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Abstract: For the conventional carrier-based pulse width modulation (CBPWM) strategies of neutral
point clamped (NPC) three-level inverters, the higher common-mode voltage (CMV) is a major
drawback. However, with CMV suppression strategies, the switching loss is relatively high. In order
to solve the above issue, a carrier-based discontinuous PWM (DPWM) strategy for NPC three-level
inverter is proposed in this paper. Firstly, the reference voltage is modified by the twice injection
of zero-sequence voltage. Switching states of the three-phase are clamped alternatively to reduce
both the CMV and the switching loss. Secondly, the carriers are also modified by the phase opposite
disposition of the upper and lower carriers. The extra switching at the border of two adjacent regions
in the space vector diagram is reduced. Meanwhile, a neutral-point voltage (NPV) control method is
also presented. The duty cycle of the switching state that affects the NPV is adjusted to obtain the
balance control of the NPV. Still, the switching sequence in each carrier period remains the same.
Finally, the feasibility and effectiveness of the proposed DPWM strategy are tested on a rapid control
prototype platform based on RT-Lab.

Keywords: DC-AC power conversion; pulse width modulation; power converters

1. Introduction

Compared with two-level inverters, NPC three-level inverters have advantages of
lower output harmonics distortion and lower dv/dt of the power device. Thus, it is widely
used in medium-voltage high-power traction applications, such as locomotive traction and
ship propulsion [1-3].

The common-mode voltage emerges between neutral points of DC-link capacitors
and stator windings in NPC three-level inverter fed motor system. Numerous hazards
are associated with the common-mode voltage. First, the shaft voltage is brought out on
the motor bearing, and the life of the motor will be shortened by the shaft current [4].
Secondly, there are high-frequency components in the common-mode voltage. They would
cause electromagnetic interference to the power supply [5]. Thirdly, the insulation stress
of stator windings is also increased by the CMV. Thus, the aging process of the motor is
accelerated [6]. These problems will get worse if the inverter is applied to the medium-
voltage high-power traction application.

For three-level inverters, there are two ways commonly used to reduce the CMV. The
first is the improvement of topology, and the second is the improvement of modulation
strategy. For the former, the CMV can be reduced by several methods, such as the addition
of the fourth bridge [7,8], the modification of the DC-link structure [9], the addition of the
common-mode inductance [10] and the addition of the filter [11,12]. All the above methods
impose extra hardware on the system, resulting in an increase in cost, volume and loss. For
the latter, there is no need for any additional hardware so that it attracts more attention all
over the world.
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The common feature of CMV suppression PWM strategies is that switching states with
the lower CMV are adopted to synthesize the switching sequence. In [13], five switching
states with the lowest CMV are used to synthesize the switching sequence in each carrier
period. Although the CMV can be reduced effectively, the switching loss is inevitably
increased. In [14], only the switching state with zero amplitude of CMV can be used, and
the output harmonic distortion of the inverter is improved by the proper arrangement of
these switching states in each carrier period. However, there are seven switching states in
each switching sequence, and the inverter suffers from lower DC-link voltage utilization
and higher switching loss. A double modulation wave carrier-based PWM strategy (DMW-
CBPWM) is proposed in [15], the reference voltage is modified to reduce the CMV and
the NPV ripple simultaneously. In [16,17], four switching states with lower CMV are used
to synthesize the switching sequence in each carrier period, and the NPV balance control
is achieved by adjusting the duty cycle of the switching states. In [18], carriers are phase
opposition arranged, the CMV and the NPV ripple are both suppressed by injecting the
DC component into the reference voltage.

With the promotion of power and voltage levels, the switching loss becomes the main
component of the overall loss of the system [19-21]. Thus, the CMV and the switching loss
should be both taken into consideration. Conventional CMV suppression PWM strategies
only focus on the performance of CMV and are not suitable for medium-voltage high-power
traction applications. DPWM methods are well known to reduce the switching loss and
harmonic distortion at a given average switching frequency. Thus, DPWM strategies are
extremely suitable for high-power medium-voltage three-level inverters. The conventional
DPWMs for a three-level inverter are proposed in [22]. In [23], an improved DPWM is
presented to reduce the switching loss and the harmonic distortion. However, the CMV is
still larger under higher modulation index conditions.

For the purpose of suppressing CMV and switching loss simultaneously, a carrier-
based DPWM strategy is proposed in this paper. By the modification of the reference
voltage, switching states with higher CMV are eliminated in the synthesis of the switching
sequence. One of the three phases is clamped to a certain switching state in each switching
sequence. Thus, the CMV and the switching loss are both reduced. By the modification
of the carriers, the extra switches during the transient process of two adjacent regions are
decreased to further reduce the switching loss. The proposed DPWM strategy is validated
through experimental results. The experimental setup comprises an OPAL-RT OP5700
rapid control prototype and an NPC three-level inverter fed R-L load.

2. NPC Three-Level Inverter and CBPWM
2.1. Topology of the NPC Three-Level Inverter

The topology of the NPC three-level inverter is shown in Figure 1. The DC-link voltage
V4c is equally divided into the upper-capacitor voltage vc1 and the lower-capacitor voltage
UC2. ia, i and ic are the three-phase load currents, respectively.

The switching states of the three-level inverter are defined in Table 1.

