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Abstract—With superior loss characteristics, wide bandgap
devices such as silicon carbide (SiC) MOSFETSs are expected to
replace Si-IGBTs in grid-connected applications. Uninterruptible
power supply (UPS) is an application in which low conduction-
loss and switching-loss from SiC devices can largely improve the
system efficiency. However, fast switching of a SiC MOSFET
worsens the electromagnetic interference (EMI). In addition, the
UPS is comprised of multiple converters wherein different
combinations of the converters take part in power-transfer
depending on the mode of operation. This complicates the
prediction and strategies for noise, especially the common-mode
(CM) part. Such complexity calls for deliberate strategies to be
set before prototyping to contain and mitigate the CM noise. In
this paper, a three-terminal CM circuit model is presented for a
three-phase UPS with an active battery charger and a battery
rack. The significance of a dc-dc converter on CM EMI
generation and propagation has been analyzed based on the
model. In a mode of operation where the dc-dc converter is active,
a considerable amount of the CM noise is generated from the dc-
dc converter. Also, the multiple resonances on the propagation
path associated with dc inductors and the battery rack highly
deteriorates CM EMI. As a mitigation strategy in the design
phase, different topologies and PWM schemes for the ac-ac stage
and the dc-dc stage have been compared based on the model. A
20 kW full-SiC UPS has been built and tested to experimentally
verify the impact of the dc-dc converter operation on the noise
and to validate the mitigation strategy.

|. INTRODUCTION

Wide-bandgap (WBG) devices have received attention from
industry due to superior performance over Si-based IGBTs. An
uninterruptible power supply (UPS) is an application in which
ultra-low loss characteristics of WBG devices can significantly
improve system efficiency. With mature Si-based IGBT
technology, the efficiency of double conversion (ac-ac
conversion) is limited below 98% for three-phase UPSs. With
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SiC devices, 99% efficiency per one power stage is
conceivable and double conversion efficiency up to 98% [1],
[2] can be obtained.

While the UPS benefits from high-efficiency,
electromagnetic interference (EMI) problems arise from high
dv/dt, di/dt of SiC devices and higher switching frequency [3]—
[5]. Especially, the common-mode (CM) noise is difficult to
deal with, as propagation varies according to physical layout
and parasitic components of the system [6]. Since the UPS
generally feeds sensitive loads in hospitals or data centers,
conductive noise emission is strictly limited from 150 kHz to
30 MHz by standards as IEC62040-2 shown in Table I [7]. In
general, passive filters are used to handle the conductive
common-mode (CM) emission, where the magnetic
components as common-mode chokes dominate the size and
weight of the filters. With increased switching frequency
enabled by SiC MOSFETS, the volume and weight of these
CM EMI filters may increase significantly [8]-[10] since the
size of these magnetic component increases. Also, the CM
current during converter operation can cause false triggering
of protection circuits.

Furthermore, the UPS consists of multiple power
conversion stages and has several modes of operation which
complicates the EMI problems. The UPS under study is
comprised of a rectifier and an inverter for ac-ac conversion,
and an active battery charger with a battery rack as energy
storage. IEC62040-2 requires the limit of conductive noise

TABLE |. CONDUCTIVE EMI LIMIT IN IEC62040-2: CATEGORY C3 UPS
WITH RATED CURRENT < 100 A

Frequency Range Quasi-Peak Limits

[MHz] [dBuV]
0.15—0.50 100
050-50 86
5.0 - 30.0 90to 73




shall be met in the mode of operation with maximum emission
[7]. Noise emission, propagation path, and interaction between
the stages are distinct since different combinations of the
rectifier, inverter and dc-dc converter are active during
different modes. This makes prediction of the EMI spectra
difficult and calls for deliberate strategies to be set before
prototyping. Especially, literatures have reported that large
parasitic capacitance up to tens of nanofarad (nF) may exist
between battery terminals and metal housing due to a large
footprint of the battery [11]-[14]. This large parasitic
component provides a propagation path for high-frequency
noise and may bring a huge change in noise phenomena when
the dc-dc converter operates.

EMI models can be used to predict the EMI spectra and set
appropriate EMI strategies during the design phase [15]. A
number of researchers have adopted a simplified frequency-
domain model. The EMI remedies for a complex system such
as UPS or back-to-back converters can be validated and
compared [13], [16]-[21] while the accuracy of the frequency-
models are limited at MHz since the model includes only major
parasitic components [22]. However, most research focuses
only on ac-ac stage alone. It is not clear how the noise
mechanism will be influenced by the operation of dc-dc
converter which interfaces a large energy storage to the dc-link
of the ac-ac stage.

