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Abstract: Five-level active neutral point clamped (ANPC) converter has become one of the most attractive topologies in industry applications,
especially in the field of the motor drive. A novel common-mode voltage (CMV) reduction strategy for five-level ANPC is presented, which is
based on the phase-shifted pulse-width modulation (PS-PWM). A basic PS-PWM method is presented, which can realise the NP voltage and
the flying capacitor (FC) voltages balance. Moreover, a general CMV reduction method is summarised. The proposed CMV reduction strategy
can minimise the CMV by injecting zero-sequence voltage to the modulation wave and it does not affect the ability of NP voltage and FC
voltages balance. The validity of the proposed CMV reduction method based on PS-PWM strategy is verified by simulation.

1 Introduction

Multilevel converters have been widely used in industry applica-
tions, especially in the field of energy, transportation etc.
Compared to the traditional two-level converters, multilevel conver-
ters have so many advantages such as lower current harmonics,
lower dv/dt and so on. Three-level neutral point clamped (NPC)
[1, 2], flying capacitor (FC), cascaded H-bridge (CHB) [3, 4] and
modular multilevel converter (MMC) [5] are mature topologies
that have been used in industry applications. However, in the
medium-voltage motor drives such as more electric aircraft’s
540 V high-voltage DC system, NPC and FC need more diodes
or capacitors which will increase the number of devices enormous-
ly. So, NPC or FC converters are hard to be applied in medium-
voltage or high-voltage motor drives. CHB converters need an iso-
lated transformer to supply DC power, the weight and volume of
which are greatly increased. MMC is widely applied in high-voltage
DC system, but when it is used to drive motor, there will be low-
frequency fluctuation in the capacitors [6].

Five-level active NP clamped (ANPC) converter is one of the
most attractive topologies that can be used in medium-voltage or
high-voltage motor drives, because of its lower costs, lower
volume and the simplicity of control. NP voltage balance, FCs vol-
tages balance and common-mode voltage (CMV) reduction are
three key concerns that need to be considered in five-level ANPC
converter. NP voltage balance and FC voltages are related to the
nominal operation of the converter, while the CMV can cause the
leakage current and voltage stresses in the machine, which will
reduce the life of the machine bearing [7]. So it is very important
to reduce or eliminate the effect of the CMV on the machine.

Five-level ANPC converter has been extensively researched and
the research hotpots include the NP voltage balance, the FC voltage
balance, the CMV reduction etc. An space vector pulse-width
modulation (SVPWM) method based on the line voltage coordinate
system can achieve the balance of NP voltage and FC voltages by
selecting a proper switching sequence. However, the SVPWM
method is too complicated to achieve and the CMV is only
limited to one-quarter of the DC bus voltage [8, 9]. In addition, a
phase-shifted PWM (PS-PWM) method is proposed to control the
NP voltage by injecting the zero-sequence voltage (ZSV) and to
control the FC voltages by adjusting the duty of different switches.
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The CMV is still too high [10, 11]. To suppress the CMV, some
researches focusing on the CMV have been developed. An
SVPWM method that utilises only 55 voltage vectors to reduce
the CMV to uy/12 has been proposed, where ug. is the DC bus
voltage. However by this strategy, the NP voltage cannot be con-
trolled and it can bring potential threats to the safe operation of
the whole system [12]. On the basis of that an SVPWM method
that utilises 55 vectors to suppress CMV is proposed in [13], but
it increases two cases that will increase the number of vectors up
to 79 actually. This method is so difficult to realise compared
with the sinusoidal PWM (SPWM) method. As for the method
that is based on SPWM to reduce the CMV, it has not been
researched fully yet because it is so vague by injecting the ZSV.

This paper proposes a novel CMV suppression method based on
PS-PWM strategy for five-level ANPC converter. The basic prin-
ciple of PS-PWM is introduced and a general CMV reduction
method is proposed in this paper. By injecting the limited ZSV,
the CMV can be suppressed to 1/12 of the DC bus voltage. It can
also realise the balance control of the NP voltage and the balance
control of the FC voltages, while the minimum value of CMV
will be u4./6.