Table 1. The definition of switching state for NPC three-level inverter.

Status of Switches

Switching State Output Voltage

le Sx2 Sx3 Sx4
1 1 0 0 P Vae/2
0 1 1 0 (@] 0
0 0 1 1 N ~Vge/2
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Figure 1. The topology of the NPC three-level inverter.

The space vector diagram for the three-level inverter is shown in Figure 2, with
33 = 27 basic vectors. According to the amplitude, the basic vectors can be divided into four
categories: large vector V1-V¢, medium vector V;-V1,, small vector Visy—Visu, VisL-VisL
and zero vector Voy, Vom, VoL. As can be seen, there are two small vectors that occupy the
same position, and they are defined as redundant vectors. The definition is also suitable
for zero vectors.
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Figure 2. The space vector diagram of the NPC three-level inverter.

2.2. CBPWM of the Three-Level Inverter

For conventional CBPWM of the three-level inverter, the pulse signal for each power de-
vice is produced by the comparison of the carriers and the reference voltage vy, (x € {A, B, C}).
The reference voltages of the three phases are defined as:

UA = mYde cos

3
g = m‘f%cos(@ —2m/3) 1)
e = m% cos(0 + 2m/3)
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where 6 is the phase angle of the reference voltage and m is the modulation index. The
modulation index is defined as:
m = /3Vim/Vqc ©)

where V, is the amplitude of the reference voltage within the linear modulation range, m
€ [0, 1]. For sinusoidal PWM (SPWM), the DC-link voltage is not fully utilized compared
with space vector PWM (SVPWM). This problem can be solved by the injection of the
zero-sequence voltage vz;:

071 = —(Ymax + Umin) /2 3)

where Umax = max (va, v, Uc) and vUpmin = min (va, v, vc) are the maximum and minimum
values of the three-phase reference voltage at any arbitrary instant. After the injection of
vz1, the reference voltage is modified to:

U;c = 0y + 071 4)

The waveform of reference voltage v is illustrated in Figure 3.

Upper Carrier -»\/\/\/ oo e \/\/\/
Lower Carrier = oo o / \ /

4
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SV\S ..‘T ﬂ\_[ cee
Sx2 L... eood L
S,\4 rooo ...T -|—

Figure 3. The reference voltage and the carriers of the conventional CBPWM.

The switching sequence of each phase can be obtained by the comparison of the
reference voltage and the two-phase disposition carriers. The switching sequence of a unit
carrier period is shown in Figure 4.
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Figure 4. The switching sequence in a unit carrier period.
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3. Analysis of CMV and Switching Frequency of the Three-Level Inverter
3.1. Common-Mode Voltage

The CMV of a three-level inverter refers to the voltage between the neutral point of
the DC-link capacitors and the neutral point of the three-phase loads, which is defined as:

vem = (vao + vBo + vco) /3 (5)

where vcy is the common-mode voltage. Ao, vpo and vco are the three-phase voltages,
respectively. From (5) and Table 1, the CMV of each basic vector can be obtained, as shown
in Table 2.

Table 2. Common-mode voltage of each basic vector.

Basic Vector Amplitude of CMV
Vi: PNN V3: NPN Vs: NNP —V4c/6
Vz: PPN V42 NPP V16Z PNP Vdc/6
V;: PON Vg: OPN Vo: NPO 0
V101 NOP V111 ONP V121 PNO
V1isy: ONN V1isu: NON Viyu: NNO —Va./3
V14UZ PPO V16U: OPP VISU: POP Vdc/3
V13LZ POO V15L: Ooro V17LZ OOP Vdc/6
V14L: OON V16L: NOO VlgLZ ONO 7Vdc/6
VOU: PPP Vdc / 2
VOM: 000 0
VOL: NNN - Vdc /2

The amplitude of CMYV for a certain switching sequence is determined by the basic
vector with the largest amplitude of CMV. Taking switching sequence Vi3u-V14.—Vom—
V13 (ONN-OON-OOO-POO) as an example (as shown in Figure 4), the amplitude of
CMV is V4./3. Obviously, the small and zero vectors with the lower amplitude of CMV
need to be adopted during the synthesis of the switching sequence in order to reduce the
amplitude of CMV.

3.2. Switching Frequency

As shown in Figure 4, small vectors Vi3 and Vi3, are both used to synthesize the
switching sequence. The switching state of these phases is all changed so that the switching
sequence belongs to continuous PWM (CPWM). If only the small vector Vi3y is adopted,
the switching sequence will become V13y-V14.-Vom (ONN-OON-OOQ). While if only
the small vector Vi3, is adopted, the switching sequence will become V141—Vom—VisL
(OON-OOO-POOQ). For the above two sequences, the switching states of phase A and C are
both changed, but the switching state of phase B remains the same. Thus, these switching
sequences belong to DPWM. By the use of DPWM, Only one of the redundant vectors
appears in each carrier period. As a result, the switching loss can be reduced.

