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Abstract

In this paper, a novel scheme to eliminate common-mode voltage (CMV) is proposed for three-level neutral-point clamped
(NPC) inverters. In the proposed scheme, a low-power full-bridge converter is utilized to produce compensatory voltage for
CMYV, which is injected into an NPC inverter through a single-phase four-winding transformer. With the proposed circuit, the
power range for applications is not limited, and the maximum modulation index of the inverter is not reduced. These features are
suitable for high-power medium-voltage machine drives. The effectiveness of the proposed method is verified by simulation and

experimental results.
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I. INTRODUCTION

High-power medium-voltage induction machine drives are
widely utilized in industrial applications because of the
development of multilevel inverters with high-speed
switching devices [1]-[4]. Pulse-width modulation (PWM)
voltage-source (VSIs), especially neutral-point
clamped (NPC) inverters, are popularly used; these inverters
present high output performance [1]-[5]. However, PWM
inverters generate common-mode voltage (CMV), which may

inverters

cause serious problems, such as leakage current through stray
capacitors, bearing current, shaft voltage, and motor winding-
to-ground voltages [6]-[17]. Therefore, the CMV of VSIs
must be reduced or eliminated to preserve the life time of
motors and transformers.

Many of the solutions proposed to reduce or cancel CMV
can be classified into modulation approaches and auxiliary
circuit schemes. In modulation techniques, only voltage
vectors producing low CMV are utilized [6], [18], [19]. The
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peak and root mean square (RMS) values of CMV are reduced,
whereas the fundamental voltage component is retained.
However, these methods cannot fully eliminate the CMV of
Other CMV elimination methods
proposed to cancel leakage current by utilizing only the zero-
and medium-voltage vectors of three-level NPC inverters [20,
21]. Although the leakage current can be fully cancelled by
these techniques, the use of the DC-link voltage is only 86.6%
due to the exclusion of large-voltage vectors. Another

inverters. have been

drawback of modulation approaches is the increase in the
switching losses and total harmonics distortion (THD) of the
output voltage.

Meanwhile, CMV elimination methods based on auxiliary
circuits with complementary-symmetry transistors have been
recommended for two-level inverters [7, 9]. With additional
circuits, the CMV of inverters can be fully eliminated without
any adverse effect on the fundamental component of the
output voltage. However, auxiliary circuits cannot be applied
to medium-voltage inverters because of the power limit of the
complementary-symmetry transistors. In addition, the
transformer in the auxiliary circuit must be carefully designed
because of the power dissipation constraint of the transistors.

In this study, a novel scheme for CMV elimination in three-
level NPC inverters is proposed; the scheme involves the use
of an auxiliary circuit and modified space-vector pulse-width
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Fig. 1. Three-phase three-level NPC inverters. (a) Circuit. (b)
Space voltage vector diagram.
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Fig. 2. Voltage vector in sector 1 for SVPWM of three-level NPC
inverters.

TABLEI TABLEII
SWITCHING STATES OF THREE-LEVEL NPC INVERTERS CLASSIFICATION OF VOLTAGE VECTORS FOR NPC INVERTERS
Switching states S S Pole voltage (v
) AL A2 ge (Vao) Group Voltage CMV value Vec'tor
P 1 1 Va2 vectors magnitude
o 0 1 0 Zero-voltage NNN Va2
N 0 0 V42 vector 000 0 0
de PPP V2
ONN
modulation (SVPWM) [17] and is applicable to medium- NNO —Vil3
voltage inverter systems. The auxiliary circuit consists of a NON
common-mode transformer (CMT) and a low-power H-bridge 881(\)] V.6
converter to generate compensatory CMV. The modified Small voltage ONO @
SVPWM of the NPC inverter is utilized to reduce the peak vector POO Vao/3
value of CMV. The proposed method is verified by simulation OPO V46
results for a high-power three-level NPC inverter and ooP
experimental results for a prototype hardware. I(;I;OP Vi3
POP
PON
II. THREE-LEVEL NPC INVERTERS OPN
A. Structure of NPC Inverters Mediym NPO 0 e
i i o ) voltage vector NOP 3
NPC inverters are widely utilized in high-power medium- ONP
voltage applications [1]-[5]. The simplified structure of three- PNO
phase, three-level NPC inverters (Fig. 1(a)) includes two PNN
common capacitors arranged in a series for the DC link and NPN Va6
. ] . Large voltage PPN
three phase legs. Each phase leg involves four active switches vector NNP 2V4o/3
with antiparallel diodes connected in a series and two clamped NPP V.6
PNP