In [16], a comprehensive EMI analysis is conducted for a
modular UPS in both time-domain and frequency domain.
Based on the model, a parametric study for parasitic
components and the impact of interleaving in the modular
structure is investigated for the ac-ac stage. However, the
scope of the research is limited to the double-conversion mode
even though a large battery rack and an active charger exists in
the system. In [17], a filter structure with an artificial ground
is proposed to contain the CM noise current for a back-to-back
converter system. In [18], [19], a frequency domain model is
used to evaluate the filter and provide a design guideline for a
UPS [18] or back-to-back converter [19]. In [23]-[25], PWM
schemes for a two-level back-to-back converter are proposed
which utilize common-mode voltage (CMV) cancellation
between the rectifier and inverter to reduce the CM current.
However, the scope of these studies is limited to the ac-ac
conversion case and does not show how operation of the dc-dc
converter will change the CM noise profile.

In [20], a CM equivalent circuit for a medium voltage dc
distribution system is proposed to connect multiple converters
and subsystems. Based on the model, the impact of different
grounding scheme on the CM current is investigated.
However, the experimental result does not include a dc-dc
converter and a dc energy storage. The impact of the same on
the CM EMI was not investigated.

In [13], the impact of battery connection on the CM EMI is
investigated for a UPS with an experimental validation. A
diode rectifier is used for an input grid and a large battery rack
is directly connected to the dc-link by long cables. With a
battery connection, a maximum 20 dB increase is reported in
conductive CM EMI over a wide frequency range. However,

this increase came from the long cables connecting the battery
to the dc-link. A detailed analysis for deteriorated CM EMI is
absent. Also, the dc-dc converter is not present in the system.
It is uncertain how the topologies or the PWM schemes of the
dc-dc stage will influence the CM EMI.

In this paper, an EMI generation, propagation, and
mitigation strategy for a full-SiC three-phase UPS with an
active battery charger have been investigated based on a three
terminal CM circuit model, focusing on impact of dc-dc
converter. Firstly, a three terminal CM circuit model is
presented to link a CM equivalent circuit of the dc-dc stage to
the ac-ac stage. The model provides insight on how the CM
noise will be generated from the dc-dc converter and interact
with the ac-ac stage circuit. Secondly, based on the model,
impacts on the noise generation and propagation path by the
dc-dc stage have been analyzed. It is predicted that the dc-dc
converter contributes to a large increase in the CM noise
profile due to its additional noise generation and due to the
multiple resonances associated with the battery cabinet.
Thirdly, a comparative evaluation of topologies and PWM
schemes has been performed based on the proposed CM EMI
model to set a mitigation strategy during a design phase. CMV
generation by different combinations of topologies and PWM
schemes has been compared for the ac-ac stage and the dc-dc
stage. The result highlights that the selection of the topology
and PWM scheme for the dc-dc stage plays a critical role
towards noise mitigation from the UPS. A 20 kW full-SiC
three-level UPS has been built with a SiC three-level module
from MICROSEMI. The impact of the dc-dc converter and the
mitigation strategy have been verified with the prototype UPS.

Il. FORMULATION OF THE THREE TERMINAL CM MODEL

In this section, the three terminal CM EMI model is
developed to explain the CM EMI behavior of the UPS with a
dc-dc converter. A structure of the UPS is shown in Fig. 1. A
rectifier is connected to a 480V/ 60Hz grid and an inverter is
connected to resistive ac loads. The dc-link voltage is 800 V
nominal while the battery voltage is 540 V nominal. A dc-dc
converter enables bidirectional power flow between the dc-
link and the battery. The rectifier, inverter, and dc-dc converter
share the dc-link as an energy buffer.

For ac-side filters, LCL filters have been used for both the
rectifier and inverter. A battery-side LC filter is designed to
attenuate battery current ripple to 2 % of rated current. A dc
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Fig. 1. Structure of UPS and parasitic capacitances to the
earth.



inductor is split in two and connected to each output port of the
dc-dc converter to achieve complete symmetry and balancing
for EMI purpose [26]. Heatsinks and a battery cabinet are
connected to the protective earth. The connection between the
input-grid ground, protective earth, and the neutral of the
three-phase output depends on the grounding scheme or
system configuration. In this paper, TT grounding is assumed
where the three nodes are connected to the same conductive
plane [27].

Parasitic capacitances to the earth are marked with dotted
lines. These capacitances exist between the heatsink and the
three-phase outputs of the rectifier, inverter (C;), dc bus
(Cpys), and two out ports of the dc-dc stage (C,,). On the
battery side, parasitic capacitance (C,gpiner) €XiSts between
the metal cabinet and the battery terminal. Due to a large
footprint of the battery, this capacitance value reaches an order
of tens of nF [11]-[14].

