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Abstract—Common-mode voltage (CMV) problem brings severe
negative effects in three-phase voltage source inverters (VSIs), par-
ticularly for high-frequency silicon (Si) carbide (SiC) VSIs. How-
ever, most traditional CMV reduction strategies, which are studied
based on Si VSIs, are hard to be implemented and sacrifice the
other performance of the VSIs. To overcome such drawbacks, this
paper proposes a novel generalized tri-state pulsewidth modula-
tion (GTSPWM) for high-frequency SiC VSIs over power factor
of 0-1 and whole linear modulation index range. The working
principle of conventional space vector based reduced CMV PWM
(RCMV-PWM) methods are reviewed, and their switching sig-
nals and CMYV patterns are illustrated. The proposed GTSPWM
method is described in a generalized scalar PWM approach for
simple application and compared with other RCMV-PWM meth-
ods. Mathematical analysis, simulations, and experimental results
have been used to verify that GTSPWM based high-frequency
SiC VSIs can achieve minimum switching losses, improved out-
put waveform quality, smaller dc-link current ripples, and RCMV
characteristics. Moreover, with the usage of GTSPWM method,
the switching frequency of SiC VSIs can be further increased, and
the performance of high-frequency SiC VSIs could be improved
appreciably.

Index Terms—Common-mode voltage (CMV), generalized tri-
state pulsewidth modulation (GTSPWM), pulsewidth modulation
(PWM), silicon carbide (SiC), voltage source inverters (VSIs).

I. INTRODUCTION

ITH THE development of power electronics, three-
W phase voltage source inverters (VSIs) are widely used in
the industry such as AC motor drives, grid-tied photovoltaic sys-
tems, and renewable energy conversion. Traditional VSIs based
on silicon (Si) devices are undergoing significant changes with
the usage of wide band gap semiconductor devices such as Si
carbide (SiC), due to their higher switching speed capability,
greater thermal conductivity, and increased junction operating
temperature. All of these improve the performance of VSIs
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remarkably such as higher efficiency, improved waveform qual-
ity, and increased power density [1]-[3]. The efficiency of SiC
VSIs can be increased to 99% by using synchronous rectification
[4]. Applying SiC devices allows the operation of high switch-
ing frequency under high blocking voltage [5]. Compared to Si
devices, SiC devices enable a 50%—90% reduction in switch-
ing losses [6]. With SiC devices, the sizes of passive compo-
nents and heat-sink can be distinctly reduced [7]. However,
due to ultrafast switching speed and high operating frequency
in SiC inverters, the problem of large common-mode current
(CMC) caused by the excessive common-mode voltage (CMV)
with sharp edges becomes especially serious [8]. Meanwhile,
the switching amounts are increased over per fundamental cy-
cle, which results in more hard-switched losses relative to low-
frequency operation.

The CMV issue is aggravated with the increase in the switch-
ing frequency, which degrades the reliability and security of the
system and is necessary to be solved in SiC VSIs [9]. The effect
of the CMV can be suppressed by hardware or software solu-
tions. Since hardware solutions include additional passive com-
ponents [10], [11] and making topology changed [12], software
strategies based on adjusting the switching control signals and
the algorithm of pulsewidth modulation (PWM) have aroused
widespread attention, which are more flexible and economi-
cal. Previous reported works of software strategies are studied
based on Si VSIs and can be divided into three types. The
first type is space vector based reduced CMV PWM (RCM V-
PWM) strategies [13]-[17]. Without utilizing the zero voltage
vectors, active zero state PWM (AZSPWM1, AZSPWM2, and
AZSPWM3), remote state PWM (RSPWM1, RSPWM?2, and
RSPWM3), and near-state PWM (NSPWM) have been inves-
tigated [13], [14]. However, the output waveforms quality is
poor when using these methods, especially at low modulation
index M; [M; = Vi,,, /(2V. /), where Vy,,, is the magnitude
of reference voltage]. The voltage linearity characteristics of
RSPWM and NSPWM methods are limited as well. Because of
rapid reversals of the line-to-line voltages caused by simultane-
ous switching in two legs, RSPWM and AZSPWM2-3 cannot
be utilized in most practical applications [13]. To overcome
the over voltage problem of AZSPWM and limited operating
range of NSPWM, a modified AZSPWM and a hybrid algo-
rithm have been proposed in [15], but the output current ripple
is still large at low M;. Traditional tri-state PWM (TSPWM)
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can reduce the peak-to-peak value of CMV in every switching
period and shows a better output performance than other RCM V-
PWM methods [16], [17]. However, such method cannot adapt
to the change in the load. The second type is carrier-based PWM
strategies [18], [19], which utilizes sine PWM (SPWM) with
interleaved triangular carriers, and the root mean square (rms)
value of CMV is much lower than that in conventional SPWM
[18], [19]. But, the peak value of CMV cannot be eliminated
completely and the output current ripple is increased. The third
type is optimized voltage vectors strategies [20], [21]. The cur-
rent ripple optimized PWM and the switching loss optimized
PWM are proposed in [20]. In [21], optimized nonzero voltage
vectors are chose based on the finite-control-set model predictive
control methods. However, the calculation of optimization algo-
rithms is complex, which is hard to be implemented practically.
In order to reduce the hard-switched losses of three-phase VSIs,
different kinds of discontinuous PWM (DPWM) schemes have
been proposed [22]-[26]. Conventional DPWM methods such
as DPWMO, DPWM1, DPWM2, and DPWM3 are summarized
in [22]. To further reduce the switching losses according to the
power factor (PF) information, a high performance carrier-based
generalized DPWM (GDPWM) method has been well studied
in [23], whose modulation wave is phase-shift dependent and
captures all of the known discontinuous modulation signals. To
meet the applications where unbalanced a three-phase voltage is
required to be generated, an extended GDPWM method has been
developed in [24]. In [25], a direct digital technique-GDPWM
has been presented, which has the advantage of not requiring the
load PF information and low computation time. In [26], a novel
generalized discontinuous SVPWM (DSVPWMK) is presented
by means of local over modulation and linearity transformation.
However, all of the aforementioned DPWM methods are focus
on the switching losses reduction and pay less attention to the
common-mode suppression.

