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Abstract—In this paper, a generalized tri-state pulse width
modulation method (GTSPWM), which decreases the common-
mode voltage and current (CMV/CMC), is proposed for Silicon
Carbide (SiC) based three-phase two-level voltage-source invert-
ers (VSIs). Mathematical analysis, simulations, and experimental
results show that GTSPWM has superior characteristics in terms
of reduced switching losses, lesser output current harmonic
distortion, reduced DC link current ripple, and lower common
mode voltage (CMYV). With the usage of SiC MOSFETs, the
switching frequency of VSIs can be increased appreciably and
the performance of proposed PWM method could be further
improved.

Keywords—Silicon Carbide (SiC), generalized tri-state pulse
width modulation (GTSPWM), common-mode voltage (CMV)

I. INTRODUCTION

With the development of power electronics, three-phase
voltage source inverters (VSIs) are widely used in industry
applications. Traditional VSIs based on Silicon (Si) devices
are undergoing significant changes with the application of
wide band gap semiconductor devices, such as silicon carbide
(SiC), due to their higher switching speed capability and
greater thermal conductivity. These characteristics improve the
performance of VSIs remarkably. The efficiency of SiC three-
phase inverter can be increased to 99% by using synchronous
rectification [1]. SiC MOSFET devices enable a 50%—90%
reduction in hard-switching losses, relative to Si devices [2].
With SiC devices, the sizes of the passive components and
heat-sink can be distinctly reduced [3]. However, due to higher
switching speed, the problem of high common-mode current
(CMCQC) caused by excessive common-mode voltage (CMV)
with sharp edges becomes especially serious [4].

Pulse width modulation (PWM) technique with fixed
switching frequency is a standard approach to operate the
VSIs that has been in use for many years. In recent years,
various PWM methods have been investigated to reduce CMV
such as active zero state PWM (AZSPWMI1, AZSPWM?2,
and AZSPWM3), remote state PWM (RSPWM1, RSPWM2,
and RSPWM3, and near-state PWM (NSPWM) [5], [6]. Such
methods can reduce the peak value of CMV by adjusting
the utilized vectors. However, the current ripple of these
methods is large, especially at low modulation index M;
(M; = Vim/(2Vyc/m), where Vi,,, is the magnitude of refer-
ence voltage). Moreover, the voltage linearity characteristics of
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Fig. 1. Three-phase, two-level, and three-wire VSI.

RSPWM and NSPWM methods are limited [5]. Tri-state PWM
(TSPWM) can reduce the CMV to one third of traditional
SVPWM and DPWM methods, where the reference voltage
vector has the high M;. Whereas, with low M;, TSPWM
shows better output performance than other CMV reduction
PWM (CMVRPWM) methods [7], [8]. However, there is a
lack of systematic and conclusive investigation into waveform
quality, switching losses, CMV characteristics and the com-
parison between TSPWM and CMVRPWM methods.

In this paper, a high performance CMV reduction PWM
method, named, generalized TSPWM (GTSPWM) method
is proposed to maximize the performance of high-frequency
SiC based three-phase, two-level inverters. Firstly, principles
and switch logic signals of traditional CMVRPWM method-
s are reviewed. Thereafter, GTSPWM method is described
through generalized scalar approach [9]. Then, the modulation
characteristics are studied for comparison between GTSPWM
and commonly-used PWM methods (SVPWM, DPWMI, and
AZSPWMI) to show its superior. Finally, simulations and
experimental results are presented to verify the capabilities
and advantage of the proposed PWM method.

II. REVIEW OF TRADITIONAL CMVRPWM METHODS

Fig. 1 shows a widely used three-phase, two-level SiC VSI.
CMV of the inverter can be expressed as in (1) [6].
Vao + Vbo + V;:o

Voo = — 3 (1)

Where V.., Vo, and V., represent output phase to DC
neutral point voltages and take the values of +Vj./2. With
CMVRPWM methods, the maximum CMV is successfully
reduced from +Vg./2 to £Vq./6 or the peak-to-peak value
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Fig. 2. llustrations of various AZSPWMI1 and NSPWM (a) AZSPWMI (b)
NSPWM.

