin ≤ λ ≤ λmax) during
the SI to HCCI combustion mode transition. This control target
is difficult to achieve through the AFR feedback control due
to the transportation delay and short mode transition period.
It is proposed to use the LQ tracking approach to regulate
the air-to-fuel mixture to the desired range by controlling the
engine MAP. To implement this control strategy, the desired
operational range of λ is translated into the operational range
of the engine MAP shown in Fig. 7, where the upper limit
is corresponding to λmax and lower limit is corresponding to
λmin. An engine MAP tracking reference shown in Fig. 7 was
generated for the engine MAP to stay within the desired range.
The reference signal is represented by the following function:

z(k) =

⎧
⎪⎨

⎪⎩

ZSI, if kB < k ≤ k1

ZSI + (Z − ZSI)
k−k1
k2−k1

, if k1 < k ≤ k2

Z + (ZHCCI − Z) k−k1
k2−k1

, if k2 < k ≤ kE

(7)

where k is the sampling index; kB and kE represent the
beginning and ending indices of the mode transition and they
were set to 600 and 900, respectively, as shown in Fig. 7;
k1 and k2 are switch indices and they equal 670 and 720,
respectively; ZSI and ZHCCI are the desired MAP of SI and
HCCI modes, respectively; Z is the desired MAP at k2.

The MAP tracking reference is divided into three stages due
to the natures of the three different combustion stages during
the mode transition. They are the SI, SI–HCCI hybrid, and
HCCI combustion stages. In the SI stage the MAP reference
is divided into two straight lines. The first piece is a horizontal
line used to compensate the intake air transportation delay
from throttle to manifold and the second one is a straight line
with positive slop to increase the MAP quickly to avoid the
rich combustion after the valve lift is switched from high to
low. In the SI–HCCI stage, a straight line is used to bridge
between the SI and HCCI target MAP to allow the MAP to
transit to the HCCI stage MAP smoothly. In the HCCI stage
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the MAP reference is actually a constant equal to the ambient
air pressure due to the un-throttled operation of the HCCI
combustion. It shall be noticed that during the combustion
mode transition selecting the MAP tracking reference is very
important. Using a piecewise linear reference signal may not
be optimal and it could be optimized in the future. The focus
of this paper is to show that the combustion mode transition
performance can be improved by accurately controlling the
engine MAP during the mode transition to regulate the engine
AFR within the desired range.

As discussed in Section II-B, during the combustion mode
transition all engine control parameters listed in Table II
are changing, including the EGR valve opening (φEGR) and
exhaust valve timing. As a result, the overall inertia gas
fraction due to both internal and external EGR gas is increased
from 19% at steady-state SI combustion to 44% at steady-state
HCCI combustion. However, due to the long transportation
delay of the cooled EGR loop and the dynamics of the VVT
actuators, the variation of the overall inertia gas fraction
was less significant. For the studied operational condition,
it dropped from 19% down to 16% and then increased to
24% during the five transitional combustion cycles. Therefore,
the constant inertia gas rate is assumed when the upper and
lower MAP bounds, shown in Fig. 7, are derived. Also note
that the AFR is concerned only during the five transitional
cycles when the engine spark is required to initiate the hybrid
combustions. This is why the MAP tracking is critical during
the five transitional cycles.

B. Simplified Engine MAP Model

To develop the proposed LQ tracking control strategy, a
simplified engine MAP model is required to represent the
relationship between the control input (IETC) and the system
output (MAP). The simplified dynamics is represented by
a second-order dynamics due to the gas filling dynamics
(first order) of the engine intake manifold and the first-order
response delay of the engine throttle. Note that the HIL
real-time model uses the 1-D nonlinear flow dynamics. The
governing equation of gas

dMAP

dt
= −η

Vd Ne

120Vm
MAP + φ

RTambCDπr2 Pamb

Vm
√

2RTamb
ϕTPS (8)

and the dynamics of the throttle response is approximated by

dϕTPS

dt
= − kETC

bETC
ϕTPS + cETC

bETC
IETC. (9)

Equations (8) and (9) can be combined, discretized, and
represented by the following discrete state-space model:

x(k + 1) = Ax(k) + Bu(k)

y(k) = Cx(k) + Du(k) (10)

where

u = IETC; x =
[

x1
x2

]

=
[

MAP
ϕTPS

]

; y = MAP (11)

are the system input, state and output, respectively. The system
matrices are

A =
[

1 − η(k)Vd Ne
120Vm

�T φ(k)Ra TaCDπr2 Pa

Vm
√

2Ra Ta
�T

0 1 − kETC
bETC

�T

]

B =
[

0
kETC
bETC

�T

]

C = [1 0]
D = 0 (12)

where �T is the sample period. State space model (10)
is linear time-variant since the volumetric efficiency η and
multiplier φ in (8) and (12) are functions of the engine
operating condition. Moreover, the sampling time �T in (12)
equals 1 ms, and sample time index k is the same as that
in (7).

C. LQ Optimal Tracking Control Synthesis

Based on the control oriented engine MAP model, a finite
horizon LQ optimal tracking controller was designed to follow
the reference z(k). More specifically, the control objective is
to minimize the tracking error e(k) defined in (13) with the
feasible control effort IETC. The tracking error e(k) is defined
as

e(k) = y(k) − z(k) = Cx(k) − z(k) (13)

and the constraint on IETC is −5A < IETC < 5A. The cost
function of the LQ optimal controller is defined as

J = 1

2
[Cx(k f ) − z(k f )]T F[Cx(k f ) − z(k f )]

+1

2

k f −1
∑

k=k1

{
[Cx(k) − z(k)]T Q[Cx(k) − z(k)]

+ uT (k)Ru(k)
}

(14)

where F and Q are positive semi-definite and R is positive
definite. Note that the LQ MAP tracking control cannot
guarantee that the controlled AFR stays within desired range.
The LQ design weight matrices, F, Q, and R, were tuned
during validation simulations to make the MAP stay within
the desired range. As a result, F and Q are constant matrices
defined in (16) and R is a function of sample index and tuned
to optimize the tracking error with feasible throttle control
effort, see Fig. 8

F = 10−8, Q = 4 × 10−7, R = R(k). (15)

Based on the cost function the corresponding Hamiltonian is
as follows:

H = 1

2
[Cx(k) − z(k)]T Q[Cx(k) − z(k)] + 1

2
uT (k)

×Ru(k) + pT (k + 1) [Ax(k) + Bu(k)] . (16)



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

8 IEEE TRANSACTIONS ON CONTROL SYSTEMS TECHNOLOGY

According to [21], the necessary conditions for the extremum
in terms of the Hamiltonian are represented as

∂ H

∂p∗(k + 1)
= x∗(k + 1) ⇒ x∗(k + 1) = Ax∗(k)

+Bu∗(k) (17)
∂ H

∂x∗(k)
= p∗(k) ⇒ p∗(k) = AT p∗(k + 1)

+CT QCx∗(k) − CT Qz(k) (18)
∂ H

∂u∗(k)
= 0 ⇒ 0 = BT p∗(k + 1) + Ru∗(k). (19)

Note that the superscript “*” denotes the optimal trajectories
of the corresponding vectors. The augmented system of (19)
and (20) becomes

[
x∗(k + 1)

p∗(k)

]

=
[

A −B R−1 BT

CT QC AT

] [
x∗(k)

p∗(k + 1)

]

+
[

0
−CT Q

]

z(k). (20)

Based on (21) the optimal control is in the form of

u∗(k) = −R−1 BT [
P(k)x∗(k) − g(k)

]
(21)

where matrix P(k) can be computed by solving the difference
Riccati equation backwards

P(k) = AT P(k + 1)[I + E P(k + 1)]−1 A + CT QC (22)

with the terminal condition

P(k f ) = CT FC (23)

and vector g(k) can be computed by solving the vector
difference equation

g(k) = AT
{

I − [P−1(k + 1) + E]−1 E
}

× g(k + 1)

+CT Qz(k) (24)

with the terminal condition

g(k f ) = CT Fz(k f ). (25)

The optimal control in (23) can be written into the following
form:

u∗(k) = −LFB(k)x∗(k) + LFF(k)g(k + 1) (26)

where the feedforward gain LFF is computed by

LFF(k) = [R + BT P(k + 1)B]−1BT (27)

and the feedback gain LFB is computed by

LFB(k) = [R + BT P(k + 1)B]−1BT P(k + 1)A. (28)

Note that in (28) the state x∗ used in the feedback control is
computed exactly from the closed loop system model defined
below

x∗(k + 1) = [A − B LFB(k)]x∗(k) + B LFF(k)g(k + 1). (29)

However, when the control is implemented into the HIL
simulation environment or the actual engine control system,
the feedback states are replaced by the actual signals (MAP

Host PC of Opal-RT Engine controller console 

HIL simulator console Host PC of 
dSPACE 

dSPACE engine 
HIL simulator 

Monitor 

Opal-RT engine 
controller 

Break box 

Fig. 9. HIL simulation station.

and φTPS) measured by the physical engine sensors. In these
cases the LQ controller is represented by the online form as

u(k) = −LFB(k)x(k) + LFF(k)g(k + 1) (30)

where x represents the sampled states. Note that both states,
MAP and φTPS, can be measured in the HIL simulator or in
the engine system.

VII. HIL SIMULATION VALIDATION

The multistep combustion mode transition control strategy
is composed of the DI fuel quantity control and LQ optimal
MAP tracking control with the SI–HCCI hybrid combustions
during the mode transition. In this section, an HIL simulation
environment is introduced; the HIL simulation results are
presented for the control strategy validation.

A. HIL Simulation Station

For the purpose of initial control strategy development and
validation, an HIL simulation station, shown in Fig. 9, was
used. By implementing the control oriented engine model
described in [5] and [17], the dSPACE-based engine HIL
simulator provided all measureable engine signals (such as in-
cylinder pressure and MAP signals) in real-time. These signals
were directly fed into the Opal-RT-based real-time prototype
engine controller. Some unmeasurable engine states (such as
TIVC) were also available to help with the control performance
analysis. On the other hand, the control signals generated by
the prototype engine controller were also fed back into the
engine simulator. These signals were recorded and analyzed
for control strategy development and validation.

B. Simulation Results of Using SI–HCCI Hybrid Mode

As mentioned above, the engine is operated in the SI–HCCI
hybrid combustion mode between cycles 3 and 5 (see Fig. 4)
for the multistep mode transition strategy. To disclose the
significance of using this hybrid combustion mode, the key
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combustion mode.

engine variables, such as TIVC, xHCCI, and IMEP, are analyzed
and plotted in Fig. 10, for the cases with and without the SI–
HCCI hybrid combustion mode. Note that the simulation time
from 600th to 900th ms is corresponding to the five transitional
engine cycles illustrated in Fig. 4.

As shown in Fig. 10, charge mixture temperature at intake
valve closing (TIVC) has response delay with or without the
hybrid combustion mode due to the dynamics of the valvetrain
system and the NVO operation. Under such thermal condition,
if the engine was switched into the HCCI combustion mode
directly, start of combustion timing would be greatly retarded
(misfire could happen), causing large IMEP variance [20].
The large fluctuation of IMEP cannot be improved through
combustion control due to the lack of available controllability
in the HCCI mode as discussed in Section III. However, by
using the hybrid combustion mode during the mode transition,
percentage of HCCI combustion xHCCI is gradually increased
as the in-cylinder temperature at the IVC TIVC approaches the
desired level. Also note that due to the LQ optimal tracking
of the desired MAP, the engine IMEP can be regulated by
controlling FDT. As a result, smooth IMEP can be achieved
during the mode transition. Note that for the simulation results
shown in Fig. 10, the proposed AFR and IMEP controls are
used during the mode transition with the hybrid combustions.

Therefore, using the SI–HCCI hybrid combustions during
the mode transition is a key control technique for the smooth
combustion mode transition.

C. Simulation Results of AFR Control

The developed LQ optimal MAP tracking control was
implemented in the prototype engine controller and validated
through the HIL engine simulations. The simulated control
input IETC, the system states MAP and φTPS, and λ are plotted
in Fig. 11. For comparison purpose, the simulated responses
of these variables with a step IETC control approach are also
shown in Fig. 11, in which IETC is set to the target level before
the adjustment of �lift (happens at 720th ms), as a result, the
engine throttle is gradually opened to the wide open throttle
(WOT) position and the MAP is increased before the valve lift
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Fig. 12. Correction of DI fuel quantity after iterative learning.

switches. The increased MAP ensures enough fresh air charge
to each cylinder when the valve lift switches to the low lift.
However, the step IETC control leads to a rapid increment
of the engine MAP or excessive fresh air charge, leading to
extreme lean AFR λ in the following engine cycles.

Using the proposed LQ MAP tracking control strategy,
throttle current IETC is regulated in a nonmonotonic increasing
pattern. Note that to maintain IETC in the feasible range (−5A
< IETC < 5A) the weighting matrix R in the cost function
(15) is adjusted as illustrated in Fig. 8. The similar pattern
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can also be found for φTPS with a small phase lag. As a
result, the engine MAP tracks the reference z(k) after the
intake valve lift �lift switches to the low lift, and λ of each
cylinder is successfully maintained within the desired range.
Therefore, with the help of the LQ optimal tracking control,
the in-cylinder AFR is maintained within the desired range,
leading to stable combustions since the lean mixture can be
ignited by engine spark.

Slight oscillations in the MAP responses are found with both
control approaches, which are due to the flow dynamics of
the engine air-handling system and the engine MAP modeling
error. It is difficult to eliminate them. Moreover, the MAP
oscillation associated with the LQ optimal tracking control is
within the desired MAP range.
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D. Simulation Results of IMEP Control in Learning Mode

When the AFR is maintained within the desired range,
the iterative learning of FDT was conducted in the learning
mode. Fig. 12 shows that FDT of each cylinder converges
after a few learning iterations. FDT in cycle 2 was adjusted
significantly due to the large variation of the engine MAP. The
first SI–HCCI engine cycle (cycle 3) after the intake/exhaust
valve lift switch demonstrated the largest improvement, lead-
ing to significant correction of FDT. The cylinder-to-cylinder
adjustment of FDT after iterative learning compensates for
the intake charge variations due to the MAP variations, and
leads to smooth IMEP of individual cylinder as shown in
Fig. 13. Therefore, it can be concluded that smooth SI to HCCI
combustion transition is achievable through the ILC of the DI
fuel quantity when the AFR is regulated within the desired
range by the LQ MAP tracking control.

In Fig. 13, without the ILC, slight IMEP oscillations can
be observed for TIVC and θSOHCCI, however, the oscillations
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disappear after the ILC was applied. These oscillations indicate
unstable combustions and are due to the cycle-to-cycle residue
gas dynamics of HCCI combustions (including the SI–HCCI
hybrid combustions), which has been discussed in great details
in [9], [10], and [16]. Due to the residue gas dynamics,
retarded (or advanced) θSOHCCI of current engine cycle leads
to advanced (or retarded) θSOHCCI for the next engine cycle.
As a result, combustion oscillations occur. During the com-
bustion mode transition, the impact of adjusting the valve lift
�lift to the individual in-cylinder combustion is quite different.
Cylinder 1 experiences the most significant impact since the
valve lift switch happens during its exhaust stroke. Both
residue gas quantity and fresh charge quantity were affected.
Therefore the IMEP fluctuations of cylinder 1 are dominated
as shown in Fig. 13. By using the ILC of DI fuel quantity,
θSOHCCI was regulated to the appropriate timing as well as
the IMEP was regulated to the control target. Accordingly
the oscillations of TIVC and θSOHCCI were suppressed, and
combustion stability during the mode transition was improved
by the ILC.

As a result of suppressing the oscillations of TIVC and
θSOHCCI, engine knock index was also reduced during the
combustion mode transition, see Fig. 14. Note that dP/dθ is
a good indicator of engine knock [22].

E. Engine Torque Performance Comparison

Engine torque responses during the combustion mode tran-
sitions using the different control strategies are plotted in
Fig. 15. Their statistics are listed in Table III for comparison.
The largest engine torque fluctuation is produced by the one-
step approach. The fluctuation of engine torque is reduced
when multistep strategy is used. It is further improved as the
SI–HCCI hybrid combustion mode is implemented. At last,
smooth combustion mode transition is realized in multi-steps
when both the MAP (LQ tracking control) and the DI fuel
quantity (ILC) controls are applied. The combined control
of LQ MAP tracking and ILC DI fueling with SI–HCCI
hybrid combustions leads to the lowest torque fluctuations
(2.2%) when the engine operational conditions transit from the
steady state SI mode to the HCCI mode. The in-cylinder gas
pressure profiles are plotted in Fig. 16. One can see significant
improvement of combustion quality during the transitional
cycles.

TABLE III

ENGINE PERFORMANCE STATISTICS FOR DIFFERENT

CONTROL STRATEGIES

IMEP
error (%)

Max dP/dθ
(bar/deg)

Torque
error
(%)

One-step mode transition 51.6 N/A 81.8
Multistep w/o hybrid mode 26.9 N/A 43.1
Multistep w/o LQ, w/o ILC 7.1 3.13 11.2
Multistep w/ LQ, w/ ILC 1.6 2.82 2.2

F. Simulation Results of IMEP Control in Transient Mode

In order to study, the mode transition under the transient
operation, an HIL simulation was conducted to simulate the
engine throttle tip-out operation, where the engine was initially
operated in the SI mode. As a step input was applied to the
acceleration pedal, the pedal position decreased from 40% to
15%. As a result, the engine IMEP reduced from 8.1 to 4
bar, which crosses the combustion mode transition threshold
of 4.5 bar. Accordingly the combustion mode transition was
triggered. Two-mode transition strategies were simulated. Both
of them were multistep strategies with the hybrid combustions.
One was with the optimal MAP tracking control (LQ) and
the DI fuel quantity control, the other was not. Note that the
DI fuel quantity control was switched to the transient mode
during the engine tip-out operation, and the feedforward term
FFF used in the transient mode control was the last learned
value by the ILC. The transient responses of engine variables
are plotted in Fig. 17.

In Fig. 17, after the step input of the acceleration pedal,
both φTPS and MAP are decreased at first, and then increased
due to the combustion mode transition to the unthrottled HCCI
mode. Slightly rich combustions can be observed during the
early stage of the tip-out operation since the throttle opening is
decreased in the SI mode. Once the mode transition started, the
in-cylinder gas-fuel mixture becomes lean for both strategies.
However, with the LQ MAP tracking control, the normalized
AFR λ is maintained within the desired range throughout the
engine tip-out operation. Furthermore, with the proposed DI
fuel quantity control smooth IMEP responses were achieved
for all cylinders comparing with those without the ILC fuel
control. Similar improvement in engine torque output can also
be found in Fig. 18.

Based on the simulation results shown in Figs. 17 and 18, it
can be concluded that the proposed LQ optimal MAP tracking
control is capable of regulating the AFR within the desired
range during engine transient operations, and the ILC DI fuel
quantity control is also effective in transient mode.

VIII. CONCLUSION

The combustion mode transition between the SI and HCCI
combustion is challenging but necessary to implement the
promising HCCI combustion technology to production SI
engines. As demonstrated in this paper, smooth combustion
mode transition can be realized in a multicylinder HCCI
capable SI engine equipped with the dual-valve lift and elec-
trical VVT systems. The mode transition was accomplished
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within five engine cycles with the help of the LQ MAP
tracking control and the ILC of DI fuel quantity. Based on
the HIL simulation results presented in this paper, the LQ
control tracks the engine MAP to the desired target with
small oscillations; and as a result, the normalized AFR is
maintained within the desired range. This makes it feasible
to control the individual cylinder IMEP by regulating the
corresponding DI fuel quantity. With the help of the ILC DI
fuel control, the cylinder-to-cylinder variations of the engine
IMEP can be reduced significantly, and the engine IMEP tracks
the control target. Furthermore, the ILC is able to compensate
the influence of the cycle-to-cycle residue gas dynamics, and
accordingly reduces the fluctuations of the engine knock index
during the mode transition. In addition, combining the learned
feedforward control with the PI feedback control, smooth SI to
HCCI combustion mode transition can also be realized during
transient engine operations.
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A control-oriented hybrid combustion
model of a homogeneous charge
compression ignition capable spark
ignition engine

Xiaojian Yang and Guoming G Zhu

Abstract
To implement the homogeneous charge compression ignition combustion mode in a spark ignition engine, it is necessary
to have smooth mode transition between the spark ignition and homogeneous charge compression ignition combus-
tions. The spark ignition–homogeneous charge compression ignition hybrid combustion mode modeled in this paper
describes the combustion mode that starts with the spark ignition combustion and ends with the homogeneous charge
compression ignition combustion. The main motivation of studying the hybrid combustion mode is that the percentage
of the homogeneous charge compression ignition combustion is a good parameter for combustion mode transition con-
trol when the hybrid combustion mode is used during the transition. This paper presents a control oriented model of
the spark ignition–homogeneous charge compression ignition hybrid combustion mode, where the spark ignition com-
bustion phase is modeled under the two-zone assumption and the homogeneous charge compression ignition combus-
tion phase under the one-zone assumption. Note that the spark ignition and homogeneous charge compression ignition
combustions are special cases in this combustion model. The developed model is capable of simulating engine combus-
tion over the entire operating range, and it was implemented in a real-time hardware-in-the-loop simulation environ-
ment. The simulation results were compared with those of the corresponding GT-Power model, and good correlations
were found for both spark ignition and homogeneous charge compression ignition combustions.

Keywords
Spark ignition combustion, homogeneous charge compression ignition combustion, combustion modeling, combustion
control
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Introduction

The continuing pursuit of improving fuel economy and
the increasingly stringent emission regulations has
rekindled the research interest in the homogeneous
charge compression ignition (HCCI) combustion in
recent years. The flameless nature of the HCCI combus-
tion and its high dilution operation capability lead to
low combustion temperature. As a result, the formation
of NOx (nitrogen oxides) can be significantly reduced.
Furthermore, an HCCI capable engine is capable of un-
throttled operation that greatly reduces pumping loss
and improves fuel economy.1

On the other hand, HCCI combustion has its own
limitations. The HCCI combustion is limited at high
engine load due to the audible engine knock,2 and at
low load due to misfire caused by the lack of sufficient
thermal energy to trigger the auto-ignition of the

gas–fuel mixture late in the compression stroke.3 In
fact, the HCCI combustion can be regarded as a type of
engine operating mode rather than a type of engine.4 In
order to take advantage of the HCCI combustion mode
in an internal combustion engine, an other combustion
mode, such as the SI (spark ignited) combustion, is
required at high load, at ultra-low load (such as idle),
and at certain operational conditions such as cold start,
and at high engine speed. It is fairly challenging to oper-
ate the engine in two distinct combustion modes, and it
is even more difficult to have smooth combustion mode
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transition between SI and HCCI combustions modes,
since the favorable thermo conditions for one combus-
tion mode are always adverse to the other. Due to the
significant response delay of the hydraulic and electric
variable valve timing (VVT) systems, cycle-to-cycle resi-
dual gas dynamics, and the response delay in the engine
air handling system, it is almost impossible to achieve
desired thermo conditions for the combustion mode
transition in one engine cycle.5,6 To address this issue,
multi-cycle combustion mode transition strategies were
proposed.7,8 In Zhang et al.,8 experimental data show
that a hybrid (or spark assisted) combustion mode
occurred during the mode transition. It starts in the SI
combustion mode with a relatively low heat release rate,
and once the thermo and chemical conditions of the
unburned gas satisfy the start of HCCI (SOHCCI) com-
bustion criteria, the combustion continues in the HCCI
combustion mode. The hybrid combustion process is
illustrated by the dashed curves of mass fraction burned
(MFB) shown in Figure 1. During an ideal SI to HCCI
combustion transition process, as the charge tempera-
ture, defined as in-cylinder gas mixture temperature at
intake valve closing, increases gradually cycle-after-
cycle, the percentage of SI combustion, defined as the
MFB percentage at SOHCCI (see Figure 1), decreases
gradually over each combustion cycle while the HCCI
combustion percentage, MFB between SOHCCI and
the end of combustion, increases gradually. For the
HCCI to SI combustion transition, the process is
reversed. This hybrid combustion mode makes it feasi-
ble to use the conventional valvetrain for the HCCI
capable SI engine since it allows the engine cam phase
to change gradually.9 In the rest of this paper, the term
hybrid combustion refers to the SI-HCCI hybrid com-
bustion mode.

Smooth combustion mode transition can be realized
by utilizing appropriate control strategies to regulate
the SI-HCCI hybrid combustions properties during the
mode transition, as demonstrated.5,7 Yang and Zhu5

also demonstrated the effectiveness of using spark
assisted HCCI (or SI-HCCI combustion in this paper)

to avoid the misfire by controlling the in-cylinder air-
to-fuel ratio in the proper range such that SI is possible.
Also, the SI to HCCI transition mode has been known
as more difficult to control than the HCCI to SI transi-
tion mode since the residual gas management or in-
cylinder temperature control is completely different in
terms of thermal energy introduction and thermal iner-
tia aspects. To develop and validate the combustion
mode transition control strategies, a precise control
oriented combustion model is a necessity. It should be
able to simulate the engine combustion process in real-
time with enough modeling complexity for combus-
tion feedback control. Multi-zone, three-dimensional
computational fluid dynamics (CFD) models with
detailed chemical kinetics can be found4,10,11 and they
are capable of describing the engine thermal and flow
dynamics, heat transfer, and pollutant formation phe-
nomena of both SI and HCCI combustions with rea-
sonable accuracy. Similar combustion models have
been implemented into commercial codes such as GT-
Power12 and Wave.13 However, these high-fidelity mod-
els cannot be used for control strategy development
and validation since they can only be operated in the
offline simulation mode, but they can be used as refer-
ence models for the control-oriented combustion model
presented in this paper.

In this paper, the zero-dimensional mean-value
modeling method14,15 is used to model average chemi-
cal kinetics and thermodynamic properties of the
combustion process, due to its low computational
throughput required for real-time simulations. The
modeled combustion variables, such as in-cylinder gas
mixture pressure and temperature, are updated every
crank degree.16 The nonlinear equations describing the
chemical kinetics and thermodynamics of the combus-
tion process are solved by discretizing the continuous
nonlinear equations. Furthermore, the combustion
model presented in this paper for the SI-HCCI hybrid
combustion treats both SI and HCCI combustion
modes as special cases of the hybrid combustion.
Therefore, the SI-HCCI hybrid combustion model con-
tains all possible combustion modes during the mode
transition. In the SI-HCCI hybrid combustion model,
the SI combustion phase from ST to SOHCCI (see
Figure 1) is modeled under the two-zone assumption,
and the thermodynamic and chemical properties of the
unburned zone gas mixture are modeled to accurately
estimate the start of HCCI combustion phase; whereas
the HCCI combustion phase from the SOHCCI to the
end of combustion is modeled under the one-zone
assumption to reduce the computational throughput.

The developed SI-HCCI hybrid combustion model
was implemented into a dSPACE based hardware-in-
the-loop (HIL) engine simulation environment for real-
time simulations and model validations. The simulation
results were also compared with those obtained from
the corresponding high-fidelity GT-Power model, and
fairly good correlations were observed between these
two combustion models. This shows that the proposed
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combustion model can be used to approximate the
high-fidelity combustion model and implemented in
real-time control at the same time.