4. Proposed Carrier-Based Discontinuous PWM Strategy
4.1. Switching Sequence Design

The space vector diagram can be divided into six sectors S;-Syy, with the large vector
V-V as the boundary. Each sector can be further divided into four regions Ri—Ryy. In
order to reduce the CMV, small vectors Vi3y—V1gy and zero vectors Vyy and Vy, are
abandoned. While large vectors, medium vectors, small vectors V131 —V1g1, and zero vector
Vom are adopted to synthesize the switching sequence. Thus, the amplitude of CMV can
be limited to V4./6. Taking sector Sy as an example:

1. In region Rj, Vom: OOO, Vy: PON and Vi3r: POO are used to synthesize the
switching sequence;
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2. In region Ry, Vopm: OOO, V7: PON and Vy41: OON are used to synthesize the
switching sequence;

3. In region Ry, Vi: PNN, V7: PON and Vy31: POO are used to synthesize the
switching sequence;

4. In region Ryy, V,: PPN, Vy: PON and Vy4: OON are used to synthesize the
switching sequence.

From the aforementioned analysis, phase B is clamped to the switching state O in
regions Ry and Ryy. It can be defined as clamping state BO. Similarly, phase A is clamped to
the switching state P in region Ryyj, and it can be defined as clamping state A+; phase C
is clamped to the switching state N in region Ryy, and it can be defined as clamping state
C—. The clamping state of other sectors can be obtained by replacing the vector in 5; by
the corresponding vector that occupies the identical position in a given sector, as shown
in Figure 5.

Figure 5. The clamping state in each region of the space vector diagram.

4.2. Carrier-Based Implementation

The aforementioned switching sequences can be obtained by the modification of both
the reference voltage and the carrier. For the reference voltage, the specific zero-sequence
voltage needs to be injected into the reference voltage to realize the clamping state in
each region. The CMV and the switching loss are reduced simultaneously. For the carrier,
the upper and lower carriers are changed from phase disposition to phase opposition
disposition. The extra switches at the boundary of two adjacent regions are reduced. The
detailed process is shown as follow:

Reference Vector Modification: The maximum, medium and minimum value of three-
phase reference voltages v'y at any arbitrary instant can be obtained as follows:

Vpnax = max (vly, v, v¢)

o = mid (o, o o) ©
Upin = Min (v}, g, v¢)

where max (-), mid (-) and min (-) return the maximum, medium and minimum value of
v’ p, v'p and v/ c. The relationship between v'max, ¥'mid, ' min and vy in each sector is shown
in Table 3.
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Table 3. Relationship between v’ max, ¥/ mid, ¥ min and v'x.

Sector V' max %' mid ' min
St N v'p v'c
SH U/B U/A ZJIC
S v'g v'c v'A
Svi v'c v'p VA
SV U/C U/A UIB
SVI UIA 7f’,C Z/B

Taking sector S as an example:

In region R; and Ry, phase B needs to maintain clamping state 0. From Table 3, the
reference voltage of phase B is v/ ;q. Thus, —v',;q needs to be injected into v'p to keep the
switching state of phase B at O.

In region Ry, phase A needs to maintain clamping state +. The reference voltage of
phase A is ¥/ max. Thus, —v'max + V4. needs to be injected into v’ to keep the switching
state of phase A at P.

In region Rjy, phase C needs to maintain clamping state -. The reference voltage of
phase C is v/ in. Thus, —v'max — V4 needs to be injected into v/ to keep the switching
state of phase C at N.

In conclusion, in order to realize the clamping state in Figure 5, zero-sequence voltage
vz, needs to be injected into the reference voltage v'y. vz, can be expressed as:

—0 4 reg%on Ri&Rp
V72 = —Uhax + Vac/2 region Ry 7)
=0l — Vac/2 region Ry

The three-phase reference voltage after the injection of vz, is v”y:
Uy =V + vz = 0x + 071 + 022 ®)

The three-phase reference voltages v’y in a unit fundamental period are shown in
Figure 6. The switching states of the three phases are clamped to the positive bus, the
negative bus and the neutral point of the DC-link alternatively, and the discontinuous
modulation is realized.

clamping state + ¢ clamping state + QI

clamping state — ¢ clamping state - ¢

clamping state 0 ¢ clamping state O {

Vel . . p . 4 v, 4 P, 4 i
d"z\ N /\ / Vae/2 20 N Un S ol S
g \/ v \/ \/ N 0 0 amn e . gma( e o £ N
Viel2 v

(a) (b)

Figure 6. The reference voltage after the second injection of the zero-sequence voltage. (a) m = 0.3; (b) m = 0.8.

Vie/2

Carrier Modification: For conventional CBPWM of the three-level inverter, the upper
and lower-triangular carriers are in phase with each other. The PWM signals of each phase
can be obtained by the comparison of the reference voltage v”, and two carriers. In sector
S1, when the reference voltage travels from region Ry to Ry, the reference voltage and the
corresponding switching sequence are shown in Figure 7a.



Electronics 2021, 10, 3041 8of17

oS DS

N 0 /\ 0
Vi fehgmdmmm e - \ / VB P S i /\

i ----3‘\--7 ——— s AN y v [P aiaie gl T T -\--i ,

Al 2 el
Phase A (1:; Phase A (lj
0 Q
Phase B N Phase B N
- O I (@]
Phase C N Phase C N

(a) (b)

Figure 7. The switching sequence of the transition from region Ry to R;. (a) Phase disposition condition; (b) Phase
opposition disposition condition.

