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Abstract—The DC-DC Modular Multilevel Converter (MMC), = DC-AC MMC [18]. In the DC MMC, the DC power flow is
which originated from the AC-DC MMC, is an attractive converter  determined by external parameters, i.e., the DC-link gaa
topology for interconnection of mediumshigh-voltage DC grids. and output power. To keep the energy balanced among all

This paper presents design considerations for the DC-DC MMQo . - . .
achieve high dficiency and reduced component sizes. A steady-stateSM capacitors, the amount and direction of the AC active

mathematical model of the DC-DC MMC in the phasor-domain POwer flow is controlled by injecting an AC circulating cunte
is developed. Based on the developed model, a design approac component within each phase-leg of the converter to congtens

is proposed to size the components and to select the operadin for the DC power. Thus the AC circulating current is a nedgssi
frequency of the converter to satisfy a set of design constiats to guarantee proper operation of the converter. Howevem fr

while achieving high dficiency. The design approach includes sizing . . . . . .
of the arm inductor, Sub-Module (SM) capacitor, and phase fler- the dficiency and device current rating perspectives, circuatin

ing inductor along with the selection of AC operating frequency ~ Current must be minimized. Since both frequency and angsitu
of the converter. The accuracy of the developed model and the of the circulating current in the DC MMC can be chosen

effectiveness of the design approach are validated based on thearbitrarily, their values fiiect the converter fiiciency and the
simulation studies in the PSCADEMTDC software environment.  gj,o of passive components. Although a higher AC circugatin
The analysis and developments of this paper can be used as a L .
guideline for design of the DC-DC MMC. current frequency, whu;h is referr(_ad to as the ope_rat_lng fre
qguency, reduces the size of passive components, it in@ease
the power losses of the converter. Furthermore, the DC MMC
topology inherently requires a large phase filtering induco
|. INTRODUCTION remove the AC component presented in the phase current [19].
HE DC-AC Modular Multilevel Converter (MMC) has However, an over-sized inductor will add to the system cost a
T become the most attractive converter topo|ogy for hiﬁze’V0|Ume. Although the basics of Operation and control of the
voltage applications because of its salient features, high DC MMC have been investigated in [20,19,21,22], its optimal
efficiency, scalabilitymodularity, and superior harmonic perfordesign has not been explored. Since the basics of operation o
mance [1]. Over the past few years, extensive reseaitciit e the DC MMC are significantly dierent from the DC-AC MMC,
has been made to address the technical challenges asdocif@ developed passive component sizing methods for the DC-
with the operation and control of the MMC and to imprové\C MMC in [23,24,25] are not applicable to the DC MMC.
its performance for various applications [2,1,3]. Thoseliap ~ This paper presents the design considerations for the DC-DC
cations mainly include High-Voltage DC (HVDC) transmissio MMC to achieve high ficiency while satisfying the design
systems 4,5,6], variable speed drives7[8,9,10], and flexible constraints. A phasor-domain steady-state model of the DC
AC transmission systems [11]. MMC is developed and used to determine the AC and DC
The salient features of the DC-AC MMC have enablefiomponents of the arm current, and phase currentaddi-
the emergence of the single-stage DC-DC MMC, which cdlpn. the dynamics of SM capacitor voltage ripple is derived
potentially replace the conventional back-to-back DC-BC- Subsequently, a systematic approach is developed such tha
converter Configurationslp,lg] for med|urn/h|gh power DC- based on certain giVen design ConStl’aintS, the size Of\@}iSSi
DC conversion systems, e.g., interconnection of mediigh- Ccomponents as well as the operating frequency of the cavert
voltage DC grids 14,15,16,17]. Similar to the DC-AC MMC, ¢an be determined. Accuracy of the developed model and the
the circuit topology of the DC-DC MMC, which hereafter isdesign approach is validated based on simulation studigein
referred toasthe DC MMC, is derived based upon stacking uff SCADEMTDC software environment.
a number of identical Sub-Modules (SMs). However, operatio
and control of the DC MMC are significantly fierent from the Il. Tue DC MMC
The circuit diagram of an M-phase-leg DC MMC is shown
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Iy | the AC component of arm voltagesrrents and phase currents

- amongM phase-legs are displaced by/#. The nominal DC
power can flow bidirectionally between the input and output
terminals. To guarantee the power balance between the uppel
and lower arms of each phase-leg such that the divergence of
the SM capacitor voltages between upper and lower arms are
minimized, an AC active power must be exchanged between the
upper and lower arms of each phase-leg.