A. Ac-ac stage modeling

The CM equivalent circuit for the ac-ac stage is shown in
Fig. 2 (a). Two inductors in the LCL filter are modeled as RLC
branch as in Fig. 2 (b). The CMV of the rectifier and inverter
can be defined as (1). vy, rec refers to the voltage between
phase-x output (x = a, b, ¢) of the rectifier and the mid-point
of the dc-link. The CMV from the rectifier or inverter is
modeled as a single voltage source referring to the mid-point
of dc-link as Fig. 2 (a).

vbn,REC + Vcn,REC

3
Voo Ve TV

an, INV bn, INV
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cm, INV 3

In this configuration, CM current may propagate to the
rectifier- and inverter-side or be shunted back through the
parasitic capacitances (Cp,s, Cs). In a relatively low frequency
range where the noise propagation through C,, and C; is not
significant, most of the noise will flow between the rectifier-
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Fig. 2. (a) Ac-ac stage CM model (b) Lumped parameter
model for LCL filter.

and inverter-side path and the CM noise emission will depend
ON Ve rec — Vemuny [23]-125], [28]. In the UPS application,
the voltage reference of rectifier input voltage and inverter
output voltage is largely determined by the required line
voltage. Ideally, the input grid voltage to the UPS and the
output voltage to the load are in synchronism; however, a small
phase difference may exist due to voltage drop on the filters.
With this synchronism, the waveform of v, recs Ve vy Will
be very similar when the carriers for the rectifier and inverter
are synchronized, and PWM schemes for both are identical
[23], [28]. Under this condition, most of the CMV generated
from the rectifier and inverter cancel each other. As a result,
the CM noise generation from the ac-ac stage alone is not
significant.

To observe the effect in the frequency domain, a computer
simulation has been done for the two-level rectifier and
inverter composed of ideal switches. The switching frequency
is set to 40 kHz and center-aligned Space Vector Pulse Width
Modulation (SVPWM) has been used. The modulation index
is 0.98 and the phase difference between the rectifier and
inverter voltage is 1.5° due to voltage drop across the LCL
filter. The frequency spectrum for 150 kHz — 2 MHz
components is plotted in Fig. 3 (b). With the presence of this
cancellation, the spectrum of CMV has been reduced to 133
dB between 150 kHz — 2 MHz, which is a maximum 22 dB
decrease when compared to the single two-level ac-dc
converter case.

B. Dc-dc stage modeling

In the UPS, the dc-dc converter connects an energy storage
to the dc-link of the rectifier and inverter. To link a CM
equivalent circuit of the dc-dc stage to the ac-ac stage model,
voltage potentials of the dc-dc converter output can be referred
to the mid-point of the dc-link. The circuit for the dc-dc stage
is shown in Fig. 4. vy, and v, ,, respectively indicate the
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Fig. 3. Simulated frequency spectra for CM noise
generation of two-level back-to-back converter.
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Fig. 4. Dc-dc stage circuit.

voltage potentials for a positive or negative terminal of the
output referred to node n. CMV output of the dc-dc converter

(Vempcpc) can be defined as (2).

_ VYdc+ntVdc—n
Vempepe = — 5 2

2

As an example, the waveforms for a bi-directional two-level
dc-dc converter case are shown in Fig. 4. The switching
function of the high-side MOSFET (Qy) is defined as Sy,. Sy
equals 1 if Q4 is on, and O when @, is off. When the dc-link
voltage is equally split into the upper and lower dc-link
capacitor, vy, and vy._, can be written in terms of Sy, as
(3). Finally, vy, pepe Can mathematically be described as a
switching state of the dc-dc converter as (4) for the frequency-

domain model.
1
Vdc+‘n :Vdc SH _E
3
Vdcfn - ?
Vc+,n +Vc—,n Vc
Vimocoe = : 2 : =?d(SH _1)
4)

when Q, is on

1
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A CM equivalent circuit for the dc-dc stage is shown in Fig.
5. The CMV generated by the dc-dc converter in (4) serves as
a voltage source in Fig. 5 (a). The battery cabinet is modeled
as a series-connected LC circuit. L,pine:Models the parasitic
inductance of the metal plate of the cabinet connected to the
earth.

To observe the noise generation from the dc-dc stage, a
computer simulation has been performed for the two-level
bidirectional dc-dc converter. The duty ratio is 0.625 and the
switching frequency is set to 40 kHz. Waveforms of the
switching state, and the CMV are shown in Fig. 6 (a). A
magnitude of the CMV step change is V,;./2, which is 50 %
larger than the two-level ac-dc converter case. The frequency
spectrum of the CMV is shown in Fig. 6 (b) and compared
with that of v, rpc — Vem, vy from Fig. 3. With the presence
of the CMV cancellation in the ac-ac stage, the two-level dc-
dc converter generates around 20 dB larger CM noise at 160
kHz. Also, the noise envelope over 5 MHz or higher shows a
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Fig. 5. (@) Dc-dc stage CM model (b) Lumped
parameter model for dc inductor.
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Fig. 6. Simulation for CM voltage by two-level dc-dc
converter (a) Time domain waveform. (b) Frequency
spectra.

10 dB larger magnitude compared to that of the ac-ac stage.
C. Modeling of UPS for CM EMI

By combining the CM circuit model for the ac-ac stage and
dc-dc stage, the complete UPS model is derived as shown in
Fig. 7. The model provides insight into how CM noise will
change when the dc-dc converter operates. CM current from
each noise sources will be divided according to the impedance
of possible paths at the frequency of the interest which include
the parasitic capacitances Cs, Cs,, and Cp, . Note that the CM
EMI filters are not considered in the model which may largely
impact the impedance of noise path and thus propagations.
This paper’s focus is on the analysis of how the dc-dc stage
may impact noise phenomena and the minimization of
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Fig. 7. CM EMI model of UPS and noise propagation
paths to LISN.

generated noise by the selection of topology and PWM
schemes.

