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Abstract: The neutral point clamped (NPC) three-level inverter is widely used in high-
voltage and high-power applications. However, neutral point voltage oscillation (NPVO)
and common-mode voltage (CMV) problems exist in the NPC three-level inverter. In this
paper, an improved virtual space vector modulation (VSVM) is proposed based on the
reconstruction of a virtual small vector and a virtual medium vector. Compared with the
traditional VSVM, an improved VSVM can effectively reduce the CMV. On this basis, a
vector conversion method is proposed to further reduce the NPVO in the whole range.
Simulation results verify the effectiveness and superiority of the improved VSVM.
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1. Introduction

Compared with traditional inverters, neutral point clamped (NPC) three-level inverters have
better output waveform, a lower distortion rate, and low voltage stress of switching components,
which have been widely used in the photovoltaic grid-connected system, motor drive, wind
power generation, and other middle and high voltage fields [1,2]. Due to the neutral point
voltage oscillation (NPVO) and common-mode voltage (CMYV), the overall performance of the
NPC three-level inverter is limited, and the security and stability of the system operation are
affected [3,4].

There are two design methods to deal with the NPVO and CMV of the NPC three-level inverter,
namely a hardware method and software method [5—-7]. The hardware method requires additional
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circuit design, resulting in cost and size disadvantages [8]. As a result, the software method is
more popular. The software method is mainly used to reduce the NPVO and CMV by improving
the modulation strategy. In [9], the neutral point voltage (NPV) control method based on the
carrier-based pulse width modulation (CBPWM) was proposed. But the control effect of these
methods is subject to the modulation index m and power factor (PF). The relationship between
the CBPWM and SVM is analyzed in [10]. In [11, 12], several improved modulation strategies
are proposed based on the SVM. The main design idea is to control the NPV by distributing the
duty ratio of the redundant state of a small vector. However, when m is very high or very low, the
redundant state of a small vector does not always exist in some modulation sectors, resulting in
the low-frequency oscillation of the NPV.

To overcome the shortcomings of the CBPWM and SVPWM, the virtual space vector pulse
width modulation (VSVM) is proposed in [13]. In [14], The VSVM based on an imbalance
factor is proposed. Although the methods proposed in the paper have certain effects on the
NPVO, they will lead to the problem of an excessive CMV. The CMV generated by the output
side of the NPC three-level inverter has a certain influence on the operation performance of
motors [15-17]. Higher CMV on the motor axis will induce a high amplitude of shaft voltage,
and shaft current, damage insulation, shorten the motor service life [18,19]. In [20], a new virtual
vector construction method is proposed. Since virtual medium vectors are not constructed in this
method, the switching between vector sequences cannot be smooth during modulation, which
leads to output waveform distortion.

The main contributions of this paper are as follows:

1. By improving the virtual vector construction method, the neutral point current, as the most

important factor causing the NPVO, is effectively controlled.

2. In the design of the modulation sequence, the amplitude of the CMV is reduced to less than

by carefully selecting the basic space vector.

3. A vector conversion method for the improved VSVM proposed is analyzed and designed

to eliminate the influence of switching delay and insertion of dead-time in practice, thus
further reducing the NPVO.

2. NPC three-level inverter

2.1. Working principle

Fig. 1(a) shows that the three-phase current of the NPC three-level inverter represents i,,
ip and i., respectively, and the direction of the output inverter is the positive direction of the
current. The NPC three-level inverter consists of three bridge arms, including 12 power switching
tubes and 6 diodes. The three output states are, respectively, P(1), O(0), and N(-1), which can be
obtained by controlling four switching tubes (sy1~ sy4, ¥ = abc) on each phase bridge arm. The
switching function Sy can be expressed as:

1 (le7sx2, S3’ Sx4) = (17 1707 O)
Sx = O (lev sz, s3’ Sx4) = (0’ 17 17 0) N (1)
-1 (SXI, Sx2, 53, sx4) = (05 Oa 15 1)
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Fig. 1. The NPC three-level inverter

The NPC three-level inverter contains three-phase bridge arms, which means there are 27
different output results, namely 27 space vectors, as shown in Fig. 1(b). According to the length
of the vector, the space vector can be divided into four types. Besides, according to the different
phase angles of the space vector, the basic vector diagram can be divided into 6 sectors (I to VI),
including 30 subsectors. The voltage between the DC side neutral point O and the load neutral
point N is known as the CMV, which is defined as:

U,
Ucom = Td (Sa+Sp+Se). )

In the above formula, S,, Sp, and S, are the switching functions of each phase bridge arm,
respectively, and Uy, is the DC bus voltage. 27 output states were analyzed respectively to obtain
the CMV generated by each output state, as shown in Table 1.