The paper is organized as follows. In the second sec-
tion the target engine configuration is described and the
SI-HCCI hybrid combustion model architecture is pre-
sented according to the engine configuration. The third
and fourth sections provide the governing equations of
the combustion and gas exchange phases. The fifth sec-
tion addresses the implementation of the developed
combustion model into the real-time HIL simulation
environment. The model calibration and validation
results are presented in the sixth section. Conclusions
are drawn in the seventh section

SI-HCCI hybrid combustion model
architecture

This section discusses the target engine configuration
capable of the SI, HCCI, and SI-HCCI hybrid combus-
tions. The model architecture is presented to combine
the three combustion modes into a single combustion
model.

Target engine configuration

Figure 2 shows the configuration of the target HCCI
capable SI engine, and the engine specifications are
listed in Table 1. The key feature of the engine is its
valvetrain system that has two-stage valve lifts for both
intake and exhaust valves. The high lift is 9mm for the
SI combustion mode; and the low lift is 5mm for the
HCCI combustion mode. Note that the cam profiles
for the high and low lift are different, which provides
additional freedom to optimize both SI and HCCI
combustions. Furthermore, both intake and exhaust
valve timings can be adjusted within 640 crank degrees
to improve the controllability of the internal exhaust
gas recirculation (EGR) fraction, the effective compres-
sion ratio, and the engine volumetric efficiency during
the combustion mode transition and steady state SI
and HCCI operations. Note that using the two-step
valve system with electrical VVT for HCCI combustion
has been demonstrated.17 For the engine considered,
the valve lift and its profile were optimized using GT-
Power simulations. In addition to the modification of
the engine valvetrain, external cooled EGR is used to
enable high dilution charge with low charge mixture
temperature, which leads to 7% and 19% external
EGR rate during the SI to HCCI combustion mode
transition. The engine throttle can be electronically
controlled to obtain the desired engine charge in both
SI and unthrottled HCCI operations. To enable the
closed-loop combustion control of each engine cylin-
der, each engine cylinder is equipped with a piezoelec-
tric pressure transducer and each exhaust port is fitted
with a fast response UEGO (universal exhaust gas oxy-
gen) sensor. Accordingly, the proposed control oriented

combustion model is required to simulate the corre-
sponding in-cylinder gas pressure and air-to-fuel ratio
signals.

The target engine is capable of operating at the SI
combustion mode with high intake and exhaust valve
lifts, low EGR fraction, and with SI, at the SI-HCCI
hybrid combustion mode with low intake and exhaust
valve lifts, medium EGR rate and with SI, and at the
HCCI combustion mode with low intake and exhaust
valve lifts, high EGR rate, and without SI. During the
combustion mode transition between the SI and HCCI
combustions, the engine will be operated at the three
combustion modes from SI to SI-HCCI to HCCI com-
bustion. Thereby, the proposed combustion model is
required to model all three combustion modes. At the
same time, it also needs to have computational
throughput low enough for real-time simulations, since
the developed combustion model is to be used for the
control strategy development and validation of the
combustion mode transition.

This paper focuses mainly on the combustion model
development, therefore the EGR and EGR cooler mod-
els were not presented. For the integrated engine model,
the EGR valve was model based upon the valve model

Figure 2. Configuration of the HCCI capable SI engine.
ETC: electronic throttle control; EGR: exhaust gas
recirculation; PFI: port fuel injection; VVT: variable valve timing;
DI: diesel injection; UEGO: universal exhaust gas oxygen.

Table 1. The HCCI capable SI engine specifications.

Parameter Model value

Bore/stroke/con-rod length 86 mm/86 mm/143.6 mm
Compression ratio 9.8:1
Intake/exhaust valve lifts of high
stage

9 mm/9 mm

Intake/exhaust valve lifts of low
stage

5 mm/5 mm

Intake/exhaust valve timing
range (low lifts only)

640 deg/640 deg

Intake/exhaust valve lifts lash 0.2 mm/0.25 mm
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described by Fiveland and Assanis,18 and the EGR
cooler was modeled based on the equation (12.2) given
on the WOT website.17 Details about the integrated
engine model can be found in Heywood.19 In the inte-
grated engine model, the air-handling subsystem mod-
els, such as the exhaust manifold model and EGR loop
model, are coupled with the combustion variables of
individual cylinders and the cycle-to-cycle and cylinder-
to-cylinder dynamics are shown in these simulations.

Combustion model architecture

To model the in-cylinder gas properties, such as mass,
pressure and temperature, with the accuracy over the
entire engine cycle to meet the real-time HIL simula-
tion requirements, the proposed combustion model
needs to be updated every crank degree (crank-based),
which is different from the modeling approaches used
by Rausen et al.14 and Canova and Mohler.15 There
are two additional reasons for using the crank-based
modeling approach. The first is due to the fact that
most combustion characteristics are usually functions
of the crank angle, such as spark timing, burn duration
and the crank angle of peak in-cylinder pressure loca-
tion. The second is that the entire combustion process
can be divided into several combustion phases as func-
tions of crank angle. For this paper, the combustion
process is divided into six phases separated by six
events. They are intake valve closing (IVC), spark tim-
ing (ST), SOHCCI, exhaust valve opening (EVO),
exhaust valve closing (EVC), and intake valve opening
(IVO), as shown in Figure 3. The in-cylinder gas prop-
erties are modeled differently for each phase that is
defined between two combustion events.

However the crank-based modeling approach has its
own challenges. During the real-time simulation the
entire combustion model needs to be updated within
the period associated with one crank degree. This leads
to fairly short computational duration at high engine
speed. For example, at 6000 rpm one crank degree cor-
responds to about 28 micro-seconds. In order to avoid
overruns during real-time simulations, the combustion
model must be as simple as possible but with satisfac-
tory simulation accuracy. Accordingly, all in-cylinder
gas properties are assumed to be in quasi-steady state
during the period of each crank degree, and in-cylinder
gas flow dynamics are not modeled for any of the com-
bustion phases.

In Figure 3, events ST and SOHCCI are marked in
the dashed boxes to distinguish them from other events,
since the existences of these two events depend on the
engine combustion mode, and the other four events
always exist for any 4-stroke internal combustion
engine. Note that the main difference among the SI,
HCCI, and SI-HCCI combustion modes depends on
the events between IVC and EVO. When the SOHCCI
event does not occur, the engine is operated at the SI
combustion mode; when the SOHCCI event occurs
before or at the SI event, the engine is operated at the

HCCI combustion mode; while when the SOHCCI
occurs after the SI combustion the engine is operated
at the SI-HCCI hybrid combustion mode. Note that
both SI and HCCI combustion modes are special cases
of the SI-HCCI hybrid combustion mode. In fact, there
also exists a fourth combustion mode, in which both SI
and SOHCCI do not occur in the combustion phase, or
SOHCCI happens very late without the SI combustion.
The fourth mode is undesired and needs to be avoided
since it means misfire or partial burn. Figure 4 illus-
trates the block diagram of the combustion model.

As shown in Figure 4, the Arrhenius integration
(ARI) is used as the criterion of the start of HCCI com-
bustion in the unburned zone, and it is described by20

Figure 4. Diagram of the SI-HCCI hybrid combustion model.
ARI: Arrhenius integration; HCCI: homogeneous charge
compression ignition; SI: spark ignition.
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ARI=

ðui

uIVC

Axbf x
c
oxe

�Ea
RT dq ð1Þ

where xf and xox are unburned fuel and oxidizer con-
centrations; exponents b and c are the influence factors;
R is gas constant; multiplier A and Arrhenius activation
energy Ea can be obtained by matching the combustion
burn rate experimentally. The SOHCCI crank position
ui is defined as the crank angle at which 1% of the fuel
is burned under HCCI combustion. Accordingly, once
ARI exceeds 1 the combustion model switches to the
HCCI combustion calculation. The Arrhenius integra-
tion in equation (1) starts at uIVC, and is reset at uEVO.
During this period the integration is updated every
crank degree. The variable T in equation (1) is a key
parameter and affects the rising rate of the ARI signifi-
cantly. If spark ignition never occurs, the variable T in
equation (1) equals the in-cylinder gas temperature,
while during the SI combustion phase T equals the
unburned gas temperature TU, which is calculated by
the two-zone SI combustion model that is presented in
the third section. This is also the main motivation of
developing the two-zone SI combustion model, since
the one-zone SI combustion model proposed by Yang
and colleagues21,22 does not provide this required
information.

In Figure 3, the phase between IVC and EVO is
defined as combustion phase. It is modeled by three
sub-models: the gas compression model, the one-zone
HCCI combustion model, and the two-zone SI com-
bustion model, as shown in Figure 4. The governing
equations of the combustion phase are presented in the
third section.

The gas exchange phase starts at EVO and ends at
IVO of the next engine cycle as illustrated in Figure 3.
Two valve timing strategies are modeled in the gas
exchange phase of the HCCI capable SI engine. They
are negative valve overlap (NVO) with low valve lift
and positive valve overlap (PVO) with low valve lift.
PVO is mainly used for SI combustion mode, in which
IVO occurs before EVC. On the contrary NVO is
mainly used for the HCCI and SI-HCCI hybrid com-
bustion modes, in which EVC comes earlier than IVO.
Figure 3 illustrates the NVO operation, and one can
see the pressure increment of the in-cylinder gas during
the NVO operation. This is due to the recompression
applied to the trapped gas. The fourth section describes
the governing equations for the gas exchange phase.

Combustion phase models

As illustrated in Figure 3, the combustion phase con-
sists of three sub-phases: the compression phase
between IVO and ST, the SI combustion phase between
ST and SOHCCI, and the HCCI combustion phase
between SOHCCI and EVO. This section discusses the
mathematical models for the three phases. For this con-
trol oriented combustion model, the in-cylinder gas fuel
mixture was assumed to be completely homogeneous
before the start of combustion.

SI combustion phase model

During the SI combustion it is assumed that the spark
ignited flame front divides the in-cylinder gas mixture
into two zones: the burned and unburned zones as
shown in Figure 5. To simplify the two-zone combus-
tion model, the shape of the burned zone is assumed to
be a circle centered at the cylinder (see Figure 5). For
the SI combustion the temperature of the unburned
zone is quite different from that of the burned zone as
seen in Figure 11 and Figure 12 (see later). However,
this difference is neglected in the one-zone SI combus-
tion model discussed by Yang and Zhu,21 where an
average temperature is used for both zones. Although
the in-cylinder gas temperature stratification affects the
local combustion speed and emission formation, the
developed control oriented model is not capable of esti-
mating the temperature distribution due to the real-
time implementation requirement. It turns out that the
simulation error of the in-cylinder pressure using the
one-zone model is relatively small. However, for the SI-
HCCI hybrid combustion, the unburned zone tempera-
ture is an important parameter for predicting the start
of HCCI combustion. The expansion of the burned

Figure 5. Two-zone SI combustion model.

1384 Proc IMechE Part D: J Automobile Engineering 226(10)



zone during the initial SI combustion process applies
work to the unburned zone. As a result it makes the
unburned zone temperature rise quickly, leading to the
start of HCCI combustion in the unburned zone. On
the other hand, the two-zone SI combustion model
approximates the SI combustion better than the one-
zone model. These are the main motivations for devel-
oping this two-zone SI combustion model.

To simplify the modeling process, the following
assumptions were made in the two-zone SI combustion
model:

� The fuel, air, and residual gas charges are uniformly
premixed at IVC.

� The pressure of the in-cylinder gas mixture is
assumed to be evenly distributed throughout both
burned and unburned zones, while the tempera-
tures of the two zones are different.

� At each combustion simulation step (crank degree),
it is assumed that a portion of gas–fuel mixture is
transferred from the unburned to burned zone, and
the amount of the gas–fuel mixture is governed by
the fuel burn rate that can be derived from equation
(2) below. Also the flow of each zone is assumed in
steady state. The heat transfer between the burned
and unburned zones is neglected.

After SI, the fuel mass fraction burned is approxi-
mated by the following Wiebe function15

x(ui)=1� exp �a ui � uST

Du

� �m+1
" #

ð2Þ

where x is the MFB of fuel; ui is the current crank posi-
tion; the predicted burn duration Du and the Weibe
exponent m are calibration parameters as functions
(implemented as lookup table) of engine speed, load,
and coolant temperature. Coefficient a depends on how
burn duration Du is defined. When Du is specified as
the crank angle between 10% and 90% MFB, a can be
calculated by

a= � ln (1� 0:9)½ �
1

m+1 � � ln (1� 0:1)½ �
1

m+1

� �m+1

ð3Þ

Within the SI combustion phase, the mass of the
burned zone gas is calculated based upon the mass of
burned fuel that can be calculated by (2). According to
the first law of thermodynamics,23 the energy balance
of the burned zone is represented by

d(MBeB)

du
+P

dVB

du
+QB =hSIhLHVMf

dx

du
+

dMB

du
hU

ð4Þ

where MB, VB, and eB are the mass, volume, and inter-
nal energy of the burned zone, respectively; QB is the
heat transfer from the burned zone, where QB=xQ
and Q is given by equation (9); Mf is the total fuel mass

trapped in the cylinder for the given engine cycle; P is
the gas pressure of both zones; hLHV is the low heating
value of fuel; hU is the specific enthalpy of the unburned
zone; hSI is the combustion efficiency due to incomplete
combustion.

The energy balance equation of unburned zone is

d(MUeU)

du
+P

dVU

du
+QU =

dMU

du
hU ð5Þ

where MU, VU, and eU are the mass, volume, and inter-
nal energy of unburned zone, respectively; QU is the heat
transfer from the unburned zone and QU=(1–x)Q.

Moreover, the gases of both burned and unburned
zones can be considered as ideal gases,18,24 and there-
fore ideal gas law holds for both zones. For the burned
zone, we have

PVB

RTB
=MB = xMt ð6Þ

where Mt is the total gas mass of both zones; TB is the
burned zone gas temperature; R is gas constant.

For the unburned zone, the ideal gas law can be
expressed by

PVU

RTU
=MU =(1� x)Mt ð7Þ

where TU is the unburned zone gas temperature.
Additionally, the cylinder geometry yields the fol-

lowing equation

VB +VU =V ð8Þ

where V is the instant cylinder volume.
For an SI gasoline engine the heat transfer due to

radiation is relatively small, compared to the convective
heat transfer.19 Therefore only convective heat transfer
Q is computed in the energy balance equations. The
Woschni correlation model19,20 is used to calculate the
heat transfer quantity

Q(ui)=Achc T(ui�1)� Tw½ � ð9Þ

and

hc = qBl�1PlwlT0:75�1:62l�Ne ð10Þ

where B is the cylinder bore; w is the gas flow velocity
that is a function of engine speed Ne; Ac is the contact
area between gas and cylinder wall; Tw is the average
temperature of the cylinder wall; coefficient q and expo-
nent l are used as model calibration parameters, where
q=0.54 and l=0.8 provide the best correlation for the
SI combustion mode.

Note that the gas temperature T in equations (9)
and (10) is the average temperature of both burned and
unburned zones that can be calculated by

T=
xCvBTB +(1� x)CvUTU

xCvB +(1� x)CvU

ð11Þ

where Cv is the specific heat for constant volume.
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HCCI combustion phase model

The HCCI combustion is modeled under the one-zone
assumption due to its flameless nature. Fuel and air are
assumed to be mixed homogeneously throughout the
unburned gas mixture; thermodynamic characteristics
such as pressure and temperature are uniformly distrib-
uted in the cylinder. Accordingly, only the mean values
of in-cylinder gas pressure and temperature are
modeled.

Unlike the SI combustion, there is no direct control
(such as spark for SI combustion) to initiate the HCCI
combustion. The fast heat release rate of the HCCI
combustion is actually triggered by a very slow chemi-
cal reaction of the gas–fuel mixture during the compres-
sion phase between the IVC and start of HCCI
combustion, where it takes certain crank degrees for
one percent fuel be burned. The most commonly used
approach in control oriented modeling of the HCCI
combustion is to assume that the chemical reaction pro-
cess is governed by a single rate Arrhenius equation19

AR=Axbf x
c
oxe

�Ea
RT ð12Þ

where AR is the rate of disappearance of unburned fuel
and other parameters have been discussed in equation
(1). As mentioned at the beginning of the second section
the integration of the Arrhenius function is used to esti-
mate the SOHCCI timing, where the SOHCCI timing
separates the slow chemical reaction from the fast one.
During the fast combustion phase the fuel MFB can
also be approximated by the following Wiebe function

x(ui)=1� exp �a ui � uSOHCCI

DuHCCI

� �m+1
" #

ð13Þ

where the coefficients a, the exponentialm and the com-
bustion duration DuHCCI are functions of engine speed,
load (fuel quantity for HCCI combustion), and coolant
temperature. They are different from those used in the
SI combustion model (see equation (2)). Based on the
calculated MFB, the in-cylinder gas pressure and tem-
perature are calculated by

T(ui)=T(ui�1)
V(ui�1)

V(ui)

� � k�1ð Þ

+
hHCCIMfhLHV x(ui)� x(ui�1)½ � �Q(ui)

MtCv
ð14Þ

and

P(ui)=P(ui�1)
V(ui�1)

V(ui)
� T(ui)

T(ui�1)
ð15Þ

where k is the average heat capacity ratio of the gas
charged into the cylinder; hHCCI is a function of engine
speed and fuel mass, and it is a calibrated to match the
simulated Indicated mean effective pressure (IMEP) is
provided by the GT-Power model. The in-cylinder gas
temperature is derived based on isentropic assumption
and energy balance of a closed system.

There are two terms in the right hand of equation
(14). The first term represents an isentropic compres-
sing or expanding process, and the second calculates
the temperature increase due to the heat released dur-
ing the combustion. Therefore, the complicated com-
bustion thermodynamics is simplified into an isentropic
volume change process without heat exchange in one
crank degree period and a heat exchange process with-
out volume change in an infinitely small time period.

Compression phase model

The governing equations of the gas compression phase
between IVC and ST are the same as equations (14) and
(15) with x=0 throughout the phase.

Gas exchange phase models

As shown in Figure 3, the gas exchange process occurs
between EVO and IVC. During this process exhaust
gas leaves the cylinder, and fresh charge enters the
cylinder and mixes with residual gas from the last
engine cycle. The gas exchange process is normally very
complicated and difficult to model for real-time simula-
tions. A CFD model is required to model it accurately,
but it is too complicated to be used in the control
oriented model due to the real-time simulation require-
ment. This paper combines both correlation and physi-
cal modeling approaches to model the gas exchange
process.

Gas exhaust process model

The gas exhaust phase corresponds to the phase
between EVO and IVO for PVO and the phase between
EVO and EVC for NVO. In this phase, the in-cylinder
gas mixture expands in the cylinder, exhaust runner,
and exhaust manifold. The in-cylinder pressure drops
quickly, but not instantaneously, down to the level of
the exhaust manifold pressure, see Figure 6. It normally
takes a few crank degrees for the in-cylinder pressure
to reach the exhaust manifold pressure. It is quite diffi-
cult to model this process accurately using simple
dynamic equations for real-time simulations. For sim-
plicity, a first-order transfer function is used to approx-
imate this process as follows

P(z)=
1� tEVO

1� tEVO � z�1
PEM(z) ð16Þ

where z is the unit delay operator for one crank degree;
tEVO is the transition time constant as a function of
engine speed and load for exhaust valve opening; PEM

is the exhaust manifold absolute pressure.
The in-cylinder gas temperature is calculated as a

function of the pressure drop. That is

T(ui)=T(ui�1)
P(ui)

P(ui�1)

� �k�1
k

� Q(ui�1)

M(ui�1)Cv
ð17Þ

1386 Proc IMechE Part D: J Automobile Engineering 226(10)



By investigating the pressure signal from GT-Power
simulation in Figure 6, one can find that during the
late stage of the gas exhaust phase the in-cylinder
pressure increases significantly, and it finally reaches
1.9 bar at EVC, which is much bigger than the exhaust
manifold pressure (1.0 bar in this case). There are two
possible causes. One is that the exhaust valve is almost
closed during the late stage, which prevents gas from
leaving the cylinder; and the other is that the EVC
timing is before gas exchange TDC. This phenomenon
cannot be ignored since P(uEVC) is used to calculate
residual gas mass Mr, which affects HCCI combustion
timing and duration significantly. The dynamics of
the pressure increase can also be modeled using a
first-order transfer function

P(z)=
1� tEVC

1� tEVC � z�1
PEM(z)hEVC ð18Þ

where hEVC is the predicted pressure ratio at EVC,
and it is mainly affected by engine speed, EVC timing
and exhaust valve lift; tEVC is the transition time con-
stant of EVC and it is a function of engine speed and
load. As shown in Figure 6, this model yields a good
match between the pressure signals provided by simu-
lation results of both GT-Power and the control
oriented combustion models, especially at the EVC
timing.

Residual gas recompression during NVO operation

NVO is often used to regulate the HCCI combustion
properties such as combustion timing. There are two
main advantages. One is to reform the trapped pilot
fuel in this phase (EVC–IVO in Figure 3);25 and the
other is to adjust the residual gas temperature. As a
result the in-cylinder gas temperature at IVC can be

optimized for the desired SOHCCI timing. The first
effect is hard to model using governing equations. In
Ravi et al.,25 the Arrhenius threshold is correlated
based on the experimental data. It is well known that
pilot fuel reforming due to recompression can effec-
tively affect HCCI combustion timing and the pilot
fuel injection timing and quantity can be used as con-
trol parameters in a few HCCI control strategies.
However, during the SI to HCCI mode transition of a
multi-cylinder engine equipped with electrical VVT
and a two-step valve system, the reforming effect is
less significant than that in the steady HCCI mode
due to the electrical VVT response dynamics, which
reduces the effect of negative valve overlap and
impairs the recompression of residue gas and fuel.
Therefore, this paper ignores this effect due to the
lack of the experimental data. Although the recom-
pression has less effect on combustion timing control
during the combustion mode transition than during
the steady state HCCI operation, reforming the pilot
fuel during the recompression could still be useful. It
can be used as a quick control variable to micro-tune
the combustion timing for the consequent combustion
event.

The second effect can be approximated by a combi-
nation of an isentropic volume change process of ideal
gas in a closed system and a heat transfer process.
Temperature and pressure are calculated by

T(ui)=T(ui�1) �
V(ui�1)

V(ui)

� � k�1ð Þ
� Q(ui�1)

M(ui�1)Cv
ð19Þ

and

P(ui)=P(ui�1) �
V(ui�1)

V(ui)

� �k

ð20Þ

Another important parameter calculated in this phase
is the residual gas mass. It is calculated based upon the
ideal gas law, and updated once per engine cycle at
EVC for NVO

Mr =M(uEVC)=
P(uEVC) � V(uEVC)

R � T(uEVC)
ð21Þ

Gas exchange behavior during PVO

The gas exchange behavior during the phase between
IVO and EVC for the PVO is also very complicated.
Since both intake and exhaust valves are partially
opened in this phase, residual gas and fresh charge can
flow in many ways depending on the pressure ratio
across each valve. For simplification, it is assumed that
gas exchange across the exhaust valve is terminated in
this phase and part of the residual gas can flow to the
intake port but it flows back into the cylinder com-
pletely during the remaining intake process. Based
upon this assumption, the mass of residual gas for
PVO can be calculated at IVO by
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Mr =M(uIVO)=
P(uIVO) � V(uIVO)

R � T(uIVO)
ð22Þ

This modeling approach may result in slight error in
Mr calculation. Fortunately, the PVO only occurs dur-
ing the SI combustion process, in which the influence
of residual gas to the entire engine performance is much
less than that during the SI-HCCI and HCCI combus-
tion processes that usually involve NVO.

For the cooled EGR, the EGR valve was modeled
according to the valve model described in Fiveland and
Assanis,18 and the EGR cooler was modeled based on
the equation (12.2) of the ‘WOT’ website.17

Air intake process model

The air intake process from IVO to IVC is also a pro-
cess of in-cylinder gas mixing. During this phase, the
fresh charge air, injected fuel vapor, and residual gas
are assumed to be mixed homogeneously. At the same
time, the in-cylinder pressure approaches the intake
manifold pressure. A first-order transfer function is
also used in this model as follows

P(z)=
1� tIVO

1� tIVO � z�1
� PIM(z) ð23Þ

and

T(ui)=
Mf � Cvf � Tf +Ma � Cva � TIM+Mr � Cvr � Tr

Mf � Cvf +Ma � Cvf +Mr � Cvr

ð24Þ

where tIVO is the transition time constant for intake
valve opening, which is a function of engine speed and
load; PIM is the intake manifold absolute pressure; Ma

is the fresh charge mass (note that it could be the mix-
ture of fresh air and external EGR gas); Tr is the tem-
perature of residual gas and it can be calculated by the
approach described in equation (17).

During the late stage of the air intake phase, the in-
cylinder pressure may also deviate from the intake
manifold pressure, see Figure 6. This phenomenon is
similar to the case of the exhaust phase. The same
approach is used to model the transition as follows.

P(z)=
1� tIVC

1� tIVC � z�1
PIM(z)hIVC ð25Þ

where hIVC is the predicted pressure ratio at IVC, which
is a function of engine speed, IVC timing and exhaust
valve lift; and tIVC is the transition time constant for
intake valve closing and it is a function of engine speed
and load. At IVC, the total in-cylinder gas mass Mt is
calculated by

Mt =M(uIVC)=
P(uIVC) � V(uIVC)

R � T(uIVC)
ð26Þ

Model implementation in HIL simulation
environment

This section describes the dSPACE based real-time HIL
engine simulation environment and the implementation
of the mathematical models presented in the third and
fourth sections into the HIL simulation environment.

Combustion model solution

The entire engine model consists of numerous mathe-
matic equations. Some of them are nonlinear differen-
tial equations. To solve these equations analytically in
real-time is almost impossible. During the HIL simula-
tions, these equations are solved numerically. This
sub-section discusses the numeric solution of the com-
bustion model presented in this paper.

For most of the mathematical models presented in
the third and fourth sections, the combustion variables
of present crank angle degree are directly calculated
based upon those of the previous crank angle degree.
Whereas in the two-zone SI combustion model, the
governing equations (4) to (8), are nonlinear differen-
tial equations. To solve them, the equations are discre-
tized and converted into the following format

a1VB(ui)+ b1TB(ui)= c1

a2VU(ui)+ b2TU(ui)= c2

VB(ui)P(ui)=TB(ui)= c3

VU(ui)P(ui)=TU(ui)= c4

VB(ui)+VU(ui)= c5

8>>>>>><
>>>>>>:

ð27Þ

where

a1 =P ui�1ð Þ
b1 = x uið ÞMtCv

a2 =P ui�1ð Þ
b2 = 1� x uið Þ½ �MtCv

c1 =hSIHLHVMf x uið Þ � x ui�1ð Þ½ �+P ui�1ð ÞVB(ui�1)� x(ui)Q(ui)

+Mtx ui�1ð ÞCvTB ui�1ð Þ+Mt x uið Þ � x ui�1ð Þ½ �CpTU ui�1ð Þ
c2 =P ui�1ð ÞVU(ui�1)�Mt x uið Þ � x ui�1ð Þ½ �CpTU ui�1ð Þ

+Mt 1� x ui�1ð Þ½ �CvTU ui�1ð Þ � 1� x(ui)½ �Q(ui)

c3 = x uið ÞMtR

c4 = 1� x uið Þ½ �MtR

c5 =V uið Þ

By solving the algebraic equations set (27), the five
unknowns [VB(ui) VU(ui) TB(ui) TU(ui) P(ui)]

T in (27) can
be represented as functions of the information computed
in the last crank angle degree [VB(ui-1) VU(ui-1) TB(ui-1)
TU(ui-1) P(ui-1) x(ui-1)]

T and the MFB of current crank
angle degree x(ui) is calculated by the Wiebe function
(2). Equation (27) was solved analytically using Matlab
Symbolic Math Toolbox, and the rational solution, see
Appendix 3, was used for numerical solution of the alge-
braic equations set (27) in the HIL simulations.