As can be seen, the switching sequence is PNN-PON-POO-PON-PNN in region Ry,
and the amplitude of CMV is V4./6. The switching sequence is OON-PON—POO-PON-
OON in region Ry, and the amplitude of CMYV is also V4./6. Comparing Figure 7a with
Figure 4, the amplitude of CMYV is reduced from V4./3 to V4./6 by the injection of vz,.
Moreover, the number of switches in each carrier period is reduced from 3 to 2. However,
it is worth mentioning that there are extra switches during the transition of two adjacent
regions. As shown in Figure 7a, the last switching state of region Ryj; is PNN, and the
first switching state of region Ry is OON. The switching states of phase A and phase B
are both changed so that the switching loss is increased. To solve the above issue, the
two triangle carriers need to be changed from phase disposition to phase opposition
disposition, as shown in Figure 7b. After that, the switching sequence in region Ry
becomes POO-PON-PNN-PON-POO, and the switching sequence in region R; becomes
O00-POO-PON-POO-OOO0. The amplitude of CMV is still V4./6. Meanwhile, only the
switching state of phase A is changed during the transition of two adjacent regions.

In conclusion, the extra switches can be reduced by the phase opposition disposition
of the carriers. Then the switching loss can be further suppressed.

4.3. NPV Balance Control

In high-power medium-voltage applications, the NPV balance also needs to be con-
sidered, besides the CMV and the switching loss. The NPV is defined as Av = vc1 — vco,
Uy, is the threshold value of Av. When | Av | < vy,, the NPV does not need to be controlled.
When |Av| > vy, the NPV ripple must be suppressed. The voltages of the upper capacitor
vc1 and lower capacitor vc; are affected by the neutral point current ig. The neutral point
currents are generated by small vectors and medium vectors. Thus, the NPV balance can
be realized by adjusting the duty cycle of small and medium vectors in each region of
different sectors.

Taking sector Sy as an example, the duty cycle of Vy31.: POO (ip = —ia) can be adjusted
to balance the NPV in region R;. While the duty cycle of V;: PON (ip = i) can be adjusted
to balance the NPV in region Ryy;. In region Ry, the neutral point current ig generated by
Visp: POO is less than zero. When | Av| > 0, the duty cycle of Vi31.: POO needs to be
increased. When | Av| <0, the duty cycle of Vy31: POO needs to be reduced. In region Ry,
the neutral point current ig generated by V7: PON is greater than zero. When |Av| >0,
the duty cycle of V;: PON needs to be reduced. When | Av| <0, the duty cycle of Vysr:
POOQO needs to be increased. Similarly, the duty cycle adjustment rules of small and medium
vectors in other sectors are listed in Table 4. The vectors in Table 4 are defined as master
vectors, and the other vectors in the same switching sequence are defined as slave vectors.
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Table 4. Master vector in each region.
Region
Sector
Ry Ry Rin & Riy
SI V13LI PPO (—ZA) V14LZ OON (—?C) V7Z PON (ZB)
Sn Vigr: OON (—ic) Vis: OPO (—ip) Vi: ONP (ia)
SIII V15L: OoPrO (—I.B) V16L: PPO (—I.A) V9: NPO (lc)
Srv VieL: NOO (—ia) Viz1: OOP (~ic) Vip: NOP (i)
SV V17L: oor (*l‘(:) V18L: ONO (7.113) V11: ONP (I.A)
Svi VigL: ONO (—ip) VisL: PPO (—ip) Vi2: PNO (ic)

The duty cycle of the master vector can be adjusted by injecting the compensation
voltage v,s into the reference voltage v x to move the reference voltage up or down. Taking
sector Sy as an example, in region Ry, the duty cycle of Vy31.: POO will be increased if the
reference voltage v” 5 is moved up. While the duty cycle of Vq3.: POO will be reduced
if the reference voltage v’ 5 is moved down, as illustrated in Figure 8a. In region Ry,
the duty cycle of V7: PON will be increased if the reference voltage v''g is moved down.
While the duty cycle of V;: PON will be reduced if the reference voltage v"'g is moved up,
as illustrated in Figure 8b. It is worth mentioning that the shift of the reference voltage
only changes the duty cycle of the master vector and vectors without affecting the NPV.
Therefore, the NPV balance can be realized by the shift of the reference voltage.

[y

Fal2 I\ ! T Va2 Vi Faed
. I ' N "

v [ Q'?“;“"%"F" = . _
N v x L
" I e~ S
VR, >< 0 X 0 \/ 0
o niinin nlsl- bbte ~labd o niniale kel abaiats bkt .
Ve / \ 7 T I 5 S o I
~ ~ ™ v EoRRCoiiIIiic -~
Vo2 V2 N2
OO0 PO PON  POO 000 000 POO PON  POD o0d D00 PO PON  POD 000
P e eereeed P ‘ : P
Phase A Phase A :
— — — —; o — — o — o
) 0 0 ) 0 0
Phase B Phase B
N N N N
Phase C 0 o Phase C o o
N N N N
(a) (b)
Figure 8. The influence of v,s on the switching sequence. (a) Adjustment of V13p in region Ryy; (b) Adjustment of V7 in
region Ry.