Table 1. Analysis of switching states

Vector Basic vector CMV
Large vector PNN(0) NPN(0) NNP(0) +Uy./6
PPN(0) NPP(0) PNP(0)
Medium vector PON(i; ) OPN(i,) NPO(i.) NOP(i;,) ONP(i,) PNOC(,) 0
ONN(i4z) NON(ip,) NNO(i() Uy /3
Small vector PPO(i.) OPP(i,) POP(iyp)

OON(i.) NOO(~iq) ONO(~ip)
POO(—iy) OPO(~i}) OOP(—i.)
PPP(0) NNN(0) +Uye /2

000(0) 0

+Uqc /6

Zero vector
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2.2. Traditional VSVM

The space vector diagram of sector I is shown in Fig. 2:

PPN

Fig. 2. The sector I diagram

a) Traditional virtual small vector

1 1
Uysi = 3 (Uonn + Upoo) Uysy = 3 (Uoon + Uppo) (€))

b) Traditional virtual medium vector

1
Uvm = 3 (Uonn + Uppo + UpoN) - )
¢) Virtual large vector and virtual zero vector

Uvo = Uooo > Uviz = Upnn, Uvio = Uppn - (5)

Although the traditional VSVM method has a certain effect on the NPVO, it has a high CMV.
Also, in practice, there will be such factors as switch delay, dead zone setting, and component
parameter asymmetry, resulting in the unsatisfactory effect of NPVO suppression.

3. Improved VSVM

Sector I, for example, shows the use of the proposed improved VSVM method to build novel
virtual vectors, as shown in Fig. 3.
a) Improved virtual small vector

1 1
Uysi = 3 (Uoon + Upno) Uysz = 3 (Upoo + UopN) . (6)

In one control cycle, iy p of Uys; and Uy s, can be obtained as:

. 1 ) 1. .
INP-VSI = E(_lc +ic.) =0, INP-VS2 = 5(_111 +i4) =0, @)
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Fig. 3. The sector I diagram

where: iyp_ys) and iyp_yso represent iyp generated by Uys; and Uygsa, respectively. For
example, Uy is synthesized by Upon and Upno in equal proportions. iy p, generated by Upon
and Upno, is represented by —i. and i.. Therefore, iy p_ys; is zero. Similarly, iy p_ys2 is also
zero in a control cycle.

b) Improved virtual medium vector

1
Uym = 3 (Uopn + Upon + Upno) - (®)

In one control cycle, iy p of Uy s can be obtained as:

) L. .
INP-VM = g(la +ip+ic) =0, &)

where: iyp_yp is iyp generated by Uyys. Uy is synthesized by Uopn, Upon and Upno in
equal time, and i p, generated by them, is represented by i,, i} and i., respectively. Therefore,
inp-v M is zero in a control cycle.

¢) Virtual large vector and virtual zero vector

Uyri =UppN, Uyr1 =UpnN, Uvo = Uooo- (10)

inp, generated by a virtual large vector and virtual zero vector, is zero.

The reference voltage vector Uyr located in subsector I-3 as an example, is shown in Fig. 4.
In this subsector, Uysi, Uy, and Uy are used to synthesize Us. The synthesis rule is
expressed as:

{ UvsiTvsi + UymTvm + Uy 1 Tviy = UretTs (11

Tvs1 +Typm +Typr = Ts
where: Tys1, Ty and Ty represent the dwell time of Uy, Uy, and Uy 1, respectively. It

can be seen that the CMV of Uysi, Uy and Uy is i%, i”gc

and 0, respectively, and T is

the switching frequency.
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Fig. 4. State of the virtual space vector diagram in I sector

In one control cycle, iy p can be obtained as:
inp =inp-vsi +inp-vm +inp-vL1 =0, (12)

where: inp_vsi,inp-vm and iy p_y ) are iy p generated by Uy sy, Uy ps and Uy, respectively.
Since inyp_vsi, inp—vm and iy p_y 1 are zero, iy p is zero when Ut is located in subsector I-3.
Besides, in the improved method, only basic vectors with a low CMV are selected, so only a low
CMV will be generated during the modulation process. Vector sequences of the improved VSVM
are as shown in Table 2.

