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Abstract—Compared with the traditional two-level (2L)
inverter, two-level Split-Phase topology (2L-SP) provides better
cross-talk immunity without deadtime between the top and
bottom devices. From the Common Mode (CM) EMI perspective,
split inductors in 2L-SP tend to increase the CM noise path
impedance and decrease the dV/dt across the device during
the switching transition due to the interaction between split
inductors and the semiconductor device’s parasitic capacitance.
This phenomenon, in turn, reduces the dV/dt of the CM voltage,
making 2L-SP topology a promising candidate with lower CM
emission for Wide Band Gap (WBG) devices-based 2L inverters,
switching at high frequency. However, the CM EMI of 2L-SP and
its comparison with 2L have yet to be analyzed comprehensively.
This paper investigates conducted CM EMI emission of a SiC-
based 2L-SP three-phase inverter with SPWM. At first, the
derivation of the CM equivalent circuit model through frequency
domain analysis is presented. This is followed by a comparative
study of CM emission of 2L-SP three-phase inverter on a
hardware prototype for different values of split inductance. The
results show that increasing split-inductance significantly lowers
the CM magnitude with a maximum reduction of 17.85 dB.

Index Terms—Common Mode (CM), Electromagnetic
Interference (EMI), Frequency Domain Analysis, Silicon
Carbide (SiC), Split-Phase Inverter.

I. INTRODUCTION

Adopting Wide Band Gap (WBG) devices in a standard
2L inverter topology has enabled high power density
and efficiency targets. WBG devices allow high-frequency
operation, effectively shrinking the size of the output filter
[1]. Further, compared with Silicon (Si), WBG devices offer
lower switching loss at high switching frequency. However,
the fast switching capability of WBG brings concerns of
spurious/Miller turn ON of complementary device during
switching due to high dV/dt, a potential cause of current shoot
through. Although having deadtime between top and bottom
switches can alleviate crosstalk, deadtime increases THD in
the output current and voltage.

Moreover, the pulse width modulation (PWM) in a 2L
inverter generates a continuously varying Common Mode
Voltage (CMYV), which results in conducted and radiated CM
emissions [2], [3]. 2L inverters based on WBG devices are
intended to have higher switching frequencies, compared with
their Si counterparts. The high switching frequency and dV/dt
compatibility of WBG devices worsens the CM spectrum in
the interested 150 kHz-30 MHz range with a higher possibility
of violating EMI standards. This tightens the constraints on the

EMI filter design, resulting in a bulky filter for suppressing CM
noise. Additionally, if the inverter is connected to a motor, high
dV/dt can lead to excessive motor bearing currents and partial
discharge in the winding insulation, requiring an additional
output dV/dt filter [4]-[6].

Recently, split-phase (2L-SP) topology has been shown to
be effective in overcoming challenges associated with WBG
device-based 2L inverter [7], [8]. 2L-SP topology comprises
a dissected version of the phase legs of a traditional 2L
inverter. The phase-legs are split to form P-cell and N-cell,
with split inductors L connected to the mid-point of these
cells on one side and shorted on the other side (Fig. 1). The
concept is similar to the split-scaling technique adopted in
power modules for lowering parasitic inductance [9]. Insertion
of split inductors helps to decouple P-cell and N-cell. For
instance, the split inductors isolate the bottom switch from the
top switch and its antiparallel diode and vice versa. Decoupling
between P and N-cell allows the inverter to operate with zero
deadtime, without possible current shoot-through. Moreover,
the effective parasitic capacitance across the switch is reduced
due to the decoupling of the device’s antiparallel diode and
complementary switch. This leads to reduced ON switching
loss, slightly high OFF switching, but reduced total switching
loss of the device [8], [10].