I11. EMI ANALYSIS ON THE DC-DC CONVERTER SIDE BASED
ON THE MODEL

A. Impact of the dc-dc converter operation on noise
generation

As seen in the frequency spectrum of Fig. 6, the CM noise
generated by the dc-dc converter is large compared to that of
the ac-ac stage. Also, the time-domain waveform of v, pcpe
is quite different from v, rgc OF Ve vy, and it is hard to
expect any cancellation such as the one between the rectifier
and inverter. Therefore, the dc-dc converter switching may
inject significant CM noise through the battery cabinet to the
earth when the UPS is in battery-charging mode or double-
conversion with battery-charging.

B. Impact of the dc-dc converter operation on noise
propagation path

When the dc-dc converter operates, the CM noise generated
by the rectifier, inverter, and dc-dc converter propagates
through the battery cabinet to ground. Within this path, the
parasitic components of the battery cabinet are present and
create resonances with the dc inductor. Together with
additional CMV generation, these resonances deteriorate the
CM noise profile.

The impedance of the dc inductor, and the battery terminals
to ground were measured using an Agilent 4292A impedance
analyzer. A big resistor bank with a metal housing shown in
Fig. 21 (b) was used to emulate the battery rack. The
parameters were estimated based on the curve fitting results
shown in Fig. 8 and are summarized in Table Il. From the
extracted parameters, the impedance between the output
terminals of the dc-dc converter to the ground (Zeq,DCDC), as
described by (5), is shown in Fig. 9. Three resonance
frequencies exist and each of them are labeled as
fres.act fres,acz aNd fres ac3. Note that a shunt path through the
parasitic capacitance (Cs,) is neglected in (5).
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TABLE Il. PARAMETERS FOR DC-DC CONVERTER SIDE IMPEDANCES

Parameter Value
Lrac 253 uH
Crac 64.3 pF
Rrac 40 kQ

L capinet 660 nH

Ccabinet 10nF

The first resonant frequency (fm,dcl) results from
resonance between Ly g and Ceqpinec- The value of dc-side
inductor(Ly 4. ) is relatively large in general to meet a strict
high-frequency current ripple constraint for the battery. As
Ccapinet Teaches nF order, f;..s 41 @s (6) can be located within

the range of hundreds of kHz .
1 1

~ (6)
ZEW
sz(Lf,dc"'Lcabinet)Ccabinet f.dc*cabinet

fres,dcl =



To illustrate this resonance effect at this relatively low
frequency range, the transfer functions for the CMV of
rectifier, inverter and dc-dc converter versus the voltage across
the line impedance stabilization network (LISN) (vysn/
Vem,rEC Viisn/Vem,nv s Viisn/Vempence) have been derived
when the operation mode is double-conversion with battery-
charging. The design of the EMI filters may seek to meet the
noise limits at this low frequency range, therefore the change
that dc-dc stage brings will significantly affect the design.
Note, at this frequency range, the impedance of Cgys, Cs, and
C,, is much higher than that of the ac- and dc-side filters with
the given parameters in Table VI. Therefore, most of the noise
propagates through the filters and an interaction between the
three power stages may be significant for CM noise which is a
unique characteristic of UPS compared to a single three-phase
inverter or dc-dc converter. Self-resonant frequencies of the
filters are located over 1 MHz, and the filters show inductive
behavior. Under such conditions, a simplified CM equivalent
circuit is shown in Fig. 10. vy sy /Vem recs Viisn/Vemany, and
Viisn/Vem,pepce are plotted in Fig. 11 for Cogpiner = 1 nF, 10
nF and 30 nF cases. Depending on the C.ypiner Value, fresact
can be located within 150-500 kHz range like the 1 nF case in
Fig. 11. Near f¢s qc1, the three transfer functions show high
peaking, and the impact of the CMV from the dc-dc converter
is higher than in the other two cases. Even after this resonant
frequency, only around 5 dB difference exists between
Viisn/Vemrec + Visn/Vemany and Viisy/Vempepe » Which
demonstrates the significant noise emission coming from the
dc-dc converter.

The second resonance (fres‘dcz) at MHz range results from
a self-resonant frequency of the dc-inductor as indicated in (7)
. Above this frequency, the dc-inductor starts to show a
capacitive behavior. Since the equivalent parallel capacitance
(EPC) of the dc-inductor is much smaller than C.qpines, the
impedance of Z,, pcpc is largely determined by the EPC.