The calculation process of the compensation voltage v, is shown in Figure 9. When
| Av | < vy, vos is set to 0 and three-phase reference voltage v”, remains the same. When
IAv| > vy, the compensation voltage v, is obtained by multiplying the output of the
PI controller by sign(Av-iy-vy). Then, ves is injected into vy, according to Table 5. The
reference voltage v*y = v y + vy after the compensation.

Av > |
v, —{ Sign(Av v, i)
:

Figure 9. The calculation process of vs.
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Table 5. Compensation voltage injection rules.

Region
Sector
Ry Ry R & Riy
v*A =0 A + Vos A =705 v*a =07
S] & SIV U*B = Z)HB Z)*B = Z)”B Z)*B = ZJNB + Uos
vc=1"c v*c = 0" C + Dos vc=1"c
VA =0" A v*a =0" A VA =0" A +os
Si & Sy v*g=7"p v*g =" B + Uos v*p=7"p
v'c =0" ¢ + Vos v'c=v" ¢ v'c=7v" ¢
vt =0 A 0*A = 0" A + Vos oA = 0" A
Sir & Svi v*g =" B + Uos v*g=7"p v'p=0"p
e =" ¢ v =1" ¢ Ve = 0" ¢ + Vos

For the NPV balance control, it is necessary to limit the amplitude of v*y to ensure
that the switching sequence is not changed. When v” > 0, v* will be set to zero if v*, <0,
while v*, will be set to v max if v*x > v max. When v*y < 0, v*, will be set to zero if v*, > 0,
while 7% will be set to 0" pnin if v*x < 0" min, Where v”max and v i, are the maximum and
minimum value of v”.

In conclusion, the CMV and the switching loss can be reduced by the modification of
the reference voltage and the carriers. Meanwhile, the NPV balance can also be realized
by the shift of the reference voltage without changing the switching sequence. The block
diagram of the proposed DPWM is shown in Figure 10. The detailed steps are listed
as follows:

STEP 1: the zero-sequence voltage vz is injected into the reference voltage vy;

STEP 2: the sector and region are determined by the three-phase reference voltage;

STEP 3: the zero-sequence voltage vz, is injected into the reference voltage v'y;

STEP 4: the compensation voltage v is generated and injected into the reference voltage v’ 4;
STEP 5: the pulse signal of each power switch is generated by the comparison of the
reference voltage v*, and the carriers.

STEP1 STEP 3

v -+ v, + vV +
»

» » » —>
+, i + I + * -
Vi n A v X A Vi X A Vi) " A
> >R > > > PWM signal
v +4 . +h +A * -5
(& + e + Ve + Yo i o4
» > » » >
+ £ - =
> > Va1
> Eq.(3) — Vzx Tab. 5
.
>
N
L Hr upper
Ly Sy Eq. (7) — Avi ) carrier
> > Vol g Fig. 9 lower
1, .
»> Riav r iy carrier

STEP 2

Figure 10. Block diagram of the proposed DPWM strategy.

5. Experimental Verification

In order to verify the feasibility and effectiveness of the proposed DPWM strategy, the
rapid control prototype OP5700 (OPAL-RT Co. Ltd.,Richardson, Canada) and the NPC
three-level power model PEN8018 (Imperix Co. Ltd., Sion, Switzerland) are adopted to
establish the experimental setup, as shown in Figure 11.
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Three-levél inverter OP5700

===
K5

Figure 11. The prototype of OPAL-RT® OP5700 driven three-level inverter.

The proposed DPWM strategy is compared with the conventional CBPWM, the
conventional DPWM [22] and the DMW-CBPWM [15]. Parameters of the experimental
setup are listed in Table 6. When R = 10 Q) and L = 10 mH, the power factor cos ¢ is 0.954.
When R =10 (3 and L = 30 mH, the power factor cos ¢ is 0.732.

Table 6. Experimental parameters of the prototype.

Parameter Unit Value
DC-link capacitor Cq, C; uF 1551
DC-link voltage V4. \% 100
Load Resistance R Q 10
Load inductance L mH 10, 30
Fundamental frequency f Hz 50
Carrier frequency f; kHz 2.5

The phase voltage vz, line voltage vap, phase current i5, common-mode voltage vcm
and the upper and lower-capacitor voltages vcy /vcy are shown in Figure 12.

5.1. Common-Mode Voltage

The switching sequences and the corresponding CMV of the four tested strategies in a
unit carrier period are shown in Figure 13. For the conventional CBPWM, small vectors V;y
(i € {13,14, ... ,18}) are used to synthesize the switching sequence. For the conventional
DPWM, zero vector Vg and Vi, are used to synthesize the switching sequence. Thus,
the amplitude of the CMV is higher for these two strategies. For the DMW-CBPWM and
the proposed DPWM, small vector V;y, zero vector Vo and Vi, are abandoned so that
the amplitude of the CMV is lower. As can be seen in Figure 12, the amplitude of the
CMV is 33.33 V (V4./3) for the conventional CBPWM. The amplitude of CMV is 50 V
(V4c/2) for the conventional DPWM. The amplitude of the CMV is 16.67 V (V4./6) for the
DMW-CBPWM and the proposed DPWM.
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Figure 12. Experimental results of phase voltage vpo, current iy, line voltage vap, upper and lower-capacitor voltages
vc1/vcp and common voltage vcyn. (a) m = 0.3, cos 6 = 0.954; (b) m = 0.8, cos 0 = 0.954; (c) m = 0.3, cos 6 = 0.732; (d) m = 0.3,
cos 0 =0.732.
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Figure 13. Switching sequences and the corresponding CMYV in a unit carrier period for the four

tested strategies.