This paper is organised as follows. Section 2 will present the
structure of five-level ANPC converter and describe the principle
control strategies based on PS-PWM, which includes the NP
voltage control and the FC voltages control. The general CMV re-
duction method is discussed in Section 3. A novel and simple
PS-PWM method for reducing the CMV is developed and it can
achieve the NP voltage control and FC voltages control. Section
4 shows the simulation results of the proposed method. Finally,
the conclusions are drawn in Section 5.

2 Five-level ANPC converter
2.1 Structure of five-level ANPC converter

A phase-leg structure of five-level ANPC converter is shown in
Fig. 1, which consists of 11 switches and five capacitors (assuming
that each switch and capacitor bears a voltage of u4./4). In Fig. 1, C;
and C, represent the upper and lower DC bus capacitors, respective-
ly, and Cj is the FC of this phase-leg, where x represents phase sign
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Fig. 1 Phase-leg structure of five-level ANPC converter

Table 1 Switching states of five-level ANPC converter

Stx Sox Sy Sax ine Ix Upy Switching state
0 0 0 0 0 0 —ugo/2 Vo
1 0 0 0 0 —i, —ug/4 \%!
0 1 0 0 i, iy —ug/4 V2
1 1 0 0 i, 0 0 V3
0 0 1 1 i, 0 0 V4
1 0 1 1 i, —i, ug /4 V5
0 1 1 1 0 iy ug/4 A3
1 1 1 1 0 0 /2 V7

(a, b or ¢). iy, and i represent the NP current and FC current sep-
arately, and in this paper the current direction is defined in Fig. 1.
As shown in Fig. 1, five-level ANPC converter can be considered
as a two-level converter plus a three-level FC clamped converter. In
this topology, S; and S, operate at high frequency, whereas S5 and
S, operate at a fundamental frequency, which can reduce the switch-
ing loss. In addition, there are four complementary switch pairs that
include (S, S)), (S5, S,), (S5, S3), and (S, S,). Table 1 lists all
the possible switching states of a single-phase, which includes five
different voltage levels: uq4./2, uqc/4, 0, —ug./4 and —uge/2.

As we can see from Table 1, S5 and S, require the same switching
signal, so there are only three switching signals that can be con-
trolled. Moreover, the switching states V1 and V2, V3 and V4,
V5 and V6 have the same output voltage, which will be discussed
later.

2.2 PS-PWM strategy for five-level ANPC

The PS-PWM strategy is adopted to generate PWM signals for five-
level ANPC converter. The real output voltage U, can be described
by the switching signals by (1), and we can get the average model as
expressed in (2)

U()x = % [2 (S3x - 1) + Slx + Slx] (1)
_ |t dy Sy =1
on - { dlx + dlr -2 S3x =0 (2)

where di, and d, represent the switching duty of Sy, and S,,, re-
spectively, and u,, is the per-unit output voltage whose value is
between —2 and 2. The switching state of S5, depends on the polar-
ity of u,,, so it can be described as below:

0 u, <0
S5 = { 1 U, > 0 (3)
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Fig. 2 PS-PWM for five-level ANPC

Since the PS-PWM is chosen to generate the switch signals of Sy,
and S,, di, is equal to d5,, and the reference modulation wave is
described as (4) according to (2)

% S}x =0
Urepy = u (4)
Sl Sy =1

where u.p, represents the reference modulation wave, whose value
is between 0 and 1. The principle of PS-PWM for five-level ANPC
converter is depicted by Fig. 2. The modulation wave is compared
with the carrier wave, which decides the switching states of S}, and
S2x~

2.3 Control of the NP voltage

From Table 1, it is obvious that only V2, V3, V4 and V5 have an
influence on the NP current. So, the relationship between the NP
current of the single-phase iy, and the switching state is described
by switching mode as below:

1-8i, S,=1
— ( 2x)ox 3x_ (5)

s = {S2x iox S3x =0

When it comes to the average model, (5) can be changed as below:

— (1 - d2x) iox S3x =1
e = { de iox S3 =0 (6)

X

The relationship between iy, and u,,, can be described as (7) accord-
ing to (1), (3) and (6)

iNx = (1 - |u0x|/2) iox (7)

In a typical three-phase system, the NP current can be summarised
as below:

= (1 - |u()a|/2)ioa + (1 - |u0b|/2)i0b + (1 - |u0c|/2)i{)c
_(|u0a|ioa + |uob|iob + |uac|ioc)/2

=~
|

®)

where iy are the sum of iy, iy, and iy.. After the injection of ZSV,
the NP current must be changed and it can be described and
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simplified as below:

./ e Iy 7y
Iy = _(luaa |loa + |u0b |lob+|uoc Iloc)/2

’. /. ’. ’
_ - (uamax Lomax + Upmid Lomid — Yomin lomin) /2’ Upmid >0
- /. /. ’
u )/ 2’ Upmid <0

/.
_(unmax Lomax — Yomid Yomid — Yomin Lomin

. . . . ’
— { Iy — U, (lomax + Lomid — l()min)/za Upmid >0
- . . . . ’

Iy —u, (lomax ~ lomid — lomin)/za Upmid <0

©)]

where #pmax's Uomid' and U,mi,’ represent the maximum value,
middle value and minimum value of the u,,/, respectively, and
iomaxa iomid and iomin correspond to the uomax'a uomid’ and Z'tomin’- It
is obvious that the NP current i,/ is linearised to the ZSV u, accord-
ing to (9). To ensure that S, operates at a fundamental frequency,
the ZSV must be limited by

uZ
— Urefmin = 7 <1- Urefmax (]0)

where Uefnax aNd  Upenin Tepresent the maximum value and
minimum value of the u,p. Then, the maximum and minimum
values of u, can be calculated by (10)

{ Urmax = 2(1 - urefmax) (1 1)

u =-2 Urefimin

zmin
Assuming that the upper DC bus capacitor’s voltage is u4.; and the
lower is ug4c, the needed NP current can be calculated by (12) if we
want to balance the NP voltage to the normal value in a control
period T

. Uy — U
inp_rer = (C) + Cz)% (12)

N

According to (9) and (12), the optimal ZSV can be calculated by
linear interpolation by (13), which means the ZSV is non-key
ZSV. There is another method to calculate the ZSV by (14),
which will make u,," an integer

_ Uumax = Uzmin I + uzmin]NPmax - uzmax]NPmin (13)
Uzet = I — I NPref T —TI
NPmax NPmin NPmax NPmin
Upop = { Uzmax |lNPmax - lNPref' < |lNPmin - lNPrefl (14)
zref — : . . .
Unin  |iNPmax — iNPref| = |iNPmin — INPrer

where inpmax and inpmin are calculated by (9) using u.max and v min,
respectively.

2.4 Control of the FC voltages

From Table 1, we can find that the switching states (V1, V2) and
(VS5, V6) have an opposite influence on the FC voltages, though
they output the same voltage. The relationship between the ix and
the switching state is given by the equation below:

lfx = (Slx - S2x) i()x (15)

Equation (15) can be changed to the average model as (16) which
consists of the duties of S, and S»,

i_/)'c = (dlx - de) . iox (16)

Therefore, the FC voltages can be balanced by adjusting the duties
of Sy, and S,, according to the output current’s polarity. Balance
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factor k is introduced to achieve this function and the modified
duty can be calculated by

diy e = (1 = B d,
x_rea x 17
{ de_real = (1 - k) de ( )

3 CMV reduction strategy
3.1 General method for CM reduction

CMYV is the voltage between the midpoint O of the three phases and
the midpoint N of the DC bus. It can be defined as u, which is
depicted in Fig. 3 and defined as below:

Uy = UAN + ugN + Uen (18)

It is easy to analyse the CMV by SVPWM strategy because the
CMV can be controlled by selecting the specific switching states
which will produce lower CMV. However, when it comes to
PS-PWM method, the CMV is not easy to analyse by the modula-
tion wave.