% i A. Steady-Sate Model

< To develop a mathematical model of the DC MMC, the
following assumptions are made:
g i 1) The number of SMs per arm is assumed to be consid-
M erably large. Based on this assumption, the arm voltages
can be represented by ideal voltages sources;

L

v 1 . .
SM1 ‘ 2) The converter components are ideal and lossless, i.e.,
vw input power equals the output power

3) A proper capacitor voltage balancing strategy based®n th
sorting algorithm is adopted to maintain the SM capacitor
SMN SMN SMN C -
- - - voltages balancedithin each arm
_ - In deriving the steady-state model of the converter, for the
Fig. 1. Circuit diagram of aM-phase-leg DC MMC. sake of simplicity, only one phase-leg is considered. Néeer
less, the mathematical model of one phase-leg can be exende

arm inductorl. The output terminamid-point of each phase- t0 the case of arM-phase-leg DC MMC. Fig. 2 shows the
leg is connected to the converter DC-link 1 terminal via thgPrrésponding equivalent circuit of a single phase-leghef t
phase filtering inductot.. By symmetrical connection of two D€ MMC, wherevy .. and V;, oc represent the DC and AC
unipolar DC MMCs, the unipolar configuration of Fig. 1 can béomponents of the arm voltage, respectively, ;. and izm ac
expanded to a bipolar one [19]. The analysis and developmefftPresent the DC and AC components of the arm current,
in this paper are based upon the unipolar configuration amd &SPectively,ioqc represents the DC component of the phase
equally valid for the bipolar case as well. current, andioac represents the AC component of the phase
For high-power applications, multiple phase-legs areiregu current, which should be ideally equal to zero. The cascaded
to increase the power rating of the converter. For the case}¥Is within each arm are represented by ideal controllable
M = 1, a series LC filter is inserted to establish a path for tr¥oltage sources. Since the converter consistsViofdentical
AC circulating current 20]. For the case oM > 1, the phase- Phase-legs, the rated DC power is equally shared among the
legs operate in an interleaved manner, i.e., the gatingalignPhase-legs.
among phase-legs are identical with a phase shiftgfi2 Based on the superposition principle, the converter plese-
Each SM of the DC MMC of Fig. 1 can provide two voltageequivalent circuit can be decomposed into DC and AC sub-
levels at its terminal, i.e., zero U@»J, xe{pn}ie{l,2.., N} circuits. To derive the DC equations, a DC equivalent circui
j € {1,2,..., M}, depending on the state of its complementa§f & Single phase-leg is obtained and shown in Figltg DC
switchesS,i1 j and Sy j. Ideally, the average value of each SMeQuivalent circuit is obtained by disabling AC voltage smsr

capacitor voltage is maintained aic/N. The two switching Shown in Fig. 2 such that inductors are represented as short
states of SM-in armx of phasej are: circuit. Based on the assumption of a lossless conversion, the

upper and lower arm voltage and current DC components can
be represented by:

« Sy1j =1 andS,j = 0: ON-state or inserted,
« Syi1j =0 andS,j = 1: OFF-state or bypassed.