The flexible CMV reduction method with the advantage of
low switching losses generated by the modification of modulat-
ing or carrier signal is worth of promotion in SiC application.
For this purpose, this paper proposes a novel generalized tri-
state PWM (GTSPWM) to achieve both CMV reduction and
minimum switching losses according to the PF angle for high-
frequency SiC three-phase VSIs. Meanwhile, the quality of input
and output current waveforms can be improved. The proposed
method is feasible over PF of 0-1 and whole linear M; range.
First, the RCMYV principles, switching logic signals, and draw-
backs in implementation of conventional space vector based
RCMV-PWM techniques are reviewed. Thereafter, through a
generalized scalar approach [27], GTSPWM is described and
illustrated in detail. The phase leg modulation signal for GT-
SPWM is given and the generation of zero sequence voltage
is presented. Then, the performance characteristics, such as
switching losses, output current ripples, dc-link current ripples,
and common-mode behavior, are investigated and compared
via mathematical analysis to show the improved overall per-
formance of GTSPWM. Finally, simulations and experiments
are added and discussed to verify the capabilities and excel-
lence of the proposed GTSPWM method. Total harmonic dis-
tortion (THD) in current, efficiency, and CMV for various PWM
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Fig. 2. Voltage space vectors and region definition for space vector based

RCMV-PWM methods. (a) Type A regions. (b) Type B regions.

methods are compared by a 5-kW prototype of an SiC-based
three-phase VSI in practice.

II. SPACE VECTOR BASED RCMV-PWM METHODS

Fig. 1 shows a widely used three-phase-two-level, three-wire
SiC VSI with Y-connected R-L load. CMV of the inverter is
generally defined as the potential difference from the load star
point to the neutral point of the dc-bus of the VSI (V,,, in Fig. 1),
and can be expressed as [9]

Vo = Y2 Voo T T M

where V,,, V4,0, and V,, represent output phase to dc neutral
point voltages and take the values of +V;. /2. With space vector
based RCMV-PWM methods, the peak-to-peak value of CMV
is successfully reduced from Vj. to Vg./3 in every switching
period 7.

The selection of active vectors of various space vector based
RCMV-PWM methods depends on where reference voltage vec-
tor is located. Fig. 2 shows how the vectors divide the space into
six segments.

A. Active Zero State Pulsewidth Modulation

The AZSPWM method utilizes 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 [9], [13]. The way that active vectors comple-
mented with either group of two near opposing active vectors
defines AZSPWM1 and AZSPWM?2, while the way that ac-
tive vectors complemented with one of the active vector and
its opposite vector is called AZSPWM3. The simple illustration
of AZSPWMI1 is given in Fig. 3(a) and AZSPWM3 is given
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in Fig. 3(b). However, these methods have high output current
ripple. Furthermore, the methods except AZSPWM1 will bring
about simultaneous commutations in different phase-legs.