1

Py 1.25MHz )

Lastly, the parasitic inductance of the battery cabinet
resonates with the EPC of dc-inductor over a very high-
frequency range, as indicated in (8). Due to its large size, the
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Fig. 10. A simplified CM model for a relatively low
frequency range.
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Fig. 11. Transfer function from CMV of each stage to
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metal cabinet presents parasitic inductance of hundreds of
nano-henry (nH) to earth. These two small parasitic
components resonate and bring a large increase in the EMI
spectrum over 10-30 MHz. It is important to note that the
frequency range is nearly as high as the radio-frequency band
according to the given parameters, and an accuracy of the
lumped parameter model is poor. The exact location of f..5 4¢3
will be influenced by the physical geometry of the battery rack

and the metal housing.
1

P TR ~ 24MHz (8)

A frequency domain simulation has been performed to
compare the CM noise spectra and to observe the impact of the
dc-dc converter operation. To avoid excessive computational
effort, a PLECS with ideal devices was used. CMV waveforms
from the rectifier, inverter, and dc-dc converter were extracted
from the DM circuit simulation and used for voltage sources
in the three-terminal CM model. Three-level Neutral Point
Clamped (NPC) converters with SVPWM have been used for
the ac-ac stage and a three-level bi-directional dc-dc converter
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has been used for the dc-dc stage as shown in Fig. 16 (b). The
parameters used in the simulation are given in Table VI. The
result is shown in Fig. 12. Compared to the double-conversion
mode, there is more than a 10 dB increase in the CM noise over
a wide frequency range when the dc-dc converter operates.
Near fresac1 and fres.qc3, the simulation result shows a large
increase due to the resonance. Simulation has been done for
two different C.qpine: Values; 0.7 nF and 10 nF. The values are
chosen from an experimental setup in Fig. 21. The result is
shown in Fig. 13. A shift of f,.s 4c1 brings a large variation on
the magnitude of harmonics up to 500 kHz. This is important
since required attenuation by the EMI filter and the size of the
EMI filter will be affected accordingly. After 500 kHz, overall
spectrum remains the same. Because the standards such as
IEC62040-2 require that the limitation on conductive EMI
should be met in the worst case among different operating
modes, this deterioration of the CM EMI by the dc-dc
converter operation should be considered for overall EMI
mitigation and EMI filter design.

IV. TOPOLOGY AND PWM SCHEME SELECTION

In this section, an EMI mitigation strategy for UPS is
investigated based on the model developed in Section II.
Frequency spectra of CMV generated from different
combinations of topologies and PWM schemes are compared
based using simulations of the ac-ac stage and dc-dc stage.
Assuming this comparative evaluation is performed during the
design phase, ideal switches have been used for the simulation.
The dead time and associated influence are not considered.
Special attention is given to the selection of the dc-dc converter
to minimize its impact on the CM EMI emissions.

A. Ac-ac stage

When both the rectifier and inverter are operated, most of
the CMV generated by the rectifier and inverter cancel each
other out as shown in Section II-A. Nevertheless, the CMV of
the single ac-dc stage also has to be minimized since this
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cancelation does not exist depending on the mode of operation,
for example, battery-charging mode. Therefore, a comparison
is made for a single ac-dc converter case. A two-level ac-dc
converter is used as a benchmark and, a three-level topology is
also considered for topology candidates. Three different PWM
schemes for the two cases are compared to find a combination
with the least amount of CM noise generation. Only
modulation schemes capable of a modulation index range up
to 1.15 are considered since operation of UPS had to be assured
under input-voltage variation of —30 % to +15 %. Additionally,
the schemes with center-aligned carrier are considered, as to
not significantly worsen the harmonic quality of DM voltage
output.

For the two-level case, SVPWM, Active Zero State PWM1
(AZSPWML1) [29] and Near State PWM (NSPWM) [30] are
compared. For the three-level case, SVPWM, reduced CMV
(RCMV) PWM [31] and LMZVM [32] are compared. Based
on loss simulation results to achieve 99% efficiency, the
switching frequency has been chosen as 40 kHz for the two-
level case, and 60 kHz for the three-level case. As EMI
regulations such as IEC62040-2 specify the limits for
conductive EMI starting from 150 kHz, the harmonics from
3f.w Or 4f,,,, and higher will be located within the limit.

Time-domain waveforms of the PWM schemes are shown
in Fig. 14 and Fig. 15. Due to the clamping nature similar to
that of DPWM, the switching frequency for two-level
NSPWM and three-level RCMV PWM is set to 1.5 times
larger than the other PWM schemes. CMV patterns for the
PWM schemes and the frequency spectra are compared in Fig.
14 and Fig. 15. The CM EMI filter should be designed to
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attenuate critical harmonic within a range of 150 — 500 kHz to
meet the standard. A 40dB/dec dotted line which indicates
attenuation by a single stage LC filter is drawn and used to
compare PWM schemes in terms of noise mitigation. The
critical CM harmonics are summarized in Table I11.

The results for the two-level PWM schemes are shown in
Fig. 14. Although AZSPWM1 can suppress significant
amounts of CMV at f;,, compared to SVPWM case, the
critical CM harmonic at 200 kHz does not decrease. For
NSPWM, the 3f;, component lies on 180 kHz, and its
magnitude is similar to the other two cases. In summary, in a
given operating condition, NSPWM and AZSPWML1 for the
two-level case could not bring much benefit to the critical CM
harmonics between 150 kHz — 500 kHz.

