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Abstract—Common-mode voltage output is closely associated
with switching states in three-phase three-wire neutral point
clamped converter. Detailed analysis shows avoiding redundant
states can effectively improve the common-mode voltage, so this
paper proposes a pulse width modulation (PWM) technique with
zero redundant state to reduce the common-mode voltage out-
put, and evaluates their performance with the conventional PWM
schemes. This paper also takes the compensation of neutral point
potential deviation into consideration. Laboratory test results are
presented to verify the effectiveness of the proposed scheme.

Index Terms—Common-mode voltage (CMYV), neutral point
clamped (NPC) converter, pulse width modulation (PWM).

I. INTRODUCTION

EUTRAL point clamped (NPC) converters provide a pop-
N ular solution for the medium-voltage system. Fig. 1 shows
a typical application of the three-level NPC converter, and this
circuit can meet several requirements of customers with the
reduced voltage stress on switching devices and the improved
harmonics [1]-[3]. Nevertheless, the impact of common-mode
voltage (CMV) must be addressed to prevent the bearing failures
and electromagnetic interference noise [4].

The conventional solution, like common-mode elimination
pulse width modulation (CMEPWM), has been presented in
many studies, but the weak points include; linear modulation
range is reduced to 86.6% of the full potential of NPC converter;
minimum numbers of the synthesized vectors lead to a problem
to the NPP deviation compensation [5]-[9]. Phase opposite de-
position PWM (PODPWM) offered a substituted method with
the reduced CMV output [10]-[12]. Unfortunately, the instanta-
neously switching an output for more than one level may occur,
and the switching devices may be damaged [13]. Recently, Yuan
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Fig. 1. Three-level NPC converter.

et al. presented a discontinuous PWM (DPWM) to deal with this
issue, but it traded off the NPP compensation capability [14],
[15]. Many space-vector schemes were developed in [16]-[18],
but those suffered from more calculation burden to synthesize
modulation voltage and select switching states than the carrier-
based ones.

This paper proposes a zero redundant state PWM (ZRSPWM)
to meet both demands with the reduced CMV output and the
NPP balance, and the quad-carrier-based operation can effec-
tively reduce the calculation burden. Besides, the instantaneous
switching an output for more than one level can be avoided. This
research also compares the performance of the proposed PWM
with the other carrier-based reduced CMV PWMs, and the lab-
oratory test results are presented to validate the aforementioned
analysis.

II. CMYV OF NPC-BASED CONVERTER

Fig. 2 shows the space-vector plane of the NPC three-level
converter, where P, O, and N respectively represent voltage out-
puts of +V;./2, 0, and —Vj./2. On space-vector plane, the out-
put voltage vectors can be classified as zero vectors (z), small
vectors (u), medium vectors (v), and full vectors (w) according
to the size of vector. Besides, a zero vector or small vector can be
outputted from more than one switching states (i.e., redundant
states).

CMV output (vcyp) is defined as follows:

1
vcMm = g

Vi

Z Vzo, Where vy, = s, 5 (D

r=a,b,c

See http://www.ieee.org/publications_standards/publications/rights/index.html for more intormation.
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Fig. 2.

Space-vector plane of the three-level NPC converter.

TABLE I
CMYV LEVELS OF DIFFERENT SWITCHING STATES

Classification Switching state CMV level
Large (w) PPN, NPP, PNP +Va./6
NNP, NPN, PNN —Vic /6
Medium (v) PON, PNO, OPN 0
ONP, NPO, NOP
Small(u) PPO, OPP, POP +Va./3
ONN, NON, NNO ~Vae/3
POO, OPO, OOP +Vac /6
OON, ONO, OON V4. /6
Zero (2) PPP +Vie /2
NNN ~Vae/2
000 0

Note that subscript = stands for the three legs of converter,
and v,, is the output voltage of each leg with respect to the
reference node (o). s, represents the switching states (+1, 0,
and —1). As Table I indicates, the levels of CMV output expand
to +Va /2, £V /3, £V4./6, and 0 depending on 27 switching
states. Both maximum and minimum of CMYV are respectively
generated by PPP and NNN of zero vector, and zero CMV level
occurs at OOO of zero vector and all medium vectors. Besides,
the redundant states, such as ONN and POO, generate the same
voltage output vector but the different CMV output.