B. Remote State Pulsewidth Modulation

The RSPWM method improves the behavior of three-phase
inverters in terms of CMV/CMC suppression, via utilizing the
active vectors with the same common-mode signature [8]. Three
inverter voltage vectors are 120° apart from each other like V1,
V3, V5 or Vo, V,, Vg. RSPWMI utilizes only one vector
group and apply the vectors in a fixed sequence. RSPWM2
uses one group as well, but a variable sequence is selected to
improves the waveform quality. RSPWM3 utilizes both vector
groups and alternates each group every 60° to extend the voltage
linearity region. The simplified illustration of RSPWM3 is given
in Fig. 3(c). Practically, the application of RSPWM methods is
restricted because of low voltage utilization and simultaneous
phase-leg switching behavior.

C. Near-State Pulsewidth Modulation

The NSPWM method [14] utilizes a group of three active volt-
age 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. 3(d). The main drawback of NSPWM is its limited linear-
ity range (0.61 < M; < 0.906).

D. Tri-State Pulsewidth Modulation

The TSPWM method [16], [17] utilizes three selected voltage
vectors to construct the reference voltage vector [16]. The uti-
lized voltage vectors are altered every 60° throughout the space.
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Taking region B1 as an example, if reference voltage vector
V.ot is located in the triangular region (T region), as shown in
Fig. 4(a), two active space vectors with a difference of 120°, V4
and Vg, are selected to generate the required output voltages.
One zero vector, V7 is applied, to compensate the remaining
time in one switching period and also to achieve minimum
switching action. Meanwhile, with the selected zero vector ap-
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Fig. 5.

plied in each sector, the peak-to-peak value of the CMV can be
reduced to Vg, /3 in every switching period Ty. V¢ in T region
can be expressed as

{ Vit Ts = VoTy + VT

2
Te :TZ +T6 +T7

If the V¢ is located in the pentagonal region (P region), as
shown in Fig. 4(b), three active voltage vectors, such as Vi, Vj,
and Vs, are utilized. Since nonzero vectors are used, CMV is
successfully reduced to £V} /6. If the value of M; is between
0.61 and 0.907, TSPWM operated in this region is the same
as NSPWM. The reference voltage vector in the P region is
expressed by

{VrefTs = Vo1, + VI + Vi1

3
To =T +T5 + 1.

III. IMPLEMENTATION OF THE PROPOSED METHOD

After the recognition of similarities and relationships between
TSPWM and NSPWM, a generalized TSPWM method is pro-
posed to get both CMV reduction and minimum switching losses
under different loads. In aid of illustrating the GTSPWM, PF
angle ¢ and modulator phase angle « are introduced, where
a=gatp>¢, a=—¢atp < —F, and a = @ elsewhere.
The region definition of GTSPWM is rotated by « as shown in
Fig. 5. The duty cycle of each phase leg in region Bl can be
derived from (2) and (3), and stated as

d, =1
2v/3 s
dy=1-— TM1; Cos (wt + 6) )
2v/3 5
d, :1+i1\l¢cos (wt—i—g).
T

Modulation signals for GTSPWM can be easily calculated in

(5) [22], and the result for phase leg a is summarized in Table I
*ok 1

Vg; = 5Vdc . (2dar - 1)

For simple practical application, GTSPWM can be simply

implemented through generalized scalar PWM approach [27].

x € {a,b,c}. 5)
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TABLE I
PHASE LEG MODULATION SIGNAL FOR GTSPWM

sk

Phase Leg a (—2—)
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Vdc/2
7T 7T
—5 —aswt< g —o /3 1
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Fig. 6. Control block diagram of proposed GTSPWM method with zero-
sequence signal injection and two phase-opposed triangular carriers.

Modulation waveforms V;*, V*, and V. of GTSPWM are
represented as

V:“L** = ‘/E].* + Vo =Vin COS(Wt) + Vo
Vit =V + Vo = Vim cos(wt — 27/3) + 1) 6)
VA =Vr + Vo = Vip cos(wt + 27/3) + Vg

where V} is the zero sequence voltage and wt = 6 represents
the angle of the reference voltage vector.

Instead of the single polarity carrier wave as GDPWM in
[23], two phase-opposed triangular carriers +V;; and —Vj,; are
utilized to produce gate pulses of the inverters as shown in
Fig. 6. The three-phase voltages (v,, vy, and v.) and three-
phase currents (44, 7, and 7.) are sampled and converted to v,
vg and 4., i3 (conversion of a — b — c frame to o — 3 frame).
Upon that, PF angle ¢ is acquired as

Vala + Uﬂ’ig

|p] = arccos (7
\/vg o3y Ji2 41
Up ig
lp|  arctan — > arctan —
v i
(p — « .a (8)

(U 3
arctan — < arctan —.
U(Y ZO

=l

The polarity of triangular carrier to be compared with the
modulation signals is sector dependent to obtain CMV suppres-
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TABLE II
CHOICE OF SECTOR-DEPENDENT CARRIER WAVE