To get the general method for CMV reduction, three reference
voltages (after the ZSV is injected) can be described as the sum
of an integer and a positive decimal by the equation below:

o = 1]+ { [0 ]} (19)

For PS-PWM, the output phase voltage alters between two adjacent
voltage levels in a switching period and the instantaneous value of
phase voltage can only be wugc[u,,']/4 or ug.([u,']+1)/4. If the
injected ZSV makes the value of reference modulation wave
exactly an integer, the ZSV at this point is the key ZSV.
Otherwise, it is the non-key ZSV. Fig. 4 shows the generation of

e
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- -
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S E R AC Machine
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Fig. 3 CMV of five-level ANPC converter
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Fig. 4 Generation of CMV by SPWM strategy
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Table 2 CMYV values of five-level ANPC converter

[1,,] + CMV values

o1+ (o] oy 75V Non-key ZSV

-6 —Uge/2, =Sug/12, —uge/3  —ug2, —Suq /12, —ugq /3, —ug/4
-5 —5Sug /12, —ug /3, —ug/4  Sug/12, —ugc/3, —ug/4, —ug/6
—4 —ug/3, —Ugl4, —ug/6  —ug/3, —ugcl4, —ug /6, —ug/12
-3 —uUgc/4, —ug /6, —ug/12 —Ugc/4, —ug /6, —ug/12, 0
-2 —ugc/6, —tg/12, 0 —ugc/6, —tg /12, 0, ug/12
-1 —ug /12, 0, ug/12 —ug/12, 0, ug /12, ug/6

0, udc/12, udc/6
udc/12, udc/é, udc/4

0 0, ugc/12, ug /6, ug/4
1

2 Ugc/6, ug/4, ug/3

3

4

Uge/12, ug/6, ugc/4, ug/3

Ug/0, Ug/4, uge/3, Sug/12

Ugcl4, uge/3, Sug/12, ug/2
Uge/3, Sug/12, ug/2

udc/4, udc/3, 5udc/12
uge/3, Sug/12, ug/2

CMV in a switching period by SPWM strategy in two different
ways.

(1) If the voltage is key ZSV, CMV will have three values:
Z'tdc([l’lua’] + [uob,] + [uoc'])/l 2, udc([uoa’] + [uab,] + [uoc’] + 1)/1 2 and
Uge([Uoa' 1+ [Uuop' ]+ [Uoc'] +2)/12. If the voltage is non-key zero-
sequence voltage (ZVS), CMV will have four values:
Uae([toa ]+ [ton']+ [Uoc V12, Uae([toa] ¥+ [tton'] + [Uoc 1+ 1)/12,
Uae([thon'] T [tot']  [tocT+2)/12 and uge([ton']+ [ob']+ [oeT+3)/1.

(i) Owing to —2 <u,,’' <2, the value of [u,,]+ [top']+ [Uoc']
after the ZSV injected will be limited between —6 and 4.

The possible CMV values can be summarised in Table 2.

If there is no ZSV injected, the values of [u,,']+ [uop'] + [tsc'] are
—1 or —2. So according to Table 2, the CMV value will be +uy./
6,%£uy4/12 and 0. In this paper, the key ZVS is selected to
balance the NP voltage and to reduce the CMV.

3.2 Restrictions of ZVS injection for CMV reduction

If ZSV is limited by (11), the value of [u,,"] + [uop'] + [oc'] Will be
limited between —4 and 2. We defined this situation as case 1. In
this situation, the value of CMV is limited to=+uy./3, which is
larger than the situation when there is no ZVS injection.