A detailed device loss analysis is performed in [8] for a
2L-SP inverter with SPWM. The device loss is analyzed for
various metrics such as switching frequency f, modulation
index M, power factor angle ¢ and conduction current
amplitude I.,,. The results show that the device loss for 2L-
SP is always upper bounded by loss for traditional 2L inverter
for all considered performance metrics (f, M, ¢ and I..,,).
Most notably, the total power device loss follows a direct
relationship with f for 2L-SP and 2L. However, the increase
in loss for 2L is higher than for 2L-SP as f increases, making
2L-SP a better candidate over 2L topology for WBG-based
two-level three-phase inverters.

From the CM EMI perspective, the split inductors lower
the dV/dt of the mid-point voltages of P and N-cells [§],
[11]. During the switching transition, the mid-point voltages
rise/fall slowly. This is caused by the interaction between
split inductors and complimentary cell power devices’ output
capacitance [11]. The reduced dV/dt provides a potential
benefit in lowering CM emission. However, this aspect has yet
to be analyzed comprehensively. Among all existing literature
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Fig. 1. 2L-SP three-phase inverter schematic.

presented, the EMI benefit has been explained in terms of FFT
of output voltage. It is concluded that with the inclusion of
split inductors, the magnitude of high-frequency harmonics is
less due to lower dV/dt [8]. Nevertheless, no analysis in terms
of conducted CM EMI is presented.

This paper investigates and compares the DC side CM
emission of a 2L-SP three-phase inverter. Firstly, the CM
equivalent circuit model is developed using frequency domain
analysis. This is followed by a discussion on the variation of
dV/dt of P and N-cell midpoint voltages with L. Lastly, the
CM spectrum is examined for various values of Lg through
experiments on a SiC-based hardware prototype.

II. 2L-SP CM EMI MODELING

EMI models are effective in analyzing EMI characteristics
of power converters. The model aids in predicting and
comparing EMI; evaluating the performance of EMI filters
and devising techniques for EMI reduction. Hence to analyze
CM emissions of 2L-SP topology, it is imperative to develop
a CM EMI model for the 2L-SP three-phase inverter.

A. Derivation of CM Equivalent Circuit

Two basic approaches have been used predominantly
for modeling EMI: Time Domain and Frequency Domain
Analysis. Both approaches models the noise propagation
paths and EMI noise source [12], [13]. The time domain
approach relies on characterizing the noise sources based on
behavioral or physical structure-based modeling. The models
can be simulated using software to mimic the noise source.
The noise spectrum is predicted through Discrete Fourier
Transformation (DFT). The computation of DFT requires vast
memory resources and the noise models need to be derived
meticulously to ensure simulation convergence.

On the other hand, the frequency domain approach relies
on substitution theory to replace the switching devices
in the circuit with noise sources (voltage or current) to
linearize and simplify the circuit [14]. The noise sources

have identical time-domain waveforms as in the actual circuit.
The simplified circuit is modeled in the Laplace domain to
derive analytical expressions for noise propagation paths. The
analytical expressions provide insight into the potential noise
propagation paths and is helpful in analyzing the CM emission
profile. Therefore, the frequency domain analysis technique is
chosen for modeling CM equivalent circuit for 2L-SP.

Fig. 1 shows the schematic of a DC fed three-phase 2L-
SP inverter with LISNs connected on the DC side. The first
step in CM modeling is to model the noise source. Assuming
identical construction of three-phases, a single phase-leg can
be first used for modeling and then extended to other phases.

The proceeding analysis utilizes phase A (Fig. 1). The
CM emission depends on parasitic ground capacitances. The
capacitances are distributed across the circuit and depend on
the inverter assembly’s structure. In Fig. 1, five capacitors
(Cpcp, Cpen, Cp, Co and Cy) are considered for each
phase to provide a path for CM current. Cpcp and Cpon
represent the parasitics capacitance from DC bus positive and
negative to the ground chassis/heat sink. Cp, Co and Cy
represent the ground capacitors from mid-points of P-cell, N-
cell and AC output to the ground respectively.