5.2. Switching Loss

In each carrier period, the switch time of the conventional DPWM and the proposed
DPWM strategy is two, the switch time of the conventional CBPWM is three and the
switch time of the DMW-CBPWM is four, as shown in Figure 13. The efficiency of the
inverter with the above four strategies is recorded by Yokogawa WT5000 power analyzer,
as listed in Table 7. The efficiency of the proposed DPWM is higher than the other three
strategies, which verifies that the switching loss of the inverter can be suppressed by the
proposed DPWM.

Table 7. The efficiency of the inverter under different strategies.

Efficiency
Modulation Strategy R=100,L=10mH R=100,L=30mH
m=0.3 m=0.8 m=03 m=0.8
Conventional CBPWM 82.920% 93.320% 79.429% 91.978%
Conventional DPWM [22] 84.488% 93.432% 81.085% 92.116%
DMW-CBPWM [15] 82.943% 92.919% 79.203% 91.600%
Proposed DPWM 85.168% 93.482% 81.957% 92.180%

5.3. Harmonic Distortion

As shown in Figure 12, the output current ripple of DMW-CBPWM is the highest.
The output current ripple of the other three strategies is not very different from each
other. By the FFT analysis of the experimental results, the harmonics spectra of the output
current waveforms under m = 0.3 and m = 0.8 are shown in Figure 14. Under lower
modulation index and higher power factor conditions, the THD of the proposed DPWM is
greater than Conventional CBPWM and Conventional DPWM but less than DMW-CBPWM.
Under lower power factor conditions, regardless of the modulation index, the THD of the
proposed DPWM is smaller than the other three strategies. Therefore, the output waveform
quality of the inverter can be improved by the proposed DPWM strategy under certain
load conditions.
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Figure 14. Harmonic spectra of iy under different modulation index conditions. (a) m = 0.3, cos § = 0.954; (b) m = 0.8,
cos 0 =0.954; (c) m =0.3, cos 6 = 0.732; (d) m = 0.3, cos 8 = 0.732.

5.4. Neutral Point Voltage

If IAv| < vy, the NPV will not be controlled. As shown in Figure 12, the upper
and lower-capacitor voltages are approximately the same for all four strategies under
lower-modulation index conditions. Under higher-modulation index conditions, there
are low-frequency components, which are 150 Hz (three times the fundamental frequency
of output current), in both the upper and lower-capacitor voltages for the conventional
CBPWM, the conventional DPWM and the proposed DPWM. However, the neutral point
voltage is still self-balanced on the fundamental period level. Taking the proposed DPWM
as an example, the detailed analysis is as follows. After the injection of vz, the dwell time
of switching state O for each phase can be expressed as:

dypo=1-=% 9)

As shown in Figure 15, in a unit carrier period, the neutral point current ig is:

io =ia-dao +ip-dpo +ic - dco (10)
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Figure 15. Duty cycles of switching state O of a certain phase in a unit carrier period. (a) condition of
v" 1 > 0; (b) condition of v’ , < 0.

The reference voltage, output current and the neutral point current can be regarded
as the function of the phase angle 0. Taking sector S5; as an example, when the reference
voltage is in region R}, phase B is clamped to switching state O and dgp = 1. Substituting
(7), (8) and (9) into (10), yields:

LOA(6) = 05(6) AUR LY

io(0) =ia(0) (1 — Vdc) +ip(0) +ic(0) <1 -2 Ve (11)

When the phase angle is 8 + 7/3, phase A is clamped to the switching state O
and dao = 1. The neutral point current is:

io(6+7/3) = i (0 + 7/3) + in (8 + m/3) (1 — 22T AT/

9 v (0471/3) =0/, (0+7/3) )

12
+ic(0+m/3) (1 - (12)

The reference voltage and the output current are three-phase symmetrized.

h(0+7/3) = o0, if(6-+/3) = ~ic(6) (13)

{ 0y (0+7/3) = —03(0), i (0 +71/3) = i} (0)
(04 71/3) = =0\ (6),i-(6 4 7/3) = —il ()

Substituting (13) into (12), yields that ig(6) = —ip(6 + 7t/3). It indicates that the NPV
generated by the neutral point current at any arbitrary instant will be offset by the neutral
point current lagging 7t/3. Thus, there is always a triple fundamental frequency component
in the neutral point voltage. However, the neutral point can still be considered balanced on
a fundamental period level; as shown in Figure 12a,b.

If IAv| > vy, the proposed NPV balance control method will be adopted. Figure 16
shows experimental results for modulation indices of m = 0.3 and m = 0.8, respectively,
which illustrates the NPV balance scenario described earlier. The upper and lower capacitor
voltages are intentionally unbalanced by 100 V. As can be seen, the voltage difference can
be eliminated by the injection of vos under both higher and lower-modulation index
conditions. The settling time is significantly smaller under the higher-modulation index
and high-power factor conditions because a larger value of v, can be added.
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Figure 16. Capacitor voltage waveforms during the transition of the NPV balance control. (a) m = 0.3,
cos 6 =0.954; (b) m = 0.8, cos 8 =0.954; (c) m = 0.3, cos 6§ = 0.732; (d) m = 0.3, cos 6 = 0.732.