The voltage of each arm of the DC MMC, i.ej, X € Vo de = Vee2 = Ve, (1)
{p,n}; j €1{1,2,..., M}, is controlled by the number of inserted
SMs. During normal operation, the voltage of each arm ctssis Vgrm,d(:: Vdcis (2)
of a DC as well as an AC component. The lower arm DC
voltage component is determined a1, while the upper arm i _ lgea 3)
DC voltage component is determined by the ratiovgfi/Vyco. arm,dc M’
The AC voltage component, on the other hand, is controlled to _
drive an AC circulating current component within each phase i = 'd_CZ(Vd_CZ —1). (4)
leg, exchanging active AC power between the upper and lower ' M "Vde1

arms of the corresponding phase-leg. Ideally, the ampmlgud The upper and lower arm DC power can be represented by:
of the AC component of the arm voltagesrrents and phase

. . p Vde1 P
currents among phase-legs are identical. The phase anfjles o Parm.de = (Wcz - DM’ )



DC Power Transfer voltages of the upper and lower arms are analyzed separately
In Fig. 4, 19 .. and i% . represent the AC component of
+ the upper arm current produced by the AC voltages of the
+v:’mdc+\?£ma upper and lower arms, respectlveﬂg}rm acand |2'Pm ac represent
- ' the AC component of the lower arm current produced by the
AC voltages of the upper and lower arms, respectively, and
T‘opac andlpac represent the AC component of the phase current
produced by the AC voltages of the upper and lower arms,
respectivelyBased on the equivalent circuits of Figs. 4(a) and

l
arm,dc  “arm,ac

v, Active AC (b), the following equations are derived for the arm curamd
C. . .
Power phase current AC componerity combining the results from
Exchange the analysis of Fig. 4(a) and (b)
~p X~
v p Varm,act XITl}(ngrm,ac
n n dcl | m = - 5 (7)
arm,ac R X X
arm,dc arm,ac J(XI + x|+xL)
+ n ~n
% +v
d ; Y K P
_arm,dc arm,ac, Tn Vgrm'ac'f' X|+LXL Varm,ac (8)
_ - armac™— — - XX ’
J4+ 55%)

~ p ~
XI Varm,ac_ Vgrm,ac

idcz/Mm ial;n,dc idcl/M IO,EIC = (XL + X| J(Xl N ;‘(L);L ) k] (9)
/ ] [
’ Vimde L de ' where X, is the arm inductive reactances. is the phase
) () ., inductive reactance.
a2 amde ! The arm AC active power can be calculated by:
F);(wm ac™ Re(Varm adarm a (10)

wheref;’r‘m acrepresents the complex conjugate of the upper and
lower arm current AC components. By substitutifig, ».from
7 andlarm,acfrom (8) into (10), the arm AC active power are

Fig. 3. DC equivalent circuit of one phase-leg of the DC MMC.

e Lymac represented by the following equations:

XL . - .

/ Pgrm,acz ml\/grm,atuvgrm,aés n(¢)’ (11)
- - |
gl eptin il ol

{};m,ac ‘N}ay:’mﬂC n XL ~ ~ -

Parm,ac= m|Varm,a4|‘f;rm,a$S'n(¢), (12)
(@) (b) where ¢ represents the upper arm voltage AC component

Fig. 4. AC equivalent circuit of: (a) the upper arm and (b) the lowsna phase angle with respect to lower arm voltage AC component.
In the AC analysis presented in this paper, all phase angle
Vier of voltagegcurrents are represented with respect to the AC
Pam.ac= (1 - v_)ﬁ (6) component of the lower arm voltage.
de2 The AC component of the arm current in the DC MMC
where P is the converteroutput power which is considered serves as a mean for exchanging power between the upper an
positive when power flows from the DC-link 1 to DC-link 2. lower arm of each phase-legp maintain the steady-state power
Based on the superposition principle, two AC equivalefmtalance of each SM capacitdhe summation of the active AC
circuits are derived by disabling the DC voltage sourcesvsho power and DC power flowing through each arm must be equal
in Fig. 2. Since neither of the DC-link 1 and DC-link 2to zero. By equating AC and DC powers for each arm, the
terminals of the converter carries any AC component undpower balance constraint for each phase-leg is represénted
normal operation, for the AC analysis, they can be representhe following equation:
as short circuits.The AC equivalent circuit of the upper arm Ve X,
shown in Fig. 4(a) is obtained by enabling only the upper arm (— - )M = 27| arm,adlVarm, adSIN(9)- (13)
AC voltage source and the AC equivalent circuit of the lower Ve (X7 +2XX0)
arm shown in Fig. 4(b) is obtained by enabling only the lower Fig. 5 presents thefiects of the conversion ratio on the
arm AC voltage source. In this way, the AC component @&frm power at various number of phase-legs to transfer one
the arm currents and the phase current produced by the B€& unit power. As the conversion ratio increasing, the DC