Fig. 2(a) shows the phase A circuit with substitution theory
applied. The switches S74 and So4 are replaced with noise
voltage sources vi4 and va4, mimicking switches’ drain-
source voltage. Similarly, the diodes D4 and Dsy are
replaced with noise current sources i1 4 and i24 respectively.
It shall be noted that the noise sources via, VoA, %14
and i94 shall have the same time-domain waveforms. The
circuit in Fig. 2(a) can be analyzed through the principle of
superposition. The DC link capacitor Cpc acts as a short
circuit due to its small impedance at high frequency. Further,
it is evident that the current sources i1 4 and i54 are shorted
out by noise voltage sources v14 and va4. This leads to the
model in Fig. 2(b), which can be extended to phases B and
C, assuming symmetrical construction of the three-phases.
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Fig. 2. CM EMI modeling of three-phase 2L-SP. (a) Phase A with noise sources. (b) Removal of current noise sources that do not contribute to CM noise.

(c) Extension to three-phase. (d) CM equivalent model.

The noise voltage sources for phase B and C are phase
shifted by 120 °. Using superposition principle, the CM
equivalent circuit for three-phase 2L-SP can be derived by
defining two common-mode voltages vopar1 and vopro as

v1A + 1B + V10

; (M

VoMl

'UQA“‘U?)B + v2c ?)

The final CM equivalent circuit with LISN and load Z7, is
depicted in Fig. 2(d). In general for inverters, the CMV vcpy
is defined as the voltage between load neutral point Nz and
ground [15]. From Fig. 2(d) it is evident that

Vem2 =

vem1 + Vo2
2

B. Analysis of Common Mode Voltages vcoar1 and veage

3

VeMm =

A three-phase 2L inverter can be realized from 2L-SP
topology by bypassing the split inductors or shorting the
midpoints of P and N-cell in each phase. The CM models
proposed in the literature for simple 2L inverter comprises
one CMV source, which is the average of three-phase voltages
[15], [16]. In contrast, 2L-SP decouples the P-cell and N-cell,
resulting in two separate CMV sources vopr1 and vopsa-

As discussed in [8], [11], due to the insertion of split
inductors, the voltages of midpoint of P-cell, N-cell and AC
output rise gradually with lower dV/dt. The delay ¢, depends
on the value of split inductance L, and output capacitances
Coss and C'; of the MOSFET and diode of the other cell. As
a result, the voltage transition of these midpoints varies. For
instance, in phase A in Fig. 1, when the bottom switch sg4
turns OFF and top switch s;4 turns ON, the voltage of node
P4 rises quickly with dV/dt of s;4 to Vpe. However, node
O 4 and N4 voltages rise slowly due to the interaction of split
inductors with device capacitance. This implies that the CMV
sources vo a1 and veo o have the same voltage levels and are
in phase but differ during voltage level transition depending
upon the switching transition from bottom to top switch or
vice versa.

Fig. 3 shows the symbolic waveforms of CMVs veoar
and vcopyo and the resultant veops. Both veoasr and vongs
have the same voltage levels Vpe/2, Vpe/6,—Vpe /6 and
—Vbe /2. However, the rise/fall profile differs during voltage
level transition, as shown by the zoomed-in view at two
voltage level transitions in Fig. 3. For Vpo/6 to Vpeo/2
transition, v rises quickly whereas ve e rises slowly due
to Ls. The trend reverses for Vpco/2 to Vpe /6 where vonrs
falls quickly and veasy falls slowly. veoas is the average of
both CMVs and is bounded by them. If Ly = 0 (2L topology),
both CMVs ve 1 and ve e become identical, leading to one
CMYV source as proposed in [16].

Vbe - T373 —VcMm
2 i | i ! ——Vcm1
HERERYE — v
o Yoe o i
?'p 6 Mipedel Jinecd
= 0 \ 1
o
>_M L
6
_Voc E &
2

Time
Fig. 3. Symbolic CMVs waveform for three-phase 2L-SP.