Note that due to the nonlinearity of equations (6)
and (7) the solutions of equation set (27) are not
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unique. After implementing the model into the
dSPACE HIL simulation environment for real-time
simulation, the two-zone engine model can be simu-
lated in real-time at engine speeds up to 5000 rpm with-
out overrun. Fortunately the possible operating range
of the two-zone model (SI-HCCI hybrid mode) is
between 1000 rpm and 3500 rpm.

For the SI-HCCI combustion simulations, the in-
cylinder gas temperatures of the one-zone HCCI model
and the two-zone SI model are updated every crank
degree during the SI combustion. The SI unburned zone
temperature is mainly used to accurately estimate the
start of HCCI combustion. Once the start of HCCI
combustion criterion is satisfied, updating of both
burned and unburned zone temperatures stops, and the
overall in-cylinder gas temperature is updated till the
end of the current engine cycle due to the continued heat
release of HCCI combustion and volumetric change in
the cylinder. In-cylinder gas pressure is assumed to be
identical over both zones for the two-zone SI model.

HIL simulation system architecture

Figure 7 shows the system architecture of the HIL
simulation environment. For simplicity, not all the sig-
nals and subsystems are included in the diagram. It is
only used to demonstrate the implementation of the
engine model into the HIL simulation environment. In
Figure 7, the ECU (engine control unit) on top of the
diagram is used for implementing the combustion mode
transition control strategies that are presented by Yang
and Zhu,5 and it is not the focus of this paper. All
blocks below the ECU block are to be implemented in
the HIL engine simulator. Within the combustion
block, the mathematical models proposed in Sections 3
and 4 are updated every crank angle degree. The wall
wetting dynamic model of PFI (port fuel injection) fuel-
ing as represented by the fuel inject block is updated
every engine cycle for each injector. The wall wetting
dynamics describes the PFI fuel injection dynamics
where part of the injected fuel flows into the cylinder
directly and part of it remains on the back of the intake
valve, and can be found in Fiveland and Assanis.18 The
rest of the blocks are the time-based (1 millisecond)
models for crankshaft torque balance, air intake/
exhaust and EGR flow dynamics, etc. Accordingly,
there are three parallel tasks executed in the engine
simulator processor (dSPACE DS-1006 CPU). Note
that the mathematical models for all blocks other than
the combustion model block are presented by Yang
and Zhu.21,26 They are well developed mean-value
engine models that are widely utilized in numerous
technique papers.14,19,24

During the HIL simulations, engine crank signal (720
pulses per cycle), TDC signal (2 pulses per cycle) and
cam signal (1 pulse per cycle) are generated based on the
modeled engine speed Ne using the dSPACE hardware
(DS-2211 APU board). These signals are sent to the
ECU to synchronize the engine simulator and the ECU.

At the same time, crank and cam signals are looped
back to the HIL simulation CPU board to generate
interruption signals for crank and cycle based simula-
tions, and to trigger crank based and cycle based model
calculations. The interruption triggered by crank signal
has the highest priority in the interruption queue, since
the crank based routine needs to be executed within a
specific crank angle. The cycle based interruption has
the second highest priority. On the output side (right) of
the engine simulation diagram, the signal conditioning
block converts all computed engine variables to actual
engine signals that the ECU can utilize. On the input
side (left) of the engine simulation diagram, the signal
preprocessing block translates all ECU control signals
back to the parameters that the engine model can use.

A diagram of the entire HIL engine simulation plat-
form is shown in Figure 8. Two host computers are used
to interact with the dSPACE based real-time engine
simulator and the Opra-RT based engine prototype con-
troller, respectively. They are used to set the simulation
parameters and to display the simulation results. An
oscilloscope is also adopted to display the real-time HIL
simulation results. The nonlinear equations (4) to (8)
are solved using the solution provided in Appendix 3.

Model calibration and validation

To calibrate and validate the developed SI-HCCI
hybrid combustion model, a GT-Power single cylinder
engine model was also developed for the engine config-
uration shown in Figure 2 with specifications shown in
Table 1. GT-Power is an engine and powertrain model-
ing tool widely used in the automotive industry.

Figure 7. System architecture of the integrated HIL simulation
environment.
ECU: engine control unit; CAM: cam position signal; TDC:
top dead center; EGR: exhaust gas recirculation; CPU: central
processing unit; APU: accelerated processing unit..
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Comparing with the combustion model developed in this
paper, the 1D (one dimensional) combustion model
employed by the GT-Power software provides high-
fidelity in-cylinder combustion information such as pres-
sure and temperature. However, its high computational
throughput prevents it from being directly used for the
real-time HIL simulations. In this paper, the GT-power
model is used as the reference model to calibrate and
validate the combustion model developed in this paper.

Model calibration data were generated by GT-Power
simulations over the engine speed and load operational
ranges. For each evaluation condition, GT-Power simu-
lation results were used as the baseline. Firstly, hEVC

and hIVC (look-up tables) in equations (18) and (25)
were calibrated as functions of engine speed, valve tim-
ing and lift to make the in-cylinder gas pressure at EVC
and IVC match with the GT-Power simulation results;
secondly, coefficients such as m and k in equations (2)
and (14) were calibrated to match the MFB profiles,
finally, hSI and hHCCI in equations (4) and (14) were
calibrated as functions of engine speed and load to
match engine IMEP.

Two-zone SI combustion model validation

The two-zone SI combustion model was validated at
3000 rpm under three different engine load conditions
with intake manifold pressure PIM=0.4, 0.7 and 1.0 bar
corresponding to low, medium, and full load conditions.
The combustion durations under the three conditions
are quite different, the associated spark timings were set
to the MBT (Minimal advance for the Best Torque) at
each load condition, and the valve strategy is PVO.
Fairly good agreement of both pressure and temperature
signals can be found in simulation results shown in
Figure 9 and Figure 10. This demonstrates that the
developed two-zone SI combustion model is capable of
providing comparable simulation results to these of the

GT-Power model. Note that the in-cylinder temperature
of the two-zone SI combustion model, see Figure 10, is
the averaged temperature, provided by equation (11), of
both burned and unburned zones. Although the model-
ing error of temperature is fairly large at certain crank
angles, especially around the exhaust valve opening tim-
ing, the error at the region of interest (for instance, start
of combustion) is fairly small.

Figure 11 and Figure 12 present the two temperature
profiles (burned and unburned zones) of the two-zone
SI combustion model, where the burned zone tempera-
ture is shown in Figure 11 and unburned zone tempera-
ture in Figure 12. Note that the one-zone model can
only provide the averaged temperature of the burned
and unburned zones. Both temperature profiles show
good agreement with the GT-Power simulation results.
This confirms the effectiveness of the developed two-
zone model.

In Figure 12 both unburned zone temperatures are
also compared with the in-cylinder gas temperature
simulated without combustion. It shows that before

Opal-RT host
computer

Simulated
signal display
oscilloscope

dSPACE host
computer

Opal-RT
based engine

prototype
controller

Harness
break-out box

dSPACE based
real-time
simulator

Figure 8. HIL simulation platform.
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spark timing (ST=217� ACTDC in this case), the
three temperatures are the same; and after the spark
timing, the unburned zone temperature increases much
faster than that without combustion. This is due to the
work applied by the burned zone gas. The Arrhenius
integration in equation (1) is more sensitive to higher
unburned zone temperature, which indicates that the
slow chemical reaction in the unburned zone before
SOHCCI can be accelerated by the rapid increment of
the unburned zone temperature. Accordingly if the
unburned zone gas temperature can be controlled pre-
cisely, so can the SOHCCI timing of both HCCI and
SI-HCCI hybrid combustions.

To validate the combustion model over a broad
engine operational range, additional simulations were
conducted at the engine speed varied between 1000 rpm
and 5000 rpm with a 1000 rpm interval and low,
medium, and full engine loads. Both PVO and NVO
valve strategies were used. The valve timings for PVO

are IVO=340� ACTDC and EVC=380� ACTDC
and for NVO, IVO=380� ACTDC and EVC=340�
ACTDC. To simplify the presentation, only a few key
engine variables were plotted in Figure 13 and Figure
14. Note that these key variables, shown in Figure 13
and Figure 14, outline the agreement of the pressure,
temperatures (burned and unburned) of both GT-
Power and developed models.

From Figure 13 and Figure 14, one can find that all
pressure related variables, such as IMEP, peak cylinder
pressure Pmax and the crank position of Pmax, have
fairly good agreement with those of the GT-Power
simulations, while for the temperature related variables,
the errors are relatively larger. One possible reason is
that the gas property parameters such as Cv and R used
in the two models are different. In the GT-Power model
these parameters are functions of not only the gas tem-
perature but also the gas chemical composition, while
in the developed two-zone model the chemical composi-
tion is not considered due to the simplified real-time
modeling.

One-zone HCCI combustion model validation

Figure 15 shows the HCCI combustion simulation
results using the developed one-zone and GT-Power
models. For this simulation, 16 mg of fuel was injected
into each cylinder per engine cycle to generate 5.02 bar
IMEP at 2000 rpm, which is close to the load limitation
of the HCCI combustion. Note that for HCCI combus-
tion, the engine load is not determined by the engine
MAP but by the injected fuel quantity due to the un-
throttled operation. The lift profiles of both intake and
exhaust valves were switched to the low lift stages, since
the low exhaust valve lift makes it possible to trap more
internal residual gas with the NVO operation and the
low intake valve lift enables un-throttled engine
operation.

Figure 15 presents the simulation results of the in-
cylinder pressure, temperature, and the normalized
HRR (heat release rate) obtained by taking the deriva-
tive of the MFB27 (a magnified HRR plot is also pro-
vided). From Figure 15, it can be seen that there is
significant difference in HRR at the start and end of
the combustion. This is mainly due to the different
combustion models used, where a combination of three
Wiebe functions was used in the GT-Power model to
describe the start, intermediate, and end of combustion
and the proposed model uses only one Wiebe function.
This results in a fairly large difference at the start and
end of combustions. The 50% MFB locations for the
proposed and GT-Power model are 1.19 and 2.01� after
TDC, respectively.

The engine intake valve timing was advanced to
reduce the effective compression ratio and to avoid
engine knock at the upper load limit of the HCCI com-
bustion. The HCCI combustion timing is also sensitive
to both intake and exhaust valve timings. Proper valve
timing selection leads to improved combustion
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efficiency. For the simulation results shown in Figure
16, the intake valve opening (IVO) timing was between
360 and 400� after TDC, and the exhaust valve closing
(EVC) timing was between 310 and 350� after TDC.
The simulation results were also compared with the
corresponding GT-Power simulation results with good
agreement. Note that the HCCI combustion model

used in the GT-Power engine model is a predictive,
single-zone model. The chemical reaction properties
are defined by the GT-Power reference object
‘‘EngCylChemGas’’. The HCCI combustion model was
not calibrated by test data for the engine configuration
described in this paper since the main purpose of this
paper is to demonstrate the potential of using the con-
trol oriented combustion model to match the compli-
cated, chemical reaction based combustion model.

Due to the unavailability of the GT-Power SI-HCCI
combustion model, the simulation results of the SI-
HCCI combustion model was not compared with that
of the GT-Power model and this will be part of the
future work when the experimental data are available.
It is worth mentioning that the simulation results of the
developed SI-HCCI combustion model have the same
trend, compared to the experimental results of the spark
assisted HCCI combustion shown by Zhang et al.8 The
simulations of the SI-HCCI combustion mode transi-
tion control can be found in Yang.28

Conclusions

This paper presents a control oriented SI-HCCI hybrid
combustion model of an HCCI (homogeneously charge
compression ignition) capable SI (spark ignited) engine.
The developed combustion model is capable of simulat-
ing the SI-HCCI hybrid combustion that starts with the
SI combustion and ends with the HCCI combustion,
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where the SI and HCCI combustions are its special
cases. The SI and HCCI combustions were modeled
under the two-zone and one-zone assumptions, respec-
tively. The developed combustion model was implemen-
ted in an HIL (hardware-in-the-loop) real-time engine
simulation environment. The HIL simulation results
were validated with the data generated by the corre-
sponding GT-Power model. It is concluded that the
developed SI-HCCI hybrid combustion model can be
used for real-time simulation of the combustion mode
transition; the accuracy of the SI and HCCI combus-
tion model is comparable to the relatively high-fidelity
GT-Power model; and it is suitable for engine control
strategy development and validation.
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Appendix 1

Abbreviations

ACTDC after combustion TDC
ECU engine control unit
EGR exhaust gas recirculation
EVC exhaust valve closing
EVO exhaust valve opening
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HCCI homogeneous charge compression
ignition

HIL hardware-in-the-loop
IMEP indicated mean effective pressure (bar)
IVC intake valve closing
IVO intake valve opening
MAP intake manifold air pressure
MFB mass fraction burned
NVO negative valve overlap

PFI port fuel injection
PVO positive valve overlap
SI spark ignition
SI-HCCI SI and HCCI hybrid combustion
ST spark timing
SOHCCI start of HCCI combustion
TDC top dead center
UEGO universal exhaust gas oxygen
VVT variable valve timing

Appendix 2

List of simulation parameters

Parameter Symbol Value (if constant) Unit

Arrhenius scaling coefficient A 0.054
Influence factor of fuel concentration b 0.05
Influence factor of oxidizer c 0.2
Intake manifold air pressure PIM bar
Fuel concentration xf g/m3

Oxidizer concentration xox g/m3

Arrhenius activation energy Ea 388 kJ/kg
Peak in-cylinder pressure Pmax bar
Predicted burn duration Du deg
Wiebe exponent m 2
Combustion efficiency in HCCI combustion mode hHCCI

Combustion efficiency in SI combustion mode hSI

Scaling coefficient in equation (10) q 0.54
Specific heat at constant volume Cv 0.72 kJ/kg.K
Gas constant R 1.39 kJ/kg.K
Influence factor in equation (10) l 0.8
Lower heating value hLHV 44000 kJ/kg

Appendix 3

Solution of equation (27)

VB(ui)= (b2c1c3 �D0:5 + b1c2c4 + a1b2c3c5 � a2b1c4c5)=2C

VU(ui)= � (b2c1c3 �D0:5 + b1c2c4 � a1b2c3c5 + a2b1c4c5)=2C

TB(ui)= � (a1c2c4 + a2c1c4 � a1(D
0:5 + b2c1c3 + b1c2c4 � a2b1c3c5 � a1b2c4c5)=2b1 � a1a2c4c5)=C

TU(ui)= (a1c2c3 + a2c1c3 � a2(D
0:5 + b2c1c3 + b1c2c4 � a1b2c3c5 � a2b1c4c5)=2b2 � a1a2c3c5)=C

P(ui)= (D0:5 + b2c1c3 + b1c2c4 � a1b2c3c5 � a2b1c4c5)=(2b1b2c5)

With

C= a1b2c3 � a2b1c4
D= a21b
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ABSTRACT 
This paper describes a control-oriented charge mixing 

and Homogeneous Charge Compression Ignition (HCCI) 

combustion model, where the in-cylinder charge is divided into 

the well-mixed and unmixed zones as the result of charge 

mixing. Simplified fluid dynamics is used to predict the 

residual gas fraction at the intake valve closing, which defines 

the size of the unmixed zone, during real-time simulations. The 

unmixed zone size not only determines how well the in-cylinder 

charge is mixed, which affects the start of HCCI combustion, 

the peak in-cylinder pressure and also the temperature during 

the combustion process. The developed model was validated in 

the HIL (hardware-in-the-loop) simulation environment. The 

HIL simulation results show that the proposed charge mixing 

and HCCI combustion model provides better agreement with 

these of the corresponding GT-Power than the previously 

developed one-zone model.  

INTRODUCTION 
To obtain the benefit of high efficiency of compression 

ignition (CI) engines and the benefit of low emissions of spark 

ignition engines, the homogeneous charge compression 

ignition (HCCI) engines have been widely investigated in 

recent years. The major advantage of HCCI engines is realized 

by eliminating the formation of flames and results in a much 

lower combustion temperature. As the consequence of the low 

flame temperature, the formation of NOx (nitrogen oxides) is 

greatly reduced. The lean burn nature of the HCCI engine also 

enables un-throttled operation to improve vehicle fuel economy 

([1] and [2]). 

However, one challenge in HCCI combustion control is to 

predict the start of combustion precisely. Moreover, HCCI 

combustion mode can only operate in a certain range of engine 

condition and is limited at high engine load due to knock, or at 

low load due to misfire. To accurately control the HCCI 

combustion process, a precise charge mixing and combustion 

model is a necessity. Widely used high fidelity engine models, 

such as GT-Power and WAVE, provides fairly accurate engine 

charge mixing and combustion models, however, they can only 

be used for off-line simulations and cannot be used for model-

based control, where real-time HIL (hardware-in-the-loop) 

simulations are often required. Multi-zone model based on 

chemical kinetics, that divides the cylinder into adiabatic core 

zones and thermal boundary layers, is capable of simulating 

more realistic HCCI combustion phenomena ([3] and [4]). 

Similarly, these kinds of models are not fast enough for real-

time simulations. Mean-value and single-zone method was 

used in [5] to model averaged chemical kinetics and 

thermodynamic properties and simple and control-oriented 

modeling approach was used for multi-mode HCCI engine in 

[6]. In [1] a control-oriented one-zone HCCI combustion 

model was constructed based on the assumption that the in-

cylinder fuel, air, and residual gas charges are uniformly 

premixed at the intake valve closing (IVC). However, during 

the engine intake process, some of the residual gas is not 

mixed with the fresh intake gas, which remains at the bottom 

of the cylinder. This unmixed portion is so-called unmixed 

residual gas fraction. Ignoring the unmixed residual gas 

fraction would result in modeling errors of the peak in-cylinder 

pressure and temperature since the unmixed residual gas could 

have quite different temperature comparing with the well 

mixed zone. Also the volume and air-to-fuel ratio (AFR) of the 

mixed zone will be affected. Furthermore, during the gas 

exchange process described in [1], a first order transfer 

function was used to approximate the in-cylinder pressure, 

which led to large errors compared with the actual pressure. In 

[7] and [8] a two-zone HCCI model was established taking into 



  

consideration of unmixed zone during combustion phase. 

Reference [7] developed a two-zone model based on 

thermochemistry and chemical kinetics, which ensures better 

combustion results, but the charge mixing process is not 

modeled. As a result, the size of the unmixed zone cannot be 

determined in real-time. In [8] a pseudo-velocity method was 

used to predict the unmixed zone size during intake phase; 

however, for the negative valve over-lap (NVO) case the 

simulation error is fairly large between pseudo-velocity and 

actual intake flow velocity. 

In this paper, to meet the real-time simulation requirement, 

the in-cylinder charge mixture is divided into two zones, 

mixed and unmixed zones before the combustion starts. In 

order to predict the size of the unmixed zone, it is essential to 

model the flow dynamics during the entire intake process. A 

compressible flow dynamics method is used to predict the flow 

rate in real-time. Combined with energy conservation law, the 

transfer rate between the two zones can be finally obtained. 

During the intake phase, due to the previous NVO 

recompression, the cylinder-manifold circumstance is more 

complicated than the positive valve overlap (PVO) case, thus 

the change of downstream and upstream is considered. 

Between the IVC and start of combustion events, it is assumed 

that the mass of unmixed zone does not change due to weak in-

cylinder motion. The isentropic compression is assumed with 

heat transfer to the cylinder wall. The heat transfer process is 

also used in combustion process until the exhaust valve opens. 

Since the temperature and volume of the unmixed zone can be 

updated each crank angle under this assumption, it is easy to 

analyze the combustion process in the mixed zone. In this 

paper, it is also assumed that there is no heat exchange 

between the two zones, but both of them have heat exchange 

with the cylinder wall. Pressure dynamic interactions between 

the two zones are also modeled during the combustion process. 

Figure 1 shows a diagram of the two-zone approach between 

the intake valve opening and exhaust valve opening. 

 

FIGURE 1: TWO-ZONE CHARGE MIXING AND HCCI 
COMBUSTION MODEL 

TWO-ZONE CHARGE MIXING AND COMBUSTION 
MODEL 

The thermodynamic characteristics of in-cylinder gas, 

such as in-cylinder pressure and temperature, are of great 

interest in the SI and HCCI combustion modeling research. 

This is especially important at certain critical combustion 

phases such as the intake valve closing.  
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FIGURE 2: COMBUSTION PHASES WITHIN AN ENGINE 
CYCLE 

Figure 2 shows five key combustion phases of an HCCI 

combustion process within one engine cycle. We consider five 

key combustion phases in the SI or HCCI combustion process. 

They are intake valve closing (IVC), start of HCCI combustion 

(SOC), exhaust valve opening (EVO), exhaust valve closing 

(EVC), and intake valve opening (IVO). For each combustion 

phase, the in-cylinder behaviors (such as pressure, 

temperature, etc.) are modeled using thermodynamic 

governing equations with initial conditions derived from the 

last combustion phase. In the rest of this section, crank angle 

based model of each combustion phase is presented. 

Intake Phase 
During this phase, the fresh charge enters the cylinder 

and mixes with the residual gas gradually. As a result, the total 

mass of the unmixed zone reduces consequently. The goal is to 

predict the size of the unmixed zone at IVC; hence, it is 

essential to model the flow dynamics during the entire intake 

phase. The calculation of intake flow rate is based on the one-

dimensional compressible flow equation [9]: 
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where 
DC  is the discharge coefficient, which is 

experimentally determined, 
0P  and 

0T  are the upstream 

stagnation pressure and temperature, 
TP  is the downstream 

pressure, 
RA  is the intake valve reference area, and γ  is the 

specific heat ratio. 

For an HCCI combustion engine with the NVO strategy, 

most often, the in-cylinder pressure is higher than the intake 

manifold pressure at the IVO (intake valve opening) due to the 

residual gas recompression and early exhaust valve closing. 

Hence, certain portion of the residual gas will escape into the 

intake port after IVO. This is called backflow. In order to 

simplify the modeling process, the entire intake phase is 

divided into three stages under certain assumptions: 

Firstly, right after the IVO, the trapped residual gas flows 

out of the cylinder through intake valve. 
0P  and 

0
T  in 

equations (1) and (2) are in-cylinder pressure and temperature, 

respectively, 
TP  is the manifold pressure, and mɺ  is treated 

as a negative value in the model for calculation convenience. 

During this stage, as the in-cylinder total mass is reducing 

while the cylinder volume is increasing, the in-cylinder 

pressure and temperature drops significantly. 

Secondly, once the in-cylinder pressure becomes lower 

than the intake manifold pressure, flow direction reverses. It is 

assumed that the escaped residual gas in the first stage was not 

mixed with the fresh charge in the manifold, and during this 

stage all the escaped residue flows back into the cylinder, 

where 
0

P  is the manifold pressure, 
TP  is the in-cylinder 

pressure, and 
0T  is the residual gas temperature multiplied by 

the coefficient due to the heat release and expansion. In the 

model 
0T  is approximated by the current in-cylinder 

temperature. 

Finally, after all the escaped residual gas flows back into 

the cylinder, the actual fresh charge process begins. During 

this stage, 
0P  and 

0
T  are the intake manifold pressure and 

temperature, respectively, 
TP  is the in-cylinder pressure. This 

stage takes the longest duration among the three stages, and 

the mixing occurs within this stage. 

The calculation of in-cylinder pressure and temperature is 

based upon the first law of thermodynamics. Since there is 

only one-direction flow path at one time due to the NVO 

operation, the energy conservation equation can be written as 

  
( )

hmWQ
dt

mud
w

ɺɺɺ +−=               (3) 

where Wɺ  is the rate of the transferred work, which equals Vp ɺ . 

wQɺ  is the total heat-transfer rate to the cylinder walls, which 

can be obtained using the Woschni correlation model ([10] and 

[11]): 

( )wccw TThAQ −−=ɺ                  (4) 

where 
c

A is the contact area between gas and cylinder wall, 

w
T  is average temperature of cylinder wall, and 

c
h  is the 

average convection coefficient, which can be calculated by 

( ) 8.073.08.02.0 28.2 pc STPBh
−−= α          (5) 

where B  is the bore, 
pS  is the mean piston speed and α  is 

the scaling factor used as model calibration parameters. 

In the developed model equation (3) is discretized under 

the assumptions that within one calculation step, the gas 

thermodynamic properties (
pC  and 

vC ) remain unchanged. 

It is also assumed that the pressures in mixed and unmixed 

zones are identical. Then the in-cylinder temperature can be 

determined every crank degree by the following equation 
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where θ  is crank position，
0T  is the intake flow 

temperature, and t∆  is the time interval for each crank 

degree. 

Since the mixture can be considered as the ideal gas, in-

cylinder pressure can be obtained by 
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While during the fresh charge process, the residual gas 

mixes with the fresh gas gradually, and the main modeling 

work is to describe the mass transfer rate from the unmixed 

zone to the mixed zone. The actual in-cylinder fluid dynamics 

is fairly complicated and difficult to be modeled accurately 

using a simple approach. As shown in Figure 3, it is assumed 

that the in-cylinder charge is mixed in a thermodynamically 

uniform state and the mixing dynamics is purely due to 

impinging effect of the intake fluid jet.  



  

 

FIGURE 3: MASS TRANSFER FROM UNMIXED ZONE TO 
MIXED ZONE 

 

Under these assumptions, applying conservation of energy, the 

mass transfer rate is assumed to be proportional to the kinetic 

energy of the intake flow. 
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where K  is the proportional coefficient to be calibrated, mɺ  

is the intake flow rate which can be obtained by equations (1) 

and (2), and v  is the intake flow velocity which can be 

calculated from system geometry 
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At IVC, a residual gas fraction can be defined as 
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where 
IVCm  denotes the total trapped mass in the cylinder at 

IVC. 

Notice that the constituent of the unmixed zone is always 

a portion of the entire residual gas at IVO, for there is no fresh 

charge entering this zone. Hence during the entire intake 

phase the unmixed zone can be approximated as an isentropic 

process, and at IVC the temperature in both zones can be 

obtained sequentially: 
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under the identical pressure of mixed and unmixed zone 

assumption. The volume of both zones can be finally 

determined by ideal gas law. 

Compression Phase 
The compression phase can be approximated as an 

isentropic process with heat transfer for both zones. Since at 

the end of this phase the in-cylinder temperature might be very 

high, the heat transfer portion cannot be neglected for 

achieving accurate prediction of the start of HCCI combustion. 

Here it is assumed that there is no mass exchange between the 

two zones due to the weak in-cylinder motion. Thus the in-

cylinder pressure and temperature for each zone can be 

determined separately. Equation (13) is used first to calculate 

the average in-cylinder temperature. 

( )

vIVC

w

i

i
ii

Cm

Q

V

V
TT −








⋅=

−

−
−

1

1
1

)(

)(
)()(

κ

θ

θ
θθ        (13) 

Then in-cylinder pressure can be obtained by equation (7) 

and temperatures of both mixed and unmixed zones can be 

calculated sequentially: 
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where 
unmixedQ  is heat-transfer to the cylinder walls from the 

unmixed zone. 

The compression phase ends when the HCCI combustion 

starts. A commonly used criterion for the start of combustion 

(SOC) timing is the Arrhenius integral ([12] and [13]), which 

is described as 

( ) θθθ
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where Ne is engine speed; A is a scaling constant; Ea is the 

activation energy for the auto ignition reaction. 