B1 B2 Bg B4 B5 B6
Phase a Viri —Viri —Viri Viri Viri Virs
Phase b ‘/tri ‘/t'ri V;E'ri _‘/tri _‘/t'ri V;ﬁ'ri
Phase ¢ 7‘/“‘2' V;Sri ‘/t'ri ‘/tv‘i V;tri 7‘/15'”'
4
Vac/2
0
-Vac/2
Vo
ot
0
Fig. 7. GTSPWM zero-sequence signal generation method.
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Fig. 8. Voltage vector plane of the proposed GTSPWM strategy.

sion, as given in Table II. The zero-sequence signal generation
method of GTSPWM is illustrated in Fig. 7. Via adjusting the
clamped phase of modulation waves, GTSPWM realizes the
minimum switching losses action under different loads as well.
All three reference modulation signals V", Vi*, and V" are phase
shifted by . Thus, the three new signals are obtained: V', , Vi* ,
and V}, as in (9), which determine the zero sequence signal in
(10), where the one with maximum magnitude among V', V;* ,

and V¥ is first defined as V', and V)
V. = Vi cos(wt — )
(

ax

¥ = Vim cos(wt — 27/3 — ) 9)

ba

Vi

ca

= Vim cos(wt + 27/3 — )

Vo =sign(Vy))) - Vae /2 = V) x € {a,b,c}. (10)

Furthermore, to keep the modulator linear, the region of uti-
lized space sectors should be rotated by .. A new allocation of
voltage vector plane for GTSPWM is shown in Fig. 8, which is
quite different from GDPWM and other RCMV-PWM methods.
When taking the scalar PWM approach, GTSPWM method is
easy to implement in digital signal processing (DSP) with en-
hanced pulsewidth modulator units.
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IV. PERFORMANCE COMPARISON OF SPACE VECTOR
BASED RCMV-PWM METHODS

Increasing the switching frequency of the SiC VSIs, many
merits of GTSPWM in comparison with the other space vec-
tor based RCMV-PWM methods are quite obvious, which are
discussed as follows.

A. Switching Losses

The switching losses of a VSI is dependent on load-current,
which varies with the PWM method employed. Assuming a
linear dependence of per switching losses, the average value of
per device switching loss over a fundamental cycle Py, can be
derived as follows [22], [23]:

Vc s ton to i 2
PSW - M/ isa (wt) dwt
47 0

In(11), t,, and ¢,g can be approximately regarded as turn-on
and turn-off time of the devices, and f; represents the switching
frequency of the devices. is, (wt) = 0 when the switching state
of corresponding phase is clamped at “+V;./2” or “—Vj./2”
and ig, = |i,(wt)|otherwise. Pk, is normalized to Py  in (12),
which is based on the switching losses of the Si VSI using contin-
uous PWM methods such as SPWM and SVPWM under based
frequency f; o. The switching loss function (SLF) of GTSPWM
can be derived as shown in (13) and (14), where Ky = fo/ fs,
and K is a coefficient whose value is relevant to the materials
of switching device. Since hard-switch losses in SiC devices are
reduced by at least 50% compared to conventional Si devices
under the same f; [6], K = 1 for Si devices and 2 for SiC
devices

(1)

Vvdc Imax fs,()

ZDSW,O - = X (ton,Si + toﬁ',Si) (12)
-Psw /
SLFgTpwMm = w (13)
sw_0
1 | | - s
2K K; I=5
2
2 + sin <<p| - 77) (14)
3 s T
R
2K K, 6 2

SLF characteristics of various RCMV-PWM methods with
unit K and K; are compared in Fig. 9. In this case, switch-
ing losses of GTSPWM are minimum for any ¢ among various
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RCMV-PWM methods, which leads to a reduced heat sink size
and higher power density of the inverter. With the application
of SiC devices, SLF of GTSPWM-based inverters for different
K¢ and o are shown in Fig. 10. On the premise of equiva-
lent switching losses, the switching frequency can be adapted
to improve the output current quality following (15). Within
—30° < ¢ < 30°, switching frequency of GTSPWM-based SiC
inverter can be increased by at least four times relative to tradi-
tional continuous PWM methods based Si inverter

s)

B. Output Current Ripple

The performance of the inverter output current ripple can be
studied theoretically through harmonic flux trajectories [13],
[22]. With the aid of space vectors, an intuitive approach to
analyze the switching frequency harmonic characteristics of the
inverter output voltage vector is well investigated, and the con-
ceptual harmonic flux 1y, is defined to evaluate the performance
of output current ripple. The normalized harmonic flux vector
Ann investigated in terms of the time integral of the harmonic
voltage vector in a PWM cycle is shown as follows:

T

T .