III. 2L-SP CM EMI EXAMINATION

To analyze and compare the CM emission of three-phase
2L-SP inverter for various values of L,, a 18 kVA SiC
based inverter prototype, inspired from [17], is developed.
The proceeding subsections discuss the experimental setup and
measured CM emission results.

A. Experimental Setup

Table I tabulates the specifications of the inverter prototype
shown in Fig. 4. The inverter is built using discrete devices
in TO-247 package with a vertical loop for power PCBs to
lower parasitic inductance. The P-cell and N-cell mid-point
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TABLE 1
IPS SPECIFICATIONS
Parameter [ Value
DC Link (V) 500
Output Voltage (V) 208 L-L RMS

Carrier Frequency (kHz) 30

Fundamental Frequency (Hz) 60
SiC MOSFET CREE C3M0016120D
SiC Schottky Diode Onsemi FFSH50120A

terminals are taken out separately on the power PCB. This
layout allows the inverter to be configured as simple 2L
or 2L-SP. Commercially off-the-shelf (COTS) inductors from
Coil Crafts are used for split inductance. The inductors offer
shielding and high self- resonant frequency (> 1 MHz).

For CM measurement, it is imperative to make unwanted
CM noise propagation paths as inefficient as possible. One
such unwanted path is through the gate drivers. The CM noise
can propagate through PWM signal line from the control card
or through the gate driver auxiliary power supply [18]. In the
developed prototype, CM chokes are added in both 24 V and
5 V auxiliary power supply lines. For gate signals, a fiber optic
interface is utilized, which provides flexibility in placing the
control card at a distance and complete electrical isolation.

T —

1'.

AD K

Fig. 4. Developed three-phase 2L-SP inverter prototype.

Fig. 5 shows the experimental setup for CM EMI
measurement. A 2 kVA RL load is connected to the inverter’s
output side. The input DC side is connected through LISNs
to a 1:1 ratio isolated Phase Shifted Full Bridge (PFSB) DC-
DC converter, which is powered from the Spellman ST2P36
power supply [19], [20]. The ST2P36 power supply DC output
negative terminal is grounded internally, which is the same as
the ground plane for CM EMI measurement. If the power
supply is connected directly to the inverter, the DC negative
LISN is bypassed/shorted out for low frequencies due to the
lower impedance of LISN’s inductance. To mitigate this, the
PFSB converter stage is connected between the power supply
and LISNs to isolate the power supply ground.

The control card and inverter’s gate drivers are powered
from an isolated auxiliary power supply with CM chokes

placed in the supply lines. The SPWM modulation index is set
to 0.7 and the gate signals are transmitted to the gate driver
over a fiber optic interface.

Lastly, the output of both LISNs is connected to a 0 °power
splitter from Mini-Circuits [21]. The output CM noise is then
fed to the spectrum analyzer. The connections from LISNs
to the power splitter and spectrum analyzer are made using
RG223 50 2 doubled shielded coaxial cable, which provides
better shielding against external fields than RG58 [22].

Inverter

Spectrum
Prototype

Analyzer

Control Card
Auxiliary Power Supply

Fig. 5. CM EMI measurement experimental setup.

B. CM EMI Measurements

CM EMI tests are carried out on the inverter for various
values of Ly (0 uH, 0.15 pH, 1 pH, 4.7 yH and 10 pH).
The measurements are taken during the steady state operation
of the inverter. It is pertinent to mention that Ly = 0 pH
implies simple 2L topology, allowing fair comparison between
CM emissions of 2L and 2L-SP inverter from the identical
experimental setup and test conditions.