III. CONVENTIONAL PWM SCHEME
A. Phase Deposition PWM

The phase deposition PWM (PDPWM) uses two carriers (Ay
and A») with phase deposition to synthesize voltage output [10],
[11], and the unipolar modulation can effectively avoid PPP and
NNN. Fig. 3(a) shows the pulse pattern of the PDPWM with
unipolar modulation, where v}, ,, v; , and v/, are the modulation
voltages, and the generated states are POO, PON, PNN, and
ONN. Synthesizing voltage outputs are without PPP and NNN,

and the CMV output is reduced from +Vg. /2 to +Vy. /3.
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B. Discontinuous PWM

Based on PDPWM, the DPWM injects an adequate offset into
the three-phase modulation voltages to reduce CMV output to
+ V4. /6. Fig. 4 shows the waveforms of the modulation voltages
and the injected offset, where M; stands for the modulation
index defined as follows:

|V
2Vae

The modulation voltage for each phase has total 1/3 of funda-
mental cycle, which is clamped to the positive, negative, or zero
dc rails [14]. Compared with sinusoidal PWM (SPWM), the
switching number can be effectively decreased in a fundamen-
tal period, but balancing the NPP must be traded off. Among
the modulation voltages (v}, v;,, and v}, ), the maximum and
minimum are respectively denoted with vy.x and vy, and the
middle one is denoted with vnig. Then, the injected offset (118)
can be derived as follows:

M; = €5

3)

pd — § ~Vmid if Umin = [VUmid]
0 Umin  elsewhere

where upi, = mln(% — Umax, |Umid|7 % + Umin)~

C. Phase Opposite Deposition PWM

The PODPWM uses two carriers with opposite deposition to
synthesize the voltage output, and the pulse pattern is shown
in Fig. 3(b) [10], [11]. As the figure indicates, this method can
effectively reduce CMV levels to +V;. /6, but there is a risk in
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Fig. 6. Pulse pattern of CMEPWM.

switching an output for more than one voltage level when the
modulation voltage is changed near zero cross point. Conse-
quently, the switching devices may be damaged by a switching
delay [12], [13]. Fig. 5 shows the modulation operation when
the modulation voltage of b-phase is changed near zero cross
point. Compared with the PDPWM, the b-phase voltage output
of PODPWM shows a change from N to P, and two voltage
levels are instantaneously switched as the modulation voltage
alters.

D. Common-Mode Elimination PWM

Carrier-based CMEPWM was early presented in [5], and
eliminating the CMV output can be achieved by synthesizing
voltage output with the medium vectors (v). Fig. 6 shows the
pulse pattern of CMEPWM, where v,,, vy,, and v, are respec-
tively derived as follows:

Vao = (Uéw - ’Ul/m)/2
Ubo = (Ull)o - IU:'())/2 (4’)
Veo = (U:éo - Uﬁm)/2

where v/, is reference voltage derived by comparing modula-
tion voltages with carrier (A). As the figure shows, this scheme
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switches an output for more than once in a carrier’s cycle, which
increases overall switching loss, and the simultaneous switching
an output for two legs is operated. Based on (4), the linear op-
eration range is decreased to 86.6% of the conventional SPWM
of NPC converter, and the NPP deviation compensation must
depend on an additional circuit.

IV. PROPOSED ZRSPWM SCHEME

Compared with two carriers (A; and Ay) in PDPWM, the
proposed approach with four carriers (A;, A, Aq, and Ay)
can effectively avoid using the redundant states to synthesize
voltage output, which A; and A, are respectively phase-shifted
180° from A; and Ay. Among the modulation voltages (v,
vy, and v}, ), the maximum (Vmax) and the minimum (vp;,) are
compared with a pair of carrier (A; and As), and the middle one
(vmia) is compared with the other pair (A; and A,). Note that
shifting the phase of carriers cannot affect volts-second balance
inaswitching cycle. As Fig. 7(a) shows, the middle voltage (v;,)
is compared with Ay and A,, and the others are compared with
Ay and A,. Therefore, the generated switching states are PNO,
POO, PON, and OON, which all states are not redundant. Based
on Table I, these states give the further reduced CMV outputs
compared with PDPWM, and the CMV output is reduced to
Vi /6.

In addition, the proposed scheme can adequately adjust 19
switching states to address the NPP deviation issue, and avoid
switching an output for two voltage levels in effect since the
same pair of carriers are used for zero cross-point switching, as
shown in Fig. 7(b).

V. COMPENSATION FOR NPP DEVIATION

Zero sequence injection (ZSI) provides an effective solution
for NPP deviation compensation [19]-[23], and this compensa-
tion signal (vy) can be designed as follows:

1 ifyy >0

-1 if’Uo SO ' (5)

vg = sgn(vy)|vg|, where sgn(vy) = {
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|vo| and sgn(vy) respectively represent the magnitude and po-
larity of vy, and sgn(vy) can be defined as follows:

sen(vo) = sgn(Avac)sen(iy)
Z sgn(vy, )iy.
z=a,b,c
(6)

Notice that 7, significantly affects the performance and po-
larity of NPP compensation, and the detail is shown in [23].