(b)

of the CMV is reduced to V4./3 in every switching period
T, relative to traditional space vector PWM (SVPWM) and
discontinuous PWM (DPWM).

Except for AZSPWMI1, NSPWM and TSPWM, all other
CMVPWM methods have simultaneous inverter-leg switch-
ings, which prohibits their practical application [5].

A. AZSPWM1

The AZSPWMI1 methods utilize the same active vectors to
construct the reference voltage vector as the SVPWM. Instead
of zero vectors, two opposite active vectors with equal action
time are used. The way that active vectors complemented with
either two near opposing active vectors defines AZSPWMI.
The simple illustration of AZSPWM1 is given in Fig. 2(a)

B. NSPWM

The NSPWM method [10] utilizes a group of three active
voltage vectors to synthesize the desired reference voltage.
These three active vectors are selected such that the inverter
voltage vector closest to reference voltage vector and its two
neighbors are utilized. A simplified illustration of NSPWM is
given in Fig. 2(b).

III. THE WORKING PRINCIPLE OF PROPOSED METHOD

Observing similarities between TSPWM, NSPWM, and
DPWM [11], an attempt toward unifying them leads to the
development of GTSPWM to maximize the performance of
high-frequency operating SiC VSI. According to generalized
scalar PWM approach [9], modulation waveforms V", V**,
and V* of GTSPWM can be represented as in (2). Where 1

I/dc/2“ n/3

0

Vie/2 —

Vo

(O I Y
.

Fig. 3. GTSPWM zero-sequence signal generation method

is the zero sequence voltage added to the voltage references
and wt = 0 represents the angle of the reference voltage vector.

Va** — Va* + ‘/0 = Vlm COS(Wt) + ‘/0
Vet = Vi Vo = Vimcos(wt — 21/3) + Vo ()

TABLE I
CHOICE OF SECTOR-DEPENDENT CARRIER WAVE

B1 Bs B3 Ba Bs Bsg
Phase a ‘/t'ri _V;,Ti _‘/tm' ‘/tri ‘/tri ‘/tri
Phase b V;E'ri V't'ri V't'ri _Vvtm' _Vvtri ‘/t'ri
Phase ¢ _‘/M‘i V;Sri V;Sri V;Sri V;S'ri _‘/iri

Instead of single polarity carrier wave, two phase opposed
triangular carriers +V;,; and —V},; are utilized to produce
gate pulses of the inverters [9]. The choice of the triangular
carrier to be compared with the modulation waves is sector
dependent as given in TABLE I. Via adjusting the clamped
phase of modulation waves, GTSPWM method can realize the
minimum switching loss characteristic under different load.
To aid the description of GTSPWM and unify the expression
of Vp, load power factor angle « is introduced, as shown in
Fig. 3. All three reference modulation signals V., V¥ and V"
are phase shifted by a. The three new signals thus obtained:
Vi Vi, and V., shown in (3) determining the zero sequence
signaling as in (4), where the one with maximum magnitude
among V., Vi* and V, is first defined as V, and V.

a?

V., = Vim cos(wt — )

ac

W Vim cos(wt — 27/3 — ) 3)

o=

Vi, = Vim cos(wt 4 2m/3 — )

Vo =sign(Vy) - Vae/2 — VI z € {a,b,c} 4
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Fig. 4. Voltage vector plane of the proposed GTSPWM strategy.

Furthermore, the utilized space sectors should be rotated by
«. The allocation of voltage vector plane is shown in Fig. 4.
To keep the modulator linear, the range of « is confined to
the interval [—7t/3,7t/3]. If load power factor angle is outside
this range, « is limited at —7t/3 or 7t/3.