)\,hn(Mi,e,‘/E{C) = VT / (Vk — Vref)dt
dec4s 0

ke{0,1,2...7} (16)

Since different space vector based RCMV-PWM methods
differ in the construction of the voltage vectors, the harmonic
flux trajectories of each PWM modulator are various. RMS
harmonic flux Ap,_.ms over a PWM cycle is given in (17),
where d is the duty cycle. Taking the number of commutations
per cycle into account, the square-rms harmonic flux is scaled
with K7 for fair comparison. K¢ for each PWM method us-
ing the same devices is given in Table III, where GTSPWM
takes 2/3 as a default value. The calculation of normalized
harmonic distortion factor (HDF) over a fundamental cycle is
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TABLE III
NUMBER OF COMMUTATIONS PER-CYCLE AND THE CHOICE OF Ky

Number of Commutations K

SVPWM 6 1
DPWMI1 4 2/3

AZSPWMI 6 1
AZSPWM2 10 5/3

AZSPWM3 6 1
RSPWM 8 4/3
NSPWM 4 2/3
GTSPWM 4 2/3

shown in (18)

1
)‘hnfrms(Mia 0) = / )\}%ndd (17)
0
, 288 [T
HDF = f(M;) = K x 53 Abn—rmsdd. (18)
™ Jo

The resulting HDF functions of the discussed space vector
based RCMV-PWM methods are given as follows:

432 3243 96v/3
HDFazspwm1 = (—4 - — ) M} — ——M}
T T T
723 T2 8
+< [——2>ME+— (19)
7T 7T 3

4

7T s

HDFrzspwm2 = (

2 2
. ( 00 600\/§> a4 200

1200 900v3 800v3 _ .
_%) a4 3003

(20)

32 7 27

432 32443 48 8
HDFazspwms = (—4 - — ) M} — =M} + -
T s 3
21
512, 256, 256
HDFrspwan = —p My — o5 M7 + —— (22)
512 64v/3 2561/3 .
HDFrspwmz = (—4 - — > M} + =——M}
s ™ T
256 . , 256 256
- — - — 23
92" 9y/3r2 TR 23)
512 3843 512
HDFrspwwms = (—4 - — ) M} + — M}
T b 3
256 , 512 256
iV iy /St 24
o2 T gy it gy 24
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384
HDFnspwum = <7r4 +

o

64 128v/3 128 64
— | = M+ =M, — —. (2
<7r2 73 ) * 27 (25)

96\/§> M 128M3

T2

The HDF function of the GTSPWM method for any value of o
is composed of multiple segments. Considering B1 region as an
example, for 0 < M; < 0.52, all reference vectors are located
in the T region and Ay, ;s 1S derived linearly with the space
vectors Vo, Vg, and V5. In this case, HDF function under unit
PF is given in (26). For Foos Ha\) < M; < 0.906, reference
vectors are located in the P reglon instead, and Ap,_,ms Can
be derived linearly with V5, Vi, and V5. In this case, HDF
function under unit PF is the same as that of NSPWM in (25). In
the range of 0.52 < M; < m, the region (T region or
P region) of the reference vector should be determined first and
can be expressed as in (27) and (28), where A, 51 1S the Ay —rms
calculated in the T region, A,pso 1S the Apy, s calculated in

the P region, and § = vy = arccos 6%
96[ 384
HDFerspwM-low = ( 1 ) M}
'/T Y
- 15364M3 (64\3/ 2) a2
™ ™ ™ )
(26)
3 x 288
HDFGrspwyM-mia = Kf X Th (27)
f:'rgfa )"Emsldd + ff/} )\’?IHSQdd + f/}%ia )‘?msldd
0.52 < M S W
h = f:§, )"12'msldd + ff%ia )"12'11152dd
0<a<® b’m <M; < ()(‘oq( +lal)
fj%_ 111152dd =+ f 1msldd
T sa< 0, Gcos(%—l(y\) <M; < m'
(28)

With the HDF function, the output current ripple characteris-
tics of different methods can be calculated, which is dependent
on M;. HDF characteristic of GTSPWM for different M, and
« is shown in Fig. 11. The HDF characteristics of GTSPWM
under unit PF (the worst case of GTSPWM) and other RCM V-
PWM methods are compared in Fig. 12(a). It can be seen that
GSTPWM is excelling to all other RCMV-PWM methods. HDF
comparison of GTSPWM and conventional PWM methods,
SVPWM and DPWM], is shown in Fig. 12(b). Reducing Kt
means increasing the switching frequency that leads to smaller
HDEF. According to (15), on the premise of equivalent switching
losses, K can take 1/4 in SiC VSIs within —30° < ¢ < 30°.
In this case, the performance of GTSPWM is better than that
of SVPWM operating under the based frequency. Based on the
comparisons in Fig. 12, an optimal switching frequency for SiC
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Fig. 12. HDF comparison between various PWM methods. (a) GTSPWM and

other RCMV-PWM methods. (b) GTSPWM with various K and conventional
PWM methods.