Table 2. 1 sector switching sequences in subsectors

Subsector Vector sequence

1 OPN — OON — 000 — POO — PNO — POO — OO0 — OON — OPN
2 OPN — OON — PON — POO — PNO — POO — PON — OON — OPN
3 OPN — OON — PON — PNN — PNO — PNN — PON — OON — OPN
4 OPN — PPN — PON — PNN — PNO — PNN — PON — PPN — OPN
5

OPN — PPN — PON — POO — PNO — POO — PON — PPN — OPN

4. Vector conversion

Since iy p of the improved method is zero during each control cycle, the NPVO is eliminated
in theory. However, in practice, there will inevitably be errors in upper and lower capacitance
values, switching delay, and so on, which will lead to the NPVO. Therefore, it is necessary to
study this problem. To further enhance the performance of reducing the NPVO, a novel method
named vector conversion is proposed in this paper. When the NPVO occurs, the voltage of C;
and C; is no longer equal. The offset factor of the NPV is indicated by k(-1 < k < 1). Then, the
voltage of C| and C; can be expressed as:

(1-k) (1+k)

Uci = Uqc, Uco = 5 Uqgc, (13)

where: Uy, Uc1 and U, are, respectively, the dc-link voltage, the voltage of C; and Cs.
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To further reduce the NP voltage oscillation, on the premise of following the nearest three
virtual vector principle (NTV?) and without introducing new basic vectors, the existing vectors in
a subsector are converted into equivalent vectors according to k. This process is used to generate
the corresponding NP compensated current i, and reduce the NPVO.

It is shown, for example, when Uyt is located in the subsector I-3. According to the NTVZ,
the dwell time of the nearest three virtual vectors can be expressed as:

Tys) = [z—zﬁsin(% +9)] Ts, Typi=(V3cos0—1)Ts, Tyn = Gsind)Ts. (14)

In subsector I-3, the required virtual vectors are Uy s1, Uy, and Uy 1, and the basic vectors
involved are OPN, OON, PON, PNN, and PNO. It is worth noting that the following relationships
exist in the vector sequence.

2 1
Uoon = gUOPN + §UPN0 . (15)

According to Table 2, the NP currents of Upon, Uopn and Upno can be obtained to be —i.,

ig and i., respectively. When Upon is converted to Uppn and Upno, that means decrease the

dwell time of Upon, and increase the dwell time of Uppn and Upno at the same time. The NP
compensated current i.,,, in this process can be expressed as:

. . 2, .20 4
femp = —(=ic) + gla + glc = gla + glc . (16)
The NP voltage offset AU is
1 k
U= E(UCZ Uc)) = Udc . a7

To suppress the NPVO more, the average compensating current was applied. In a control cycle,
the average compensated current 7.+ and 7¢pp— for AU > 0 and AU < can be expressed as:

2 2
1 1
icmptzgflcmw(wt)dwt: 2_f( ig(wt) + lc(wt)) dwt. (18)
0 0

When AU > 0, that means 0 < k < 1, it should lower the NP voltage. At this point, the
direction of i, should be flowing out of the NP, namely i.,,,, > 0. Based on (15) and (18),
Uoon is converted to Ugpn and Upno, generating Ic,,p+. By controlling the action time of 7¢,p+,
the purpose of eliminating the NPVO is achieved. The adjustment time AT can be obtained as:

AU kCUye
AT =C - - = ———de (19)

lemp- lemp-

where: C is the value of the capacitance on the dc side.
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After the vector adjustment, the dwell time of OON, OPN, PNO is expressed as:

, 1 , 1 2 , 1 1 1
TOON = —Tys1 — AT, TOPN = =Tym + =AT, TPNO = -Tyy + =Tys1 + =AT. 20)
2 3 3 3 2 3

In Fig. 5, the adjustment of the residence time of the base vector is marked with red lines and
blue arrows and it is notable that TC’)ON, T(’)PN, TI;NO should not be less than zero. The adjustment
range of AT is as follows:

—AT
6

1
OZAT>—§TVM. 201
|
| IlAT | | ! | | lATl |
pb-——-- : _____ 16 | | ! | | 6 |_____: _____
| «
o ! | R L N 5
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1 | ! | | ! | | | Y
ZAT! | | | ! | | | IZAT
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I S r----- P  Sfedadatit - ==
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Fig. 5. The adjustment of AT when AU > 0

Similarly, when AU < 0, that means —1 < k < 0, it should raise the NP voltage. At this point,
the direction of i, should be flowing into the NP, namely ic,,, < 0. Adjust the corresponding
AT in the opposite direction. The vector conversion relationship in sector I, is as shown in Table 3.
Similarly, other sectors can be analyzed in the same way.

Table 3. The vector conversion relationship in sector I

Subsector Relationship
2 1 1 2
l'and 2 Uoon = §U0PN + §UPNO’ Upoo = §UOPN + §UPNO

2 1

3 Uoon = §U0PN + §UPN0
1 1

4 Upon = EUPPN + EUPNN
1 2

5 Uroo = gUOPN + §UPN0
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5. Simulation and analysis

To verify the method proposed, a simulation model was established in Simulink, and different
modulation coefficients were designed, as shown in Table 4.

Table 4. Simulation coeflicients

Parameter name Value
DC-link voltage (Uy.) 600 V
€, 1000 uF
Load for low power factor (PF) Ze%Q (R =0.52Q; L = 6.15mH)
Load for high power factor (PF) 26% Q(R=1.93Q; L =1.65mH)
Switching frequency 8 000 Hz
Fundamental frequency 50 Hz

An NPC three-level inverter model modulated by traditional and improved VSVM methods
was constructed in MATLAB/Simulink, and the simulation was carried out under the conditions
\/§Uref

) to 0.1 and 0.9 and the power factor angle to
dc

of setting the modulation index m (m =

5
1”—2 and é, respectively. According to the simulation results shown in Fig. 6 and Fig. 7, it
+U,

can be seen that the improved VSVM method can suppress the CMV from sdc (200 V) to
i[]dc

(100 V) in a full range, which effectively controls the amplitude of the CMV. Also, by

observing the voltage values of C; and C, in a stable state, it can be known that the NPVO is
further suppressed. In the modulation cycle, the traditional method and the improved method only
involve five switching states in each subsector, and the switch sequence changes one level at a
time, so the switching loss can be roughly considered to be the same. To verify this view, taking
T o . . .
m = 0.9 and ¢ = — as an example, the switching loss under traditional and improved modulation

methods was simulated, and the simulation results were shown in Fig. 8. By observing Fig. 9,
it can be found that the switching loss waveforms of the two modulation methods are basically
consistent, which verifies the previous theoretical analysis. By analyzing the total harmonics
distortion (THD) of the two modulation methods, it can be found that the THD produced by the
improved VSVM method is slightly larger than that produced by the traditional VSVM method.

It can be observed that when m = 0.9, the CMV under the improved VSVM method proposed
in this paper presents an obvious periodic change. Here’s an explanation for this change. When
m = 0.9, the running trajectory of Uy is shown as the red dash line in Fig. 9.

The amplification sector shown in the figure above is taken as an example. When Ulr is
located in the region surrounded by the blue dash line and the green dash line, namely I-3, I-5,
I1-3, VI-5, the vector sequence and the CMV are shown in Table 5.
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Fig. 6. Simulation waveform when modulation index m = 0.1
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Fig. 9. The running trajectory of Ups when the modulation index m = 0.9

Table 5. Analysis of CMV under the improved VSVM when the modulation index m = 0.9

Color | Subsector Vector sequence CMV
I-5 OPN—-PPN—-PON—POO—-PNO—-POO—-PON—-PPN—OPN
blue (0, Uqc/6)
1-3 NPO—-OPO—OPN—PPN—-PNO—-PPN—-OPN—OPO—-NPO
1-3 OPN—-OON—PON—PNN—PNO—PNN—PON—-OON—OPN
green (=Uy16,0)
I-5 PON—-PNN—-PNO—-ONO—-ONP—-ONO—PNO—PNN—PON