IV. COMPARISON WITH TRADITIONAL PWM METHODS
A. Switching Losses

Switching losses of VSI are load-current dependent and vary
with the PWM method employed [11], [12]. Assuming a linear
dependence of switching losses, per device switching losses,
per fundamental cycle P, can be derived as follows:

27
By, = Yaclsllon + forr) / i@t dt ()
4m 0

In (5), ton and t,g can be approximately regarded as turn-on
and turn-off time of the devices, fs represents the switching
frequency of the devices. isa(wt) = 0 when the switching
state of corresponding phase is clamped at “0” or “1” and
isa = |ia(wt)| otherwise. Normalizing Py to Psy o in (6), that
is the switching loss of the Si VSI using SVPWM method
under base frequency fs o. Switching loss function (SLF) of
GTSPWM can be derived as shown in (7) and (8). Where
Kt = fs o0/ fs and K is a coefficient whose value depends
on device materials. Since switching losses in SiC devices
reduced by at least 50% compared to conventional Si devices
under same f5 [2], Ky = 1 for Si IGBTs and 2 for SiC
MOSFETs,

Vaelmax
PSW_O = dc%fs_o X (ton_Si + toff_Si) (6)
P
SLEgTpwM = %SSWM @)
sW_(
1 7T
KK, el =5
s f - (8)
2+sin(|a|f?) o T
2K K., g Slel=g

SLF characteristics of various PWM methods are compared
in Fig. 5. Since SVPWM and AZSPWMI are continuous
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Fig. 5. SLF characteristics of different PWM methods.
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Fig. 6. HDF comparison between various PWM methods.

PWM methods, their SLF is same and independent of the (.
Different from GDPWM method in [12], outside the range
of —75° < ¢ < 75°, DPWM3 can not be combined into
proposed GTSPWM method. GTSPWM based SiC inverters
can make less switching losses, which leads to a smaller heat
sink and higher power density of the inverter.

B. Output Current Ripple

The performance of the inverter output current ripple can
be studied theoretically through harmonic flux trajectories [5],
[11]. The conceptual harmonic flux Ay is defined to evaluate
the performance of the output current ripple, because the phase
harmonic current is proportional to Ay. Ay investigated in
terms of the time integral of the harmonic voltage vector in a
N th PWM cycle Ay, is shown as follows [11]:

< [NT:
Ann (M, 0, Vae) = / (Vi = Viet)dt — (9)
(

VacTs N-1)Ts

The RMS harmonic flux Ap,—rms over a PWM cycle is
given in (10), where d is duty cycle. Taken the switching losses
into account, K is introduced in the calculation of harmonic
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Fig. 7. KDF=f(M;) characteristics of different PWM methods under constant
inverter switching losses and unit load power factor

distortion factor (HDF) normalized over a fundamental cycle

as (11).
1
Mn-ams(30,8) = 1| [ 32, (10)
0
288 [
HDF = f(M;) = K} x %/0 A dd (an

The HDF characteristics of GTSPWM and other common
used PWM methods under unit load power factor are calcu-
lated in Fig. 6. It can be seen that GTSPWM is superior to
AZPWMI1 under equal switching number, where Ky = 2/3.
In the SiC application, with same switching losses the value
of Ky can take 1/4 and the performance of GTSPWM method
is better than SVPWM.

C. Input Current Ripple

The current RMS value I,s qc of DC-link capacitor is
important for DC-bus capacitor size design and is a function
of M; and « [13]. To compare this characteristic of the PWM
methods, DC-link current coefficient K. is defined as (12) in
[5], where RMS value of ac output fundamental component
current 1, 1S evaluated.

2
rms_dc

12

1rms

The K4 factor for SVPWM and AZPWMI are given as
follows [11], [5]

Kqc = (12)

2v/3 8v3 18
KESVPWM 7\r2[Ml + (T\IL _ —Mi)Mi cosla (13)
FAZSPWML _ g (97\[?]\41. 3\[) cos 2av
(14)
1
— —EME cos® a

The calculations of K. for GTSPWM are performed nu-
merically via computational software. In Fig. 7, K4, = f(M;)
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Fig. 8. Harmonic magnitude of different PWM methods @ m =1, n =0
for SVPWM and DPWMI, and n = 3 for AZPWMI1 and GTSPWM

curves of SVPWM, AZPWMI1 and GTSPWM are illustrated
employing PF as a parameter. For a high PF of 0.8-1, common
condition in the practice, K4, of GTSPWM is lower than all
other PWM methods. For a low PF of 0.4, K4. of GTSPWM
is inferior to SVPWM, but it is still superior to AZPWMI.