diodes connected to the neutral point of the DC link. The four
active switches are separated into two complementary pairs,
namely, § and §A1 and S and §A2 . The switching

Al
states and pole voltages of phase leg “A” are provided in
Table I, where “1”” and “0” denote the on-state and off-state of
the switches, respectively.

B.  SVPWM with Seven-Segment Switching Pattern

An NPC inverter produces 27 voltage vectors for
modulation (Fig. 1(b)) [4] generated from the switching states
of the three phase legs. These voltage vectors are classified as
zero, small, medium, and large according to their magnitude
(Table IT).

For modulation, the hexagon in the space vector diagram is
divided into six triangular sectors, which are further split into

four small triangular regions composed of three voltage
vectors at the vertices (Fig. 1(b) and Fig. 2, respectively) [4].
Therefore, the reference voltage vector can be synthesized by
the nearest three voltage vectors based on the “voltage-second
balance,” which is expressed as

ref
Ty =T, +T,+T.
where T,, T,, and T, are the dwell times of vectors

V., [7}1, and V., respectively, at the vertex of the triangle where

the reference voltage vector is located. The voltage vectors
and their dwell time are determined. Then, the seven-segment
SVPWM of the NPC inverter is selected to reduce the THD
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Fig. 3. Pole voltages and CMV in three-level NPC inverters with
seven-segment switching sequence.

and switching losses of the inverter, the pole voltage of which
is shown in Fig. 3.

C. CMVs

For the machine drive system, the CMV of the NPC
inverter, v,o, is defined as the voltage difference between the
neutral point of the machine and the mid-point of the DC link
in the inverter; it is expressed as the average of the three-
phase pole voltages as follows:

_ Yo Vs *Veo | ()
3

where v,0, vgo, and vqpare the pole voltages of the inverter

[18].

As listed in Table II, the large voltage vectors produce a
CMV of —V,/6 or V,/6. The CMV generated by the small
voltage vectors varies from —V,/3 to V,/3, except for the
value of 0 V with a step change of V,./6. The medium voltage
vectors and voltage vector [OOO] generate zero CMV.
Normal seven-segment SVPWM for three-level NPC inverters
usually produces four voltage levels of CMV in a switching
cycle. As shown in Fig. 3, CMV, which includes four voltage
levels, varies from —V,./6 to V,./3 with a voltage step of V,/6.
By selecting other redundant small voltage vectors, the CMV
of the inverters varies from —-V,/3 to V,/6. With normal
seven-segment SVPWM, a three-level NPC inverter generally
produces CMV varying from —V,/3 to V,/3 with a voltage
step of V,/6.

Vemr = Vao

III. EXISTING CMV ELIMINATION METHODS BASED
ON ACTIVE CIRCUITS

An active circuit for CMV elimination that utilizes a pair of
complementary transistors (Q; and Q,), three capacitors (C)),
and a CMT (shown in Fig. 4) was introduced in [7]. In this
circuit, the capacitors, C;, are connected to detect the CMV at
the inverter output terminals. The complementary-symmetry
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Fig. 4. Active circuit with linear devices for CMV elimination [7].

transistors, Q; and Q,, operate in the linear region. Therefore,
the emitter voltage of the transistors to the DC link mid-point,
Vio, 1s equal to the detected CMV of vy and the CMV of v,.
The three secondary windings of the CMT are connected in
series between the inverter output and the load terminals; thus,
the CMV of the induction motor drive system, v,p, can be
eliminated by adding compensatory voltage for CMV to the
primary winding of CMT.