6. Conclusions

A carrier-based DPWM strategy of the NPC three-level inverter is proposed in this
paper. This strategy can be used in NPC three-level inverters for industrial applications,
such as traction inverters in rail transit systems and mine hoist systems, where lower
common-mode voltage and lower switching loss are required.

Firstly, the reference voltage is modified by two injections of the zero-sequence voltage.
The DC-link voltage utilization of the inverter is enhanced by the first injection of the zero-
sequence voltage. Then, the three phases are clamped alternatively to reduce the CMV
and the switching loss by the second injection of the zero-sequence voltage. Secondly, the
carrier is modified by phase opposition disposition to reduce the extra switches during the
transition of two adjacent regions. Finally, without the change of switching sequence in
each carrier period, the NPV balance is achieved by the injection of compensation voltage
into the reference voltage. In addition, the output harmonic distortion is also improved by
the proposed strategy.

Author Contributions: Conceptualization, G.Z. and Q.G.; methodology, G.Z. and Z.Z.; software, Y.S.;
validation, Y.S.; formal analysis, Z.Z.; investigation, Q.G.; resources, G.Z.; data curation, Y.S.; writing—
original draft preparation, Y.S.; writing—review and editing, G.Z.; visualization, Y.S.; supervision,
Q.G.; project administration, Q.G.; funding acquisition, G.Z., Q.G. and Z.Z. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was funded by “The National Natural Science Foundation of China, grant
number 51807140 and 52077154” and “The Natural Science Foundation of Tianjin City, grant number
20JCQNJC00030".

Conflicts of Interest: The authors declare no conflict of interest.



Electronics 2021, 10, 3041 17 of 17

References

1.  Rodriguez, J.; Bernet, S.; Steimer, PK,; Lizama, LE. A Survey on Neutral-Point-Clamped Inverters. IEEE Trans. Ind. Electron. 2010,
57,2219-2230. [CrossRef]

2. Kouro, S.; Malinowski, M.; Gopakumar, K.; Pou, J.; Franquelo, L.G.; Wu, B.; Rodriguez, J.; Perez, M.A.; Leon, J.I. Recent ad-vances
and industrial applications of multilevel converters. IEEE Trans. Ind. Electron. 2010, 57, 2553-2580. [CrossRef]

3. Abu-Rub, H.; Holtz, J.; Rodriguez, ].; Ge, B. Medium-voltage multilevel converters-state of the art, challenges, and requirements
in industrial applications. IEEE Trans. Ind. Electron. 2010, 57, 2581-2596. [CrossRef]

4. Yang, Y., Wen, H; Fan, M.; Xie, M.; Peng, S.; Norambuena, M.; Rodriguez, ]. Computation-Efficient Model Predictive Control with
Common-Mode Voltage Elimination for Five-Level ANPC Converters. IEEE Trans. Transp. Electrif. 2020, 6, 970-984. [CrossRef]

5. Yu,B.;Song, W.; Guo, Y. Virtual Voltage Vectors Based Model Predictive Current Control for Five-Phase VSIs with Common-Mode
Voltage Reduction. IEEE Trans. Transport. Electrif. 2021, 7, 706-717. [CrossRef]

6. Guo, X,; Yang, Y.; Wang, B. Leakage Current Reduction of Three-Phase Z-Source Three-Level Four-Leg Inverter for Transformerless
PV System. IEEE Trans. Power Electron. 2019, 34, 6299-6308. [CrossRef]

7. Li, X;; Xing, X.; Zhang, C.; Chen, A.; Qin, C.; Zhang, G. Simultaneous Common-Mode Resonance Circulating Current and Leakage
Current Suppression for Transformerless Three-Level T-Type PV Inverter System. IEEE Trans. Ind. Electron. 2019, 66, 4457-4467.
[CrossRef]

8.  Dagan, KJ.; Zuckerberger, A.; Rabinovici, R. Fourth-Arm Common-Mode Voltage Mitigation. IEEE Trans. Power Electron. 2016,
31, 1401-1407. [CrossRef]

9. Ohn, S.; Yu, J.; Burgos, R. Reduced Common-Mode Voltage PWM Scheme for Full-SiC Three-level Uninterruptible Power Supply
with Small DC-link Capacitors. IEEE Trans. Power Electron. 2020, 35, 8638-8651. [CrossRef]

10. Xiao, H.; Xie, S. Transformerless Split-Inductor Neutral Point Clamped Three-Level PV Grid-Connected Inverter. IEEE Trans.
Power Electron. 2011, 27, 1799-1808. [CrossRef]

11. Hizarci, H.; Pekperlak, U.; Arifoglu, U. Conducted Emission Suppression Using an EMI Filter for Grid-Tied Three-Phase/Level
T-Type Solar Inverter. IEEE Access 2021, 9, 67417—-67431. [CrossRef]

12.  Jung,J.-H.; Hwang, S.-I; Kim, ].-M. A Common-Mode Voltage Reduction Method Using an Active Power Filter for a Three-Phase
Three-Level NPC PWM Converter. IEEE Trans. Ind. Appl. 2021, 57, 3787-3800. [CrossRef]

13. Wu, K; Xia, C.L.; Zhang, Y. Common-Mode Voltage Suppression for Neutral Point Clamped Three Level Inverter. Trans. China
Electrotech. Soc. 2015, 30, 110-117.