D. CMV

The CMV characteristics influence the inverter performance
significantly in terms of high frequency behavior, leading to
unavoidable common mode current. To determine the Influ-
ence of CMV on CMC, double Fourier integral analysis is
applied to calculate the harmonic components of CMV for
different PWM methods [14]. In general terms, the harmonic
component of the switched phase leg output voltage under
given carrier index variable m and baseband index variable n
can be expressed as

. .
1 yeli) g (i) ,
Cmn = 52 Z/ / el dady
i=0 (i) x, (2

(15)

CMYV can be expressed according to its harmonic compo-
nents. Fig. 8 shows the maximum harmonic component of
CMV around the 1st switching frequency where m = 1,n =0
for SVPWM and DPWMI, and n = 3 for AZPWMI1 and
GTSPWM. As illustrated in Fig. 8, GTSPWM and AZPWMI1
are advantage over SVPWM and DPWMI. In the range of
0 < M; < 0.61, GTSPWM is lower than all other PWM
techniques.

V. SIMULATION AND EXPERIMENTAL RESULTS

In order to verify the proposed GTSPWM method, PLECS
based simulation model has been developed. The circuit used
for the simulation is the same as the one given in Fig. 1. Three-
phase Y connected R-L load is used, with 10 € and 10 mH
value. The frequency of output voltage is 50 Hz. The DC-
Link voltage is chosen to be 800 V. The DC-Link capacitance
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Fig. 9. Simulation waveforms for GTSPWM(a) M; = 0.2 (b) M; = 0.8.

is 470 uF. The switching frequency of simulation system is
set low, 10 kHz, to improve the calculation accuracy.

Simulation waveforms of output phase current, modulation
signal, and CMV for GTSPWM are shown in Fig. 9. With the
adjusted modulation signals, the minimum switching losses
action can be achieved. Meanwhile, CMV is reduced. The
normalized harmonic component of CMV around the 1st
switching frequency for M; = 0.2 is 0.0625, and that for
M; = 0.8 is 0.1612, which accords with the previous analysis.

Fig. 10 shows the DC-Link current waveforms for various
PWM methods. The rms value of the DC-Link current for
GTSPWM is 9.33 A, which is lesser than others.

To ensure the feasibility of the proposed method, a 5 kW
prototype of SiC-based inverter with LCL output filter is built.
The inverter specifications are given in TABLE II.

Experimental results with GTSPWM with 100 kHz switch-
ing frequency under inductive load are shown in Fig. 11.
Fig. 11(b) shows the CMYV is successfully reduced to Vdc/6
and Fig. 11(a) shows that although the maximum value of
CMV is Vdc/2, the peak-to-peak value of the CMV is re-
duced to Vdc/3 in every switching period. Furthermore, with
the discontinuous switching action, switching losses reduces
overall M;.
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Fig. 10. DC-Link current waveforms for various PWM method when M; =
0.4 (a) SVPWM (b) AZSPWMI (c¢) GTSPWM.

TABLE I
SPECIFICATIONS OF SIC VSI

Parameter Value
DC-link voltage 800 V
DC capacitor 470 pF
Output frequency 50 Hz
Switching frequency 100 kHz
Inverter side inductor 262 uH
Load inductor 47 pH
Output capacitor SuF
Load 54 Q
SiC module 10-PZ126PA08OMR-M909F28Y

Comparison of the total harmonic distortion (THD) in
current is shown in Fig. 12. For a fair comparison, SVPWM
and AZSPWMI1 are operated at 40 kHz, while that of DPWM1
and GTSPWM is 60 kHz. For a low M;, GTSPWM and
AZSPWMI have lower performance in terms of THD as
compared to SVPWM and DPWMI1 methods. However, the
current THD of GTSPWM method is much smaller than that
of AZSWPMI1 methods. In the high M, range, current THD
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efficiency and lower CMV/CMC under high-frequency switch-
ing, but also makes up for the shortcoming of large current
ripples for other CMVRPWM methods.
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