An improved active circuit that can compensate for CMV
through CMT with an appropriate turn ratio was presented in
[9]. In the circuit, the voltage rating of the transistors is
reduced compared with the DC-link voltage of the inverter,
but the current rating of transistors is increased due to the
change in the transformer turn ratio.

Although active circuits can successfully eliminate CMV,
their application is limited because of the power rating of the
transistors operating in the linear region. Furthermore, the
CMT in these circuits requires a large magnetizing inductance.
Thus, active circuits are inapplicable to medium-voltage
motor drive systems.

IV. PROPOSED CMV ELIMINATION METHOD

A. Modification of SVPWM for CMV Reduction

To reduce CMV, instead of using all 27 voltage vectors in
the regular SVPWM, only 19 voltage vectors possessing a low
CMV value are utilized [18]. The division of triangle regions
for SVPWM is rearranged to reduce the level change in the
CMVs. Therefore, the CMV varies only by two voltage levels,
such as 0 V and V,;./6 in a switching cycle or —V,/6 and 0 V in
another cycle. However, this SVPWM method incurs
increments in switching losses and THD because the three
nearest voltage vectors are not utilized in several regions.

In this research, SVPWM was modified by dividing each
sector into four equilateral triangles (Fig. 5) and utilizing 19
voltage vectors only. The three nearest voltage vectors were
applied to the region of equilateral triangles; reduced THD
and switching losses were thus obtained. With the modified
SVPWM, the CMVs of the inverter vary among —V,./6, 0 V,
and V,/6, as shown in Fig. 6. In addition, the switching losses
of the NPC inverter with the five-segment switching pattern is
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Fig. 6. Pole voltages and CMV in a three-level NPC inverter with
a five-segment switching pattern in the modified SVPWM.
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Fig. 7. Induction motor drive system with an auxiliary circuit for CMV elimination.

further reduced to two-thirds of those of the seven-segment
pattern under identical PWM periods [4], [22]. Furthermore,
the fundamental component of the output voltage is
maintained similar to that in the normal seven-segment
SVPWM. The neutral-point voltage can be balanced by
adjusting an offset voltage [18].

B. Proposed Auxiliary Circuit

The CMV generated by the inverter can be eliminated with
an auxiliary circuit, which can produce compensatory voltage
for the CMV of the NPC inverter. For the three-level NPC
inverter with the modified SVPWM, CMV varies among
three-level voltages of —V,./6, 0, and V,;/6, which can be fully
eliminated by the auxiliary circuit generating the three-level
voltages. In this work, an H-bridge converter with a DC input
voltage of V,/6 is used to compensate for CMV, which can
generate three-level voltages of —V;./6, 0, and V,./6.

The proposed circuit, shown in Fig. 7, is composed of an H-
bridge converter with a DC voltage of V;/6 and a CMT. The
H-bridge converter consists of X;, X, X, and X, switches

with two complementary pairs of X; and X, and X;and X, .

Notably, the additional DC source and H-bridge converter are
rated at low power due to their low current requirements. The

H-bridge converter feeds the primary winding of the CMT
indicated as PP’. The secondary windings of the CMT are
connected in series with the output terminal of the inverter to
insert the compensatory CMV to the inverter output voltage.
C. Operating Principle of the Auxiliary Circuit
The H-bridge circuit can generate compensatory voltage,
which is similar to the CMV produced by the NPC inverter
with the modified SVPWM. That is,
Vaa = Vg =Vee = Ver =Vour - (€)
With the auxiliary circuit, the CMV of the NPC inverter
system is modified from Equation (2) to
Vo = 240 V80 T Veo . 4
3
Substituting Equation (2) into Equation (4) yields

_ = (Ve Ve V)
Vemr: = 3

Veur ®)

Substituting Equation (3) into Equation (5) yields

Yoy =0- (6)
The resulting expressions indicate that the CMV of the NPC
inverter is eliminated successfully with the proposed method.
The line-to-line voltage of the converter is unaltered and
verified as
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Vg = Vs TVup T Vpp =Vyp+ (7

Eq. (3) can be implemented by a single-phase four-winding
transformer supplied by an H-bridge circuit (Fig. 7).