Assuming that the CMV value needs to be limited between =+ u4./
6 if the ZVS is injected, the value of [u,,'] + [uop'] + [Uo'] must be
valued as 0, —1 and —2. In other words, after the injection of ZVS,
there must be the relationship

[uao] = [uao,]a [ubo] = [ubo,]a [uco] = [uca,] (20)

To satisfy (20), the value of ZVS must be limited by another limit-
ing condition as below:

{ u, = min(l + [uao] — Uy, 1+ [uba] — Uy, 1+ [uco] - uca)
U, z —min (uao - [uao]> Upy — [ubo]> Ue — [uco])

@n

For instance, three-phase reference phase voltages are normalised,
as Uy, =0.6, up,=—0.9 and u.,=0.3, the value of ZSV is limited
to —0.1<u.<0.4 by (19), while the value of ZSV ranges from
—0.3 to 0.9 by (11). It is obvious that the value range of the ZSV
is smaller, so the ability of NP voltage control will be weakened.
This situation is defined as case 2.

Furthermore, if the magnitude of CMV needs to be limited to
+u4./12, the value of [u,,"]+ [top']+ [Uoe'] should be —1 by the
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injection of key ZSV according to Table 2. Moreover, this situation
is defined as case 3.

On the basis of case 2, when the value of [u,,"]+ [uop' ]+ [Uoc'] 1S
—2, it needs to take proper methods to convert —2 to —1. By further
restricting the range of the ZSV, the limitation is described as equa-
tion below:

Uap> 1+ [ubn] = Uy 1+ [uco] — U
[uao]’ I+ [ubo] — Uy 1+ [uco] — Ueo
(22)

u, = 1’1’111’1(1 + [uao] -
u, = mm(l + [uao] -

Combined to the previous limitation (19), the final limitation condi-
tion can be described as (21). For instance, if the three-phase refer-
ence voltage value is assumed as u,,=-—0.6, u,,=0.9 and
ue,=—0.3, there is only one value, u,=0.1, that we can choose to
satisty the below equation:

u, = mln(l + [uao] — Ugo» 1+ [ubo] = Upys 1+ [uco] — Ugp
23)

When the value of [u,,"]+ [ton']+ [Uoc'] 1S zero, it needs to take
proper methods to convert 0 to— 1. The limitation equation is
described as below:

{uz < mln(l + [uao] = Uppo 1+ [ubo] = Upgs 1+ [uco] - uco)
U, Z —min (uao - [uao]’ Upy — [ubo]’ Ueop — [uco])

(24)
Consider (19), the limitation condition is
u, # min(l + (o] — Uy, 14 [1p] =ty 14 [ue,] — uco), but

what we need is a key ZSV, so the final ZSV limitation can also
be described as (23).

3.3 Novel method for CM reduction

According to the previous analysis, if the magnitude of CMV is
desired to be suppressed to u4./12, the value of the ZSV will be
limited to one value, resulting in the loss of ability to balance the
NP voltage. So in this paper, a threshold NP voltage Aunp ¢, is
set to switch the control strategy. The NP voltage unp is defined
as below:

_ Uger — Ugel
Unp = - 2

Under the normal condition, the NP voltage can be automatically
balanced in five-level ANPC converter. So if the NP voltage is
less than the threshold voltage, case 3 strategy is chosen to min-
imise the CMV to £uy/12. When it is found that the absolute
value of NP voltage exceeds the threshold voltage, case 2 strat-
egy is utilised to suppress the CMV to+uy./6, and in this case
the NP voltage can be a balance to the normal value. When
case 2 strategy is used, the NP voltage will quickly come back
to the normal and the NP voltage value will be less than threshold
voltage again. So when it comes back to the normal situation,
case 3 strategy will be used again to minimise the CMV. Fig. 5
shows the flowchart of how the novel method for CMV reduction
operates.

4  Simulation verification

The proposed CMV strategy is verified in MATLAB/Simulink en-
vironment and the simulation parameters are summarised in
Table 3. To simplify the simulation system, three-phase RL load
is used in this simulation.