The cases for a three-level ac-dc converter are shown in Fig.
15. The critical CM harmonic at 180 kHz in both LMZVM and
RCMV PWM case is 15 dB smaller than the SVPWM case.
Also, compared to two-level cases, the required attenuation
could be 12 dB lower in the three-level case, which will result
in smaller CM EMI filter. Another important consideration for
three-level converters is the capability of neutral point voltage

TABLE Ill. CM EMISSION OF DIFFERENT PWM SCHEMES

Topology Critical CM harmonic

for ac-dc stage PWM scheme for EMI filter design
SVPWM 155 dBuV at 200 kHz
two-level NSPWM 158 dBuV at 180 kHz
AZSPWM1 155 dBuV at 200 kHz
SVPWM 155 dBuV at 180 kHz
three-level RCMVPWM 139 dBuV at 180 kHz
LMZVM 141 dBuV at 180 kHz

balancing between two dc-links. LMZVM provides a good
control of neutral point voltage and therefore the three-level
topology with LMZVM is finally selected for the rectifier and
inverter implementation.

B. Dc-dc stage

In section 11, it was shown that CMV emission from the dc-
dc converter itself can be much larger than the one of the ac-
ac stage. Therefore, the selection of the dc-dc stage topology
and its PWM scheme may play a critical role in EMI
mitigation. In this paper, only non-isolated topologies are
considered, with the bi-directional two-level dc-dc converter
shown in Fig. 16 (a) acting as benchmark.

A three-level bidirectional dc-dc converter as shown in Fig.
16 (b) was adopted by researchers for high-voltage high-power
applications [33]-[35]. With additional voltage-levels, the
three-level dc-dc converter reduces the size of the dc inductor.
Also, if the NPC three-level topology is used to build three-
level phase-legs for the ac-ac stage, the dc-dc stage can share
the same phase-leg and benefits on manufacturability while
two diodes across vy, ,, and vg._ , can be excluded [36]. To
avoid shoot-through, two upper-side MOSFETs (Q,, Q,) and
lower-side MOSFETs (Qs,Q,) operate as complementary
pairs. In this paper, the switching states of MOSFET @, and
Q, are defined as Sy and S, , respectively. Assuming a
balanced dc-link voltage, the output voltage (Vouspencsiw)

and CMV (Ve pepe,aiw) O the three-level de-dc converter can
be described by (9).

Vum,DCDc,slv = Vdc+,n - Vdc—,n = i(SH + SL)
) 2 y ©)
E(vdu-,n Ve ) = f(SH - SL)

There are two switching states governing the output voltage,
and different PWM schemes can be used to decide a switching
sequence. In [33]-[35], the carriers for Syand S, are 180°
phase-shifted. Waveforms for CMV and dc-inductor current
(igze) are shown in Fig. 17 (a). With the same switching
frequency, the current ripple can be reduced to a quarter of the
current ripple in the two-level dc-dc converter. However, a

ch,DCDC,3Iv -

Battery

0,0,

DC-link Battery

t)C-lmk
(a) (b)
Fig. 16. Candidates for dc-dc topology (a) two-level bi-

directional dc-dc converter (b) three-level bi- directional
dc-dc converter based on the NPC phase-leg.



CMV pulse of V;./4 is generated when either S, or S, turns
on. The frequency spectrum of the CMV is compared with the
two-level case in Fig. 18. The CM emission for the three-level
interleaved case is very similar to the two-level dc-dc
converter case. The difference in the envelope is only 3 dB.

In the second case, two carriers are synchronized so that Sy
and S, always simultaneously switch. The waveforms are
shown in Fig. 17 (b), respectively. Compared to the two-level
case shown in in Fig. 16 (a), no benefit exists on the current
ripple of i;. . On the other hand, the output CMV
(Vempcpcaw) always remains zero in ideal condition.

Interleaved Case

o I A N I

7 /4
\dc.4
0
-V |
v de 4 Vem,DCDC 3h

i —

dc

5 5.01 5.02 5.03 5.04 5.05
Time [ms]
(a)
Synchronized Case

u L I

V / | —
v de’ Vem,DCDC 31
<0 \/\/\’—r( "

5 5.01 5.02 5.03 5.04 5 (I)S
Time [ms]
(b)
Fig. 17. Switching patterns and waveforms for three-
level dc-dc converter with (a) Interleaved carriers (b)
Synchronized carriers.
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Therefore, the CM noise emission from the dc-dc converter
can be minimized. The high switching frequency of SiC
devices can compensate for the increased current ripple.

Based on the comparison, the three-level bi-directional dc-
dc converter with a synchronized switching sequence of Q,
and Q, has been selected for the dc-dc stage. In ideal
conditions, the CM emission from the dc-dc converter can be
eliminated with this combination. Also, it provides good
manufacturability by sharing the same NPC phase-leg with the
ac-ac stage circuit. The final circuit diagram of the UPS is
shown in Fig. 19.