Fig. 6(a) shows the measured CM spectrum for all values
of L in the interested 150 kHz—30 MHz range. The spectrum
has the highest magnitude for 2L configuration (Ls = 0 uH),
which decreases with an increase in L. For Ly = 0.15 pH, the
reduction in CM noise is minimal, but it increases significantly
as Ly goes beyond 1 pH. Further, there are two parallel
(= 5 MHz and ~ 7 MHz) and one series (= 6.2 MHz)
resonance points in the spectrum for all values of Ls. As
the value of L, increases, the resonance points move slightly
to left and the peak and trough values of parallel and series
resonances reduce. A maximum reduction 9.75 dB is observed
for the first resonance point with an increase in L as evident
in Fig. 6(b), which compares the CM spectrum for Ly = 0 pH
and Ly = 10 pH. Similarly, maximum 18 dB and 17.85 dB
reduction is achieved in 150 kHz-1 MHz and in 10-30 MHz
frequency ranges, respectively. Lastly, from the EMI filter
perspective, the reduction in CM spectrum throughout the
150 kHz-30 MHz range is beneficial for shrinking the size
of the CM filter.

TABLE II
SLEW RATE COMPARISON

Maximum dV/dt (V/ns)
L H
s (ll ) PA [ OA [ NA
0 7.6 7.6 7.6
10 17.1 6.0 1.9
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Fig. 6. Comparison of CM EMI measurements. (a) All values of Ls. (b)
Ls=0pH and Ls = 10 pH.
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Fig. 7. Waveforms for phase A s;4 OFF — ON and sp4 ON — OFF
switching transition. (a) Ls = 0 pH. (b) Ls = 10 pH.

The significant reduction in CM spectrum can be justified
by gradual rise of AC output node and mid-point voltage of
complimentary switching cell due to L, and increase in noise
path impedance towards LISN due to L as shown in Fig. 2(d).
To exemplify this, Fig. 7 shows the voltages of node P4, O 4
and N4 of phase A during s;4 OFF — ON and sgs4 ON
— OFF switching transition for two values of Lg (0 uH and
10 pH). For L, = 0 uH, all three node voltages rise at the
same rate. The parasitic ground capacitances C'p, Co and C'x
are excited with the same dV/dt. However, for Ly = 10 pH,
the node O4 and N4 voltages gradually rise with lower dV/dt,
reducing the excitation of parasitic capacitances Cp and Cy.

The maximum dV/dt observed during the switching
transition for all three nodes is tabulated in Table II. The dV/dt
of node P, is increased with the inclusion of L, due to the
decoupling of N-cell device’s output capacitance (Cpss and
Cy) from the P-cell [9]. This is also justified by an increase
in overshoot ringing frequency in node P4 from 38.1 MHz
to 42.7 MHz with addition of L, as evident in Fig. 7(b).
Despite the increase in dV/dt of node P4, the cumulative CM
noise appearing at LISNs is lower due to increased noise path
impedance offered by the L, as well have lower dV/dt of
nodes Oy and Ny.

Lastly, the effect of low dV/dt due to L; on CM emission
can also be explained by comparing CMVs for both cases with
and without L. Fig. 8 compares the measured CMV v¢ s for
Ls; =0 pH and L, = 10 pH. The CMYV voltage is measured
between the load neutral point and the nearest point on the
ground plane. Compared with the symbolic CMV waveform
in Fig. 3, the measured vc s has overshoot with ringing during
voltage transition for both cases. However, the peak overshoot
and decay time of oscillations for Ly = 10 uH is considerably
lower than for 2L configuration (Ls = 0 pH). The ringing
overshoot is due to the interaction between stray inductance
and ground parasitic capacitance [14].
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I |[—o0 pI'-I —10 pII-I
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-200
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Fig. 8. CMV voltage comparison.
C. Split Inductor Ls Optimal Sizing
Although increasing Ls lowers the CM emissions of 2L-
SP, as evident in Fig. 6, it is imperative to select and optimum
value of L to meet performance and compliance targets.
From the inverter design and performance perspective,
optimal selection of L, is directly related to current spikes