The SOC crank position is defined as the crank angle for 

one percent fuel burned under the HCCI combustion. During 

this phase, the Arrhenius integral continues its integration. As 

the in-cylinder temperature and pressure increase gradually 

due to compression, the Arrhenius integral increases as well. 

Once the ARI reaches criteria of the SOC (ARI ≥ 1), it shows 

that the HCCI combustion phase starts. At this moment, the 

temperature of mixed zone will be recorded as )( SOCT θ  and 

volume of unmixed zone as ( )unmixed SOCV θ to be used for 

calculation in the next phase.  

Combustion and Expansion Phase 
In the HCCI combustion phase, the following two 

assumptions are made: 



  

1) There is no mass exchange between the mixed (burned) 

and the unmixed zones. 

2) There is no heat transfer between the two zones but each 

zone has heat transfer to the cylinder wall. 

Under the two assumptions, thermodynamic activity in 

both zones can be solved separately. In order to simplify the 

coupled equations, in-cylinder pressure in the last crank degree 

is used to calculate the volume of the current unmixed zone. 
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 In the mixed zone, the fuel mass fraction burned (MFB) 

are modeled by the following Wiebe function [9] 
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where coefficients a, m, and predicted burn duration ∆θ are 

calibration parameters of engine speed and load, and coolant 

temperature. The mixed zone temperature can be calculated by 
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and 

( ) ( ) ( )
mixed i i unmixed i

V V Vθ θ θ= −            (21) 

where the combustion efficiency 
HCCIη  is a calibration 

parameter used to match the simulated IMEP provided by GT-

Power model, and QLHV is the low heat value of the fuel. 

Temperature in the unmixed zone can be obtained by equation 

(14). 

After the HCCI combustion phase, the two-zone analysis 

is no longer essential for in-cylinder combustion behavior, and 

the two zones are supposed to be well mixed instantaneously.  

The in-cylinder average temperature can be obtained by 

equation (13) with the initial condition: 
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θ θ
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where the index e denotes the crank position when combustion 

terminates.  

Exhaust Phase 
The exhaust process is similar to the intake phase. 

Equations (1), (2), (6) and (7) are used for calculating the 

exhaust flow rate, in-cylinder temperature and pressure. Note 

that during this phase the in-cylinder pressure is higher than 

the exhaust manifold pressure in most of time; however, the 

situation can be reversed. Therefore, the backflow occurring is 

also considered. At the exhaust valve closed (EVC), the 

trapped mass can be calculated by 

EVC

EVCEVC
EVC

RT

VP
m =                  (23) 

NVO Phase 
The NVO phase is called as engine recompression. During 

this phase the trapped in-cylinder gas is isentropically 

compressed or expanded in a closed system with heat transfer 

to the cylinder wall, so equations (13) and (7) are used to 

calculate both temperature and pressure with )( im θ  replaced 

by 
EVCm  in equation (7). 

SIMULATION RESULTS 
The two-zone HCCI combustion model was validated in 

the HIL simulation environment (see Figure 4 for the HIL 

system architecture) with the engine parameters given in Table 

1.  

 

FIGURE 4: HIL SIMULATION ENVIROMENT 

TABLE 1: ENGINE SPECIFICATIONS 

Parameter Model value 

bore/stroke/con-rod length 86mm/86mm/143.6mm 

compression ratio 9.8:1 

intake valve opening duration 120 crank degree 

exhaust valve opening duration 128 crank degree 

Intake/exhaust valve lifts 5mm 

 

The two-zone model was validated for the engine 

operation at 2000 rpm with 4.0 bar IMEP. The associated valve 

timing for EVO, EVC, IVO and IVC are 160, 288, 400, and 

520 degree after TDC (top dead center). Figure 5 and Figure 6 

show the in-cylinder pressure and temperature during the gas 



  

exchange process. A single cylinder GT-Power model is also 

developed and its simulation results were used as the baseline. 

Compared with one-zone model, two-zone charge mixing 

model based on fluid dynamics shows a significant 

improvement, and the simulated pressure and temperature 

responses match with these of GT-Power simulation results 

quite well. 
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FIGURE 5: IN-CYLINDER PRESSURE 
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FIGURE 6: IN-CYLINDER TEMPERATURE 
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FIGURE 7: MASS FLOW RATE  

In Figure 7 both of the simulated exhaust and intake flow 

rates obtained from the two-zone model were compared with 

these of GT-Power simulations. Again they matched quite well; 

on the other hand, the simulation result of the one-zone model 

is not shown here since a first order transfer function was used 

to approximate the in-cylinder pressure, the flow rate 

calculation is trivial. This indicates the benefit of the charge 

mixing modeling. Note that the small error between GT-Power 

and two-zone model responses are due to the unmodeled 

instantaneous pressure fluctuation in the manifold; this 

dynamics is fairly difficult to model using a simplified 

modeling approach for real-time simulations. 

Figure 8 shows the expanding process of the mixed zone 

and shrinking process of the unmixed zone during the intake 

phase.  
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FIGURE 8: SIZE OF BOTH ZONES 
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FIGURE 9: IN-CYLINDER PRESSURE FOR SINGLE-ZONE 
AND TWO-ZONE MODELS 

Figure 9 compares the in-cylinder pressure of the two-

zone model with that of the one-zone model during 

compression and combustion phases. It can be seen that in the 

two-zone model the prediction of the SOC in the two-zone 

model is later than the one-zone model, and also the peak in-



  

cylinder pressure is four bars lower than that of one-zone 

model. It is believed that this is due to the difference in 

estimated in-cylinder temperatures since the one-zone model 

uses the averaged temperature of two zones to estimate the 

SOC while the two-zone model uses the mixed zone 

temperature that is lower than the unmixed zone. 

    In summary, the charge mixing two-zone model is 

capable of achieving much more accurate simulation results 

than that of the one-zone model due to utilizing the fluid 

dynamics analysis. The two-zone charge mixing and 

combustion model provides the simulation results that are 

comparable with these of GT-Power model. 

CONCLUSION 
    A two-zone charge mixing HCCI combustion model is 

proposed in this paper based upon the simplified fluid 

dynamics. The developed model was implemented into the 

hardware-in-the-loop simulation environment. The simulation 

results of the proposed model match with the GT-Power 

simulation well, and it is also demonstrated that the discretized 

fluid dynamics approach provides a satisfactory simulation 

results compared with the GT-Power model. Moreover, the 

unmixed zone plays an important role in predicting the start of 

combustion, in-cylinder pressure and temperature during the 

combustion process. It is believed that the two-zone charge 

mixing approach provides an improved simulation platform for 

developing the HCCI control strategy for real-time 

applications. The future work is to validate the proposed model 

using an optical engine.      
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Abstract—The combustion mode transition between spark 

ignition (SI) and homogeneous charge compression ignition 

(HCCI) combustions of an internal combustion (IC) engine is 

challenging due to the distinct engine operating parameters 

over the two combustion modes and the cycle-to-cycle residue 

gas dynamics during the mode transition. The control problem 

becomes even more complicated for a multi-cylinder engine 

without camless valve actuation. This paper studies the 

combustion mode transition problem of a multi-cylinder IC 

engine with dual-stage valve lift and electrical variable valve 

timing (VVT) systems. Hardware-in-the-loop (HIL) 

simulations were used to develop and validate the proposed 

control strategies. The HIL simulation results show that smooth 

combustion mode transition can be realized utilizing the hybrid 

combustion mode in a few engine cycles and in-cylinder 

air-to-fuel ratio during the mode transition needs to be 

regulated to the desired level. This paper presents a model 

based linear quadratic tracking strategy to track the desired 

air-to-fuel ratio by controlling the engine throttle. The HIL 

simulations demonstrated the effectiveness of the developed 

control strategies. As a result, it is feasible to have a smooth 

combustion mode transition with dual-stage valve lift and 

electrical VVT systems. 

 

I. INTRODUCTION 

OMOGENEOUS charge compression ignition (HCCI) 

combustion has the potential for internal combustion 

(IC) engines to meet the increasingly stringent emissions 

regulations with improved fuel economy [1]. The flameless 

nature of the HCCI combustion and its high dilution 

operation capability lead to low combustion temperature. As 

a result, the formation of NOx (nitrogen oxides) can be 

significantly reduced [2]. Furthermore, HCCI engine is 

capable of un-throttled operation that greatly reduces 

pumping loss and improves fuel economy ([3], [4]). 

On the other hand, the HCCI combustion has its own 

limitations. It is limited at high engine load due to the 

mechanical limit; and at low load due to misfire caused by the 

lack of sufficient thermal energy to initiate the auto-ignition 

of the gas-fuel mixture during the compression stroke [5]. In 

fact, HCCI combustion can be regarded as a type of engine 
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operating mode rather than a type of engine [6]. That is, the 

engine has to be operated in dual-combustion mode to cover 

entire operational range. 

It is fairly challenging to operate the engine in two distinct 

combustion modes, and it is even more difficult to have the 

smooth combustion mode transition between SI and HCCI 

combustions because the favorable thermo conditions for one 

combustion mode are often adverse to the other [7]. For 

example, high intake charge temperature is required in HCCI 

mode to initiate the combustion, while in SI mode it leads to 

reduced volumetric efficiency and increased knock tendency. 

For this reason, engine control parameters, such as intake and 

exhaust valve timings and lifts, throttle position and EGR 

(exhaust gas recirculation) valve opening, are controlled 

differently between these two combustion modes. During the 

combustion mode transition, these engine parameters need to 

be adjusted rapidly. However, the physical actuator 

limitations on response time prevent them from completing 

their transitions within the required duration, specifically, 

within one engine cycle. The multi-cylinder operation makes 

it challenging [8]. And this problem becomes more difficult 

when two-stage lift valve and electrical variable valve timing 

(VVT) systems are adopted. Accordingly the combustion 

performance during the transition cannot be maintained 

unless proper control strategy is applied. 

The control of HCCI combustion has been widely studied 

in past decades. Robust HCCI combustions can be achieved 

through model based control as described in [9]-[11]. To 

make the HCCI combustion feasible in a practical SI engine, 

the challenge of the combustion mode transition is inevitable. 

In recent years, more and more attention has been paid to the 

mode transition control between SI and HCCI combustion. In 

[12] and [13], smooth mode transitions between SI and HCCI 

combustions are realized for a single cylinder engine 

equipped with the camless VVA (variable valve actuation) 

system. However, high cost prevents the implementation of 

the camless VVA system in production engines. In [14] a 

VVT system with dual-stage lifts is used on a multi-cylinder 

engine for the study of the mode transition. Experimental 

results show the potential of achieving smooth mode 

transition by controlling the step throttle opening timing and 

the DI (direct injection) fuel quantity. However, satisfactory 

mode transition has not been accomplished due to the lack of 

the robust mode transition control strategy. 

The hardware-in-the-loop (HIL) simulation results 
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demonstrated that unstable combustions during the transition 

can be eliminated by using the multi-step strategy as 

discussed in [5] for a four-cylinder engine equipped with 

external cooled EGR, dual-stage valve lift and electrical VVT 

system. This paper utilizes the LQ (linear quadratic) optimal 

MAP tracking control strategy to maintain the air-to-fuel 

ratio in the desired range so that the hybrid (or spark assisted) 

combustion is feasible. Under the optimal MAP control, 

smooth combustion mode transition can be achieved with the 

help of the iterative learning control (ILC) of the DI fuel 

quantity of individual cylinder. Note that the ILC is mainly 

used to generate transient fuel calibrations. The entire control 

strategy was validated in the HIL engine simulation 

environment [15], and satisfactory engine performance was 

achieved during the combustion mode transition for both 

steady state and transient operating conditions. 

The paper is organized as follows. Section II introduces the 

multi-step SI to HCCI combustion mode transition control 

strategy. Section III discusses the air-to-fuel ratio control 

problem. The engine throttle and manifold dynamics 

modeling is presented in Section IV and the air-to-fuel ratio 

tracking control strategies in Section V. The control strategy 

is demonstrated in Section VI through simulations. 

Conclusions are finally drawn in Section VII. 

II. MULTI-STEP COMBUSTION MODE TRANSITION 

The configuration of the target HCCI capable SI engine 

and the engine specifications are listed in TABLE 1. The key 

feature of this engine is its valvetrain system. It has two-stage 

lift for both intake and exhaust valves. The high lift has 9 mm 

maximum lift for the SI combustion mode; and the low lift 

has 5 mm maximum lift for the HCCI combustion mode. The 

ranges of both intake and exhaust valve timing are extended 

to ±40 crank degrees to improve the controllability of the 

internal EGR fraction, the effective compression ratio, and 

the engine volumetric efficiency during the combustion mode 

transition and HCCI operations. The externally cooled EGR 

is used to enable high dilution charge with a low charge 

mixture temperature.  
 

TABLE 1 HCCI capable SI engine specifications 

Engine parameter Model value 

bore/stroke/con-rod length 86mm/86mm/143.6mm 

compression ratio 9.8:1 

Intake / exhaust valve lifts of high stage 9mm/9mm 

Intake / exhaust valve lifts of low stage 5mm/5mm 

Intake / exhaust valve timing range ±40deg/±40deg 

Intake / exhaust valve lifts lash 0.2mm/0.25mm 

Intake manifold volume 3.2 liter 

Throttle diameter 42mm 

 

For this paper, the combustion mode transition was studied 

for the engine operated at 2000 rpm with 4.5 bar IMEP. 

TABLE 2 lists the engine parameters associated with the SI 

and HCCI combustion. These parameters were optimized for 

steady state engine operation with the best fuel economy that 

satisfies the engine knock limit requirement. It can be seen in 

TABLE 2 that the optimized engine control parameters are 

quite different between the SI and HCCI combustion modes. 

Some of these parameters can be adjusted within one engine 

cycle, such as spark timing θST, electronic throttle control 

(ETC) drive current IETC that is proportional to throttle motor 

torque, DI fuel quantity FDI and valve lift Πlift; the others 

cannot due to actuator dynamics. 
 

TABLE 2 Engine control parameters for SI and HCCI modes 

Engine control parameter SI HCCI 

θST (deg ACTDC) -36 none 

φEGR (%) 3 26 

IETC (A) 0.84 5 

FDI (ms/cycle) 2.06 1.6 

θINTM (deg AGTDC) 70 95 

θEXTM (deg BGTDC) 100 132 

Πlift (mm) 9 5 
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Fig. 1. Steady state combustion characteristics of SI and HCCI modes 

 

The combustion characteristics are also quite different 

between these two combustion modes as illustrated in Fig. 1. 

For example, the HCCI combustion has higher peak 

in-cylinder pressure compared with that of the SI combustion 

due to the faster burn rate. Most likely, it also has a 

recompression phase (see the second peak of the solid line in 

Fig. 1) due to negative valve overlap (NVO) operation, while 

the SI combustion does not. The goal of the combustion mode 

transition is to switch the combustion mode without 

detectable engine torque fluctuation by regulating the engine 

control parameters, or in other words to maintain the engine 

IMEP during the combustion mode transition. 

The earlier work in [16] demonstrated that the engine 

charge temperature (TIVC) has a response delay during the 

combustion mode transition, mainly caused by the response 

delays of the engine intake/exhaust valve timings and 

manifold filling dynamics. As a result, if the engine were 

forced to switch to the HCCI combustion mode, the engine 

IMEP could not be maintained with cycle-by-cycle fuel 

control FDI. Also the increased cooling effect caused by the 

increment of FDI reduces the charge temperature and leads to 

degraded HCCI combustions. However, the transitional 

thermodynamic conditions are suitable for the SI-HCCI 

hybrid combustion mode proposed in [5] and [15]. 

By maintaining the engine spark (SI spark location), 

combustions during the mode transition could start in SI 

combustion mode with a relatively low heat release rate; and 



  

once the thermo and chemical conditions of the unburned gas 

satisfy the start of HCCI (SOHCCI) combustion criteria, the 

combustion continues in HCCI combustion mode, which is 

illustrated by the solid curve of mass fraction burned (MFB), 

shown in Fig. 2, obtained through GT-Power simulations. 

During an ideal SI to HCCI combustion transition process, 

the HCCI combustion percentage (the vertical distance from 

SOHCCI to MFB = 1) increases gradually along with the 

incremental increase of charge temperature (TIVC). For the 

HCCI to SI combustion transition, the process is HCCI 

combustion percentage will be gradually reduced. More 

importantly, during the SI-HCCI hybrid combustion, engine 

IMEP can be controlled by regulating the DI fuel quantity 

that will be discussed in the next section. This is the other 

motivation of utilizing the hybrid combustion mode during 

the combustion mode transition. 
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Fig. 2. MFB trace of SI-HCCI hybrid combustion mode 

 

In [15], a crank based SI-HCCI hybrid combustion model 

was developed for real-time control strategy development. It 

models the SI combustion phase under two-zone assumptions 

and the HCCI combustion phase under one-zone 

assumptions. The SI and HCCI combustion modes are 

actually special cases of the SI-HCCI hybrid combustion 

mode in the model, since the SI combustion occurs when the 

HCCI combustion does not occur, and the HCCI combustion 

occurs when the percentage is one hundred percent. 

Accordingly this combustion model is applicable for all 

combustion modes during the mode transition.  

In [16], the one-step combustion mode transition was 

investigated. The control references of all engine parameters 

were directly switched from the SI mode to the HCCI mode, 

as listed in TABLE 2, in one engine cycle. The simulation 

results showed that misfires occur during the one-step mode 

transition, and significant torque fluctuation was discovered. 

Thereby, a multistep mode transition strategy was proposed 

in [16] by inserting a few hybrid combustion cycles between 

the SI and HCCI combustions, see Fig. 3. The proposed 

control strategy is based on this multistep strategy. 

As illustrated in Fig. 3, five engine cycles are used during 

the SI to HCCI mode transition. During the transitional 

cycles some engine parameters are adjusted in open loop 

according to the schedule shown in Fig. 3. Cycles 1 and 2 are 

used for engine throttle control. They provide enough time for 

the engine MAP to increase to compensate the valve lift (Πlift) 

switch. At the end of cycle 2, the intake/exhaust valve lift Πlift 

switches from high lift to low lift, and the control references 

of EGR fraction φEGR, intake valve timing θINTM and exhaust 

valve timing θEXTM are set to those of the steady state HCCI 

combustion mode as listed in TABLE 2. Spark timing θST of 

each cylinder was kept constant during the transitional cycles 

and was eliminated at the end of cycle 5. Throughout the 

transitional cycles, the engine control parameters, throttle 

current IETC and DI fueling FDI, are regulated at 1 millisecond 

sampling period and cycle-based controls, respectively. The 

corresponding control algorithm will be described in the next 

two sections. 
 

 
Fig. 3. Multistep SI to HCCI combustion mode transition control schedule 

III. THE AIR-TO-FUEL RATIO TRACKING PROBLEM 

To study the feasibility of using fuel injection quantity FDI 

to regulating the engine IMEP, intensive simulations were 

conducted to map out the engine IMEP and air-to-fuel ratio as 

functions of engine fuel injection quantity FDI and MAP 

(manifold air pressure). The simulation results are shown in 

Fig. 4, indicating that the engine IMEP is highly correlated to 

FDI with the lean air-to-fuel mixture. As a result, it is possible 

to control the individual cylinder IMEP by regulating the 

corresponding FDI. 
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Fig. 4. IMEP sensitivity analysis of the SI-HCCI hybrid combustion mode 
 

To maintain the controllability of the DI fueling (FDI), lean 

gas-fuel mixture is required during the mode transition. 

However, the combustion could become unstable if the 

mixture becomes extremely lean since the engine spark might 



  

not be able to ignite the gas mixture. For this study the desired 

normalize air-to-fuel ratio is set between λmin (0.97) and λmax 

(1.3). In [16], a step throttle pre-opening approach was 

proposed to prevent rich combustions at cycle 3, but it leads to 

very lean combustions at the following engine cycles. In this 

paper, an LQ tracking control strategy is developed to 

regulate the air-to-fuel ratio around the desired level. 

As discussed above, the normalized air-to-fuel ratio needs 

to be maintained within the optimal range (λmin ≤ λ ≤ λmax) 

during the SI to HCCI combustion mode transition. This 

control target is difficult to achieve through the air-to-fuel 

ratio feedback control due to delay and a short mode 

transition period. It is proposed to use the LQ optimal 

tracking approach to regulate the air-to-fuel mixture to the 

desired level. To implement this control strategy, the optimal 

operational range of λ is translated into the operational range 

of the engine MAP shown in Fig. 5, where the upper limit is 

corresponding to λmax and lower limit is corresponding to λmin. 

This provided an engine MAP tracking reference, shown in 

Fig. 5, to maintain the engine MAP to stay within the desired 

range.  The reference signal is represented by 

 

where k is the time based sampling index; kB and kE represent 

the beginning and ending indices of the mode transition and 

they were set to 600 and 900, respectively, as shown in Fig. 5; 

k1 and k2 are switch indices and they equal 670 and 720, 

respectively; ZSI and ZHCCI are the desired MAP of SI and 

HCCI modes, respectively; Z is the desired MAP at k2. 
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Fig. 5. The target MAP operational range and MAP tracking reference 

IV. ENGINE AIR CHARGE DYNAMIC MODEL 

To develop the proposed LQ tracking control strategy, a 

simplified engine MAP model is required to represent the 

relationship between the control input (IETC) and the system 

output (MAP). The simplified dynamics are represented by 

second order dynamics due to the gas filling dynamics (first 

order) of the engine intake manifold and the first order 

response delay of the engine throttle. The governing equation 

of gas filling dynamics is represented by 

With filling dynamics time constant around 60ms. The 

dynamics of the throttle response is approximated by 

where η ,
dV ,

mV and 
eN  are volumetric efficiency of intake 

process, engine displacement, intake manifold volume, and 

engine speed, respectively; R ,
ambT ,

ambP and 
DC  are gas constant, 

ambient temperature, ambient pressure, and valve discharge 

constant, respectively; and 
TPSφ ,

ETCk ,
ETCb and 

ETCc  are engine 

throttle position, spring stiffness of the throttle plate, 

damping coefficient of the throttle plate, and throttle motor 

torque constant, respectively. The throttle time constant is 

around 50ms. Equations (2) and (3) can be combined, 

discretized and represented by the following discrete state 

space model  

where 

are the system input, state and output respectively. The 

system matrices are 

where ∆t is the sample period. State space model (4) is linear 

time-variant since the volumetric efficiency η and multiplier 

φ in equations (2) and (6) are functions of the engine 

operating condition. Moreover, the sampling time ∆T in (6) 

equals 1 millisecond, and sample time index k is the same as 

that in equation (1). 

V. LQ TRACKING CONTROL SYNTHESIS 

Based on the control oriented engine MAP model, a finite 

horizon LQ optimal tracking controller was designed to 

follow the reference z(k). More specifically, the control 

objective is to minimize the tracking error e(k) defined in (7) 

with the feasible control effort IETC. The tracking error e(k) is 

defined as 

and the constraint on IETC is -5A < IETC < 5A. The cost 

function of the LQ optimal controller is defined as 
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where F and Q are positive semi-definite and R is positive 

definite. For this paper, F and Q are constant matrices 

defined in (9) and R is a function of sample index and tuned to 

optimize the tracking error with feasible throttle control 

effort, see Fig. 6. 
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Fig. 6. Adjustment of weighting matrix R 

 

Based on the cost function the corresponding Hamiltonian is 

as follows 

According to [17], the necessary conditions for the extremum 

in terms of the Hamiltonian are represented as 

Note that the superscript “*” denotes the optimal trajectories 

of the corresponding vectors. The augmented system of (11) 

and (12) becomes 

Based on (13) the optimal control is in the form of  

Matrix P(k) can be computed by solving the difference Riccati 

equation backwards 

with the terminal condition 

and vector g(k) can be computed by solving the vector 

difference equation 

with the terminal condition 

The optimal control in (15) can be written into the following 

form 

where the feedforward gain LFF is computed by 

and the feedback gain LFB is computed by 

Note that in equation (20) the state x* used in the feedback 

control is computed exactly from the closed loop system 

model defined below 

However, when the control is implemented into the HIL 

simulation environment or the actual engine control system, 

the feedback states are replaced by the actual signals (MAP 

and φTPS) measured by the on-board engine sensors. In these 

cases the LQ controller is represented by the online form as 

where x represents the sampled states. Note that both of the 

states, MAP and φTPS can be measured in the HIL simulator or 

in the engine system. 

 

VI. SIMULATION RESULTS AND DISCUSSION 

The developed LQ optimal MAP tracking control was 

implemented into the prototype engine controller and 

validated through the HIL engine simulations. The simulated 

control input IETC, the system states MAP and φTPS, and λ are 

plotted in Fig. 7. For comparison purpose, the simulated 

responses of these variables with a step IETC control approach 

are also shown in Fig. 7, in which IETC is set to the target level 

before the adjustment of Πlift (happens at 720th ms), as a 

result, the engine throttle is gradually opened to the wide 

open throttle (WOT) position and the MAP is increased 

before the valve lift switch. The increased MAP ensures 

enough fresh charge to each cylinder when the valve lift 

switches to the low lift. However the step IETC control leads to 

a rapid increment of the engine MAP or excessive fresh air 

charge, leading to extreme lean air-to-fuel ratio λ in the 

following engine cycles. 

Using the proposed LQ MAP tracking control strategy, 

throttle current IETC is regulated in a non-monotonic 

increasing pattern. Note that to maintain IETC in the feasible 

range (-5A < IETC < 5A) the weighting matrix R in the cost 

function (8) is adjusted as illustrated in Fig. 6. The similar 

pattern can also be found for φTPS with a small phase lag. As a 

result, the engine MAP tracks the reference z(k) after the 

intake valve lift Πlift switches to the low lift, and λ of each 

cylinder is successfully maintained within the desired range. 

Therefore, with the help of the LQ optimal tracking control, 

the in-cylinder air-to-fuel ratio is maintained within the 
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desired range, leading to stable combustions. 
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Fig. 7. Engine performances of the optimal MAP tracking control 

 

Slight oscillations in the MAP responses are found with 

both control approaches, which are due to the flow dynamics 

of the engine air-handling system and the engine MAP 

modeling error. It is almost impossible to eliminate them. 

Moreover, the MAP oscillation associated with the LQ 

optimal tracking control is within the desired MAP range. 

VII. CONCLUSIONS 

The combustion mode transition between the spark 

ignition (SI) and homogeneous charge compression ignition 

(HCCI) combustions is challenging but necessary to 

implement the promising HCCI combustion technology to 

production SI engines. To ensure the smooth combustion 

mode transition the engine air-to-fuel ratio needs to be 

precisely controlled. This paper shows through the 

hardware-in-the-loop simulations that the LQ control is 

capable of tracking the engine MAP to the desired target with 

small oscillations. As a result, the engine air-to-fuel ratio is 

maintained within the desired range. This makes it feasible to 

regulate the individual cylinder IMEP through adjusting the 

corresponding direct injection fuel quantity.  
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ABSTRACT 

The combustion mode transition between spark ignition 
(SI) and homogeneously charged compression ignition (HCCI) 
combustions of an internal combustion (IC) engine is 
challenging due to the distinct engine operational parameters 
over these two combustion modes and the cycle-to-cycle residue 
gas dynamics of the HCCI combustion. The control problem 
becomes even more complicated when multi-cylinder operation 
is involved. This paper studies the combustion mode transition 
problem of a multi-cylinder IC engine with dual-stage valve 
lifts and electrical variable valve timing systems. A control 
oriented engine model was used to develop a multistep mode 
transition control strategy via iterative learning for combustion 
mode transition between SI to HCCI with minimal engine 
torque fluctuations. The hardware-in-the-loop (HIL) 
simulations demonstrated the effectiveness of the developed 
control strategy for the combustion mode transition under both 
constant load and transient engine operational conditions. 