VSIs when using GTSPWM can be chosen and a compromise
between switching losses and output harmonics will be made.

Reduced HDF leads to lower ripple with the same filter size or
smaller output filter size for the same current ripple value. HDF
of GTSPWM is lower than that of other RCMV-PWM methods,
but it is still higher than conventional SVPWM and DPWM
methods. However, such shortcoming can be overcome with the
increased f; in SiC inverters. Therefore, GTSPWM based high-
frequency SiC inverters have the performance of RCMV and
lesser output current ripple simultaneously.

C. DC-Link Current Ripple

The harmonic current rms value 1,1, Of the inverters input
side is important for dc-bus capacitor size design, which is used
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to absorb the PWM ripple current [8], [13]. The dc-link current
ripple of each RCMV-PWM method is various and is a function
of M; and ¢. To compare the dc-link current ripple characteristic
of the RCMV-PWM methods, the dc-link current ripple factor
K. is defined as following [22], [28]:

Imhrmb = II'me vag (29)

K. = 12nhrms 30

de — I ( )
lrms

where I}, is the rms value of ac output fundamental compo-
nent current, [, is the rms value of the inverter input current,
and I, is the mean value of the inverter input current, respec-
tively.

For a given PWM method, Ii,1rms can be derived over a fun-
damental cycle [29], and (30) can be calculated analytically. The
K. factor for SVPWM and discussed RCMV-PWM methods
are summarized as follows [13]:

KSVPWM _ ng cos? )
e
2v3  8V3
TIECI P
s ™
, 18 3
RAZSPWAL-2 M2 cos o + _{M,; cos 2¢
s
3V3
+1-— i cos 2¢ (32)
27
3V3 5
KAZSPWMS _ 2\/2_ cos 2 — —— sin2¢ | M,
3v3 9
+1+£C052§0+ —SiHQQO (33)
% 47

, 18 6

RRSPWM ;Mf cos® o + ﬁMi cos2p+1 (34)
18 24

Ké\ICSPWM _ FM; cos? o + FMZ cos 2¢p

3v3
+1-— 33 cos 2. (35)
T
K4. of GTSPWM for 0 < M; < 0.52 is shown in (36). For
f)'COS(erT\aD < MZ < 0906, ch of GTSPWM is dlsplayed in
6

(37). In the range of 0.52 < M; < ——ZT—,
F+lal)

6 cos(
of I, in this case is segmented and is given in (38), where
Iis1 is the Iy, calculated in the T region, and [, 42 is the Iy,

calculated in the P region

the calculation

18 M2 cos? ¢ 12M; cos ¢
— p + 2
s
lo| < &
GTSPWM-—low __
ch - 18M? cos® ¢ 6§1n2\ap\ 9\/5 M
_ — — + B) i
i
ol > =
) il
6
(36)
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2 2
JGTSPWM-high _ _ 18 M cos” ¢ N
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3\/_ \/§ T

_2¥2 4 < Y2 _
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f:gf Irmsldd + f rmstd + f@ rmsldd
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K. characteristic of GTSPWM for different M; and ¢ is
shown in Fig. 13. Comparison of various RCMV-PWM methods
under different PF is shown in Fig. 14. For a high PF as shown
in Fig. 14(a) and (b), common condition in practice, K4, of
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GTSPWM is lower than all other RCMV-PWM methods. For
a low PF shown in Fig. 14(c) and (d), K4. of GTSPWM is
inferior to conventional SVPWM method, but it is still superior
to other RCMV-PWM methods. Therefore, GTSPWM-based
high-frequency SiC inverters have the advantage of reduced dc-
link current as well, which decreases the size of dc-bus capacitor
and further improve the power density of the SiC inverters.