When Uyt is located in the 4 subsector of each large sector, the CMV generated is in the range of
(=Ug¢ /6, Uy /6). Therefore, when the modulation index is 0.9, the CMV of the improved VSVM
changes according to the law of (0, 100) — (-100, 100) — (-100, 0) — (=100, 100) — (0, 100).. .,
presenting the periodic change as shown in the Fig. 11, in which the blue dash line and the green
dash line in Fig. 10 correspond to regions X and Y, respectively.
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Fig. 10. CMV waveform of the improved VSVM when the modulation index m = 0.9

By observing Fig. 6 and Fig. 7, it can also be found that under the modulation of the traditional
VSVM method and improved VSVM method, the waveform of the line voltage u,; is greatly
different. When m = 0.1, Uy will only be located in 1 subsector of each sector (I to VI) in
a modulation period. In the modulation process of the improved VSVM method, when Ups is
located in the region I — 1, NPO, OPO, OOO, OON, and PON are selected to synthesize Uyes.
According to the switching function in Equation (1), the basic vector can be defined as (-1, 1,
0), (0, 1, 0), (0, 0, 0), (0, 0, —1), (1, 0, =1). Then S, — Sp of these 5 switching functions are
—2(=Ugc), =1(=Ugc/2), 0(0), 0(0), (1U4./2), respectively, which means that the range of the
line voltage u,;, when modulating in this subsector is (—Ug., Ugc/2). The analysis is similar in
other subsectors. When m = 0.1, the range of u,, within each modulation sector is shown in
Table 6, and the simulation waveform is shown in Fig. 11.

A EF

0 001 ~o,<132 o,é)a 004 o,é)s 006
T(s) T(s)

(a) Improved VSVM (b) Traditional VSVM

Fig. 11. The diagram of u,; when m = 0.1

To further verify the ability of the improved VSVM method to balance the NPV, take m = 0.9
and ¢ = ll as an example, and set the initial voltage values of C; and C; as Uc, = 315 V and
Uc, = 285V, respectively, for simulation. According to the simulation results shown in Fig. 12,
it can be found that it takes about 0.25 s for the NPV to reach equilibrium under the traditional
method modulation. However, with the improved method, the NPV balance only takes 0.06 s.

The simulation is established in four extreme environments, the modulation index m is 0.1

5
and 0.9 respectively, and the power factor angle ¢ is 1ﬂ_2 and %, respectively. The phase current,
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Table 6. u,, in these two modulation methods when m = 0.1

Subsector Improved Traditional
I-1(A, A%) (=Ugc/2,Uye) (0,Uy./2)
I-1(B,B") (=Udc:Uac/2) (=Uqc/2,0)
I[-1(C,CY) (-Uqc/2,0) (=Uqc/2,0)
I-1(D,D%) (=Udc>Uac/2) (-Uac/2,0)
I-1(EE") (=Udc/2,Uac) (0,Ugc/2)
[-1(FF) (0,Ugc/2) (0,Uqc/2)

320
315

< 30
\>./ 305
S 300
S 295
S 290
S 285 : i 5 :
2800 0.65 01.1 0.15 01,2 0.215 03
T(s)
(a) The NPV of traditional VSVM
320 , , ,
315 H H H
310
?‘1 305
O 300 P
S 295
O 290
S 285 i : 5
2800 0.02 0.(|J4 04(')6 068 0.1
T(s)

(b) The NPV of improved VSVM

Fig. 12. Simulation waveform of the NPV

phase voltage, line voltage, CMV, and NP voltage of the NPC three-level inverter are compared
under the control of the two methods. The simulation results show that the improved VSVM
method can reduce the CMV and NPVO.

6. Conclusions

An improved VSVM is proposed for the CMV and NPVO of NPC three-level inverters in this

paper. By selecting the basic vector with a low CMYV, virtual vectors are constructed, so that the

+Uqc +Uqgc

CMYV is effectively suppressed, and it is limited from to

. On the premise of ensuring
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that the average neutral point current is 0 in the modulation process, and considering the influence
of the NPVO on the space vector, a new virtual vector is constructed. It is verified that the virtual
vector will not deviate due to the NPVO, and the error caused by the synthetic reference voltage
vector is avoided. Besides, to eliminate the influence of non-ideal factors, such as switching
delay and insertion of dead-time, a vector conversion method for the improved VSVM proposed
is analyzed and designed, which further reduces the NPVO. The effectiveness of the improved
VSVM for reducing the NPVO and CMV is verified by simulation.
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