the DC-side short-circuit fault current. In contrast, iretBC
MMC, the AC circulating current is required to exchange\ati
power between the upper and lower arm of each phase-leg,
whereby power balance can be maintained within each phase-
leg. As a result, the magnitude of the circulating current is
controlled to maintain the SM power balance and it does not
need to be suppressed by passive components. In the DC
MMC, the arm inductor acts as a line impedance such that
the voltage across the inductor generates an AC component
for the arm current. Since the AC active power needed to be
exchanged between each upper and lower arm pair is a fixed
value determined by (5) and (6), the amplitude of the AC
component of the arm voltage should be maximized in order
Fig. 5. Arm DC power versus conversion ratio to transfer one per poiter. to minimize the arm current which leads to minimized device
current rating and power losses.
power transferred by each arm decreases which implies th l[:Qr proper operanqn_ Of_ th_e converter, _the following con-
. L sfraints must be satisfied: (i) the half-bridge SM can only
the AC power required to maintain the power balance of eac o . .
: o . INsert a positive voltage in the ON-state, thus the instadas
SM capacitor voltage reduces. In addition, since the plegpe- .. .
arm voltage must be greater than zero, and (ii) the maximum
share the converter power equally, as the number of phgse-Ig .
. . INstantaneous arm voltage must be smaller than the DC-link 2
increasing, the power stress on each arm decreases. . .
voltage. Since the arm voltage contains a DC component and
an AC component, to satisfy the constraint (i), the ampétud
_ o _of the AC component of each arm should be smaller than the
As shown in (13), there are an infinite number of possiblec component. To satisfy the constraint (i), the amplitude
combinations of circuit parameters and control variablest t of the AC component of each arm should be smaller than
satisfy the power balance equation. Since all parameteS3n the diference between the DC-link 2 voltage and the DC
are correlated, changing one parameter wilieet the other component of each arm. The constraints on the amplitude of

parameters and the converter performance. the AC component of the upper and lower arms are expressed
The objective of the component sizing is to minimize thgy:

total power losses while satisfying a set of given design-con

P arm, DC (p-w

IIl. CoNVERTER DESIGN AND COMPONENT SIZING

straints. The design constraints include the magnitudehef t [Varm,ad < MIN[VE 1 o (Va2 = Vi, gl (16)
SM capacitor voltages ripple, total semiconductor powesés, 3 _
and the amplitude of the AC component of the phase current. [Varm,ad < MIN[V3m, go (Vac2 = Varm ao]- (17)

The semiconductor power losses, i.e., conduction and lsinic Therefore, once the DC-link 1 voltage, DC-link 2 voltage,

mainly depend on the magnitude of the arm curren_t [23]. Sinﬁ?\d rated power are given, the amplitude of the arm current
the DC component of the arm current is determined by ﬂl\ec component can be solved for various phase shifting angle

opera_ting conditions, the main design goal is to minimize ﬂb (14) and (15). The amplitude of the arm AC current versus
magnitude of the AC component of the arm current. For thig <o shifting angleg, for different arm inductive reactance

purpose, sizing o_f the arm and phage fiIFering _inductors dls Q plotted in Fig. 6 in whichvge, = 0.5vge2 is assumed. Once
as the SM capau_tqr are d|scgssed in this secﬂ_on. In additio the arm inductance is selected, the amplitude of arm current
the component sizing, selection of the operating frequeﬁcyAC component moves along one unique curve shown in Fig.