V. EXPERIMENTAL RESULTS

A 20 kW full SiC UPS has been built to verify the impact of
dc-dc converter operation and the mitigation strategy. 1.2 kV
40 A full-SiC NPC modules (APTMC60TLM55CT3AG from
MICROCHIP) were used to build the three-level ac-ac stage.
The same module has been utilized to build the three-level dc-
dc converter as shown in Fig. 16 (c). The external gate resistor
is 0.05 Q for both turn-on and turn-off instant. A double pulse
test result for the ac-ac stage phase-leg is shown in Fig. 20. The
SiC MOSFETs switches around 25V /ns. The switching
frequency for both the ac-ac stage and dc-dc stage is set to 60
kHz.

Before assembly of every filter component, module, and
busbar, the impedance of each has been measured with the
Agilent 4294A precision impedance analyzer. C, and C,, are
measured following the method in [37]. The parasitic
couplings between the components and impedances of
interconnections are not measured. The parameters for the
UPS are shown in Table VI. An experimental setup with the
LISN is shown in Fig. 21. To emulate the battery-rack, a 22 Q,
a 12 kW resistor bank with a metal housing is used. Multiple
resistors are series- and parallel-connected inside the resistor
bank. The metal housing is grounded to a large copper sheet,
which serves as the reference ground for the LISNs. Two
terminals of the dc load bank are floating and a parasitic
capacitance between two input terminals of the resistor bank
and metal housing is measured as 0.7 nF. To emulate a large
parasitic capacitance of the battery rack, two 10 nF capacitors
are added connecting the two input terminals to the metal
housing. The resulting impedance between the terminal and
the earth is shown in Fig. 8 (a). The connection between the

- ROOF,

480 60 Hz -U-_T -
j} N—
'$ F% Battery
dlIx
bt

Fig. 19. Circuit diagram for a full-SiC UPS with three-
level ac-ac stage and three-level dc-dc stage.
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two dc inductors and the terminals of the dc load is made with
short cables to eliminate the effect from them. MX45 from
California Instrument is used for the input-grid and 50 uH
LISNs are connected between the input grid and the rectifier
as Fig. 1. Three LISNs are connected to 20 dB attenuators and
the voltage-drops across LISNs are simultaneously measured
with a multichannel digital oscilloscope (Tektronix
MSO05104). 100 mega-samplings per second(MS/s) is used
and the measured data is logged and post-processed offline to
extract the DM and CM components. The output of the inverter
is connected to 12 Q three-phase resistor banks with 8 m long
three-phase four-wire cables.

An experimental test is designed to verify two aspects. The
first goal is to verify the relative deterioration in the CM EMI
with respect to the dc-dc converter operation. The CM EMI
spectra for the double conversion mode and double conversion
with battery-charging mode have been compared. The second
goal is to verify the mitigation by the topology and PWM
scheme selection which was predicted by the model during the

178 mm

(b)

Fig. 21. (&) 20 kW full-SiC UPS prototype (b) An
experimental setup for EMI measurement

design phase. In the case I, SVPWM is used for the ac-ac stage
and two carriers for the three-level dc-dc converter is
interleaved. In the case 1I, PWM scheme for the ac-ac stage is
changed to LMZVM. In the case Ill, the synchronous
switching is used for dc-dc stage. The CM EMI spectrum for
three cases in Table IV are measured.

First, the CM noise spectra for two different modes of
operation are compared to observe the impact of the dc-dc
converter. In the first measurement, only the ac-ac stage is
operated at 20 kW full power, and the dc-dc converter was

TABLE IV. THREE CASES FOR CM NOISE COMPARISON

Ac-dc stage Dc-dc stage
Case Topolo PWM Topolo PWM

pology scheme pology scheme
three- three-

I level NPC SVPWM | el dovde Interleaved
three- three-

1l level NPC LMZVM | dode Interleaved
three- three- _

11 level NPC LMZVM level do-dc Synchronized




turned off. In the second measurement, 18 kW was transferred
to the ac loads through the inverter and 2 kW fed the dc load
by the dc-dc converter. Following the case | in Table IV,
SVPWM has been used for the ac-ac stage and the two carriers
for three-level dc-dc converter are interleaved.

The comparison of the CM noise for two different modes of
operation is shown in Fig. 22. With the dc-dc converter
operation, the CM harmonic component at 180 kHz is
increased by 6.8 dB. This is critical for the EMI filter design
since the corner frequency of the EMI filter will be mainly
determined by this component. Over 1-2 MHz, the CM noise
has been increased by a maximum of 12.5 dB. Over 2—-30 MHz,
a high increase in the CM noise was observed, which does not
exist in the double-conversion mode.

To verify the impact of parasitic components of the battery
cabinet, the additional 10 nF capacitors are removed and the
UPS s tested in the same condition when C,,pine: i 0.7 NF.
According to the calculation, fy.es 41 shifts from 100 kHz to
380 kHz. The experimental result is shown in Fig. 23 and the
variation within 120 — 480 kHz is summarized in Table V. The
shift of fr.es,qc1 reduces the magnitude of 120 kHz and 180 kHz
more than 15 dB. On the other hand, the component at 420 kHz
has increased. From 700 kHz to 10 MHz, the two cases show
a similar noise envelope. Therefore, the location of this
resonance frequency may largely influence the emission
between 150-500 kHz, and should be considered during the
design phase.