Moreover, vy must be bounded to prevent side effects, like
overmodulation and opposite NPP compensation polarity, and
the boundaries of PWM schemes are respectively calculated as
follows.

The boundaries of PDPWM are shown as follows:

where Avge = Udcup — Udedn,and i, =

- max(vfw, Ull)(ﬂ ,UZZU)

,Ugb — Vi
vl = —min(v.,,, v}, ,v.,)
0 — ao’ Ybo>r

where v}, = (v}, + Vic/2)mod(Vy./2). (7

Note that vi® and vl® respectively represent the upper and
lower boundaries, and v/, is considered for boundaries in order
to keep sgn(v, + vo)=sgn(v},).

Compared with PDPWM, the ZSI of PODPWM and ZR-
SPWM must be bounded with an additional limit to keep a
reduced CMYV after ZSI, and v}° and vl® of both schemes are
respectively expressed as follows.

A. PODPWM
If vpg > 0
’UUb — min [ — VUmid 1 Ymin Vvdc —w
0 2 9 2 max
b __ /
Yo = ~Unin
If vmia <0
Va
b c /
US = 9 ~ Umax
Umid + v,
v = max (—m'd 5 o —vmin> } (8)
B. ZRSPWM
If vpig > 0
w_ o (Vae  Uhia t Vi Voo
Vy = min 1 — B) N B) — Umax
b __ I
Yo = ~Unin
If vmig <0
ub __ VZiC !
Vo = 2 ~ Ymax
Vi vl
oy = max< ZC — —mid___max 5 max = —l 9)
where v:nax = maX(Utlzo’ U;)m v(l:o)’ Urlnid = mid(vfw, vl/m’ Uéo)’

/
min

/
a0’

and v}, = min(v,,, v, ,v.,). Compared with PDPWM, ZSI

co
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Fig.8. Harmonic flux trajectories of PWM schemes at § = 15° and M; = 0.6.

(a) PDPWM and DPWM. (b) PODPWM. (c) CMEPWM. (d) ZRSPWM.

in PODPWM and ZRSPWM takes more limit conditions into
consideration, so the narrower ZSI range can be regulated.

In addition, there is no degree of freedom (DOF) of ZSI for
CMEPWM and DPWM, so the NPP compensation cannot be
achieved.

VI. EVALUATION AMONG PWM SCHEMES
A. Waveform Quality

The waveform quality of current output can be investigated by
harmonic flux over an N'th cycle [24], [25], which is calculated

as follows:
- (N+1)T,
/ (Vi = V*)dt.

A (M;,0) = VT Jar

(10)

Note that V,,, and V' * are respectively the output voltage vector
of the mth state and the modulation voltage vector, and T} is
the period of a switching cycle. Root mean square (rms) value
of harmonic flux (A7, ) in a switching cycle can be expressed
as follows:

1
A ems (M, 0) = / (hn)?ds (11)
0
where § stands for the duty cycle.

Fig. 8 shows the harmonic flux trajectories of the different
PWM schemes at 6§ = 15° and M;= 0.6, and these flux tra-
jectories are closely related to the switching states and the
corresponding output voltage vectors. The PDPWM scheme
uses four switching states to generate a triangular trajectory,
where POO and ONN are the redundant states, and the DPWM
and CMEPWM use three states that are not redundant to re-
alize it. On the other hand, the trajectories of PODPWM and
ZRSPWM respectively consist of four nonredundant switching
states. Fig. 9 shows the comparison of the normalized rms har-
monic flux among PWM schemes at different M;. The results
indicate the reduced CMVPWM schemes have larger har-
monic distortion than the conventional PDPWM at two M;,
and CMEPWM outputs the less flux ripple than PODPWM and
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ZRSPWM. Subsequently, the PODPWM has the worse flux
ripple at lower modulation index but better one at higher mod-
ulation index compared with ZRSPWM. For each modulation
technique, the per fundamental cycle rms harmonic flux (A; fms)
can be expressed as a harmonic distortion function (HDF), as
shown in the following equation:

288 ) Lo,
HDF = ?Alfrms, where A fyg = o | Abmsdt.  (12)

HDF is an evaluation index of output current harmonics at
different M;, and the lower HDF represents that the smaller
output filter can be chosen for current quality. Fig. 10 shows the
HDFs of PWM schemes at different Ky, where K represents
the ratio of carrier frequency among DPWM, CMEPWM, and
the others (i.e., Ky = fppwm : fomMEPWM : Sfother)-