NOMENCLATURE 
λ Normalized air-to-fuel ratio 

xEGR EGR gas fraction in engine intake manifold 

θST Spark timing in degree after combustion TDC (top 
dead center) 

θSOHCCI Start of HCCI combustion timing 

NTPO Throttle pre-opening timing before intake/exhaust 
valve lift switch (quarter cycle) 

FDI Direct injection (DI) fuel pulse duration (ms/cycle) 

FFB, FFF Feedback/feedforward portions of FDI (ms/cycle) 

FILC ILC (iterative learning control) portion of DI pulse 
duration (ms/cycle) 

ϕthrottle Engine throttle position (%) 

ϕacc Acceleration pedal position (%) 

ϕEGR External EGR valve opening (%) 

Πlift Peak lift of intake/exhaust valve (mm) 

TIVC In-cylinder gas temperature at IVC (°K) 

MEVC Residue gas mass at EVC (mg) 

θINTM Intake valve timing at peak lift (degrees after gas 
exchange TDC) 

θEXTM Exhaust valve timing at peak lift (degrees before 
gas exchange TDC) 

MAP Intake manifold absolute pressure (bar) 

IMEP Indicated mean effective pressure (bar) 

IMEPdes Desired IMEP due to driver need (bar) 

IMEPref IMEP learning reference used in ILC (bar) 

i,k,n Indexes of ILC iteration, engine cycle, and cylinder 

INTRODUCTION 
Homogeneously charged compression ignition (HCCI) 

combustion has the potential for internal combustion (IC) 
engines to meet the increasingly stringent emissions regulations 
with improved fuel economy. The flameless nature of the HCCI 
combustion and its high dilution operation capability lead to 
low combustion temperature. As a result, the formation of NOx 
(Nitrogen Oxides) can be significantly reduced. Furthermore 
HCCI engine is capable of un-throttled operation that greatly 
reduces pumping loss and improves fuel economy ([1] and [2]). 

On the other hand, HCCI combustion has its own 
limitations. It is limited at high engine load due to the audible 



  

knock, and at low load due to misfire caused by the lack of 
sufficient thermal energy to trigger the auto-ignition of the gas-
fuel mixture late in the compression stroke [3]. In fact, HCCI 
combustion can be regarded as a type of engine operating mode 
rather than a type of engine [4]. In order to take the advantage 
of the HCCI combustion mode in an IC engine, other 
combustion mode, such as spark ignited (SI) combustion, is 
needed at high load, at high speed, at ultra-low load (such as 
idle), and at certain operating conditions (such as cold start). 

However, it is fairly challenging to operate the engine in 
two distinct combustion modes, and it is even more difficult to 
have smooth combustion mode transition between SI and HCCI 
combustions. Because the favorable thermo conditions for one 
combustion mode are always adverse to the other. For example, 
high intake charge temperature is required in HCCI mode to 
initiate the combustion, while in SI mode it leads to reduced 
volumetric efficiency and increased knock tendency. For this 
reason, engine control parameters, such as intake and exhaust 
valve timings and lifts, throttle position and EGR (exhaust gas 
recirculation) valve opening, are controlled differently between 
these two combustion modes. During the combustion mode 
transition, these engine parameters need to be changed rapidly. 
However, the physical actuator limitations on response time 
prevent them from completing their transitions within the 
required duration, specifically, within one engine cycle. The 
multi-cylinder operation makes it even more difficult. 
Accordingly the combustion performance during the transition 
cannot be maintained unless proper control strategy is applied. 

The control of HCCI combustion process has been widely 
studied in past decades. Robust HCCI combustions can be 
achieved through model based control as described in [5], [6], 
and [7]. To implement the HCCI combustion in a practical IC 
engine, the challenge of the combustion mode transition is 
inevitable. In recent years, more and more attentions have been 
paid to the mode transition control between SI and HCCI 
combustions. In [8] and [9], smooth mode transitions between 
SI and HCCI combustions are realized for a single cylinder 
engine equipped with the camless VVA (Variable Valve 
Actuation) system. However, high cost prevents the 
implementation of the camless VVA system in production 
engines. In [10] a VVT (Variable Valve Timing) system with 
dual-stage lifts is used on a multi-cylinder engine. Mode 
transition is investigated. Experimental results show that 
smoother mode transition can be achieved by controlling the 
throttle opening timing and the direct injection (DI) fuel 
quantity. However, satisfactory mode transition is not achieved 
due to the lack of the robust mode transition control strategy. 

In this paper, the combustion mode transition control 
strategy is investigated through the hardware-in-the-loop (HIL) 
engine simulations. The studied four-cylinder engine is 
equipped with external cooled EGR, dual-stage valve lifts and 
electrical VVT valvetrain system. The SI-HCCI hybrid 
combustion mode, as discussed in [1], was implemented during 
the multistep mode transition and iterative learning control 

(ILC) strategy was used for regulating the throttle opening 
timing and the individual cylinder DI fuel quantity. Smooth 
combustion mode transitions were achieved when the engine is 
operated at both stead constant load and transient conditions. 

THE HCCI CAPABLE SI ENGINE 
Figure 1 shows the target HCCI capable SI engine 

configuration. It is a four-cylinder 2.0 liter engine with 
compression ration of 9.8. The key feature of this engine is its 
valvetrain system. It has two stages of lifts for both intake and 
exhaust valves. The high lift stage has 9 mm maximum lift and 
is used for SI combustion mode; the low lift stage has 5 mm 
maximum lift and is used for HCCI combustion mode. The 
ranges of both intake and exhaust valve timing were extended 
to ±40 crank degrees to improve the controllability of the 
internal EGR fraction, effective compression ratio, and engine 
volumetric efficiency during the HCCI operating condition. In 
addition to the modification of the valvetrain, external cooled 
EGR is added to the engine to enable high dilution charge, 
resulting in low charge mixture temperature. The engine 
throttle can be electronically controlled to obtain the desired 
engine charge in both SI and unthrottled HCCI operations. 
Each cylinder of the test engine will be fitted with piezoelectric 
pressure transducer. Four fast response UEGO (Universal 
Exhaust Gas Oxygen) sensors are also assumed to be connected 
to each exhaust pipe, corresponding to each cylinder. 

 
FIGURE 1. HCCI CAPABLE SI ENGINE CONFIGURATION 

An HIL simulation station, shown in Fig. 2, is used for the 
purpose of initial control strategy development and validation. 
The dSPACE based engine HIL simulator outputs all 
measureable engine signals (such as in-cylinder pressure and 
MAP signals) in real-time. These signals can be directly fed 
into the Opal-RT based real-time prototype engine controller. 
Some immeasurable engine states (such as in-cylinder 
temperature) are also generated by the simulator to help with 
the control strategy development. On the other hand, the 
control signals generated by the prototype engine controller are 
also fed back into the dSPACE based engine simulator. These 
signals are also monitored and recorded for all the simulations 
that will be discussed in the rest of this paper. The proposed 
control strategy discussed in this paper had been validated in 



  

the HIL simulation environment, and will be verified against 
measurements obtained from engine dynamometer tests after 
the test engine is ready. 

The HIL simulation is a useful tool for control strategy 
development and validation, but the effectiveness of the HIL 
simulation relies on the engine model that is being executed in 
the dSPACE simulator. A control oriented real-time engine 
model is required. It must reflect all dominant engine dynamics 
with relatively high fidelity. Next section introduces the engine 
model used in this study. 

 

FIGURE 2. HIL SIMULATION STATION 

THE HCCI CAPABLE SI ENGINE MODEL 
The engine model used for the HIL simulation of this paper 

has been presented in previous work ([1] and [15]). It models 
the physical characteristics of the engine system. And it 
consists of two main sub-system models. One is the crank 
based model for combustion process; and the other is the time 
based models for engine air-handling system, crankshaft 
dynamics, and engine actuators. 

 The crank based combustion model has the resolution of 
every crank degree. It models the SI-HCCI hybrid (or spark 
assistant) combustion process that starts with the SI combustion 
and ends with the HCCI combustion, where the SI combustion 
phase is modeled under two-zone assumption and the HCCI 
combustion phase is modeled under one-zone assumption. The 
SI and HCCI combustion modes are actually special cases of 
the SI-HCCI hybrid combustion mode. Accordingly this 
combustion model is applicable for any operations during the 
combustion mode transition. The combustion model of the 
cycle-to-cycle dynamics can be expressed in the nonlinear state 
space form as 

( 1) ( ( ), ( ))

( ) ( ( ), ( ))

x k f x k u k

y k h x k u k

 
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where x(k), u(k) and y(k) are states, inputs and outputs, 
respectively. They are given by 
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The state and output functions, f and g, in Eq. (1) are composed 
by the governing equations of the engine combustion process. 
The details of the combustion model are described in [1]. 

The engine crankshaft model and air handling system sub-
models, such as the gas filling dynamical model of intake 
manifold and external EGR model, are developed in time based 
and updated every millisecond, since the dynamics of these 
sub-systems are continuous. The complete description of these 
models is presented in [15]. 

In the HIL simulation of combustion mode transition, the 
engine control actuator dynamics, such as engine throttle, VVT 
actuator and EGR valve, are found to affect the combustion 
performance significantly. They must be reflected in the engine 
model. In this study, the actuator response Y(s) with respect to 
the control input U(s) is approximated as the first order system 
in the engine model as 

( ) 1

( ) 1

Y s

U s s



  (3) 

where s is the Laplace operator and τ is the associated actuator 
time constant. For the HIL simulations of this paper, τ equals to 
0.15, 0.12 and 0.1 second for engine throttle, VVT actuator and 
EGR valve, respectively. The transient responses of these 
actuators can be found in Fig. 4, Fig. 6 and Fig. 12. Their 
influences to the combustion mode transition will be discussed. 

ONE-STEP COMBUSTION MODE TRANSITION 
The combustion mode transition was first studied for 

constant load engine operating condition. At 2000 rpm engine 
speed the transition is assumed to occur at 4.5 bar IMEP. Table 
1 lists the engine parameters (actuator positions) associated 
with the SI and HCCI combustions. These parameters are 
optimized for the steady state engine performance with the best 
fuel economy that satisfies the engine knock limit. That is, the 
maximum pressure rise (dp/dθ) is less than or equal to 3 bar per 
crank degree. It can be seen in Tab. 1 that the engine control 
parameters are quite different between the SI and HCCI 
combustions. Among these control parameters, some of them 
can be adjusted to the target positions within one engine cycle, 
such as θST, FDI and Πlift; but the others cannot, due to the 
response delays of these engine actuators. 

The combustion characteristics are also quite different 
between these two combustion modes. For example, the HCCI 
combustion has higher peak in-cylinder pressure comparing 
with that of the SI combustion, due to the faster fuel burn rate 
as illustrated in Fig. 3. Most likely, it also has a recompression 
phase but the SI combustion does not. The goal of the 
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combustion mode transition is to transfer the combustion mode 
without detectable engine torque fluctuation by regulating those 
engine control parameters, or in other words to maintain the 
engine IMEP during the combustion mode transition. 

The control strategy development in this paper starts with 
one-step transition strategy. That is to directly change the 
control references of all engine control parameters from the SI 
to the HCCI engine parameters, as listed in Tab. 1, in one 
engine cycle. The HIL simulation of the one-step transition was 
conducted and key engine variables are plotted in Fig. 4. 

TABLE 1. STEADY STATE ENGINE PARAMETERS FOR SI 
AND HCCI COMBUSTION MODES 

Engine parameter SI HCCI 
θST (deg ACTDC) -36 none 
ϕEGR (%) 3 26 
ϕthrottle (%) 16.6 100 
FDI (ms/cycle) 2.06 1.6 
θINTM (deg AGTDC) 70 95 
θEXTM (deg BGTDC) 100 132 
Πlift (mm) 9 5 
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FIGURE 3. STEADY STATE COMBUSTION 
CHARACTERISTICS OF SI AND HCCI COMBUSTION MODES  

As illustrated in Fig. 4, during the one-step mode 
transition, once the step references apply to the engine control 
actuators, some engine parameters response instantaneously, 
such as the intake/exhaust valve lifts. DI fuel quantity can also 
be adjusted to its control reference value within one engine 
cycle. Whereas the other engine parameters, such as the 
intake/exhaust valve timings and the throttle opening, are with 
response delays. It takes them several engine cycles to reach 
their reference values, as seen in Fig. 4. When the gas filling 
dynamics of the intake manifold is coupled with the first order 
dynamics of these engine actuators, higher order dynamical 
response can be observed on the engine MAP signal, see Fig. 4. 
Furthermore, the intake/exhaust valve lift switch imposes a big 
impact to the engine respiration process. It decreases the charge 
mass and increases residue gas mass. As a result, the volumetric 
efficiency of each cylinder for the engine cycle right after the 
valve lift switch drops significantly, leading to rich 

combustions for all four cylinders. For the succeeding engine 
cycles the volumetric efficiency is increased due to the 
increment of MAP. 
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FIGURE 4. ONE-STEP TRANSITION ENGINE RESPONSES  

The HIL simulation results indicate that the smooth 
combustion mode transition cannot be realized by the one-step 
transition strategy due to the response delay of the engine 
actuators and the flow dynamics of engine respiration process. 
Multiple engine cycles need to be inserted between the two 
distinct combustion modes. This is the main motivation of the 
proposed multistep combustion mode transition strategy that 
will be discussed in the next section. 

MULTISTEP COMBUSTION MODE TRANSITION 
In the one-step mode transition, rich combustions are 

found for the engine cycle right after the valve lift switch. This 
implies the lack of fresh in-cylinder charge. Without enough 
fresh charge the combustion will inevitably be degraded. There 
are two ways to increase the charge during the transient 
condition. One is to advance the intake valve timing and retard 
the exhaust valve timing; the other is to open the engine throttle 
before the valve lift switch. Using the first approach, both 
intake and exhaust valve timings need to be moved to one 
direction first and then to the opposite direction. This prolongs 
the settling time of the valve timings, and complicates the 
engine flow dynamics during the combustion mode transition. 
The approach of pre-opening the throttle does not have this 
issue. As illustrated in Fig. 5 two engine cycles (cycle 1 and 2) 
are inserted between the SI and HCCI combustion modes. 
Control events are scheduled at different timings during the two 
cycles. At the beginning of cycle 1 the engine controller 
computes NTPO (0NTPO8). Then at NTPO quarter-cycles before 
the end of cycle 2, the control reference of throttle opening is 



  

set to 100%, and the throttle plate starts to move to wide open 
throttle (WOT) position. At the end of cycle 2, the control 
references of the other parameters are set to their target values 
as given in Tab. 1; the spark ignition is eliminated and the 
engine operation is transited into the HCCI combustion mode. 
Notice that the SI-HCCI hybrid combustion cycles in Fig. 5 are 
not used in this case and they will be used in the next strategy. 

 

FIGURE 5. SCHEDULE OF ENGINE CONTROL EVENTS FOR 
MULTISTEP MODE TRANSITION STRATEGIES 

By comparing the simulation results in Fig. 4 and Fig. 6, 
one can see that the throttle pre-opening helps to increase the 
fresh charge at the start of transition since the engine MAP is 
increased before the valve lift switch; and it also reduces the 
engine torque fluctuation, see Fig. 11 for the comparison with 
the one-step mode transition. However the performance is still 
not acceptable since the large engine torque fluctuation 
indicates degraded combustions during the mode transition. 
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FIGURE 6. ENGINE RESPONSE OF MULTISTEP MODE 
TRANSITION WITH THROTTLE PRE-OPENING (NTPO=4) 

In order to investigate the cause of the degraded 
combustions during the mode transition, more combustion 
related engine variables are plotted in Fig. 7. One can see that 
TIVC is increased after the valve lift switch, but still far below 
the temperature required for steady state HCCI combustion. 

This is mainly due to the response delays of the intake/exhaust 
valve timings, which lead to insufficient residue gas charge. 
The reduced charge temperature leads to retarded HCCI 
combustion timing and degraded IMEP. Furthermore, as 
discussed in [11], late combustion timing is accompanied with 
large variation of θSOHCCI and IMEP variables for the HCCI 
combustion mode. This means unstable combustions. Misfire 
might happen when the combustion is not stable. And misfire is 
disastrous for HCCI combustion mode since it might trigger 
misfire for the succeeding engine cycles. 
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FIGURE 7. COMBUSTION PERFORMANCE OF MULTISTEP 

MODE TRANSITION WITH THROTTLE PRE-OPENING 

In order to avoid misfire and unstable combustions during 
the mode transition, three engine cycles of the SI-HCCI hybrid 
combustions are applied in addition to the throttle pre-opening. 
As illustrated in Fig. 5 the spark ignition is kept for three 
engine cycles after the valve lift switch and it is eliminated at 
the end of cycle 5. With the spark ignition, the combustions of 
cycles 3, 4 and 5 are initiated by spark ignition in the SI mode 
but ended in the HCCI mode, and they are called SI-HCCI 
hybrid combustions. More details about this hybrid combustion 
mode can be found in [1] and [12]. 

The SI-HCCI hybrid combustions only occur under certain 
thermo conditions. The in-cylinder gas-fuel mixture needs to be 
lean, but if it is too lean the spark ignition might not be able to 
initiate the SI combustion. The charge temperature needs to be 
higher than what SI combustion requires but lower than that of 
the HCCI combustions. Only under this condition the unburned 
gas-fuel mixture during the initial SI combustion phase can 
meet the start of HCCI combustion criterion to initiate the 
HCCI combustion in the unburned zone. These thermo 
conditions are satisfied for cycles 3, 4, and 5. Accordingly the 
combustions during these engine cycles are in the SI-HCCI 
hybrid combustion mode. Once the hybrid combustion is 
engaged, misfire will not occur even with very late SOHCCI 
timing, since a portion of gas-fuel mixture has already been 
burned in the SI mode before θSOHCCI. Moreover, under these 
special thermo conditions, engine IMEP output is highly 
correlated with the DI fuel quantity, so it is possible to regulate 
the engine IMEP (or torque) by controlling the DI fuel quantity. 



  

Whereas for the pure HCCI combustion mode the increased 
cooling effect due to increment of the DI fueling reduces the 
charge temperature, leading to degraded HCCI combustions.  

The HIL simulation results of the multistep combustion 
mode transition are plotted in Fig. 10. One can see that TIVC of 
the first engine cycle after the valve lift switch is still low; but 
θSOHCCI is advanced for a few crank degrees, and the engine 
torque fluctuation is smaller than those without the hybrid 
combustions. In the HIL simulations, the DI fuel quantity and 
spark timing are controlled using the values for steady state 
engine operating condition. They are not optimal since the 
engine flow dynamics and the cycle-to-cycle residue gas 
dynamics make the thermo conditions different from those of 
the steady state. More advanced control strategy is required to 
cope with the thermo dynamics. 

MULTISTEP COMBUSTION MODE TRANSITION WITH 
ITERATIVE LEARNING CONTROL 

By investigating the simulation results plotted in Fig. 7 and 
Fig. 10. One can see that significant cycle-to-cycle and 
cylinder-to-cylinder variances occurred in most combustion 
related variables, such as TIVC and θSOHCCI. This is mainly 
contributed by the fact that the change of the engine actuator 
positions affects the individual cylinder thermo condition 
differently. As a result, the IMEP and engine toque output also 
show significant variations. To reduce the variations of engine 
IMEP and torque, a few control schemes were tried. Feedback 
control was firstly tried, but since the mode transition only 
happens for several engine cycles, any feedback controls might 
not have time to improve the performance. Feedforward control 
was then considered. Through an iterative learning control 
(ILC) approach, the Feedforward DI fuel quantity can be 
regulated to make the IMEP track the control reference (4.5bar 
in this case). The smooth combustion mode transition was 
finally achieved in the HIL engine simulation environment with 
the help of ILC. 

 

FIGURE 8. MULTISTEP COMBUSTION MODE TRANSITION 
CONTROL DIAGRAM 

As illustrated in Fig. 8, the Feedforward controller is 
initialized using the steady state control values as described in 
the last section. Two control parameters are directly adjusted by 
the ILC during each learning iteration. They are NTPO and FDI. 
For NTPO the learning algorithm is 

( 1) ( ) ( ) ( ) ( ( , , ))

( 1) ( 1)
TPO FF ILC FF

FF TPO

N i N i N i N i i k n

and N i N i

     
  

 
 (4) 

where 

( ( , , )) 1 : ( ( , , ))

( ( , , )) 1 : ( ( , , ))

( ( , , )) 0

high

low

i k n if Max i k n

i k n if Min i k n

i k n otherwise

   
   
 

 
  
 

 
(5) 

Through this learning algorithm, the normalized air-to-fuel 
ratios of each cylinder during the SI-HCCI hybrid combustion 
cycles are limited to between λlow and λhigh (λlow=1 and λhigh=1.4 
in this case). Under this air-to-fuel ratio, IMEP is highly 
correlated to FDI. Accordingly IMEP can be regulated by 
controlling FDI through the following formula, 

( 1, , ) ( , , ) ( , , )

( 1, , ) ( 1, , )
DI FF ILC

FF DI

F i k n F i k n F i k n

and F i k n F i k n

  
  

 
(6) 

The iterative learning control term (FILC) in Eq. (6) is 
calculated by a typical P type self learning algorithm [13]. 
Notice that in Eq. (6) FDI is controlled with respect to each 
individual cylinder, due to the cylinder-to-cylinder variation as 
discussed. The trained control values are stored in memory 
after each learning iteration. They will be used as Feedforward 
terms for next learning iteration or torque tracking control that 
is going to be discussed in the next section. Figure 9 shows that 
the iterative learning control variables converge after a few 
iterations of learning. The first engine cycle (cycle 3) after the 
intake/exhaust valve lift switch experiences the largest 
improvement, leading to significant correction of FDI. The 
largest cylinder-to-cylinder variation of FDI can also be seen at 
cycle 3. The variation of FDI counteracts the variance of IMEP, 
and makes IMEP smooth. 
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FIGURE 9. ITERATIVE LEARNING CONTROL SIGNALS 



  

600 700 800 900 1000 1100 1200 1300 1400
0.8

1

1.2

1.4



600 700 800 900 1000 1100 1200 1300 1400
350

400

450

T
IV

C

( 
 

k)

 

 

600 700 800 900 1000 1100 1200 1300 1400
3.5

4

4.5

5

Time (ms)

IM
E

P
(b

ar
)

cylinder #4 w/ ILC
cylinder #3 w/ ILC
cylinder #2 w/ ILC
cylinder #1 w/ ILC

0

20

40

 S
O

H
C

C
I

(A
C

T
D

C
)

 

 
cylinder #1 w/o ILC
cylinder #3 w/o ILC
cylinder #2 w/o ILC
cylinder #4 w/o ILC

 
FIGURE 10. COMBUSTION PERFORMANCE OF MULTISTEP 

MODE TRANSITION 

Some engine variables are plotted in Fig. 10 for both with 
and without the iterative learning control. With ILC of NTPO, the 
normalized air-to-fuel ratios of all cylinders during the hybrid 
combustion cycles are limited in the desired range, while 
without it rich gas-fuel mixture can still be found during the 
combustion mode transition. Same as in the mode transition 
without ILC, the variables λ, TIVC and θSOHCCI during the mode 
transition with ILC also show large cycle-to-cycle and cylinder-
to-cylinder variations. The only signal with the reduced 
variation is the IMEP signal for the mode transition with ILC. 
This demonstrates the effectiveness of the ILC strategy. 
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FIGURE 11. ENGINE TORQUE RESPONSES OF DIFFERENT 

COMBUSTION MODE TRANSITION STRATEGIES 

TABLE 2. ENGINE KNOCK INDEX AND MAXIMUM ERROR OF 
IMEP AND ENGINE TORQUE SIGNALS 

 
IMEP error 

(%) 
Max dp/dθ 
(bar/deg) 

Torque error 
(%) 

One-step 51.6 3.4 81.8 
TPO 26.9 2.82 42.5 
TPO + Hybrid 12 2.65 18.6 
(TPO + Hybrid) 
with ILC 

3.3 2.55 4.5 

Engine torque responses during the combustion mode 
transitions using different strategies are plotted in Fig. 11. Their 
statistics are listed in Tab. 2 for comparison. Smooth 
combustion mode transition can be realized by combining the 
throttle pre-opening, using the SI-HCCI hybrid combustions 
and the iterative learning control strategy. It shows only 4.5% 
of engine torque fluctuation when the engine combustion mode 
transits from the SI to HCCI combustion mode in constant load 
operation. A significant reduction of engine knock index (dp/dθ 
is a good indicator of engine knock [14]) can also be found 
during the mode transition. This indicates that the proposed 
strategy can suppress engine knock during the mode transition. 

Notice that the iterative learning control is only activated 
when engine is operated at 4.5bar IMEP constant load 
condition. Once the ILC is activated, the feedback control 
needs to be deactivated, as illustrated in Fig. 8. Accordingly the 
ILC is only conducted in engine calibration during the product 
development phase, or during the constant load operation, such 
as cruise operation. This also makes the engine mode transition 
robust against the engine aging. Under transient engine 
conditions, the ILC is deactivated and the engine will be 
controlled in different way.  

COMBUSTION MODE TRANSITION DURING ENGINE 
TIP OUT OPERATION 

During the transient engine operation, the ILC term is 
deactivated and the feedback control will be activated, as 
illustrated in Fig. 8. The combustion mode transition process is 
controlled by a typical feedforward plus feedback control 
scheme. It is represented as 

DI FF FBF F F   (7) 

The feedforward term (FFF) in Eq. (7) is the trained value after i 
iterations of learning. The feedback term (FFB) in Eq. (7) is the 
output of a PI controller, and it is used not only during the 
mode transition but also in the HCCI combustion mode. 

In order to test the control strategy under the transient 
engine operating condition, an HIL simulation was conducted 
to simulate the engine throttle tip out operation. In the 
simulation, the engine was initially operated in the SI mode. As 
a step input is applied to the acceleration pedal, the pedal 
position decreased from 40% to 15%. As a result, the engine 
IMEP reduced from 8.1 bar to 4 bar, which crosses the 
combustion mode transition threshold (4.5 bar). Accordingly 
the mode transition was triggered. As shown in Fig. 12, both 
ϕthrottle and MAP signals were decreased at first, and increased 
due to the combustion mode transition. Slightly rich 
combustions can be seen during the early stage of the tip out 
operation, since the throttle opening was decreased in the SI 
mode; once the mode transition started, the in-cylinder gas 
mixture was lean. In Fig. 12, one can also see that the engine 
IMEP tracks the desired IMEP during the entire tip out 
operation with the feedforward control trained by the ILC. In 
contrary, the IMEP signal shows about ±10% fluctuation during 



  

the combustion mode transition when the feedforward term was 
not trained. It can be concluded that the combination of 
feedback control and ILC trained feedforward control can lead 
to smooth combustion mode transition even under transient 
engine operating conditions. 