D. Common-Mode Behavior

The CMV characteristics influence the inverter performance
significantly, because high-frequency behavior results in un-
avoidable CMC. To determine the influence of CMV on CMC,
a double Fourier integral analysis is applied to calculate the har-
monic components of CMV for different RCMV-PWM methods
[30]. In general terms, the harmonic component of the switching
phase leg output voltage under given carrier index variable m
(of the switching frequency f;) and fundamental index variable
n (of the modulating frequency f,) is given in (39). The CMV
of inverters can be expressed as (40), where y; (%), y (%), . (i),
and z () are the outer and inner double Fourier integral lim-
its, which are determined by PWM method. w, = 27 f, is the
carrier angular frequency, and w, = 27 f, is the fundamental
angular frequency

6

1 ye (i) poy (i) )
Con = 5 / / 2‘/:106]("“’3'*'"1’)dwdy (39)
2m 0 Jy. (i) Ja, ()
o0 (o)
Vio = Y Y Cun - cos(muwyt + nw,t)
m=1n=—oo
n=3p,p=0,1,2... (40)

Solutions of (39) for SVPWM and DPWM1 can be found in
[30], and that of AZSPWMI1 and GTSPWM are developed as
in (41) and (42) shown at the bottom of next page. Since the
resonant frequency of the common-model equivalent circuit is
close to the PWM frequency [10], the harmonic component of
CMYV for the first f; is the most dominant in generating CMC.

Maximum harmonic component of CMV around the first f;
of GTSPWM for different M, and « is shown in Fig. 15(a).
Fig. 15(b) shows the maximum harmonic component of CMV
around the first f;, where m =1, n =0 for SVPWM and
DPWMI1, and m = 1, n = 3 for AZPWMI1 and GTSPWM. As
illustrated in Fig. 15(b), GTSPWM and AZPWMI1 have advan-
tage over SVPWM and DPWMI. For low M;, harmonic com-
ponent of GTSPWM is lower than all other PWM techniques.
So it confirms the effectiveness of GTSPWM in reducing CM V.

V. SIMULATION RESULTS

In order to verify the analytical results, PLECS-based simu-
lation model has been developed. The circuit used in the sim-
ulation is the same as the one given in Fig. 1. Three-phase
Y-connected R—L load is used, where R = 10 2 and L = 10 mH.
The frequency of output voltage is 50 Hz. The dc-link voltage is
chosen to be 700 V. The dc-link capacitance is 470 pF. On the
premise of equivalent switching count, the switching frequency
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Fig. 15.  Maximum harmonic of CMV around the first fs. (a) GTSPWM with
regard to M; and «. (b) Comparison with PWM methods.

of each considered RCMV-PWM method is adjusted, where
AZSPWML _ pAZSPWMS _ () kHz, fAZSPWM2 — 1) kHz,
f?,SPW’hrl3 =15 kHZ, and fi\TSPV\’M — ngTSPWl\’I — 30 kHz.

Simulation waveforms of output phase current, modulation
signal, and CMV for GTSPWM are shown in Fig. 16. Since ¢
is less than 30°, the switching device that conducts the largest
current is held on, which reduces the switching losses by at least
50% compared to continuous SVPWM methods. In Fig. 17, with
the output frequency increased from 20 to 80 Hz, PF angle of the
load ¢ is changed from 7.16° to 26.69°, which can be achieved
through (7) and (8) and added into zero sequence voltage cal-
culation. The RCMV performance and least switching losses
characteristics of GTSPWM are still satisfied.

The comparison of output phase current simulation wave-
forms is overlaid in Fig. 18. The advantage of GTSPWM is
remarkable for M; = 0.2, and it s still superior to other RCM V-
PWM methods when M; = 0.8. The current ripple of GTSPWM
at M; = 0.8 is slightly better than that of NSPWM as expected.

Fig. 19 shows the dc-link current waveforms for various PWM
methods. For M; = 0.2, the rms values are 4.60, 7.86, 6.31,
and 1.24 A for AZSPWM1/2, AZSPWM3, RSPWM3, and GT-
SPWM, respectively. These are 28.03, 30.18, 26.76, and 26.35 A
for AZSPWM1/2, AZSPWM3, NSPWM, and GTSPWM, when
M; = 0.8. GTSPWM is superior for these cases as predicted
with the K. curve in Fig. 14.

Fig. 20 shows the frequency spectrum analysis of the CMV for
various RCMV-PWM methods. The value of harmonic magni-
tude is normalized to Vj. /2. To improve the accuracy of Fourier
analysis, switching frequency is set to be 10 kHz. For M; =
0.2, although GTSPWM has large harmonic in the low fre-
quency, the first harmonic is least among all other RCMV-PWM
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Fig. 16.  Simulation waveforms for GTSPWM. (a) M; = 0.2. (b) M; = 0.6. (c) M; = 0.8.

methods. For M; = 0.8, the first harmonic magnitude of GT-
SPWM is still better than that of AZSPWM?2 and AZSPWM3.