As figures indicate, the maximum linear range of carrier-
based CMEPWM is achieved at M; = 0.675, but the range
of other PWM schemes can reach 0.78 or above. Notice the
maximum range of DPWM can be achieved at M; = 0.9.
The PDPWM has a superior performance in flux harmon-
ics at different Ky and M;. The DPWM provides the sec-
ond output quality when Ky =1:1:1, but it can strike
a better performance than PDPWM scheme under consider-
ation of the same switching number (Ky =3 :1:2). The
CMEPWM provides a better output performance than POD-
PWM and ZRSPWM when Ky =1:1:1, but there is an
inferior output flux when Ky = 3 : 1: 2. The ZRSPWM out-
puts smaller flux ripple than PODPWM when M; is below
0.68, but the PODPWM has an better output when M; is
beyond 0.68.

B. Compensation Dynamics for NPP Deviation

Compensation dynamics of NPP is closely associated with
|vg|, so the maximum compensation charges can be obtained by
designing vy at the boundaries. Then, the compensation charge

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 33, NO. 4, APRIL 2018

(g.max) in a switching cycle can be expressed as follows:

|QCmax| = |Zp| ‘ dOmaxlTs (13)

where dymax 1S the duty generated by the boundary of vy, and
Ty is the period of a switching cycle. In a fundamental cycle,
the maximum ZSI compensation charge (¢imax) 18 derived as
follows:

Gimax = / 7|Q(zmax|dt (14)
0

where g.max represents maximum compensation charges in a
switching cycle, and 77 represents the period of a fundamental
cycle. Fig. 11 shows ¢jmax of PWM schemes at different M;
and power factors (PFs). As figures indicate, ¢imax becomes
larger with PFs and M, increasing, whose maximum can be
achieved when M; = 0.6 and PF=1. The PDPWM provides
the most compensation charges since the available ZSI range
of PODPWM and ZRSPWM are limited by the extra limita-
tion, and this difference is more obvious at high power fac-
tor and M;. Besides, the ZRSPWM has larger qqm.x at low
M; than PODPWM, but they have the similar dynamics at
high M;. Note that the DPWM and the CMEPWM provide
zero charges to compensate NPP deviation due to no DOF
for ZSL.

Table IT shows an evaluation among these PWM schemes.
As the table indicates, the carrier-based CMEPWM can mostly
reduce CMV output among these PWM schemes, but it cannot
take full advantage of the modulation range, whose maximum
modulation range is achieved only at M; = 0.675. Besides,
double switching an output is operated in a carrier’s cycle,
and simultaneous switching may also occur. Subsequently, the
PODPWM and the ZRSPWM can reduce CMV output to
+Vq./6, and their modulation ranges can be achieved at
M; = 0.9 by injecting an adequate offset, which is offset-PWM.
Compared with PODPWM, the ZRSPWM provides a better per-
formance at low M;, and switching an output for more than one
level can be avoided effectively. The conventional PDPWM
provides the largest CMV level but the superior output qual-
ity among five PWM schemes. The PDPWM-based DPWM
can also reduce the CMV output to £V /6, and provides the
superior performance in switching number. However, the NPP
compensation must also depend on the extra circuit.

VII. LABORATORY TEST RESULT

Fig. 1 shows the experimental platform, and their parameters
are given in Table III. Note that the DSP is the digital signal
processor (TEXAS INTRUMENT F28335), and the CPLD is
complex programmable logic device (Lattice MXO2 7000E).
Besides, the controller is designed in the DSP, and the carrier-
based modulator is realized in the CPLD. For NPP deviation
compensation, the experiment adopts the maximum charge com-
pensation in order to evaluate the dynamics among the different
schemes. The measured signals include the voltage of dc-link
capacitors (Vgcup and vqcdn ), the load voltage of a-phase (vay),
the inductor current of a-phase (¢, ), and the CMV output (vcy
or Uon)-
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TABLE I1
EVALUATION AMONG PWM SCHEMES
PDPWM DPWM CMEPWM PODPWM ZRSPWM
CMYV output +Vae/3 +Va. /6 0 +Va. /6 +Vi./6
Linear range based on SPWM 0.78 X 0.675 0.78 0.78
Linear range based on offset PWM 0.9 0.9 0.675 0.9 0.9
Switching number over a fundamental cycle 1.5N N 3N 1.5N 1.5N
NPP compensation Yes(best) No No Yes Yes(better)
Switching an output for more than one level No No No Yes No
Simultaneous switching an output for more than one leg No No Yes No No
TABLE III "
PARAMETER OF CIRCUIT Vo R e ecanat
F—————————— — i _r_'—"‘-: 1 i Y T~
Parameter Value DS
-link capacitor m J’ H W
DC bus voltage w . 1 OO
Fundamentl frequency 60 H AT 1
Filter inductor 2 mH
Dead time 1 s
Switching frequency [‘ Vao H PODPWM
DPWM 15/5 kHz | \‘ -
CMEPWM 5 kHz [
Others 10/5 kHz 3 =
. 1% ; ZRSPWM
Fig. 12 shows a-phase output voltage when a 20 V change “"\ g