0 500 1000 1500 2000 2500 3000 3500 4000
0

50

100

 T
hr

ot
tl

e

(%
)

0 500 1000 1500 2000 2500 3000 3500 4000
0

20

40

 a
cc

 (
%

)

500 1,000 1,500 2,000 2,500 3,000 3,500
0.4

0.6

0.8

1

M
A

P
(b

ar
)

 

 

500 1,000 1,500 2,000 2,500 3,000 3,500
0.8

1

1.2

1.4



w/o iterative learning

w/ iterative learning

0 500 1000 1500 2000 2500 3000 3500 4000
4

6

8

Time (ms)

IM
E

P
(b

ar
)

 
FIGURE 12. ENGINE RESPONSES DURING TIP OUT 

CONCLUSION 
In this paper, different control strategies are studied to 

make the SI to HCCI combustion mode transition smooth. It is 
gradually discovered that the smooth SI to HCCI combustion 
mode transition can be realized by combining the throttle pre-
opening, utilizing SI-HCCI hybrid combustion phases, and the 
iterative learning control of the throttle pre-opening timing and 
DI fuel quantity. The entire control strategy is validated for the 
constant load engine operating condition in a hardware-in-the-
loop simulation environment. Furthermore, the control strategy 
can also be used during engine calibration process. When the 
trained feedforward control is combined with the PI feedback 
control, smooth SI to HCCI combustion mode transition can 
also be realized during transient engine operations. 
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 

Abstract: To make HCCI (Homogeneous Charge 
Compression Ignition) combustion feasible in a SI (Spark 
Ignition) engine, it is necessary to have the smooth mode 
transition between SI and HCCI combustions. The SI-HCCI 
hybrid combustion studied in this paper describes the 
combustion mode that starts with SI and ends with HCCI 
combustions. The main motivation of studying the hybrid 
combustion mode is that the percentage of the HCCI 
combustion is a good indicator for combustion mode transition 
control when the hybrid combustion mode is used during the 
transition. This paper presents a control oriented model for the 
SI-HCCI hybrid combustion mode, where the SI combustion 
phase is modeled under a two-zone assumption and the HCCI 
combustion phase under a one-zone one. Note that SI and HCCI 
combustions are special cases in this model. The developed 
model is capable of simulating the entire engine operating 
range, and it was validated in a HIL (Hardware-In-the-Loop) 
simulation environment. The simulation results were compared 
with those of the corresponding GT-Power model, and good 
correlations were found for both SI and HCCI combustions. 
 

I. INTRODUCTION 

HE continuing pursuit of improving fuel economy and 
the increasingly stringent emission regulations rekindle 

research interest in the homogeneous charge compression 
ignition (HCCI) combustion in recent years. The flameless 
nature of the HCCI combustion and its high dilution 
operation capability lead to low combustion temperature. As 
a result, the formation of NOx (Nitrogen Oxides) can be 
significantly reduced. Furthermore HCCI engine is capable of 
un-throttled operation that greatly reduces pumping loss and 
improves fuel economy [1].  

On the other hand, HCCI combustion has its own 
limitations. The HCCI combustion is limited at high engine 
load due to the audible knock, and at low load due to misfire 
caused by lack of sufficient thermal energy to trigger the 
auto-ignition of the gas-fuel mixture late in the compression 
stroke [2]. In order to take advantages of the HCCI 
combustion mode in an internal combustion engine, other 
combustion mode, such as SI (Spark Ignition) combustion, is 
needed at high load, at ultra-low load (such as idle), and at 
certain operational conditions such as cold start and at high 
engine speed. However, it is fairly challenging to operate the 
engine in two distinct combustion modes, and it is even more 
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difficult to have smooth combustion mode transition between 
SI and HCCI combustions [3], since the favorable thermo 
conditions for one combustion mode are always adverse to 
the other one. Due to the significant response delay of the 
hydraulic and electric variable valve timing (VVT) system, 
cycle-to-cycle residue gas dynamics and response delay in 
engine air handling system, it is almost impossible to achieve 
desired thermo conditions for combustion mode switch in one 
engine cycle [4]. 

To address this issue, SI-HCCI hybrid combustion mode 
has been proposed in [1], [5], and [6]. The hybrid combustion 
starts in SI combustion mode with a relatively low heat 
release rate; and once the thermo and chemical conditions of 
the unburned gas satisfy the start of HCCI (SOHCCI) 
combustion criteria, the combustion continues in HCCI 
combustion mode, which is illustrated by the dashed curves 
of mass fraction burned (MFB) shown in Figure 1. During an 
ideal SI to HCCI combustion transition process, the 
percentage of SI combustion (ST to SOHCCI, see Figure 1) 
decreases gradually while the HCCI combustion percentage 
(SOHCCI to end of combustion or MFB = 1) increases 
gradually. For the HCCI to SI combustion transition, the 
process is reversed. This hybrid combustion mode transition 
process allows using conventional cam phase system.  
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Figure 1: MFB in SI-HCCI hybrid combustion mode transition process 

 

Using the SI-HCCI hybrid combustion mode, smooth 
mode transition can be realized along with the appropriate 
control strategy. To accurately control the mode transition 
between SI and HCCI combustions, a precise combustion 
model is required, and it needs to be control oriented. 
Multi-zone, three dimensional CFD models with detailed 
chemical kinetics are presented in [7], and they are able to 
precisely describe the thermodynamic, fluid-flow, heat 
transfer, and pollutant formation phenomena of the HCCI 
combustion. Similar combustion models have also been 
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implemented into commercial codes such as GT-Power and 
Wave. However, these models with high fidelity cannot be 
used for control strategy development since they are too 
complicated to be used for real-time simulation, but they can 
be used as reference models for developing simplified (or 
control oriented) combustion models.  

In this paper, similar to [1] and [8], mean-value method is 
used to model averaged chemical kinetics and 
thermodynamic properties, and the model calculation is 
updated at every crank degree to have the resolution high 
enough for control strategy development. In [1], the SI 
combustion process was modeled using a one-zone approach, 
which introduces large unburned gas temperature estimation 
error. To address the issue, this paper presents a control 
oriented model for the SI-HCCI hybrid combustion mode, 
where the SI combustion phase is modeled under a two-zone 
assumption and the HCCI combustion phase under a 
one-zone one. Simulation results show significant modeling 
error reduction, comparing with that of the one-zone SI 
combustion model. Also, the developed hybrid combustion 
model can be executed in real-time due to the low 
computational requirement. 

II. MODEL ARCHITECTURE 

The purpose of the combustion modeling is to correlate the 
trapped in-cylinder gas properties, such as air-to-fuel ratio, 
in-cylinder gas pressure and temperature, to the combustion 
characteristics such as misfire, knock, burn duration, and 
IMEP (Indicated Mean Effective Pressure). The developed 
combustion model will be used for model-based control 
strategy development and validation of the mode transition 
between SI and HCCI combustions into the real-time HIL 
simulation environment. 
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Figure 2: Combustion related events and phases 

 

As mentioned in the last section, the combustion model is 
updated every crank degree, which is different from other 
modeling approaches presented in [8] and [9], where the 
model is updated at a fixed time step. There are many 
motivations of using the crank-based approach. The first is 
due to the fact that most combustion characteristics are 
usually function of the crank angle, such as burn duration and 
peak pressure location; Secondly, the entire combustion 
process is divided into several combustion phases related to 
these events associated with crank position. As shown in 

Figure 2, these events are intake valve closing (IVC), spark 
timing (ST), SOHCCI, exhaust valve opening (EVO), 
exhaust valve closing (EVC), and intake valve opening 
(IVO). The in-cylinder behaviors (such as pressure, 
temperature, etc.) are modeled differently during each 
combustion phase that is defined between two combustion 
events.  
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Figure 3: Combustion modeling diagram 

 

The crank-based modeling approach has its own limitation, 
too. During the real-time simulation the entire model needs to 
be executed within the time period associated with one crank 
degree. This leads to short computational time window at 
high engine speed. For example, at 6000 rpm of engine speed 
one crank degree corresponds to 28 micro seconds. In order to 
avoid the overrun in the simulation, the combustion model 
must be as simple as possible but with required accuracy. 

In Figure 2, ST and SOHCCI are marked in the boxes with 
dashed box to distinguish them from other events, since the 
occurrences of these two events depend on combustion mode. 
The rest of events exist for any 4-stroke internal combustion 
engine. Accordingly, the main difference among each 
combustion mode lies in the phase between IVC and EVO. 
When the SOHCCI event does not occur between IVC and 
EVO events, the engine is operated at the SI combustion 
mode; and when the SOHCCI event occurs before the SI 
event, the engine is operated at the HCCI combustion mode; 
while the SI-HCCI hybrid combustion occurs inter-between 
the HCCI and SI combustion modes. Note that both SI and 
HCCI combustion modes are special cases of the SI-HCCI 
hybrid combustion mode. The combustion modeling 
architecture is illustrated in the diagram shown in Figure 3. It 
illustrates the relationship among all sub-system models. The 
detailed model of each combustion mode and gas exchange 
will be discussed in the following sections. 

III. TWO-ZONE SI COMBUSTION MODEL 

During the combustion the spark ignited flame front 
divides the in-cylinder gas mixture into two zones, the burned 
and unburned zones as shown in Figure 4. The temperature of 
the unburned zone is quite different from that of burned zone 
as seen in Figure 6 and Figure 7. However, this difference is 



  

ignored in one-zone SI combustion model discussed in [1], 
and an averaged value of temperature is used for both zones. 
This may not lead to large modeling error for SI combustion, 
in which the temperature difference does not impact much on 
the combustion model parameters such as in-cylinder 
pressure. However, for the SI-HCCI hybrid combustion, the 
unburned zone temperature is a key parameter for predicting 
the start of HCCI combustion, and it is the motivation for 
developing this two-zone combustion model. 

 

 

 

 
Figure 4: Two-zone combustion model 

 

For simplicity, in the two-zone model, gas mixture 
pressure is assumed to be evenly distributed throughout both 
burned and unburned zones. Inertial gas is assumed to remain 
in the unburned zone after spark ignition. The fuel, air, and 
residue gas charge are uniformly premixed. The fuel burn rate 
is approximated by the Wiebe function [10]: 

where x is the mass fraction burned (MFB); θ is the current 
crank position; the predicted burn duration Δθ and Weibe 
exponent m are calibration parameters of engine speed, load 
and coolant temperature. Coefficient a depends on how the 
burn duration Δθ is defined. If Δθ is specified as 10% to 90% 
MFB, a is calculated by 

During the combustion phase between IVC and ST, 
in-cylinder gas is under isentropic compression, and the 
governing equations can be found in [1] and [11]. After SI 
combustion starts, the mass of burned zone is calculated 
based upon the mass of burned fuel that can be calculated 
from (1), assuming that the burned zone air-to-fuel ratio is 
known. According to the first law of thermodynamics [17], 
the energy balance equation of burned zone is represented by 

where MB, VB, and eB are the mass, volume, and internal 
energy of burned zone; QB is the heat transfer from the burned 
zone; Mf is the mass of fuel injected into each cylinder for 

every engine cycle; P is the gas pressure of both zones; hLHV is 
the lower heat value of fuel; hU is the specific enthalpy of 
unburned zone; and ηSI is the combustion efficiency due to 
incomplete combustion. 

The energy balance equation of unburned zone is 

where MU, VU, and eU are the mass, volume and internal 
energy of burned zone, respectively; and QU is the heat 
transfer from the burned zone.  

Moreover, the gas of both burned and unburned zones can 
be considered as ideal gas [12], therefore ideal gas law holds 
for both zones. For burned zone, we have 

where σ0 is the stoichiometric air-to-fuel ratio of the fuel; TB is 
the burned zone gas temperature; and R is gas constant. 

For unburned zone, the ideal gas law can be represented by  

where TU is the unburned zone gas temperature; MIVC is the 
gas mass at the crank position of IVC. Note that it is the total 
gas mass during the phase of IVC-EVO. 

Additionally, the cylinder geometry yields  

where V is the cylinder volume. 
For a SI gasoline engine the heat transfer due to radiation is 

relatively small in comparison with convective heat transfer 
[10]. Thereby only convective heat transfer is counted in the 
energy balance equations, and Woschni correlation model [14] 
is used to calculate QB and QU in (3) and (4). 

where B is cylinder bore; w is gas flow speed that is a function 
of engine speed; A is the contact area between gas and 
cylinder wall; TW is average temperature of cylinder wall; and 
exponent m is used for correlation, where m=0.8 gives best 
correlation for the combustion mode. 

In the five equations from (3) to (7), there are five 
unknowns: TB, TU, VB, VU, and P. Due to the nonlinearity in 
equations (5) and (6), the solutions are not unique and the 
rational solution is adopted in the model simulation. 

IV. ONE-ZONE COMBUSTION MODEL FOR HCCI MODE 

The most common practice in control oriented modeling of 
HCCI combustion is to assume the combustion process, that 
converts the fuel and oxidizer into combustion products, is 
governed by single rate equation of an Arrhenius form [10] 
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where AR is the rate of disappearance of unburned fuel; xf and 
xox are unburned fuel and oxidizer mass fractions; exponents 
a and b are usually selected to be unity; multiplier A and 
Arrhenius activation energy Ea can be obtained by matching 
the experimentally determined rates of burning. 

Based on [9] and [13], the integral of the Arrhenius 
function can be used to estimate the crank position, θSOHCCI, of 
SOHCCI, The SOHCCI crank position is defined as the crank 
angle for 1% fuel burned under HCCI combustion, and it can 
be represented by  

The Arrhenius integration in (10) starts at θIVC, and is reset 
at θEVO. During this period, if spark ignition never happens, 
the variable T in (10) equals to in-cylinder gas temperature; 
during the SI combustion phase of the SI-HCCI hybrid 
combustion mode, only unburned zone temperature is used 
for T after spark ignition. Once the HCCI combustion is 
triggered, the fuel burn rate is also modeled using Wiebe 
function in (1), but exponent m and predicted burn duration 
Δθ will switch to the calibrations of HCCI mode.  

The HCCI combustion is modeled under the one-zone 
assumption due to its flameless nature. Fuel and air are 
assumed to be premixed homogeneously throughout the 
whole cylinder; thermodynamic characteristics such as 
pressure and temperature are uniformly distributed in the 
cylinder, and they can be calculated using the simplified 
dynamics shown in equations (11) and (12) below. 

and 

where ηHCCI is a scaling factor due to incomplete combustion; 
κ is the average heat capacity ratio of the cylinder charge. 

There are two terms in the right hand of equation (11). The 
first term represents an isentropic compressing or expanding 
process. While the second term calculates the temperature 
rise due to the heat released during the combustion. Therefore, 
the complicated thermodynamic process of the combustion is 
simplified into an isentropic volume change process without 
heat exchange in one crank degree period with heat 
absorption from combusted fuel without volume change in an 
infinitely small time period. 

V. MODELS FOR GAS EXCHANGE PHASES 

The gas exchange process (from EVO to IVC in Figure 2) 
was modeled by combined correlation and physical modeling 
approach. It’s simple but with fairly high fidelity. 

A. Gas Exhaust Process Mode 

Assume that the gas exit from cylinder to the exhaust 
manifold during the EVO-EVC phase for the negative valve 

overlap (NVO) or during the EVO-IVO for the positive valve 
overlap (PVO). In this phase, the in-cylinder gas mixture is 
assumed to isentropically expand in the cylinder, exhaust 
runner and manifold. The in-cylinder pressure drops quickly 
but not instantaneously down to the level of the exhaust 
manifold pressure. It normally takes a few crank degrees for 
the in-cylinder pressure to approach the exhaust manifold 
pressure. It is difficult to model this dynamics using simple 
dynamic equations for real-time simulations. For simplicity, a 
first order transfer function is used to approximate this 
dynamic process as:  

where z is the unit delay operator; τEVO is the transition time 
constant for exhaust valve opening; and PEM is the exhaust 
manifold absolute pressure. 

As an isentropic process, the in-cylinder gas temperature 
can be calculated as a function of the pressure drop. That is: 

B. Recompression Model for Negative Valve Overlap 

Negative valve overlap (NVO) is often used to regulate the 
HCCI combustions. There are two main advantages. One is to 
decompose the pilot fuel injected in this phase (EVC-IVO in 
Figure 2) into short carbon chain molecules [15]; and the 
other is to adjust the residue gas temperature. As a result the 
in-cylinder gas temperature at IVC can be optimized for 
desired SOC of the HCCI combustion. The first effect can 
hardly be modeled using governing equations. In [7] and [15], 
the Arrhenius integration is correlated to the experimental 
data. This paper ignores this effect until experimental data is 
available. For the second one, it can be approximated to an 
isentropic volume change process of ideal gas in a closed 
system. Temperature and pressure are calculated by 

and 

Another important parameter calculated in this phase is the 
residue gas mass. It is calculated based upon ideal gas law, 
and updated once per engine cycle at EVC for NVO.  

where ηr is the discharge coefficient. 

C. Gas Exchange for Positive Valve Overlap 

The gas exchange behavior during the phase from IVO to 
EVC for the PVO is also very complicated. Since both intake 
and exhaust valves are partially opened in this phase, residue 
gas and fresh charge can flow in many ways depending on the 
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pressure ratio across each valve. For simplification, assume 
gas exchange across exhaust valve is terminated in this phase; 
part of residue gas can flow to intake port, but finally it flows 
back into cylinder during the rest of the intake process. Based 
upon this assumption, the mass of residue gas for PVO can be 
calculated by equation (18) at IVO instead of EVC for NVO, 
and gas exchange of this phase is actually a part of the air 
intake process. 

This modeling approach may result in slight error for Mr. 
Fortunately, the PVO only occurs in case of SI combustion 
process, in which the influence of residue gas to the whole 
engine performance is much less than that during the HCCI 
combustion process which usually involves the NVO strategy. 
On the other hand, the multiplier ηr can also be calibrated to 
match the test data or the high resolution simulation data. For 
this paper the GT-Power simulation data is used to calibrate 
the entire combustion model. 

D. Air-intake Process Model 

The air-intake process from IVO to IVC is also a process of 
in-cylinder gases mixing. During this phase the fresh charged 
air, injected fuel vapor, and residue gas are assumed to be 
mixed homogeneously, which is an assumed condition for 
combustion. At the same time, the in-cylinder pressure drops 
to the pressure level of intake manifold [16]. A first order 
transfer function is also used in this model. 

and 

where τEVO is the transition time constant for intake valve 
opening; PEM is the intake manifold absolute pressure; Ma is 
the fresh charge mass (note that it could be the mixture of 
fresh air and external EGR gas); Tr is the temperature of 
residue gas. Assuming that the residue gas expanses 
isentropically throughout the cylinder and intake port it can 
be calculated using equation (14). 

At the end of air-intake process, which is at IVC, the total 
in-cylinder gas mass Mt needs to be calculated. That is, 

VI. MODEL CALIBRATION AND VALIDATION 

Equations (1) to (21) were programmed into an S-function 
in Simulink using C language. The developed Simulink 
model was calibrated by the simulation data of the GT-Power 
combustion model. The setup of the GT-Power model is the 
same in the Simulink model. For both models the combustion 
related engine parameters are the same and listed in Table 1. 

Calibrations were generated by sweeping the engine speed 

and load within the engine operating range. For each test 
condition, GT-Power simulation results were used as the 
baseline. Firstly, ηr and ηt were calibrated to make the residue 
gas and total charge quantities match the GT-Power 
simulation results; secondly, coefficients such as m and k 
were calibrated to make MFB profile match; at last, ηSI or 
ηHCCI were adjusted to make IMEP match. 
 

Table 1: Combustion related engine specification 

Parameter Model value 
bore/stroke/con-rod length 86mm/86mm/143.6mm 
compression ratio 9.8:1 
intake valve/exhaust valve diameters 31.4mm/22.5mm 
Intake / exhaust valve lifts of high stage 8.8mm/8.75mm 
Intake / exhaust valve lifts of low stage 4.8mm/4.75mm 

 

The one-zone combustion model for SI and HCCI 
combustion has been validated during previous work in [1] 
and [11]. In this paper, the two-zone SI combustion model is 
mainly investigated. Key combustion related parameters 
obtained from both GT-Power and the two-zone models were 
plotted for comparison and shown in Figure 5 to Figure 7. 
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Figure 5: In-cylinder pressure and temperature traces of SI combustion 

 

Good correlations have been demonstrated in Figure 5 for 
the in-cylinder pressure and temperature. Note that the 
temperature in Figure 5 is the average temperature of both 
burned and unburned zone temperatures. In Figure 6 and 
Figure 7, the burned and unburned zone temperatures are 
plotted separately for both GT-Power and two-zone models 
and the correlations are also fairly good.  

In Figure 7, after spark ignition (-17º aTDC in this case) 
the unburned zone temperatures of both GT-Power model and 
the two-zone model are higher than the in-cylinder gas 
temperature without combustion, which is calculated by 
setting TIVC to be same as that in the simulation with 
combustion and injecting no fuel. This indicates that the 
burned zone is always pushing the unburned zone during the 
SI combustion phase and applying work to it, resulting fast 
increment of the unburned zone temperature. Based on 
equation (10), the temperature increment advances SOHCCI 
and triggers HCCI combustion in it. This is the main objective 
of the SI-HCCI hybrid combustion mode. 
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Figure 6: Burned zone temperature traces 
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Figure 7: Unburned zone temperature trace 

 

The comparison data shown in Figure 5 to Figure 7 are for 
one engine operating condition. For the entire engine 
operating range, several key combustion parameters were 
selected for comparison in Figure 8. Two load conditions are 
investigated at MAP = 0.4 bar for low load condition and 
MAP = 1 bar for full load condition. For each condition, 
engine speed sweeps from 1000 rpm to 5000 rpm with 1000 
rpm increment interval. Fairly good correlations are shown in 
Figure 8, which indicates that the two-zone model is accurate 
for modeling SI combustion process. 
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Figure 8: Correlation plots of GT-Power and the two-zone SI model 

VII. CONCLUSIONS 

This paper presents a control oriented combustion model 
for a HCCI (homogeneously charge compression ignition) 
capable SI (spark ignited) engine. The SI combustion was 
modeled using the two-zone method and HCCI combustion is 
under one-zone assumption. The developed control oriented 
model can be used to simulate not only the SI and HCCI 
combustions but also the spark assisted HCCI combustion or 
the hybrid combustion. For SI and HCCI combustion modes, 
the model has also been calibrated and validated using the 
corresponding GT-Power simulation results.  

REFERENCES 
[1] X. Yang, G.  Zhu, and Z. Sun, “A Control Oriented SI and HCCI Hybrid 

Combustion Model for Internal Combustion Engines”, Proceedings of 
2010 ASME Dynamic Systems and Control Conference, Cambridge, 
MA, 2010. 

[2] F. Zhao, T. Asmus, D. Assanis, J. E. Dec, J. A. Eng, and P. M. Najt, 
Homogeneous Charge Compression Ignition (HCCI) Engines Key 
Research and Development Issues, 2003, Warrendale, Pennsylvania: 
Society of Automotive Engineers. 

[3] H. Wu and M. Craft, “Experimental Investigation of a Control Method 
for SI-HCCI-SI Transition in a Multi-Cylinder Gasoline Engine,” SAE 
International 2010-01-1245, 2010. 

[4] J. Etheridge, S. Mosbach, and M. Kraft, “A Fast Detailed-Chemistry 
Modeling Approach for Simulating the SI-HCCI Transition,” SAE 
International 2010-01-1241, 2010. 

[5] Y. Zhang, H. Xie, N. Zhou, T. Chen, and H. Zhao, “Study of 
SI-HCCI-SI Transition on a Port Fuel Injection Engine Equipped with 
4VVAS,” SAE International 2007-01-0199, 2007. 

[6] A. Cairns and H. Blaxhill, “The Effects of Two-Stage Cam Profile 
Switching and External EGR on SI-CAI Combustion Transitions,” SAE 
International, 2007-01-0187, 2007. 

[7] S. M. Aceves, D. L. Flowers, R. W. Dibble, and A. Babajimopoulos, 
Overview of Modeling Techniques and their Application to HCCI/CAI 
Engines, in HCCI and CAI Engines for the Automotive Industry, H. 
Zhao, Editor. 2007, Woodhead Publishing: Cambridge. 

[8] D. J. Rausen, et al, “A mean value model for control of homogeneous 
charge compression ignition (HCCI) engines,” ASME Journal of 
Dynamics, Measurement, and Control, Vol. 127, Sep, 2005. 

[9] M. Canova and S. M. Mohler, “Mean Value Modeling and Analysis of 
HCCI Diesel Engines With External Mixture Formation,” ASME 
Journal of Dynamics, Measurement, and Control, Vol. 131, Jan, 2009. 

[10] J. B. Heywood, Internal Combustion Engine Fundamentals, 
McGraw-Hill, Inc., 1988. 

[11] X. Yang and G. Zhu, “A Mixed Mean-Value and Crank-based Model of 
a Dual-Stage Turbocharged SI Engine for Hardware-In-the-Loop 
Simulation”, Proceedings of 2010 American Control Conference, 
Baltimore, MD, 2010. 

[12] L. Guzzella and C. H. Onder, Introduction to Modeling and Control of 
Internal Combustion Engine Systems, Springer, Inc., 2004. 

[13] C. J. Chiang and A. G. Stefanopoulou, “Stability Analysis in 
Homogeneous Charge Compression Ignition (HCCI) Engines With 
High Dilution,” IEEE Transactions on Control System Technology, 
Vol. 15, No. 2, March 2007. 

[14] G. M. Shaver, M. J. Roelle and J. C. Gerdes, “Modeling cycle-to-cycle 
dynamics and mode transition in HCCI engines with variable valve 
actuation,” Control Engineering Practice, Vol. 14. 2006, pp. 213–222. 

[15] N. Ravi, H. H. Liao, and A. F. Jungkunz, “Modeling and control of 
exhaust recompression HCCI using split injection,” Proceedings of 
2010 American Control Conference, Baltimore, MD, 2010. 

[16] M. McCuen, Z. Sun, and G. Zhu, “Control-oriented mixing model for 
homogeneous charge compression ignition engine,” Proceedings of 
2010 American Control Conference, Baltimore, MD, June 2010. 

[17] Y. A. Cengel and M. A. Boles, Thermodynamics: An Engineering 
Approach, 5th edition, McGraw-Hill, 2006. 



�� ����������	
�

����
���� ����������������������	���������
���� �����
 !��"�
!���#$%%&'()*+,-./0'12'(34/5'6%%'��������������������� 780/+,9:'390'289;58+'8<'39'=+/>;5,>'?35,3*+/'?3+@/'A,B,9:'CD-;/B'<85'CE'390'F22E'28B*)-;,89'780/'A539-,;,89'� �



  

  

Abstract — This paper models an electric variable valve 

timing (VVT) system and develops the corresponding controller 

for the electric VVT system. The studied electric VVT uses a 

planetary gear system for engine cam timing control; and a 

cyclic torque disturbance is applied to the cam shaft. The main 

motivation of utilizing the electric VVT system is for the mode 

transition control between the spark ignited (SI) and 

homogeneous charge compression ignition (HCCI) combustions 

due to its fast response time. During the combustion mode 

transition between SI and HCCI operations, it is required for the 

engine cam timing to follow a desired trajectory to make the 

smooth combustion mode transition possible. This is mainly due 

to the fact that the engine valve timings effect the engine 

recompression operation that is directly associated with the start 

of HCCI combustion. A control oriented electric VVT model was 

developed and closed-loop control strategies were developed to 

maintain the cam phase at a desired level, as well as to follow a 

desired trajectory during the combustion mode transition. 

Simulation results are included.  

Key words: Variable valve timing system; HCCI Combustion 

control, Powertrain control 

I. INTRODUCTION 

ONTINUOUSLY variable valve timing (VVT) systems used 

in internal combustion engines were developed in 

nineties [1] and have since been widely used due to the 

growing fuel economy demands and emission regulations. 