the converter is also explained. 6 as the phase shifting angle increases. jAapproaches,
the amplitude of the arm AC current component reaches a
A. Arm Inductive Reactance minimum. To minimize the converter losses, the arm AC curren
In this subsection, a simplified model of the DC MMCamplitude should be minimized by controlling the phasetstyf
is employed to sizeX;. The simplified model is derived by angle and corresponding arm AC voltage amplitude. Based on
assuming thaiX, >> X;. Consequently, (7), (8), and (13) areFig. 6,as the arm inductance decreases, the rate of change of the

simplified to: amplitude of the AC circulating current arm current withpest
B B 1 to the ¢ increases at the vicinity of the achievable minimum
1orm.ac= lam,ac= —m(\?aprm,aﬁ rm ads (14) circulating currentAs a result, a sfliciently largeX; should be

selected to ensure that the controllerable toconverge to the
achievable minimum AC circulating current. Selection oé th
(Vd_‘?l — 1)3 = _i|\7§rm V2 dsin(g). (15) arm inductance value depends on the controller/tgsgn.
Vdc2 M 2X ’ ' On the other hand, the size of affects the maximum
In the DC-AC MMC used in HVDC applications, the armattainable converter output powePnax. Fig. 7 presents the
reactance serves two main functions: (i) attenuating tigd-hi effects ofX; on Pyax at various conversion ratio. As show in Fig.
frequency components of the circulating current and {iiiting 7, Pmnax reduces a increasing. In addition, as the conversion
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is expressed hy

P N

da - Emp’n@r?n, (18)
whereC is the SM capacitance*P" is the sum of SM capacitor
voltages of the upper or lower armand mP" represents the
insertion index of the upper or lower arm.

The sum of the SM capacitor voltages is given by:

D increases

s 2 35 5 VPN = NV nominal + NAVp’n, (19)
X ()

wherevc nominal represents the nominal value of the SM capac-
Fig. 7. The maximum attainable converter output power verses aductive jtor voltage andAvg’n represents the ripple component of the
reactance. SM capacitor voltage of the upper or lower affine submodule
capacitance C is normally sized large enough such that éfes s
ratio deviates from B, Pmax deceases at fixe¥. Consequently, to assumeAvg’”| < Ve
the maximum value ofX; must be sized to ensure the rated The insertion indices of the upper and lower arms are
converter power is smaller thaPyax. expressed as:

B. Phase Filtering Inductive Reactance ) (Vdez — Veter) + Va?rm,refcos@t + Bref)

For proper operation and minimized power losses of the DC mP ” ; (20)
MMC, the AC component of the output phase current should dez
be negligible. This necessitates a larde, which for high n
S Vel + V. cost)
poweyvoltage applications, adds to the system cost and com- m = arm,ref . (21)
plexity. Therefore, it is of interest to determine the mioim Vdc2

X, that satisfies the constraint on the amplitude of AC curre%erevgrm . and vn  represent the reference for the am-

component of the phase current. The .amplitude of t_he phap‘?ﬁude of the AC component of the upper and lower arms,
AC current can be determined by solving (9) for varidis  respectivelyg,e represents the reference for the phase angle of

Fig. 8 presents the amplitude of the AC component of the phage aAc component of the upper arm voltaged w represents
current verse at various conversion ratiés X, increasing, ine converter operating frequency.

the current amplitude decreases. However, the rate of €angthe arm currents can be expressed by:

of the phase current AC component is reduce&acreases, )

which implies the marginal cost of reducing the phase curren i = _lac2 I, COS@t + dp), (22)
AC component is increaseth addition, as the conversion ratio M

deaviate from (b, the phase current ripple decreases at the same )

X.. The minimumX_ that ensures the phase current amplitude in _ 'd_cZ(Vd_02 ~ 1) + 1, cOSEt + éy) (23)
below the design constraint is selected as the best valig .of am M “Vger ’

whereg, andg, represent the phase angle of the AC component
of the upper and lower arm currents, respectively, ndnd

The dynamic of the sum of the SM capacitor voltages in tHg represent the amplitude of the upper and lower arm current
upper or lower arms were derived in the work done3hdnd AC component, respectively.