14. Nguyen, T.T.; Nguyen, N. An Efficient Four-State Zero Common-Mode Voltage PWM Scheme with Reduced Current Distortion
for a Three-Level Inverter. IEEE Trans. Ind. Electron. 2018, 65, 1021-1030. [CrossRef]

15. Liu, P; Duan, S.; Yao, C.; Chen, C. A Double Modulation Wave CBPWM Strategy Providing Neutral-Point Voltage Oscillation
Elimination and CMV Reduction for Three-Level NPC Inverters. IEEE Trans. Ind. Electron. 2017, 65, 16-26. [CrossRef]

16. Xing, X.; Li, X.; Gao, E; Qin, C.; Zhang, C. Improved Space Vector Modulation Technique for Neutral-Point Voltage Oscillation
and Common-Mode Voltage Reduction in Three-Level Inverter. IEEE Trans. Power Electron. 2019, 34, 8697-8714. [CrossRef]

17.  Jiang, W.; Wang, P.; Ma, M.; Wang, J.; Li, ].; Li, L.; Chen, K. A Novel Virtual Space Vector Modulation with Reduced Common-
Mode Voltage and Eliminated Neutral Point Voltage Oscillation for Neutral Point Clamped Three-Level Inverter. IEEE Trans. Ind.
Electron. 2020, 67, 884-894. [CrossRef]

18. Gao, Z,; Li, Y;; Ge, Q. Improved Phase Opposition Disposition Pulse Width Modulation Strategy for Three Level Neutral Point
Clamped Converter. Trans. China Electrotech. Soc. 2020, 35, 884-894.

19. Scognamillo, C.; Catalano, A.; Riccio, M.; D’Alessandro, V.; Codecasa, L.; Borghese, A.; Tripathi, R.; Castellazzi, A.; Breglio, G.;
Irace, A. Compact Modeling of a 3.3 kV SiC MOSFET Power Module for Detailed Circuit-Level Electrothermal Simulations
Including Parasitics. Energies 2021, 14, 4683. [CrossRef]

20. Catalano, A.P; Scognamillo, C.; D’Alessandro, V.; Castellazzi, A. Numerical Simulation and Analytical Modeling of the Thermal
Behavior of Single- and Double-Sided Cooled Power Modules. IEEE Trans. Compon. Packag. Manuf. Technol. 2020, 10, 1446-1453.
[CrossRef]

21. Riccio, J.; Odhano, S.A.; Zanchetta, P. Sensorless and Modulated Model-Predictive Control for a Doubly Fed Induction Machine.
In Proceedings of the 2019 21st European Conference on Power Electronics and Applications (EPE "19 ECCE Europe), Genova,
Italy, 3-5 September 2019.

22.  McGrath, B.; Holmes, D.; Lipo, T. Optimized space vector switching sequences for multilevel inverters. IEEE Trans. Power Electron.
2003, 18, 1293-1301. [CrossRef]

23. Xia, C.; Zhang, G.; Yan, Y.; Gu, X; Shi, T.; He, X. Discontinuous Space Vector PWM Strategy of Neutral-Point-Clamped Three-Level

Inverters for Output Current Ripple Reduction. IEEE Trans. Power Electron. 2016, 32, 5109-5121. [CrossRef]


http://doi.org/10.1109/TIE.2009.2032430
http://doi.org/10.1109/TIE.2010.2049719
http://doi.org/10.1109/TIE.2010.2043039
http://doi.org/10.1109/TTE.2020.2996608
http://doi.org/10.1109/TTE.2020.3030793
http://doi.org/10.1109/TPEL.2018.2873223
http://doi.org/10.1109/TIE.2018.2860555
http://doi.org/10.1109/TPEL.2015.2417804
http://doi.org/10.1109/TPEL.2019.2962964
http://doi.org/10.1109/TPEL.2011.2164940
http://doi.org/10.1109/ACCESS.2021.3077380
http://doi.org/10.1109/TIA.2021.3053216
http://doi.org/10.1109/TIE.2017.2733418
http://doi.org/10.1109/TIE.2017.2723866
http://doi.org/10.1109/TPEL.2018.2886378
http://doi.org/10.1109/TIE.2019.2899564
http://doi.org/10.3390/en14154683
http://doi.org/10.1109/TCPMT.2020.3007146
http://doi.org/10.1109/TPEL.2003.818827
http://doi.org/10.1109/TPEL.2016.2611687

	Introduction 
	NPC Three-Level Inverter and CBPWM 
	Topology of the NPC Three-Level Inverter 
	CBPWM of the Three-Level Inverter 

	Analysis of CMV and Switching Frequency of the Three-Level Inverter 
	Common-Mode Voltage 
	Switching Frequency 

	Proposed Carrier-Based Discontinuous PWM Strategy 
	Switching Sequence Design 
	Carrier-Based Implementation 
	NPV Balance Control 

	Experimental Verification 
	Common-Mode Voltage 
	Switching Loss 
	Harmonic Distortion 
	Neutral Point Voltage 

	Conclusions 
	References