VVT system improves fuel economy and reduces emissions at 

low engine speed, as well as improves engine power and 

torque at high engine speed. Conventional 

electronic-hydraulic VVT ([1] and [2]), also called hydraulic 

VVT, is the most widely used in the industry today. The 

hydraulic VVT systems require minor changes when applied 

to a previously non-VVT valve-train [1], which makes design 

and engineering relatively easy. However due to its 

mechanism, the hydraulic VVT system also has its limitations 

[3]. The response and performance of the hydraulic VVT 

system are significantly affected by the engine operating 

conditions such as engine oil temperature and pressure. For 

instance, at low engine temperature, the hydraulic VVT 

system cannot be activated and has to remain at its default 

position so that the cold start performance and emissions 

cannot be improved [3]. This leads to the study of other 

variable valve-train system, such as electromagnetic [4], 

hydraulic [5], electro-pneumatic [6], and electrical motor 

driven planetary gear systems ([7] and [8]). Electric motor 
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driven VVT operational performance is independent of engine 

oil temperature and pressure [3]. Comparing to hydraulic 

VVT system, electric motor driven VVT system is less limited 

to engine operating conditions and therefore gives better 

performance and better emission in a wider operational range. 

Especially, since the electrical VVT is independent of the 

engine oil pressure, the response time is greatly improved. 

The major advantage of HCCI (homogeneous charge 

compression ignition) combustion is realized by eliminating 

the formation of flames. That results in much lower 

combustion temperature. As a consequence of the low 

temperature, the formation of NOx (nitrogen oxides) is greatly 

reduced. The lean burn nature of the HCCI engine also 

enables un-throttled operation to improve engine fuel 

economy. Unfortunately, HCCI combustion is feasible only 

over a limited engine operational range due to engine knock 

and misfire. To make a HCCI engine work in an automotive 

internal combustion engine, it has to be capable of operating at 

both SI combustion mode at high load and HCCI combustion 

mode at low and mediate load ([9] and [10]). This makes it 

necessary to have a smooth transition between SI and HCCI 

combustion modes. 

Achieving the HCCI combustion and controlling the mode 

transition between SI and HCCI combustions in a practical 

engine require implementation of enabling devices and 

technologies. There are a number of options, and the 

necessary prerequisite for considering any of them is their 

ability to provide control of thermodynamic conditions in the 

combustion chamber at the end of compression. The range of 

devices under consideration includes variable valve actuation 

(cam-based or camless), variable compression ratio, dual fuel 

systems (port and direct fuel injection with multiple fuel 

injections), supercharger and/or turbocharger, exhaust energy 

recuperation and fast thermal conditioning of the intake 

charge mixture, spark-assist, etc. Variable Valve Actuation 

can be used for control of the effective compression ratio (via 

the intake valve closing time), the internal (hot) residual 

fraction via the negative valve overlap (recompression) ([11] 

and [12]), or secondary opening of the exhaust valve (residual 

re-induction) ([11] and [12]). In addition to providing the 

basic control of the HCCI combustion, i.e., ignition timing and 

burn rate or duration, the VVT systems plays a critical role in 

accomplishing smooth mode transitions from SI to HCCI and 

vice versa ([13], [14] and [15]). In this paper, the electrical 

VVT system is selected to control the engine valve timings 

when it is operated at SI and HCCI combustion modes, and 

during the combustion mode transition the electrical VVT is 

controlled to track a desired trajectory.  
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In order to control the electric planetary VVT system, a 

feedback controller was introduced in [8]. Due to the steady 

state and transient control accuracy requirements of the HCCI 

combustion, the closed-loop electric VVT system needs not 

only to meet steady-state performance requirement but also to 

track a desired trajectory during the combustion mode 

transition. Therefore, a feedback controller with feedforward 

control is developed in this paper. In the studied VVT system, 

the cam phase is the integration of speed difference between 

the electric VVT motor and crankshaft. This leads to using the 

rate of the reference cam phase as feedforward command. 

Output covariance control (OCC) ([16][17], and [18]), an H2 

controller, is used in feedback to reduce the tracking error. 

Performance of the OCC controller is compared with 

well-tuned proportional-derivative (PD) controllers, and the 

OCC with feedforward provides better cam phase tracking 

performance than PD controllers. Different cam phase sample 

rates are also studied and results show that 4 samples per 

engine cycle are sufficient for OCC feedback.  

The paper is organized as following. Section II describes 

the electric VVT model and system architecture. Section III 

introduces OCC controller framework. Section IV presents 

the feedforward control strategy and the closed-loop 

controller design. Section V provides the simulation results. 

Conclusion is drawn in Section VI. 

II. MODELING 

A. Planetary VVT components 

The planetary gear VVT system studied in this paper 

consists of four major components (see Fig. 1). Ring gear, 

serves as VVT pulley, is driven directly by crankshaft through 

a timing belt at half crankshaft speed. Planet gear carrier is 

driven by an electric VVT motor. Planet gears engage both 

ring and sun gears. Sun gear is connected to the camshaft. The 

sun and planet gears are passive components that obtain 

kinetic energy from carrier and ring gears. Comparing to other 

components, the inertia of engine fly wheel and crank shaft is 

very large. As a result, dynamics of the ring gear is ignored in 

this study. All other components have known mechanical 

properties and their dynamics are considered in the modeling.  

B. Planetary Gear System Kinematics 

In a planetary gear system [19] shown in Fig. 1, angular 

velocities of components are determined by 

( ) ( )

( ) ( )

s c r

r c s

t t n

t t n

ω ω

ω ω

−
= −

−
 (1) 

where sω , cω  and rω  are angular velocities of the sun, 

carrier, and ring gears, respectively. rn  and sn  are the teeth 

numbers of ring and sun gears. Laplace transformation of (1) 

can be expressed as 

( ) ( ) ( ) ( )r r
s r c c

s s

n n
s s s s

n n
Ω = − Ω + Ω + Ω  (2) 

The half of cam phase angle φ  is the integration of the 

difference between camshaft and crankshaft speeds. That is, 

02 [ ( ) ( )]t
s r dφ ω τ ω τ τ= −∫  (3) 

and its Laplace transformation is 

2
( ) [ ( ) ( )]s rs s s

s
Φ = Ω − Ω  (4) 

Substituting (2) into (4), we have 

2
( )( )s r

c r
s

n n

s n

+
Φ = Ω − Ω  (5) 

Equation (5) shows that the cam phase is an integral function 

of speed difference between carrier and ring gears. In other 

word, by controlling the VVT motor speed with respect to the 

engine speed, cam phase can be adjusted. When the carrier 

speed is equal to the ring speed, cam phase is held; when the 

carrier speed is greater than the ring speed, cam phase is 

advancing; and when the carrier speed is slower than the ring 

speed, cam phase is retarding. Notice that equation (5) 

contains an integrator, and target cam phase reference cannot 

be used as feedforward control directly. 

 
Fig. 1: Electric planetary gear VVT system 

C. Planetary Gear System Dynamics 

Planetary gear system dynamics with an electric motor are 

modeled in this section. In this study, the gear system friction 

is ignored. Fig. 2 shows free body diagrams of planetary gear 

components.   

 
Fig. 2: Free body diagrams of planetary gear components 

Without loss of generality comparing with the system in 

Fig. 2, the system is treated as having only one planet gear 

(Fig. 2a). Since all the gears are properly engaged, we have 

,   2
ps r

r p s
s p r

nn n
r r r

r r r
= = = +  (6) 

where pn is planet gear number of teeth. sr , pr , and rr  are 

pitch circle radius of sun, planet, and ring gears. In this study, 

the gears use a standard pressure angle θ  of 20 degrees. Since 

the ring has a very large inertia comparing to other 



  

components, angular velocity of the ring rω  is assumed to be 

constant during the phase shift.  From (2): 

r s
s c

s

n n

n
ω ω

+
=ɺ ɺ  (7) 

There are two torques applied to the sun gear (Fig. 2b). 

They are camshaft load camT and torque from tooth force 

34F .  

34 coss cam s sF r T Jθ ω⋅ ⋅ − = ɺ  (8) 

where sJ  is sun gear’s moment of inertia with respect to its 

center of gravity. 

Two tooth forces ( 43F  and 13F ) and one bearing force 

from carrier 23F  are applied to planet gear (Fig. 2c) that 

rotates around the bearing on the carrier at pω : 

( ) ( )

( ) ( )

p c s

s c p

t t n

t t n

ω ω

ω ω

−
= −

−
 (9) 

and from torque balance with respect to bearing point: 

43 13( ) cosp p pF F r Jθ ω+ ⋅ ⋅ = ɺ  (10) 

where pJ  is planet gear’s moment of inertia with respect to 

its center of gravity. 

The planet gear also rotates about the center of sun gear. 

Therefore 

13 43 23[ (2 ) ]cos ( )cosr s p s ps cF r F r F r r Jθ α ω− + + = ɺ  (11) 

where the direction and magnitude of bearing force 23F  are 

unknown. The planet gear’s moment of inertia with respect to 

the center of sun gear psJ  can be calculated by 

2
[1 ( ) ]ps p p s pJ J m r r= + +  (12) 

Since the carrier is driven directly by the motor shaft, its 

inertia is also considered as part of motor shaft inertia, and 

modeled in the next sub-section. Torque balance of carrier is 

32 cos ( )p s loadF r r Tα + =  (13) 

where loadT  is the mechanical load to the motor shaft and 

32F  is the bearing force from planet gear. 

Equations (6-13) can be simplified as follows. 

load gears c camT J kTω= +ɺ  (14) 

where constant gearsJ  , equivalent inertia of the planetary 

gear system, and k , factor of gear ratio, can be calculated: 

2 2
[1 ( ) ]

2
          ( 1)

r pr
gears p p s p

p s

r s r
s

s s

n nn
J J m r r

n n

n n n
J

n n

− +
= + + −

+
+ +

 (15) 

and 

2
(1 )r

s

n
k

n
= +  (16) 

D. Electric VVT Motor Dynamics 

An electric motor is used to drive carrier in the planetary 

system. A local closed-loop speed governor is used to control 

both the motor speed and direction. The input to the local 

motor controller is the reference speed and direction. In this 

study, the motor and its controller are treated as an actuator 

(Fig. 3). It is modeled with two inputs of motor velocity 

command and cam load, and one output of motor shaft speed. 

The mechanical load of the motor can be modeled [20] as 

c c c loadJ B Tω τ ω= − −ɺ  (17) 

where cJ  is the moment of inertia of motor shaft and carrier, 

B  is the friction coefficient, and τ  is the motor torque. 

Substituting (14) into (15) leads to 

( )c gears c c camJ J B kTω ω τ+ + = −ɺ  (18) 

and the associated transfer function can be written as 

1
( ) [ ( ) ( )]

( )
c cam

c gears

s T s kT s
J J s B

Ω = −
+ +

 (19) 

 
Fig. 3: Block diagram of electric motor with planetary gear system 

Modeling procedure of the electrical portion can be found in 

[20]. Let c gearsJ J J= + , the electric motor with planetary 

gear load (Fig. 3) can then be represented by 

( ) ( ) ( ) ( ) ( )c e a m cams G s E s G s T sΩ = +  (20) 

where the voltage input transfer function is 

( )( ) ( )
e

m m m m m

K K
G

L s R Js B K K R Js B K K

τ τ

τ τ

= ≅
+ + + + +

 (21) 

and the mechanical input transfer function is 

( )

( )( ) ( )

m m m
m

m m m m m

L s R R k
G

L s R Js B K K R Js B K Kτ τ

− + −
= ≅

+ + + + +
 (22) 

and Kτ , mK , mL , mR  are the motor parameters representing 

motor torque constant, back EMF (electric magnetic field) 

constant, armature inertia and resistance, respectively [20]. 

III. OUTPUT COVARIANCE CONTROL (OCC) 

Consider the following linear time-invariant system  

( 1) ( ) ( ) ( )

( ) ( )

( ) ( ) ( )

k k k k

k k

k k k

+ =

=

=

p p p p p p

p p p

p p

x A x + B u + D w

y C x

z M x + v

 (23) 

where px , u , pw , v  represent state, control, process noise, 

and measurement noise, respectively. Vector py  contains all 

variables whose dynamic responses are of interest. The vector 

z is a vector of noisy measurements. Suppose that a strictly 

proper output feedback stabilizing control law below is 

employed for plant (23). 

( 1) ( ) ( )

( ) ( )

k k k

k k

+ =

=

c c c

c

x A x + Fz

u Gx
 (24) 



  

Then the resulting closed-loop system is 

( 1) ( ) ( )

( )
( ) ( ) ( )

( )

k k k

k
k k k

k

+

  
  

      

yp

u

x = Ax + Dw

Cy
y = = x = Cx

Cu

 (25) 

where 
T T T
p cx = [x x ]  and 

T T T
pw = [w v ] . Formulas for 

A , C , and D  can be obtained based upon (23) and (24). 

Consider the closed-loop system (25). Let pW  and V  

denote positive definite symmetric matrices with dimensions 

equal to these of the process noise pw and measurement 

vector z , respectively. Define  block diag  =  pW W V  

and let X  denote the closed-loop controllability Gramian 

from the input 
1
2

−
W w . Since A  is stable, X  satisfies 

= T TX AXA + DWD  (26) 

In this paper we are interested in finding controllers of form 

(12) that minimize the (weighted) control energy 

( )trace T
u uRC XC  with 0>R subject to the following 

constraint 

= ≤T
Y CXC Y  (27) 

where 0≥Y  are given and X  solves (14). This problem, 

called the output covariance constraint (OCC) problem, is 

defined as finding a full-order dynamic output feedback 

controller (24) for system (11) that minimizes the OCC cost 

( ), 0occJ trace= >T
u uRC XC R  (28) 

subject to (24) and (25).  

The OCC problem has several interesting interpretations. 

For instance, assume first that pw  and v  are uncorrelated 

zero-mean white noises with intensity matrices 0>pW  and 

0>V . Let E  be an expectation operator, and: 

[ ( )] 0; [ ( ) ( )] ( )
 

[ ( )] 0; [ ( ) ( )] ( )

E k E k k n n

E k E k k n n

δ

δ

= − =

= − =

T
p p p p

T

w w w W

v v v V

 (29) 

Define [ ] [ ]: lim
k

E E∞
→∞

⋅ = ⋅  and  block diag=   pW W V , it 

is easy to see that the OCC is the problem of minimizing 

E∞
Tu Ru  subject to the OCC constraint 

: ( ) ( )E k k∞= ≤T
Y y y Y . As is well known, the constraint may 

be interpreted as constraint on the variance of the performance 

variables or lower bounds on the residence time (in a given 

ball around the origin of the output space) of the performance 

variables [21]. 

The OCC problem can also be interpreted from a 

deterministic point of view: define the ∞ℓ   and 
2
ℓ  norms: 

2
0

2

2
0

: sup ( ) ( )

: ( ) ( )

k

k

k k

k k

≥∞

∞

=

=

= ∑

T

T

y y y

w w w
 (30) 

and define the (weighted) 
2
ℓ  disturbance set 

2
1/2

2
: : and 1wn − 
= → ≤ 
 

w R R W wW  (31) 

where 0>W  is a real symmetric matrix. Then, for 

any ∈w W , we have (see [22] and [23] for details) 

[ ] 22
,  and ,   1, 2,i u

ii
i nσ

∞ ∞
≤ ≤ = 

 
T

u uy Y u C XC …  (32) 

where un  is the dimension of u . (Here, [ ]σ ⋅  denotes the 

maximum singular value and [ ]
ii

⋅  is the i-th diagonal entry.) 

Moreover, references [22] and [23] show that the bounds in 

(32) are the least upper bounds that hold for any signal 

∈w W . 

Thus, if we define 
2

: I=Y ε  in (27) and 

1 2, , ,
undial r r r =  R …  in (28), the OCC is the problem of 

minimizing the (weighted) sum of worst-case peak values on 

the control signals given by 

2

1

sup
un

occ i i
i

J r
∞

∈=

 
=  

 
∑

w

u
W

 (33) 

subject to constraints on the worst-case peak values of the 

performance variables of the form: 

2 2
sup

∞
∈

≤
w

y ε

W

 (34) 

This interpretation is important in applications where hard 

constraints on responses or actuator signals cannot be ignored 

such as space telescope pointing error and machine tool 

control problems. Detailed proof can be found in [18]. The 

controller system matrices cA , F , and G can be calculated 

using an iterative algorithm introduced in [16] and [18]. 

IV. CONTROLLER DESIGN 

A. Control Design Parameters 

The electric motor VVT system model includes the VVT 

controller, the local motor controller, motor/planetary 

dynamics, and planetary kinematics (see Fig. 4). The system 

parameters are listed as following and the controllers were 

designed based on these assumed parameters.  

 
Fig. 4: Electrical motor VVT control framework 

It is assumed that the voltage input transfer function is: 

45

0.2 1
eG

s
=

+
 (35) 

the mechanical input transfer function is: 

5

0.2 1
mG

s

−
=

+
 (36) 

and the motor has a local PI controller defined by: 



  

0.1
motor

s
K

s

+
=  (37) 

Tab. 1 Planetary system parameters 

Component Sun Ring Planet 

Number of teeth 30 60 15 

Teeth numbers of the gear train is listed in Tab. 1. 

Substituting these values into (5), planetary kinematics is 

6
( )c r

s
Φ = Ω − Ω  (38) 

The cam torque load for each cylinder (Fig. 5) consists of 

three portions: constant friction load, sinusoidal load 

representing cam profile, and steps represent the valve spring 

pre-load. In the study, a 4 cylinder engine is simulated. The 

total load is a combination of 4 single cylinder loads with 180 

degree phase shift for each cylinder.  
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Fig. 5: Torque load for single cylinder 

B. Feedforward Controller 

In order to improve the system response, a feedforward 

controller was employed in the control design. Due to the 

physical characteristics of the electrical VVT system stated in 

the previous section, the reference signal was not used directly 

as feedforward; instead, the derivative of the cam phase 

reference signal was used as feedforward controller. 

The feedforward gain was determined by the ratio between 

desired cam phase slope and the motor speed. Using inverse 

kinematics of (38), feedforward gain FFK  can be determined 

as:  

1

6
FF FF r ru K ref refω ω= + = +ɺ ɺ  (39) 

where FFu  is the feedforward control effort. refɺ  is the  

filtered derivative of the  reference signal ref  

0.05 1

s
ref ref

s
=

+
ɺ  (40) 

C. Baseline Controllers 

Since the electrical phase actuator plant contains an 

integrator, PD controllers were used as our baseline ones. Two 

baseline feedback controllers were tuned as performance 

comparison, where 1K  was tuned without feedforward and 

2K  was tuned with feedforward, and they are: 

1 7 0.03K s= +  and 2 1 0.005K s= +  (41) 

D. OCC feedback Controller 

For OCC design, considering mechanical cam load as a 

disturbance, VVT controller output as a plant input, and the 

cam phase as an output, system matrices of the electric VVT 

system (Fig. 4) can then be written as  

[ ] [ ]

0 225 0 25 0

0 230 0.1 0 1
,

0 225 0 0 1

0 0 0 5 0

6 0 0 0 , 0 0 0 1

−   
   

−   = = = =
   −
   

−   

= = = =
T

p

Ap A Bp B

Cp Mp C D

 (42) 

The control design parameters were chosen as 

[ ]2, 0.01, 1= = =pW V R  (43) 

Using the control design algorithm introduced in [18], the 

resulting OCC controller is 
3 4 2 5 4

4 3 4 2 5 4

164 3.9 10 2.9 10 2.8 10

298.8 1.8 10 3.27 10 3.25 10

s s s

s
K

s s s

− − × − × − ×

+ + × + × + ×
=  (44) 

V. SIMULATION AND RESULTS 

Simulations were conducted in Simulink. To simulate the 

engine valve operation under SI and HCCI transition, the 

reference signal was selected as a 40 crank degree phase 

retard that completes in 3 engine cycles. For simplicity, the 

transition reference signal is divided into three stages with a 

constant slope. For the first engine cycle the retard phase is 

50% (20 degrees), the second cycle is 33.3% (40/3 degrees), 

and the third 16.7% (20/3 degrees). The phase controller 

output signal was sampled every 5ms and the feedback signal 

is updated 4 times per engine cycle. The closed-loop system 

performance at 1500 rpm and 2000 rpm were evaluated. 
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Fig. 6: Output comparison at 1500rpm 

Fig. 6 compares the cam phase responses between three 

controllers: OCC, PD with and without feedforward, at 1500 

rpm. It shows that the initial response of the PD controller 

with feedforward is much faster than the PD controller without 

feedforward. However, due to the relatively low gain of the 

PD controller with feedforward, after the second cycle, it has a 

larger overshoot with longer settling time than the PD 

controller without feedforward. The OCC controller has the 

advantage of fast response with small overshoot. Table 2 

shows output phase angles at the end of each engine cycle 

after the SI and HCCI transition starts. OCC controller with 

feedforward has the lowest overall tracking errors. It is 

noticed that performance is quite different at different engine 

speeds of 1500 rpm and 2000 rpm (Fig. 7 and Tab. 2) due to 

different feedback sampling rate at different engine speeds.  
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Fig. 7: Output comparison at 2000rpm 

Tab. 2: Output comparison at end of each cycle 

Error (Deg) Engine 

speed 

Cycle 

Number PD PD w/ ff OCC w/ ff 

1 +3.5 +0.9 -0.5 

2 +2.3 -0.8 -1.0 

3 +1.1 -1.5 -0.9 
1500rpm 

4 -0.1 -1.5 -0.8 

1 +2.8 +1.6 +1.3 

2 +1.8 -0.2 -0.5 

3 +0.8 -1.2 -0.6 
2000rpm 

4 -0.1 -1.5 -0.8 

Tab. 3: Output comparison at 1500rpm with different sample rate 

Error (Deg) Sample 

Rate 

Cycle 

Number PD PD w/ ff OCC w/ ff 

1 +2.6 +1.2 +0.3 

2 +1.7 +0.0 -0.3 

3 +0.9 -0.6 -0.4 
8/ cycle 

4 +0.1 -0.9 -0.4 

1 +2.6 +1.8 +1.0 

2 +1.8 +0.7 +0.5 

3 +0.9 -0.1 +0.2 
16/ cycle 

4 +0.1 -0.5 +0.0 

The tracking performances with higher feedback sampling 

rates are also studied (Tab. 3). The simulation data show that 

the tracking error reduces when the samples per engine cycle 

increased from 4 to 8, but further increment of sample number 

does not reduce the tracking error significantly. Especially, 

with the OCC design, the tracking error is fairly small with 4 

samples per cycle. Therefore, considering the limited tracking 

error reduction and increased computational requirement, 4 

samples per cycle of the cam phase signal is proper for this 

application. 

VI. CONCLUSION 

An electric VVT system with planetary gear train was 

modeled based upon individual component dynamics and 

kinematics. A closed-loop OCC (output covariance 

constraint) control with feedforward control is proposed to 

reduce the cam phase tracking error during SI (spark ignited) 

and HCCI (homogeneous charge compression ignition) 

combustion mode transition. Due to the physical 

characteristics of the electric VVT system, the filtered 

derivative of the cam phase reference is used as the 

feedforward control. Comparing with the well tuned PD 

controllers, simulation results show the OCC controller 

provides fast response with low overshot and low tracking 

error. With the OCC controller the cam phase signal sampled 

at 4 times per engine cycle is sufficient to meet the maximum 

tracking error requirement of less than 1.5 degree. 

ACKNOWLEDGMENT 

This paper is based upon the research supported by the 

Department of Energy under award number DE-EE0000211. 

REFERENCES 

[1] Y. Moriya, A.Watanabe, H. Uda, H. Kawamura, M. Yoshiuka, M. 

Adachi, “A Newly Developed Intelligent Variable Valve Timing 

System - Continuously Controlled Cam Phasing as Applied to New 3 

Liter Inline 6 Engine”, SAE paper 960579, 1996. 

[2] P. H. Dugdale, R. J. Rademacher, B. R. Price, J. W. Subhedar, R. L. 

Duguay, “Ecotec 2.4L VVT: A Variant of GM’s Global 4-Cylinder 

Engine”, SAE paper 2005-01-1941, 2005. 

[3] M. Hattori, T. Inoue, Z. Mashiki, A. Takenaka, H. Urushihata, S. 

Morino, T. Inohara, “Devalopment of Variable Valve Timing System 

Controlled by Electric Motor”, SAE paper 2008-01-1358, 2008. 

[4] M. Theobald, B. Lequesns, and R. Henry, “Control of Engine Load via 

Electromagnetic Valve Actuators,” SAE paper 940816, 1994. 

[5] Z. Sun, and T. Kuo, “Transient Control of Electro-Hydraulic Fully 

Flexible Engine Valve Actuation System”, IEEE Transactions on 

Control Systems Technology, Vol. 18, No. 3, May, 2010, pp 613-621. 

[6] J. Ma, G. Zhu, and H. Schock, “A dynamic model of an 

electro-pneumatic valve actuator for internal combustion engines,” 

ASME Journal of Dynamic Systems, Measurement and Control, Vol. 

132, March, 2010.  

[7] R. J. Pierik, J. O. Wilson, “Engine Timing Drive with Fixed and 

Variable Phasing”, U.S. Patent 5,327,859, 1994. 

[8] H. Urushihata, H. Iida, “Variable Valve Timing Control Device of 

Internal Combustion Engine”, U.S. Patent 7,363,896 B2, 2008.  

[9] Zhang, Y., H. Xie, N. Zhou, T. Chen, and H. Zhao, “Study of 

SI-HCCI-SI Transition on a Port Fuel Injection Engine Equipped with 

4VVAS,” SAE 2007-01-0199, 2007. 

[10] A. Cairns and H. Blaxill, "The Effects of Two-Stage Cam Profile 

Switching and External EGR on SI-CAI Combustion Transitions,” 

SAE Technical Paper, 2007-01-0187, 2007. 

[11] G. M. Shaver, et al, “Dynamic modeling of residual-affected 

homogeneous charge compression ignition engines with Variable 

Valve Actuation,” ASME Journal of Dynamics, Measurement, and 

Control, Vol. 127, September, 2005, pp. 374-381. 

[12] G. M. Shaver, Physics based modeling and control of 

residual-affected HCCI engines using Variable Valve Actuation, PhD 

thesis, Stanford University, September, 2005. 

[13] D. Law, D. Kemp, J. Allen, G. Kirkpatrick, T. Copland, “Controlled 

Combustion in an IC-Engine with a Fully Variable Valve Train”, SAE 

paper 2001-01-0251, 2001. 

[14] N. Milovanovic, R. Chen, J. Turner, “Influence of the Variable Valve 

Timing Strategy on the Control of a Homogeneous Charge 

Compression (HCCI) Engine”, SAE paper 2004-01-1899, 2004. 

[15] F. Agrell, H. Angstrom, B. Eriksson, J. Wikander, J. Linderyd, 

“Integrated Simulation and Engine Test of Closed Loop HCCI Control 

by Aid of Variable Valve Timings”, SAE paper 2003-01-0748, 2003. 

[16] G. Zhu, R. E. Skelton, “Integrated Modeling and Control for the Large 

Spacecraft Laboratory Experiment Facility”, Journal of Guidance, 

Control and Dynamics, Vol. 17, No. 3, pp. 442-450, 1994. 

[17] G. Zhu, K. M. Grigoriadis, R. E. Skelton, “Covariance Control Design 

for Hubble Space Telescope”, Journal of Guidance, Control and 

Dynamics, Vol. 18, No. 2, pp. 230-236, 1995. 

[18] G. Zhu, M. A. Rotea, R. Skelton, “A Convergent Algorithm for the 

Output Covariance Constraint Control Problem”, SIAM J. Control 

Optim., Vol. 35, No.1, pp. 341-361, 1997. 