C. SM Capacitive Reactance
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Fig. 9. The ratio of magnitude of the SM capacitor voltage ripple &M  Fig. 10. Converter semiconductor device losses verses the opgpifatiguency.
nominal voltage verses SM capacitive reactance ..

Substituting formP" from (20) andiP”, from (22) into (18) free design parameter. The operating frequency can be ichose

then integrating both sides of the results, the SM capacit%?sed tonﬁa; t.radeﬂb_Petvr\]/een the compoArg:ent s,iz(ta_st a]:nd the
voltage ripple component can be expressed by: converter ficiency. To choose a proper AC operating frequency,
the power losses of the converter are evaluated at various

Avg = Xl - Vd—“)lpsin(a)t + pp)— operating frequencies. Since a higher operating frequisads
Vdc2 to smaller passive components gost, the maximum AC
Vg’rm,rejdcz . Ipva?rm,ref . operating frequency that satisfies the power loss constigin
“MVas Sin(@t + grer) + " Nam Sin(2wt + gref + dp)], identified as the best operating frequenSince the semicon-
(24) ductor devices make the major contribution to the converter
total power losses [26], the power loss constraint is set for
Vgealn . semiconductor devices losses. To calculate the powerdpsse
Avg = Xl Voo sin(wt + ¢n)+ power loss estimation method based on semiconductor b@havi
Vaz VD dder VD model is ado_pted from [27,28]. By applying this method, the
(— - 1)————sin(wt) + ————sin(2wt + ¢n)], (25) total conduction and switching losses of the DC MMC at the
Va1 MVic2 Wac2

N ~given operating condition are evaluated for various ofregat
where Xc represents the SM capacitive reactance which fg&quenciesThe converter semiconductor device losses versus
defined asXc = 1/wC. _ the converter operating frequency are shown in Fig. 10. As
As shown in (24) and (25), the ripple component of the SMyown in the figure, the switching losses increases as the
capacitor voltage of the upper and lower arms carry two fuRperating frequency increasing whereas the conductios i®s
damental component terms as well as a second-order harmqﬁ&pendem of the operating frequen@nce the operating
term. The amplitude of the fundamental terms depends upeBquency is chosen, the arm and phase filtering inductances
the ratio of the input and output DC-link voltageshe SM a5 well as the SM capacitance can be determined based or

capacitor voltages in the upper and lower arms are functbnsine operating frequency and their corresponding reactaihee
the conversion ratio. As the conversion ratio deviatingi@5,  getermined in the previous steps.

the diference of the SM gapacitor voltagg .rip_ple between t_heThe overall procedure to size the components of the DC
upper and lower arms varies. Therefore, It iIs lmportant e SIMMC is illustrated in the flowchart of Flg 11. Given the

Xc to ensure the magnitude of the SM capacitor voltage ripplyminal operating conditions and the design constraintst, fi
of both arms below the design constraint. _ X is selected based on tlhenverter power and the controller
~ Solving (24) and (25)the normalized SM capacitor voltage, s ergence tesk; should be sized to guarantee that the con-
ripple versus the SM capacitive reactance is shown in Fig.qQier converges to the achievable minimum arm AC current.
for Vae1/Vacz = 0.7. As shown in Fig. 9 the amplitude of theag shown in Fig. 11, several iterations might be requiredrid fi

SM capacitor voltage in the lower arm is greater than that {ge hesiset of components, which satisfy the design constraints.
the upper arm. As th&c decreasing, the magnitude of the S nce X is selected, the amplitude of the AC component of

capacitor voltage ripple of both arms decreases. Based®n e phase current is calculated for vario¥s. A minimum

9, the best value oKc is selected as its maximum value thal —wa; satisfies the phase current AC component amplitude
ensures the magnitude of SM capacitor voltage ripple of bol3nstraint can be identified dse best value ok, in this step.
arms satisfy the given design constraint. The magnitude of the SM capacitor voltage ripple will then
] be calculated for dierentXc. A maximum Xc that satisfy the

D. Operating Frequency constraint on the SM voltage ripple magnitude is identifisd a

Unlike the DC-AC MMC used in the HVDC applications inthe best value oXc. In the next step, semiconductor power
which the operating frequency is imposed by the converter Aldsses are estimated at varioogeratingfrequencies and the
side frequency, the operating frequency of the DC MMC is maximum frequency that satisfies the power loss constraint



parameters

|

Arm current
calculation,
select X,

)

Phase current
calculation,
identify X

:

SM ripple
calculation,
identify X,

Loss analysis,
determine
operating frequency

.