Second, the frequency spectra of the three different cases in
Table 1V were measured to verify the EMI mitigation strategy.
Ceapinet 15 Set back to 10 nF. The results for double-conversion
with battery-charging mode are shown in Fig. 24. The impact
of the PWM scheme of the ac-ac stage is observed in case 1
and 2. Most of the CMV is cancelled between the rectifier and
the inverter, and changing the PWM schemes for the ac-ac
stage provides small reduction of the CM EMI. The
experimental result shows that only a few dB decrease at 180
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TABLE V. VARIATION OF NOISE MAGNITUDE BETWEEN 100 — 500 kHz
RANGE DUE TO THE SHIFT OF f¢s dc1-

Frequency 10 nF case 0.7 nF case Variation

[dBuV] [dBuV] [dBuV]
120 kHz 127 102 -25
180 kHz 139 123 -16
240 kHz 104 102 -2
300 kHz 110 119 +9
360 kHz 104 107 +3
420 kHz 113 130 +17
480 kHz 97 110 -13

kHz and the noise at high-frequency range does not show a
significant change. By comparison of cases 2 and 3, the impact
of the dc-dc converter can be observed. In case 3, the CM
emission from the dc-dc converter is minimal and the critical
harmonic for the EMI filter design at 180 kHz is reduced by 16
dB. The CM noise from 400 kHz to 10 MHz range also has
been decreased by up to 14 dB.

The case for battery-charging mode is shown in Fig. 25. In
this mode, subtraction of v, rpc and Ve pepe Will be the
main noise source within the relatively low frequency range
wherein the shunt path through the Cy,; Cs, and C,, can be
ignored. To simplify the analysis, the PWM scheme for the dc-
dc stage is changed first to a synchronized one, eliminating the
interaction between the two noise sources. When compared to
case |, it can be observed that noise generation from the dc-dc
stage significantly impacts the emission, especially over 1
MHz frequency range. By comparing the green line and case
I1l, the impact of the ac-dc stage PWM scheme can be
observed, which was a reduction between 150 kHz — 2 MHz
range. When case Il is compared to that of Fig. 24, notable
increase can be observed from 150 kHz — 1 MHz without a
presence of the cancellation between ac-ac stage. The results
for the two modes of operation verify the importance of
topology and PWM schemes selection for the dc-dc stage inan
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TABLE VI. PARAMETERS FOR 20 KW FULL-SIC UPS

Parameter Value Parameter Value
Lfac1 90 uH Lfac 253 uH
Cract 25 pF Crac 64.3 pF
Rfac1 23 kQ Rrac 40 kQ
Lf,acz 44 uH L cabinet 660 nH
Cf,acz 9 pF Ccabinet 10 nF
Rfaco 6.56 kQ Chus 100 pF

Cf,ac 1.6 uF Rload,uc 12Q
Rioadaac 22Q Cac 140 uF
C 74 pF Ce, 58.3 pF

EMI mitigation strategy.

V1. CONCLUSIONS

In this paper, a three-terminal CM EMI model for a UPS has
been developed. Based on the model, EMI generation,
propagation, and mitigation strategy of full SiC UPS module

have been investigated. By defining the common-mode
voltage referred to the mid-point of the dc-link, an EMI model
for dc-dc stage can be connected to that of ac-ac stage. The
impact of dc-dc converter and battery-rack can be predicted
based on the model.

Among the three stages, the additional noise generation of
the dc-dc converter is critical with presence of CMV
cancellation between the rectifier and inverter. Even when
there is no ac-ac stage CMV cancellation, dc-dc stage may
contribute to high noise generation. A resonance between the
dc-inductor and parasitic capacitance of the battery-rack to the
earth can result in increase of CM noise near tens and hundreds
of kHz, which could be critical for the EMI filter design. Also,
the resonance deteriorates the noise profile in a very high-
frequency range when the dc-dc converter operates. As a result,
the output CM EMI of full-SiC UPS drastically deteriorated
with the dc-dc converter operation.

As a mitigation strategy of EMI during the design phase,
different topologies and PWM schemes were compared for
both the ac-ac and dc-dc stages. The double-conversion mode
with battery-charging, and battery-charging mode were chosen
for the comparison. Experimental results for double-
conversion mode with battery-charging showed that CM noise
can be decreased by up to 16 dB in the 150-500 kHz range and
around 15 dB over 1 MHz, by minimizing the emissions from
the dc-dc converter.

A containment strategy of EMI with a selection of a CM
EMI filter structure and an optimized design is not covered in
this paper and left as future work. The three-terminal CM
model can be utilized for designing the ac-side, and also the
dc-side EMI filter by providing an understanding on
interaction among the rectifier, inverter, and dc-dc converter.
The principle of this paper can be extended to other
applications such as energy storage systems (ESS), and electric
vehicles (EV) where a large battery with an active dc-dc
converter is connected to ac-dc converters or interfaces with
other power electronics systems.
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