To generate the compensatory voltage, the gating signals of
the H-bridge converter depend on the switching states of NPC
inverter voltages. The gating signal of gy, is ON and that of
gyx2 1s OFF for the voltage vectors producing a CMV of V,/6.
Meanwhile, the gating signal gy, is ON and that of gy; is OFF
for the voltage vectors generating a CMV of —V,/6. During
the interval of the CMV with 0 V, the gating signals of gy;
and gy, are either ON or OFF. By requiring these gating
signals of the H-bridge converter, the dwell times of gy; and
gxz can be obtained from T\, T}, and 7. given by the modified
SVPWM of the NPC inverter.

Fig. 8 shows the operating principle of the proposed
scheme. The three pole voltages, the CMV of the inverter, the
gating signals of the H-bridge circuit, and compensatory
voltage waveform vpp: are illustrated when the voltage
reference is located in region @ in Fig. 5. For voltage vector
OON with a CMV of —V,./6, the gating signal gy; is OFF and
gx2 is ON during T.. During the dwell time of T}, (state PON),
the gating signals of gy; and gy, are OFF. For voltage vector
PPN, by generating a CMV of V,./6, the gating signals of gy,
and gy, are ON and OFF, respectively, during 7,. With these
gating signals, the generated compensatory voltage vpp: is
similar to the CMV of the NPC inverter, vcyy, in terms of
phase and magnitude. Therefore, CMV and its effects on the
load are eliminated.
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TABLE III
SYSTEM PARAMETERS FOR SIMULATION
Parameters Values
DC input voltage 6,500 V
DC-link capacitance 3,000 puF
Switching frequency 2,000 Hz
Rated output frequency 60 Hz
Rated output voltage (V) rms) 4,160 V
Rated output power 2,000 kW
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Fig. 9. Voltage waveforms for CMV compensation. (a) CMV
generated. (b) Gating signals of the H-bridge converter. (c)
Output voltage of the H-bridge converter. (d) CMV of the load.

V. SIMULATION RESULTS

PSIM simulation tests were conducted for the high-power
medium-voltage NPC inverter to verify the
effectiveness of the proposed scheme. The parameters of the
inverter used for simulation are listed in Table III.

Fig. 9 shows the voltage waveforms for the proposed

system

method in four switching cycles. Fig. 9(a) displays CMV,
which varies among three voltage levels of —1,083, 0, and
1,083 V. Fig. 9(b) shows the gating signals of the H-bridge
converter, in which only gy; is ON during positive CMV and
only gy, is ON during negative CMV. Meanwhile, both gy,
and gy, are OFF when the CMV value is zero. Fig. 9(c) shows
the output voltage waveform of the H-bridge converter
applied to the primary windings of the CMT, vpp:, by which
the CMV of the load can be eliminated (Fig. 9(d)).

Fig. 10 illustrates the voltages and currents of the three-
level NPC inverter with the normal seven-segment SVPWM
method. The line-to-line voltage is shown in Fig. 10(a), in
which five voltage levels of —V,.,, —V4/2, 0, V4/2, and V.
exist. The THD of the line-to-line voltage is 33.2%. Fig. 10(b)
shows the three phase currents, which are sinusoidal and
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Fig. 10. Output performance of the NPC inverter with normal
seven-segment SVPWM. (a) Line-to-line voltage. (b) Three-
phase currents. (c) CMV of the load.
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Fig. 11. Output performance of the NPC inverter with the
modified SVPWM. (a) Line-to-line voltage. (b) Three-phase
currents. (¢) CMV of the load.

balanced, with a THD of 2.25%. Fig. 10(c) shows the CMV of
the inverter that varies from —2,167 V to 2,167 V with five
voltage steps. The RMS value of the CMV is 1,045 V.