Fig. 11. Flowchart of the component sizing procedure of ti@ NMC.

Determin
nominal operating

Design finish

Controller
performance
satisfied?

Yes

Identify
LL,Cg,

Components
available?

capacitor voltage ripple. An AC operating frequency of 360 H
is chosen, leading t0.8% semiconductor power losses.

Since Vge1/Vaez = 0.5, the DC components df, and im
have the same magnitude as shown in Figs. 12(c) and 13(c).
The magnitudes of the SM capacitor voltages ripple in the
upper and lower arms are the same, i.e., 74 V for buck mode
of operation and 78 V for boost mode of operation. The peak
to peak magnitude of the AC component of the phase current
is equal to 18 A for both modes of operation. As confirmed
by the waveforms of Figs. 12 and 13, the magnitude of the
SM capacitor voltages ripple and AC component of the phase
current are below the design constraints for both modes of
operation.

can then be identified as the best value. After this step, the
controller performance will be evaluated by simulationdéts.

If the controller fails to converge to the minimuathievable
amplitude of AC circulating curreniX; will be resized. Then,
the arm and output inductors as well as the SM capacitor can
be sized.

TABLE |
NOMINAL CONDITIONS AND DESIGN CONSTRAINTS FOR CASE A
Nominal Conditions | Value
Output power P 7 MW
DC-link 1 voltage,Vgc1 4.4 kV
DC-link 2 voltage,Vqgc2 8.8 kV
Design Constraints | Value
Phase current rippléio.ac,p-d/io.dc 5%
SM voltage ripple,|Avsml/Ve nominal 4%
Converter power losses 1%

Converter Parameters | Value
Number of SMs per armN 4
SM capacitor,Csu 2 mF
Arm inductor, | 0.89 mH
Phase filtering inducton,. 132 mH
Operating frequencyf 360 Hz

Performance Parameters Analytical Results

Phase current rippléio ac,p-d 19.6 A
IV. SIMULATION RESULTS SM capacitor voltage rippl\vsy| 81.6 V
Converter power losses 0.5%

Two case studies are reported in this section on a threeephas
leg DC MMC of Fig. 1, using parameters and corresponding
constraints listed in Tables | and Il. The studies are cotedlic
to validate the developed stady-state model and demoasti@t g gmulation Results for Vger/Vaez = 0.7
accuracy of the converter design process. The sizes ofveassi
components are determined based on the design procedurkg
Fig. 11. Two modes of operations are simulated to mimic t
bidirectional power flow: the buck mode of operation whic
is defined as DC power flowing from DC-link 2 to DC-link 1 ; : :
and the boost mode of operation which is defined as DC povx! rAn X .Of 1200 IS chosen, which re_sults in a phase AC
flowing from DC-link 1 to DC-link 2. The designed converter§urrent with a magn;tude of 9.5 AXsw is selected as 0.11
are simulated in PSCAEBMTDC software environment. TheQ' which leads to 3% SM capacitor voltage ripple. An AC