[19] J. E. Shigley, and C. R. Mischke, Mechanical Engineering Design, 6th 

Edition, McGraw-Hill, 2001. 

[20] C. L. Phillips, and R. D. Harbor, Feedback Control System, 4th 

Edition, Prentice Hall, 2000. 

[21] S. Meerkov, T. Runolfsson, Output residence time control, IEEE 

Trans. Automat. Control, 34, pp. 1171-1176, 1989. 

[22] D. A. Wilson, Convolution and Hankel operator norms for linear 

systems, IEEE Trans. Automat. Control, 34, pp. 94-97, 1989. 

[23] G. Zhu, M. Corless, R. Skelton, Robustness properties of covariance 

controllers, in Proceedings of Allerton Conf., Monticello, IL, 1989. 



 
  

Award #: DE-EE0000211 
 

Final Project Report: December, 2013 Page 275 of 283 

 

9.12  Published JC Paper #12 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

A Control-Oriented SI and HCCI Hybrid Combustion Model for Internal Combustion 

Engines 

  



  

A CONTROL ORIENTED SI AND HCCI HYBRID COMBUSTION MODEL  
FOR INTERNAL COMBUSTION ENGINES 

 
 

Xiaojian Yang 
Mechanical Engineering 
Michigan State University 
East Lansing, MI 48824 

yangxia2@msu.edu 

Guoming G. Zhu 
Mechanical Engineering 
Michigan State University 
East Lansing, MI 48824 

zhug@egr.msu.edu 

Zongxuan Sun 
Mechanical Engineering 
University of Minnesota 
Minneapolis, MN 55455 

zsun@umn.edu 
 
 
ABSTRACT 

The combustion mode transition between SI (spark ignited) 
and HCCI (Homogeneously Charged Compression Ignition) of 
an IC (Internal Combustion) engine is challenge due to the 
thermo inertia of residue gas; and model-based control 
becomes a necessity. This paper presents a control oriented 
two-zone model to describe the hybrid combustion that starts 
with SI combustion and ends with HCCI combustion. The gas 
respiration dynamics were modeled using mean-value 
approach and the combustion process was modeled using 
crank resolved method. The developed model was validated in 
an HIL (Hardware-In-the-Loop) simulation environment for 
both steady-state and transient operations in SI, HCCI, and SI-
HCCI hybrid combustion modes through the exhaust valve 
timing control (recompression). Furthermore, cooled external 
EGR (exhaust gas re-circulation) was used to suppress engine 
knock and enhance the fuel efficiency. The simulation results 
also illustrates that the transient control parameters of hybrid 
combustion is quite different from these in steady state 
operation, indicating the need of a control oriented SI-HCCI 
hybrid combustion model for transient combustion control. 

INTRODUCTION 
To obtain the benefit of the high efficiency of compression 

ignition (CI) engines and the low emissions of spark ignition 
(SI) engines, there has been a rekindled interest in the 
homogeneous charge compression ignition (HCCI) combustion 
in recent years. The major advantage of HCCI combustion is 
realized by eliminating the formation of flames and results in a 
much lower combustion temperature. As a consequence of the 
low temperature, the formation of NOx (nitrogen oxides) is 
greatly reduced. The lean burn nature of the HCCI engine also 
enables un-throttled operation to improve vehicle fuel 
economy. Unfortunately, HCCI combustion is feasible only 
over a limited engine operational range due to knock and 

misfire. To make a HCCI engine work in an automotive, the 
internal combustion engine has to be capable of operating at 
both SI combustion mode at high load and HCCI combustion 
mode at low and mediate load ([13] and [20]). This makes it 
necessary to have a smooth combustion mode transition 
between SI and HCCI combustion modes. 

Achieving the HCCI combustion and controlling the mode 
transition between SI and HCCI combustions in a practical 
engine require implementation of enabling devices and 
technologies. There are a number of options, and the necessary 
prerequisite for considering any of them is their ability to 
provide control of thermodynamic conditions in the combustion 
chamber at the end of compression. The range of devices under 
consideration includes variable valve actuation (cam-based or 
camless), variable compression ratio, dual fuel systems (port 
and direct fuel injection with multiple fuel injections), 
supercharger and/or turbocharger, exhaust energy recuperation 
and fast thermal conditioning of the intake charge mixture, 
spark-assist, etc. Variable Valve Actuation can be used for 
control of the effective compression ratio (via the intake valve 
closing time), the internal (hot) residual fraction via the 
negative valve overlap (recompression) ([11] and [12]), or 
secondary opening of the exhaust valve (residual re-induction) 
([11] and [12]). In addition to providing the basic control of the 
HCCI combustion, i.e., ignition timing and burn rate or 
duration, the selected devices will play a critical role in 
accomplishing smooth mode transitions from SI to HCCI and 
vice versa.  

The main challenge for the mode transition between SI and 
HCCI combustions is that a stable steady state HCCI operating 
condition is not stable and robust during the mode transitions. 
This is primarily due to the fact that the HCCI combustion is 
heavily influenced by the residual gas properties (quantity, 
temperature, and its composition) from the previous cycle and 



  

its mixing characteristics with the fresh intake air. Also given 
the practical constraints of short transition period (5 to 6 
combustion cycles) and smooth transition torque, a cycle-to-
cycle intervention of the combustion process is a necessity. In 
reference [13], it shows that the transition from SI to HCCI is 
more difficult to achieve than the switch from HCCI to SI. This 
is due to the fact that the residual gas fraction management is 
required for transition from HCCI to SI; while the transition 
from SI to HCCI needs to take account the additional influence 
of in-cylinder thermal inertia. It also found that there was a 
hybrid combustion mode [13] that occurred during both the SI 
to HCCI and the HCCI to SI transitions. This hybrid 
combustion mode consists of both SI and HCCI combustions, 
as shown in Figure 1. It can be seen that the hybrid combustion 
starts as SI combustion with a low heat release rate (section ST 
to SOHCCI (start of HCCI combustion) in Figure 1), and then 
HCCI conditions are achieved to trigger HCCI combustion 
(section after SOHCCI). Through the transition from SI to 
HCCI combustions, the duration between ST and SOHCCI 
reduces and the HCCI combustion duration increases gradually, 
within a few cycles of the hybrid combustion mode.  
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FIGURE 1: MFB IN SI-HCCI HYBRID COMBUSTION MODE 
TRANSITION PROCESS 

To accurately control the HCCI combustion process, 
especially the mode transition between SI and HCCI 
combustions, a precise combustion model is required. This is 
mainly due to the fact that not all key control parameters of a 
HCCI combustion process can be measured directly. For 
instance, the temperature of the in-cylinder gas mixture after 
the intake valve is closed, which is a key parameter for 
estimating start of HCCI combustion (SOHCCI), cannot be 
measured using existing sensor technology. It is well known 
that the existing engine modeling tools, such as GT-Power and 
WAVE are only good at off-line simulations, and therefore, 
cannot be used for model-based control. The other HCCI 
combustion models ([1], [11], and [12]) describe either SI or 
HCCI combustions. As discussed, to control the mode 
transition between SI and HCCI combustion modes, we need to 
have a mixed mean-value and crank resolved SI-HCCI hybrid 
combustion model that can be used for model-based control. 
This model shall be able to be executed in real-time for HIL 

(Hardware-In-the-Loop) simulations. This is the modeling 
work studied in this paper. 

Also, to have smooth transition between SI and HCCI 
combustions, accurate intake flow with good mixing is the key. 
Reference [21] provides a two-zone intake mixing model that 
describes intake mixing process. References [14] and [15] 
present an intake strategy entailing opening the intake valves at 
different timings to improve the flow characteristics and 
provide better mixing. The advantage of this strategy is the 
ability to use NVO (negative valve overlap) or recompression 
while avoiding the inherent mixing problems associated with it. 
Since the NVO strategy alters the existing valve timings, it is 
much simpler than re-induction strategies. It needs to open the 
exhaust valves at non-traditional timings, leading to 
complication of the control system. Furthermore, since the 
exhaust gas does not leave the cylinder (as it does with re-
induction strategies), there is less heat lost which improves the 
overall engine efficiency. To fully utilize this method, we must 
have accurate information about the system behavior, 
particularly, the fluid flow during the mixing process. The 
developed hybrid combustion model will be integrated with the 
intake mixing model described in [21] in future. 
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FIGURE 2: TWO-ZONE SI-HCCI HYBRID COMBUSTION 
MODEL 

The main goal of mode transition control is to ensure 
smooth and robust mode transition between SI and HCCI 
combustions to avoid engine misfire at low load and knocking 
at mediate load. For model-based mode transition control, we 
propose to develop a two-zone SI-HCCI combustion model, 
shown in Figure 2, where SI and HCCI combustion modes are 
its special cases. The modeling purpose is to correlate the 
trapped in-cylinder gas properties (such as air-to-fuel ratio, 
trapped gas re-circulation, and temperature) to the combustion 
characteristics such as misfire, knock, SOHCCI, HCCI burn 
duration, and IMEP (Indicated Mean Effective Pressure). The 
developed model will be used for model-based transition 
operation from SI to HCCI or vice versa. Figure 2 illustrates 
the two-zone hybrid SI-HCCI combustion model architecture. 
For the engine operated at a SI-HCCI hybrid combustion mode, 
the combustion is initiated by the ignition system, leading to 
increased burned zone radius r1 until the auto-ignition 
condition of HCCI combustion is achieved where the burned 
zone radius r1 equals to rSOHCCI.. This is the burned zone radius 
at the timing of SOHCCI, see Figure 1 and Figure 2. The 



  

combustion continues with HCCI combustion in the unburned 
zone. There are two special cases: HCCI combustion is 
achieved when rSOHCCI equal to zero and SI combustion occurs 
when rSOHCCI equal to r2. Therefore, the SI-HCCI hybrid 
combustion mode is a generalization of both SI and HCCI 
combustion modes. 

The paper is organized as follows. The dynamic equations 
used for modeling the proposed hybrid combustion were 
presented and discussed in great detail; the developed model 
was implemented into a HIL simulator for an I4 engine; and 
both steady state and dynamic simulation results were 
presented and discussed. At last, conclusions are drawn. 

HYBRID SI AND HCCI COMBUSTION MODEL 
The thermodynamic characteristics of in-cylinder gas, such 

as in-cylinder pressure and temperature, are of great interest in 
the SI-HCCI combustion modeling. This is especially important 
at certain critical combustion events such as the intake valve 
closing.  
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FIGURE 3: COMBUSTION EVENTS WITHIN AN ENGINE 
CYCLE 

Figure 3 shows six combustion events of a SI-HCCI dual-
stage combustion process within one engine cycle. They are 
intake valve closing (IVC), spark timing (ST), start of HCCI 
combustion (SOHCCI), exhaust valve opening (EVO), exhaust 
valve closing (EVC), and intake valve opening (IVO). For each 
combustion phase between two combustion events, the in-
cylinder behaviors (such as pressure, temperature, etc.) were 
modeled using thermodynamic governing equations with initial 
conditions derived from last combustion event. In the rest of 
this paper, crank resolved models of each combustion phase 
will be discussed. 

Phase I: IVC to ST 
Without combustion, the compression process from IVC to 

ST can be approximated as an isentropic process. In-cylinder 
pressure and temperature vary as functions of in-cylinder 
volume. Equations (1) and (2) describe the crank resolved in-

cylinder pressure and temperature with initial conditions 
T(θIVC) = TIM and P(θIVC) = PIM. 
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 (2) 

where κ is the average heat capacity ratio of the gas charged 
into the cylinder; θ is crank position; TIM and PIM are the intake 
manifold temperature and absolute pressure respectively; and 
θIVC is the crank angle at intake valve closing. 

Phase II: ST to SOHCCI 
Based upon references [1], [2], [4], and [5], the Arrhenius 

integral can be used to estimate the crank position of start of 
HCCI combustion (SOHCCI) θSOHCCI. The SOHCCI crank 
position, defined as the crank angle for 1% fuel burned under 
HCCI combustion, can be determined as the crank angle when 
the following integral reaches one. 
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where θ is the current crank angle; Ne is engine speed; A is a 
scaling constant; Ea is the activation energy for the auto-
ignition reaction; R is the in-cylinder gas constant and T is the 
in-cylinder temperature of the unburned zone. 

The SI combustion begins after spark ignition event. The 
combustion process in this phase is modeled using the Wiebe 
function ([3] and [9]) below, see equation (4). 
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where the predicted burn duration Δθ , Weibe coefficients a and 
m are functions of the normalized air-to-fuel ratio, engine 
speed, and load; and x is mass fraction burned (MFB). 

In this combustion phase, it is assumed that the combustion 
progresses from the burned zone to the unburned zone (see 
Figure 2), and both pressure and temperature are evenly 
distributed across both zones inside the engine cylinder. Note 
that in future research the two-zone temperatures will be 
modeled separately. Under the above assumptions, the in-
cylinder temperature is a function of cylinder volume and 
MFB, as shown in equation (5); and the corresponding in-
cylinder pressure can be calculated based upon the in-cylinder 
temperature and volume under ideal gas assumption.  
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where η is the combustion efficiency due to heat loss across 
cylinder wall and head, and it’s a calibration of coolant 
temperature, engine speed and load; α is the inertia gas fraction 
of the in-cylinder gas mixture; Cv is the specific heat of in-
cylinder gas mixture; QLHV is the low heating value of the fuel; 
λ is the normalized air-to-fuel ratio of the in-cylinder gas 
mixture. 

During this combustion phase, the Arrhenius integral, see 
equation (3), continues its integration. The in-cylinder 
temperature and pressure increase rapidly due to the SI 
combustion. As a result, the Arrhenius integral increases 
sharply as well, and when it reaches the criteria of the start of 
HCCI combustion (AR ≥ 1) the HCCI combustion starts in the 
unburned gas mixture zone, see Figure 2, which leads to the 
next combustion phase. 

Phase III: SOHCCI to EVO 
In this combustion phase the in-cylinder pressure and 

temperature are modeled based upon equations (5) and (6) with 
the same form of MFB calculation as equation (4). However 
the predicted burn duration Δθ, Weibe coefficients a and m are 
quite different. Especially, the HCCI combustion burn duration 
Δθ is obtained by the following equations [2]: 
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where k is a scaling constant; Ec is the activation energy of 
global reaction; THCCI is the average in-cylinder gas 
temperature during HCCI combustion phase; α is the inertia gas 
fraction of the in-cylinder gas mixture and it is calculated by 
equation (15). 

After HCCI combustion, the in-cylinder gas performs 
isentropic expansion, and the calculations of in-cylinder 
pressure and temperature follow equations (5) and (6), but note 
that in this case equations (5) and (6) are same as (1) and (2) 
since MFB remains at a constant level after the HCCI 
combustion is finished. 

Phase IV: EVO to EVC 
After the exhaust valve is opened, the in-cylinder gas 

isentropically expands in the engine cylinder and exhaust 
manifold. The in-cylinder pressure drops quickly but not 
instantaneously, it normally takes a few crank degrees for the 
in-cylinder pressure to approach the pressure in the exhaust 

manifold. It is difficult to model this dynamics using simple 
dynamic equations for real-time simulations. For simplicity, a 
first order transfer function is used to approximate this dynamic 
process. 
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where PEM is the exhaust manifold absolute pressure; and τEVO 
is the transition time constant. Note that, for simplification, τEVO 
together with τPC and τTC from equations (12) and (13) are set to 
be constant calibrations. However, these time constants are 
fixed in engine cycle domain but are varying in time domain as 
functions of engine speed. 

Then, in-cylinder temperature can be calculated as a 
function of the in-cylinder pressure as follows. 
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where κ is the average heat capacity ratio. By solving equations  
(9) and (10) iteratively, the thermodynamic properties (pressure 
and temperature) at EVC can be obtained. Therefore, the mass 
of residue gas mR can be derived as function of exhaust valve 
closing assuming it is ideal gas. 
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(11) 

Phase V: EVC to IVO 
This phase is called recompression or negative valve 

overlap ([17], [18], and [19]). During this phase engine 
cylinder is sealed as a closed system again, and the in-cylinder 
gas is isentropically compressed or expanded, so equations (1) 
and (2) are used to calculate both temperature and pressure. 
Through the recompression the thermodynamic properties of 
the residue gas are changed to match the required combustion 
characteristics for the next engine cycle. 

Phase VI: IVO to IVC 
The air charging process between IVO to IVC is also a 

process of in-cylinder gases mixing. During this phase the fresh 
charged air, injected fuel vapor, and residue gas are assumed to 
be mixed homogeneously, which is an assumed condition for 
HCCI combustion. The in-cylinder gas characteristics at IVC 
are of great importance to the start of HCCI combustion. Same 
approach as those used in Phase IV is used for both in-cylinder 
pressure and in-cylinder temperature calculations. 
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and 
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where PIM is the intake manifold absolute pressure; τPC and τTC 
are the transition time constants of pressure and temperature; 
and Tmix is the in-cylinder gas mixture temperature at IVC. It is 
calculated by equation (14); 
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(14) 

where mF, CvF, and TF are the mass, specific heat, and 
temperature of fuel vapor trapped in cylinder respectively; mG 
is the mass of gas mixture charged into cylinder, which consists 
of fresh air and cooled EGR gas; CvG and TG are the specific 
heat and temperature of gas mixture; CvR and TR are the 
specific heat and temperature of the residue gas left from last 
engine cycle. 

Both cooled EGR gas and the residue gas are regarded as 
inertia gas, so the total inertia gas fraction of the in-cylinder gas 
mixture is calculated as: 

m x m
G EGR R

m m
G R


 




  

(15) 

where xEGR is the cooled EGR fraction in the gas mixture inside 
the intake manifold. 

SIMULATIONS OF SI-HCCI HYBRID COMBUSTIONS 
The SI and HCCI combustion modes and the SI-HCCI 

hybrid mode were simulated based upon the engine 
configuration shown in Figure 4, where the engine parameters 
are given in Table 1.  

This engine was equipped with an EGR cooler and valve 
to provide cooled external EGR gas, which is important to 
provide an additional degree of freedom to adjust the in-
cylinder EGR fraction independent of the in-cylinder gas 
mixture temperature. The engine also features dual intake and 
exhaust valves with independent variable valve timing (VVT) 
control for both intake and exhaust valves. The exhaust and 
intake VVT controls are mainly used for recompression of the 
residue gas (see the recompression process between EVC and 
IVO shown in Figure 3). The residue gas recompression 
changes the in-cylinder gas mixture temperature at IVC 
(T(θIVC)) significantly, and T(θIVC), along with the IVC timing, 
determines the SOHCCI timing. Higher compression ratio is 
also selected to make the HCCI combustion possible at low 
engine load condition. For this simulation, the engine 
compression ratio is 11:1, see Table 1. 

The entire combustion process was modeled based upon 
equations (1) to (15) in Matlab/Simulink as a function of the 
engine crank angle, and the engine air handling sub-systems, 
such as intake and exhaust manifolds, were modeled using the 
mean-value technique described in [8] and [16]. The entire 

engine model consists two portions: crank resolved model for 
in-cylinder parameters such as pressure, temperature, etc. and 
mean-value model for external ERG fraction, intake and 
exhaust manifold dynamics, engine speed, etc. The developed 
engine model was implemented into a dSPACE based 
Hardware-In-the-Loop (HIL) simulator. The mean-value engine 
model was updated every millisecond and the crank resolved 
model is updated every crank degree. 

Both steady-state and transient simulations performed in 
this paper were completed at 2000 rpm engine speed with 3.7 
bar IMEP. Engine operational condition selected for the 
combustion mode transition is critical. Engine could have 
heavy Knock if the engine load is relatively high. The rate of 
the in-cylinder pressure rise is often used as an indication of 
engine knock and is adopted in this paper. A rising rate of more 
than 3bar per crank degree leads to unacceptable engine knock 
([6] and [10]). During the mode transition, properly controlling 
the SOHCCI timing can also help preventing the engine knock. 

FIGURE 4: ENGINE CONFIGURATION 
 

TABLE 1: ENGINE SPECIFICATIONS 

Parameter Model value 

bore/stroke/con-rod length 88mm/82.2mm/132mm 

compression ratio 11:1 

intake valve opening duration 180 crank degree 

exhaust valve opening duration 180 crank degree 

Intake/exhaust manifold volume 2.5L/2.3L 

SIMULATION RESULTS AND DISCUSSION 
HIL simulations based upon the engine model were 

conducted in the dSPACE HIL simulation environment to 
simulate the SI-HCCI hybrid combustions. Note that both SI 
and HCCI combustion modes are special cases of the SI-HCCI 
combustion. When the HCCI combustion did not occur, the 
engine is operated at the SI combustion mode; and when the 



  

HCCI combustion occurs at the start of SI combustion, the 
engine can be considered to be operated at the HCCI 
combustion mode; while the SI-HCCI hybrid combustion 
occurs inter-between the HCCI and SI combustion modes. 

Steady-state performance 
Steady-state combustions of SI, HCCI, and the hybrid 

mode with different SOHCCI timings were studied first to find 
how engine valve timing affects the combustion mode switch. 
Figure 5 to Figure 7 show the in-cylinder profiles of pressure, 
temperature, and MFB. 
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FIGURE 5: IN-CYLINDER PRESSURE PROFILES OF 
DIFFERENT COMBUSTION MODES 
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FIGURE 6: IN-CYLINDER TEMPERATURE PROFILES OF 
DIFFERENT COMBUSTION MODES 
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FIGURE 7: MFB PROFILES OF DIFFERENT COMBUSTION 
MODES 

As the engine exhaust valve timing was advanced, the 
effect of recompression increases, as shown in Figure 5 and 
Figure 6. The increased recompression increases in-cylinder 
mixture temperature, which makes HCCI combustion possible 
after spark ignition. This is so called SI-HCCI hybrid 
combustion mode. Meanwhile the in-cylinder gas mixture 
temperature at intake valve closing T(θIVC) increases, see 
Figure 6, and the SOHCCI timing advances as the temperature 
increases. This can be observed in Figure 7, where after SI 
combustion initiated, the start of HCCI (SOHCCI) combustion 
advanced, leading to increased fraction of fuel burned in the 
HCCI mode. When the exhaust valve timing was advanced to 
certain location, it is not necessary to ignite the in-cylinder gas 
mixture by a spark; and it can be auto-ignited through gas 
compression, achieving the HCCI mode. 
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FIGURE 8: ENGINE PERFORMANCE OF DIFFERENT 
COMBUSTION MODES 

In these simulations, engine IMEP was maintained at 3.7 
bar as shown in Figure 8; the maximum lift of intake valve was 
also held at 95 crank degrees after gas exchange TDC. In order 
to have a constant IMEP (3.7 bar) when the exhaust valve 
timing advanced, the amount of fuel injected was decreased, 
accordingly to maintain a constant IMEP. This leads to 
increased air-to-fuel ratio with improved combustion efficiency 
(fuel economy). From these simulations, we found that the 
HCCI fuel consumption is about 30% less than that of SI 
combustion when the IMEP was held constant. 

The influence of EGR gas to the hybrid combustion modes 
was also investigated through steady-state simulations. HCCI 
combustion has much shorter burn duration than that of SI 
combustion. This leads to high peak in-cylinder pressure and 
temperature, as shown in Figure 5 and Figure 6. However, 
HCCI combustion is capable of operating with higher EGR rate 
than that of SI combustion. Figure 9 demonstrates how the 
cooled EGR rate affects the in-cylinder gas temperature. The 
simulations in Figure 9 were completed with 3.7 bar IMEP, 
where the exhaust valve timing and fuel quantity were adjusted 
to maintain a constant IMEP (3.7 bar) for each simulation. 



  

Simulation results show that the higher EGR rate the lower the 
peak in-cylinder gas temperature and the higher fuel efficiency, 
see Figure 10.  
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FIGURE 9: IN-CYLINDER TEMPERATURE VARIES WITH 
EXTERNAL EGR RATE 
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FIGURE 10: ENGINE PERFORMANCES VARY WITH 
EXTERNAL EGR RATE 

Transient performance 
The combustion mode transient performance is of great 

interest in the modeling. The SI to HCCI mode transition with 
hybrid mode was simulated. The exhaust valve timing and fuel 
quantity were adjusted every consecutive engine cycle (cycles 
1 to 6 in Figure 11). Two different strategies were adopted for 
the hybrid combustion mode control. One used the same 
control parameters as in the steady-state simulations; the other 
used control parameters adjusted for transient operation. For 
comparison, the SI to HCCI mode transition without the hybrid 
mode was also simulated. For all cases, the engine spark was 
cut at cycle 7 to achieve HCCI combustion. Figure 12 shows 
the engine transient responses of IMEP and SOHCCI timing for 
20 consecutive engine cycles. Since the engine is running at 
2000rpm, 20 engine cycles cover 1.25 second time period. 

From Figure 12, the engine transient performance was 
improved by operating the engine at the hybrid combustion 
mode during mode transition. Without hybrid combustion 
mode, the IMEP dropped far below the target value (3.7bar) 
and SOHCCI was dramatically retarded to almost 80 crank 

degrees after gas-exchange TDC, which indicate partial-burn 
combustion at cycle 7. In both cases with hybrid combustion 
mode, the one using the ad hoc transient control parameters 
provides smaller IMEP and SOHCCI variations during the 
transient operation than these using steady state parameters. 
This indicates that using steady-state mapping parameters 
during the combustion mode transition cannot provide the best 
performance during the mode transition and model-based 
transient control strategy has potential to provide optimal mode 
transition. Notice that the engine IMEP using the ad hoc 
transient control parameters was kept close to 3.7bar during the 
transient operation and SOHCCI was smoothly transient from 
14 degrees before TDC to 3 degrees after TDC. 

0 2 4 6 8 10 12 14 16 18 20
80

100

120

140

160

E
xh

au
st

 v
al

ve
 t

im
in

g
(c

ra
nk

 d
eg

re
e 

aT
D

C
)

 

 

0 2 4 6 8 10 12 14 16 18 20

1.4

1.6

1.8

2

Engine cycles

F
ue

l q
ua

nt
ity

(m
g/

cy
cl

e/
cy

lin
de

r)

 

 

without hybrid combustion

with hybrid mode (steady-state map)

with hybrid mode (transient control)

without hybrid combustion

with hybrid mode (steady-state map)
with hybrid mode (transient control)

  

FIGURE 11: ENGINE SETTING FOR MODE TRANSITION 
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FIGURE 12: ENGINE TRANSIENT PERFORMANCE AT THE 
MODE TRANSTION FROM SI TO HCCI 

CONCLUSION 
A crank resolved hybrid combustion model of SI (spark 

ignited) and HCCI (Homogeneously Charge Compression 
Ignition) was developed over an engine cycle. Combined with 
the mean-value engine gas handling models from previous 
research, the hybrid combustion model was implemented in 



  

Simulink and validated in a HIL (Hardware-In-the-Loop) 
simulator. The simulation results show that the hybrid 
combustion SOHCCI (Start of HCCI) timing is highly related 
to the exhaust valve timing used for recompression. Therefore, 
a smooth combustion mode transition can be achieved by 
adjusting the exhaust valve timing. The cooled EGR (Exhaust 
Gas Recirculation) was also used to control both engine charge 
temperature and EGR rate. The transient performances of the 
mode transition simulation presented in this paper 
demonstrated the significance of the hybrid SI and HCCI 
combustion mode and its control oriented model. This is mainly 
due to the fact that the steady state control parameters for SI-
HCCI hybrid combustion are no longer optimal during the 
transient SI-HCCI combustion and a model-based control is a 
necessity. 
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