The simulation results for the NPC inverter with the
modified SVPWM without the auxiliary circuit are illustrated
in Fig. 11. Fig. 11(a) shows the line-to-line voltage, which is
similar to that that in Fig. 10(a); its THD is 33.2%. Fig. 11(b)
displays the three phase currents, which are sinusoidal and
balanced; their THD increases to 3.25% because of the five-
segment switching pattern. Fig. 11(c) shows the CMV of the
inverter that varies from —1,063 V to 1,063 V with three voltage
steps. The RMS value of the CMV of the inverter, v,, is 797 V.

The simulation results of the proposed technique are shown
in Fig. 12. Fig. 12(a) illustrates the line-to-line voltage, which
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Fig. 12. Output performance of the NPC inverter with the
proposed scheme. (a) Line-to-line voltage. (b) Three-phase
currents. (¢) CMV of the load. (d) Output of the H-bridge
converter. (e) Primary-side current of CMT. (f) DC-link capacitor
voltages.

contains five voltage levels. The THD of the voltage is about
33.2%, which is similar to that of the normal seven-segment
SVPWM method. The three phase currents are shown in Fig.
12(b); they are sinusoidal and balanced as in Fig. 10(b). The
current THD with the auxiliary circuit operation is 3.10%,
which is slightly reduced due to the increase in load
inductance when the CMT windings are connected in series.
The effect of the proposed scheme is shown in Fig. 12(c). The
CMV of the NPC inverter is almost eliminated. The RMS
value of the CMV for the proposed scheme is 14.5 V, which is
about 1.8% and 1.4% compared with that of the modified
SVPWM without the auxiliary circuit and the normal seven-
segment SVPWM method, respectively. Fig. 12(d) shows the
compensatory voltage generated by the H-bridge converter.
The primary-side current of the CMT consists of the
magnetizing current only as shown in Fig. 12(e), where the
peak value is about 1% that of the load currents, which is a
design parameter for the CMT. The DC-link capacitor
voltages of the NPC inverter, v¢; and vc,, are kept balanced.
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TABLEIV
PARAMETERS OF THE HARDWARE SETUP

Parameters Values
DC input voltage 200 V
DC-link capacitance 3.3 mF
Switching frequency 5 kHz
Output frequency 60 Hz
Rated output voltage (V);,c rms) 140V
Rated output power 4 kW
Resistive load 10Q
Inductive load 5 mH
CMT turn ratio 2.444:1:1:1

Their fluctuation is less than 1% of the rated value, as shown
in Fig. 12(%).

VI. EXPERIMENTAL RESULTS

The proposed method was tested on a prototype of an NPC
inverter system (shown in Fig. 13). The parameters of the
hardware setup are listed in Table IV. IGBTs
(SKM75GB12T4) were used for the NPC and H-bridge
converters. These IGBTs are controlled by a DSP chip
(TMS320F28335). The system includes 16 PWM gating
signals implemented by a Xilinx FPGA device (XC3S400-
PQG208EGQ1321), among which 12 and 4 gating signals are
arranged for the NPC and H-bridge converters, respectively.
The switching frequency of the inverter is 5 kHz.

Fig. 14 shows the output performance in the unity
modulation index with the normal seven-segment SVPWM
method. Fig. 14(a) shows the line-to-line voltage of the
inverter, where five voltage levels of V., —V,/2, 0, V,;/2,
and V,. exist. Its THD is about 26.7%. The three phase
currents of the NPC inverter, which are balanced and
sinusoidal, are presented in Fig. 14(b). Fig. 14(c) shows the
CMV of the NPC inverter, which includes five voltage levels
of —66.7, —33.3, 0, 33.3, and 66.7 V; the RMS value is 26.4 V.