VI. EXPERIMENTAL VERIFICATION

A 5-kW prototype of an SiC three-phase inverter has been
fabricated to verify the proposed GTSPWM method in prac-
tice and compare with other PWM methods. An open-loop
test is conducted with different PWM methods generated by
a TMS320F28335 DSP control board, as shown in Fig. 21. Spe-
cific parameters of the prototype are listed in Table IV. Since
AZSPWM?2, AZSPWM3, and RSPWM have simultaneous

inverter-leg switchings performance, which restricts their prac-
tical application, only AZSPWM3 is implemented as a repre-
sentative of this group. NSPWM method is not considered in
the experiment because the PF angle of the experiment is small
and the performance of NSPWM is similar with GTSPWM.
On the premise of equivalent switching count, f; for SVPWM,
AZSPWMI, and AZSPWM3 is set as 40 kHz, while that for
DPWMI and GTSPWM is 60 kHz.

Fig. 22 shows the experimental waveforms of the gate signal,
output current, and the CMV under different M; for the proposed
GTSPWM method. Fig. 22(a) shows the results under M; = 0.2,

1
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and the reference vector is in the T region. Fig. 22(c) shows
the results under M; = 0.8, and the reference vector is in the P
region. The CMV in the transition between T region and P region
is shown in Fig. 22(b). In the P region, the peak-peak value of
CMYV is restricted to Vg, /3, while in the T region and transition
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TABLE IV
SPECIFICATIONS OF SIC VSI

Parameter Value
DC-link voltage 700 V
DC capacitor 470 puF
Output frequency 50 Hz
Switching frequency 20 k - 100 kHz
Load resistor 54 Q
Load inductor 0.95 mH

SiC module 10-PZ126PAOSOMR-M909F28Y

region, it is reduced to V. /3 in each sector and every PWM
cycle, as discussed in Sections IT and III. From Fig. 22(a) and (b),
although the CMV wave has a large low-frequency signal, it has
minor effect on generating CMC. Meanwhile, it can be found
that there are no unexpected CMV peaks in GTSPWM due to
deadtime effect. Therefore, the proposed GTSPWM method is
effective in reducing the CMV.

Experiment current waveforms of output phase current for
GTSPWM, AZSPWM1, and AZSPWM3 are overlaid in Fig. 23.
The current ripple of GTSPWM is better than others as expected.
Due to the influence of nonidealities such as deadtime effect,
minimum pulsewidth restrictions, and parasitic impedance in the
experiment, there is a high spike in output current at low M;.
The comparison results of current THD for GTSPWM and other
PWM methods are shown in Fig. 24. Current THD of GTSPWM
is superior to RCMV-PWM methods especially at low M;, as
seen in Fig. 24(a). But it is inferior to SVPWM, on the premise
of equivalent switching count. With the switching frequency
increased in high-frequency SiC inverters, such shortcoming
can be overcome, as shown in Fig. 24(b).

The current ripple of the dc-link is reduced for the GT-
SPWM as compared to AZSPWM1, AZSPWM3, DPWM], and
SVPWM, as observed from Fig. 25. The dc-link current ripple
is reduced from 2.26 A in the AZSPWM3 to 1.16 A of the GT-
SPWM method for M; = 0.2, and that is reduced from 6.34 A in
AZSPWM3 to 5.44 A of the GTSPWM method for M; = 0.8.

Fig. 26 shows the maximum harmonic magnitude around the
first f; for different PWM methods. The results are calculated
by the powergui fast Fourier transformation analysis tool in
MATLAB. The first f; harmonic component of GTSPWM is
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lower than others as predicted with the normalized harmonic
magnitude curve in Fig. 15(b).

Fig. 27 shows the efficiency comparison between SVPWM
method and GTSPWM method. The efficiency is measured by
Voltech PM6000 power analyzer. In the case of the SVPWM,
the efficiency is lower than that with GTSPWM under the same
switching frequency. When switching frequency increases from
20 to 100 kHz, the maximum efficiency of VSI using SVPWM
method is decreased from 98.03% to 97.28%, while that of VSI
with GTSPWM method is decreased from 98.75% to 97.49%.
Therefore, with the usage of GTSPWM method, the switching
frequency of SiC inverters can be further increased and the
performance of high-frequency SiC inverters will be improved
appreciably.
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VII. CONCLUSION

This paper has proposed a novel GTSPWM method for
high-frequency three-phase SiC VSIs with CMV reduction
and improved performance. The working principles, switching
signals, and drawbacks of conventional space vector based
RCMV-PWM techniques have been reviewed. The proposed
GTSPWM has been described and illustrated through general-
ized scalar PWM approach. The characteristics of GTSPWM
have been investigated and compared with other well-studied
RCMV-PWM methods. Both simulation and experiment results
have been used to verify that GTSPWM-based high-frequency
SiC VSIs achieve minimum switching losses, lesser current
THD, smaller dc-link current ripples, and RCMV.
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