526

Authorized licensed use limited to: SUNY AT STONY BROOK. Downloaded on January 08,2025 at 00:30:12 UTC from IEEE Xplore. Restrictions apply.



through split inductors during the switching transition. As
concluded in [8], [11], split inductors in 2L-SP experience
current spikes with amplitude Ad; during the switching
transition, incurring core losses. During the switching
transition, the output capacitances of the MOSFET Cpgg and
diode C'; interact with Ly, resulting in transient voltage, which
leads to a current spike. The cause of transient voltage is the
delay in the rise of P and N-cell node voltages, as shown in
Fig. 7(b) for Ly = 10 uH.

Increasing the value of L, lowers the magnitude of spikes
but at the cost of bulkier magnetic design and increases copper
losses [11]. Hence for finding the optimal Ly, it is important
to visualize the variation of Ai, with Ls for given system
parameters, which are DC link voltage Vpco, Coss and C'.
Fig. 9 shows the variation of Ai, with L,, based on the
expressions derived in [11], for the developed prototype. Aig
follows an inverse relation with L, with a knee point at
L ~ 5 pH. For lower values of split inductance (L, < 5 uH),
Aig falls steeply as L, increases. However, for larger values
(Ls > 5 uH), the reduction in Aég with increasing L in
minimal. This implies that selecting L, with a value above the
knee point might not be optimum, as the minimal reduction in
Aig is overshadowed by the increase in copper loss due to the
increase in the number of turns and core dimension. Lastly, a
high value of Lg, above the knee point, is also infeasible as it
would cause a significant voltage drop across L, leading to
lower output voltage across the load.
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Fig. 9. Variation of Aig with L.

Further, from the CM emission perspective, the variables
of interest are dV/dt and rise time ¢, of the mid-point and
output AC node voltages. According to Fig. 7(b), increasing L
lowers dV/dt and increases ¢, of the output and complimentary
cell’s mid-point voltages, leading to lower CM emissions as
evident in the CM EMI plots in the manuscript. Based on the
expressions in [11], £, depends on the same system parameters
as for Ai,. which are Vpe, Coss and C;. Fig. 10 presents
the variation of t, with L, for the developed prototype.
Contrary to Aig, t, follows a non-linear increasing relationship
(t. o< VL) with L.

From the ¢, vs L, plot, it can be concluded that increasing
L aids in lowering the CM emissions of the 2L-SP inverter

due to large t.. However, relying solely on ¢, vs L;
characteristics for finding the optimal L, is infeasible due to
non-linear increasing relationship (¢, o \/Zs), resulting in the
optimal point (dt,/dLs — 0) at Ly = oo. Hence, optimal
selection of L4 can be made based on the inverse relationship
between Ai, and L, where the optimal value is the knee point
of the Aig vs L curve.
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Fig. 10. Variation of ¢, with L.

IV. CONCLUSION

2L-SP topology can alleviate the increased losses and CM
EMI emission incurred in standard 2L topology with WBG
devices, switching at high frequency. Split inductors lower the
rise and fall profile of the AC output node and complementary
switching cell’s mid-point voltage and add impedance in the
CM noise path, potentially leading to lower CM emissions.
This paper examines the EMI benefit of 2L-SP. A CM
equivalent circuit modeling is performed in the frequency
domain. It is concluded that due to the insertion of split
inductors, the mid-point voltages of P and N-cell have different
rise and fall profiles, resulting in two CM voltage sources
in the CM equivalent model. This is contrary to the simple
2L inverter topology, which has one CM voltage source, as
proposed in the existing literature. Further, a comparative study
of CM emission of 2L-SP and 2L three-phase inverter on a
hardware prototype for different values of split inductance is
performed. The results show that increasing split inductance
impacts the high-frequency spectrum and shifts the resonance
points to the left due to interaction between the split inductors
and ground parasitic capacitances.
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