The output performance of the NPC inverter with the
modified SVPWM method is also illustrated in Fig. 15. The
line-to-line voltage, three phase currents, and system CMV
correspond to those in Fig. 14. Fig. 15(a) and (b) show that

Journal of Power Electronics, Vol. 16, No. 6, November 2016

V4B THD=26.7% Loy
EE L M L [
© 25 o ““,ﬂu, ;\_”M J i 'ﬂ ‘”lﬁl i .
2 & T ] \
E% u‘ﬂ\ I TR m " TNI
\ 100 V/div
la 173 THD=1.37 %
8T L™ Vgt S NN TN TN LN
I T A R
® &5 IS NN R A
253 LALA A . A A
[ A N S S A NP W T A
4 A/div

rms: 26.4 V

| i y M' MM i : Hﬁ nr

1+| JMH H

Lx
Fig. 14. Output performance of the NPC inverter with the seven-
segment SVPWM. (a) Line-to-line voltage. (b) Three-phase
currents. (¢) CMV of load.

\hl

Il

”IH I‘\ ‘H
*

f¥

© \t“\

Common-mode
voltage (V)

E

V4B THD=27.1% LeCroy
“ Ti% 5 g M\nrrmmrmrw,‘mw | W' fml-mmrrnl%r | ”.\;W o
£% [ Tum i} T
- MMMF 100 V/div
- fe i ‘ —THD=1.46 %
o~ LN e O o~
12 OO
LS T RVANAWY, M VAR WA VA VAN VARV AL VA REE
BB XXX XXX XX
£ 8 WIS N TN oSN
] 4 Ardiv
8 Vno } ms: 22.6 V. LeCroy‘
e R
A i
o (Y
“ | 20V

5 ms/div

Fig. 15. Output performance of the NPC inverter with the
modified SVPWM. (a) Line-to-line voltage. (b) Three-phase
currents. (¢) CMV of load.

the THDs of line-to-line voltage and currents are slightly
higher than those in Fig. 14(b) and 14(c), respectively, since
in the two SVPWM methods, the PWM sampling periods, not
the switching frequencies, are similar [22]. However, the
CMV of the NPC inverter with modified modulation is 33.3
and 22.6 V in the peak and RMS values, respectively. As
shown in Fig. 15(c), the CMV varies only in three voltage
levels of —33.3, 0, and 33.3 V.

Fig. 16 shows the performance of the proposed scheme.
The line-to-line voltage of the NPC inverter with CMV
eliminated is shown in Fig. 16(a), where the THD is similar to
that in Fig. 15(a). Fig. 16(b) shows the three phase currents of
the NPC inverter, which are balanced and sinusoidal with a
THD of 1.48%. Notably, the output performance of the NPC
inverter is well maintained with the proposed scheme. Fig.
16(c) shows CMV, where the peak and RMS values are
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Fig. 16. Output performance of the NPC inverter with the
proposed scheme. (a) Line-to-line voltage. (b) Three-phase
currents. (¢) CMV of load. (d) Output voltage of the H-bridge
converter.
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Fig. 17. Magnified waveforms from Fig. 16(c) and (d). (a) CMV.
(b) Output voltage of the H-bridge converter.

reduced to 8 and 2.1 V, respectively, compared with those in
Fig. 14(c) and Fig. 15(c). However, given the parasitic
components in the CMT and the load, the CMV of the NPC
inverter is not fully eliminated. The compensatory voltage
generated by the H-bridge shown in Fig. 16(d) involves three
voltage levels of —33.3, 0, and 33.3 V.

The magnified waveforms of CMV and the compensatory
voltage in the proposed method are shown in Fig. 17(a) and
(b), respectively. CMV contains small ripples, and the
compensatory voltage involves three voltage levels.

VII. CONCLUSION

A novel method to eliminate CMV in three-level NPC
inverters is proposed. This method utilizes not only the
modified SVPWM method but also the proposed circuit with

2083

the H-bridge converter and CMT. The auxiliary circuit can
overcome the power range drawback of existing methods. The
simulation and experimental results proved the effectiveness
of the proposed method. The RMS value of CMV in the
proposed method is only about 8.0% of that in the seven-
segment SVPWM method. Furthermore, the maximum
modulation index is not reduced with the modified SVPWM.
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