Fig. 12. Output voltage of a-phase when the modulation voltage is changed
at zero cross point.

occurs at the zero cross point of modulation voltage, and the fol-
lowing figure shows the enlarged waveform of a-phase output
voltage for PODPWM and ZRSPWM. The PODPWM scheme
leads to instantaneous switching of a voltage output for more
than one level (P to N), but the proposed ZRSPWM can effec-
tively prevent this problem.

Fig. 13 shows the waveforms of the phase load voltage, the
inductor current, and the CMV output for the different PWM
schemes, where M; = 0.65. As figures show, the CMEPWM
can provide approximately zero CMV output. In addition, the
DPWM, the PODPWM, and the ZRSPWM generate the reduced
CMV between +67 V (£V;../6), and the PDPWM induces an
inferior CMV output (£ 133 V, +V;./3). Fig. 14(a) shows a

Note that 7,, is the rms value of the nth harmonic current,
where n = 1 is the fundamental frequency, and THDy is the
total harmonic distortion for the fundamental frequency. As the
figure shows, the PDPWM shows a superior quality of current
waveforms among these PWMs, and the PODPWM has an in-
ferior current output. With M; increased to 0.65, the PDPWM
still keeps the best current quality among these PWMs, but

comparison of the current harmonics (i7,,.) among these PWM
schemes at Ky = 1 : 1 : 1, where i, is defined as follows:

-2 _ 22
Lhrms = E iy =
n=2

[(THDp )i ] (15)

the difference of the current quality among CMEPWM, POD-
PWM, and the ZRSPWM becomes smaller. When M; = 0.75,
the PODPWM has better performance in current quality than
ZRSPWM. Fig. 14(b) shows a comparison of i} . among
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these PWM schemes at Ky = 3 : 1 : 2. In such case, the same
switching number is considered for each PWM scheme, and the
DPWM has more improved results than PDPWM due to higher
switching frequency. Besides, the PODPWM and the ZRSPWM
provide a better current quality compared with CMEPWM.
Fig. 15 illustrates the dynamics of NPP deviation compensa-
tion with the maximum charges for the different PWM schemes.
The results clearly indicate the dynamics are closely related
to the PWM strategies and their available ZSI range. Both of

Waveform of load voltage, inductor current, and CMV at M; = 0.65. (a) PDPWM. (b) DPWM. (¢) CMEPWM. (d) PODPWM. (e) ZRSPWM. Scales:

PODPWM and ZRSPWM provide more limited ZSI range than
PDPWM, and result in less qqmax, SO their NPP compensation
dynamics are slower. In addition, the PODPWM has worse dy-
namics than ZRSPWM at M; = 0.4, but they have the similar
NPP compensation dynamics at M; = 0.65. These results are
consistent with the evaluation in Section VI, and they can be
supported to validate aforementioned analysis.

VIII. SUMMARY

This paper proposes a ZRSPWM scheme to reduce CMV out-
put by using four carriers to synthesize the output voltage, and all
switching states in this scheme are not redundant, namely ZR-
SPWM. Besides, an comparison with the conventional PWM
strategies is presented to evaluate their performance. Among
these PWM schemes, the PDPWM provides the larger CMV
output but the superior performance in the current quality and
the NPP compensation. The PDPWM-based DPWM can reduce
the CMV output to £V /6, but the NPP compensation must
depend on an additional circuit. In addition, the CMEPWM pro-
vides zero CMV output, but the linear modulation range and the
NPP compensation must be traded off. The PODPWM and the
proposed ZRSPWM give substituted strategies to reduce CMV
output, and overcome the disadvantages of the CMEPWM, but
their CMV output are reduced to only +Vj./6. Besides, the
proposed ZRSPWM can effectively avoid switching an output
for more than one level compared with PODPWM, and provide
better performance in NPP compensation. Finally, the labora-
tory test results are presented to validate the aforementioned
evaluation.
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