. . o
SPWM modulation scheme and the open loop control strateg; er_atlng frequency of 360 HZ Is used, resultmg_ 5%
in [19] are used in the simulation studies. miconductor power losses. Since the current sharingelaetw

the upper and lower arm pairs changes with the DC-link 1 and
) _ DC-link 2 ratio, whernvgei/Vacz = 0.7 the upper and lower arms
A. Smulation Results for vae1/Vacz = 0.5 unequally contribute to the DC current as shown in Figs. JL14(c
The steady-state converter waveforms for buck and boastd 15(c). This, consequently, leads to unequal amplitfitieeo
modes of operation of the DC MMC are provided in Figs. 13M capacitor voltages in the upper and lower arms, as shown
and 13, respectively, whergc1/Vyc2 = 0.5. In both figures, the in Figs. 14(e) and 15(e). In this cas&w is sized based on the
SM capacitor voltages and arm currents of only the plzeaee amplitude of the lower arm SM capacitor voltage ripple, whic
shown. The nominal conditions, design constraints, cdaveris larger than the upper arm. For both modes of operation, the
parameters, and analytical results are shown in Table |. Bgnverter transfers 7 MW power.
following the described design procedure, &nof 2 Q is The amplitude of the SM capacitor voltage ripple of the lower
selected to ensure the convergence of the controller.XAn arm is 80 V in the buck mode operation and 83 V in the boost
of 450 Q is chosen, which results in 9.8 A phase AC curremhode operation. As shown in Figs. 14(d) and 15(d), the peak
amplitude.Xsy is selected as 0.2, which results in 8% SM to peak magnitude of the AC component of the phase current

i‘l;he corresponding simulation results fgy.1/vyc2 = 0.7 for

ck and boost modes of operation are provided in Figs. 14
ﬁmd 15, respectively. The nominal conditions, design caimgs,
converter parameters, and analytical results are showabiteT
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Fig. 13. Steady-state converter waveforms for boost modepefation for
Vdc1/Vdez = 0.5: (a) input and output dc voltages, (b) input and outputents,
(c) upper and lower arm currents of phasdd) phase currents, (e) SM capacitor
voltages of the upper and lower arm of phasand (f) upper and lower arm

Fig. 12. Steady-state converter waveforms for buck mode pefration for Voltages of phase:

Vdc1/Vdez = 0.5: (a) input and output dc voltages, (b) input and outputents,
(c) upper and lower arm currents of phagséd) phase currents, (e) SM capacitor
voltages of the upper and lower arm of phasend (f) upper and lower arm [2] A. Nami, J. Liang, F. Dijkhuizen, and G. Demetriades, “ddar mul-
voltages of phase: tilevel converters for hvdc applications: Review on coteercells and
functionalities,”|EEE Trans. Power Electro., vol. 30, pp. 18-36, Jan 2015.
[3] L. Harnefors, A. Antonopoulos, S. Norrga, L. AngquishdaH.-P. Nee,

is equal to 18 A for both modes of operation. As confirmed by “Dynamic analysis of modular multilevel convertersEEE Trans. Ind.

- . . Electron., vol. 60, pp. 2526-2537, July 2013.
the waveforms of Figs. 14 and 15, in both modes of operatio 4 D. H. J.E. F. B. W. W, R. Li, G. P. Adam. “Hybrid cascaded mazul

the amplitudes of the SM capacitor voltage ripple and Al multilevel converter with dc fault ride-through capalyilifor the HVDC
component of the phase current are below their per-specified transmission systemJEEE Trans. Power Del., vol. 30, pp. 1853-1862,

. Aug 2015.
constraints. [5] S. M. A. A. L. H. S. N. N. Ahmed, L. Angquist and S. H. P. Nee,

“Efficient modeling of an mmc-based multiterminal dc system ewipd

V. CONCLUSION RYJZH(Z‘OT/SdC breakers,JEEE Trans. Power Ddl., vol. 30, pp. 1792-1801,

In this paper, a phasor-domain steady-state mathematidél J- Qin and M. Saeedifard, A zero-sequence voltage imeetiased
control strategy for a parallel hybrid modular multilevelde converter
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given design requirements. Simulation results are predetat H.-P. Nee, “Modular multilevel converter ac motor drivesttwionstant
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Fig. 15. Steady-state converter waveforms for boost modepefation for
Vdc1/Vdez = 0.7: (a) input and output dc voltages, (b) input and outputents,
(c) upper and lower arm currents of phagséd) phase currents, (e) SM capacitor
voltages of the upper and lower arm of phasend (f) upper and lower arm
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