First of all, when there is no ZSV injected into the modulation
wave, the simulation results are shown in Fig. 6.
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Get the reference modulation
voltages, the NP voltage (uwe) and
the FC voltages

N
A 4

Inject u, based on
(21) to reduce CMV
to +uys12

Inject u, based on
(19) to reduce CMV
to tuy/6

|

Y
Calculate the balance
factor k based on the
voltagesand the
direction of output
current gy

v

Calculate the duty of
Sy« and S;, to balance
the FC voltages

Fig. 5 Flowchart of the novel CMV reduction strategy

Table 3 Simulation parameters

Parameters Values

DC input voltage Uz =540V
DC-link capacitor C1=C,=4700 uF
flying capacitance Cr=1100 uF
carrier frequency fe=2kHz
fundamental frequency f=50Hz
modulation radio m=0.8
threshold voltage difference Aunp n=2V

load R=20Q and L=10 mH

Fig. 6a shows the phase-A voltage with the magnitude of uy./2.
The phase-A current is illustrated in Fig. 65 whose total harmonic
distortion is about 2.25%, which proves that five-level ANPC con-
verter has the lower harmonic characteristic. Fig. 6¢ shows the Sz,
signal and it is obvious that S5, operates at the fundamental fre-
quency. The CMV simulation wave is shown in Fig. 64 and the
magnitude of CMV is about £90V when the ZSV is zero.
Figs. 6e and f show that the NP voltage and FC voltages can be
balanced automatically when the condition is ideal.

The five-level ANPC converter has the ability to balance the NP
voltage and the FC voltages automatically, and the rated voltage of
the upper and lower capacitors’ voltage is 270 V according to the
simulation parameters, whereas the FC voltage is 135 V. To
verify the basic PS-PWM strategies which include the NP voltage
balance method and FC voltages balance method, a voltage
command is given at 7=0.2 s and 0.8 s to create unbalanced condi-
tion. At 7=0.2 s, the upper- and lower-voltage commands of the DC
bus is given as 275 and 265 V separately, while the phase-A FC
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Fig. 6 Simulation results of PS-PWM strategy without ZVS injection
a Phase-A voltage
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d CMV

e NP voltage

fFC voltages

voltage is set to 145 V and phase-B FC voltage is set to 125 V.
At t=0.8 s, the voltage command comes back to normal. When
the ZSV is limited by (11) and the injected voltage is key ZSV,
the simulation results are shown in Fig. 7. Fig. 7a shows that the
value of CMV, which is limited to seven levels: uy./3, u4./6, ug/
12, 0, —uge/12, —uq4./6 and —uge/3. The minimum value is larger
than the condition that there is no ZSV injected. From Fig. 7b,
we can find that the NP voltage can be controlled without error
and it is worth noting that the steady time after the voltage
command is about 9.66 ms in the simulation. Fig. 7¢ shows that
the FC voltages are controlled quickly after the voltage command
is given.

Fig. 8 shows the simulation results of case 2. The voltage
command is given as before. Fig. 8a shows the CMV is reduced
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by the proposed method and there are five values in the CMV. The

magnitude of the CMV is about 90 V, which is u4./6. The mean Fig. 9 Simulation results of case 3

value of CMV is reduced significantly. Fig. 85 shows that the NP a CMV
voltage can be controlled to the given voltage by injecting the b ZSV (pu)
ZSV. Moreover, the steady time is about 27.72 ms, which is ¢ NP voltage
longer than Fig. 7b. So, the reduction of CMV sacrifices the d FC voltages

ability of NP voltage balance. Fig. 8¢ shows the wave of three-
phase FC voltages. They can be quickly controlled to the given
values and the response time is not influenced.
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Fig. 9 shows the simulation results of case 3. As we can see
from Fig. 9a, the CMV is reduced furthermore and the
maximum value of CMV is about 1/12 of the DC bus voltage.
Fig. 95 shows the modulation wave and the injected ZSV. The
frequency of ZSV is three times the fundamental frequency.
Fig. 9c illustrates the NP voltages and it is obvious that the vol-
tages do not follow the given value. The simulation result
shows that when the injected ZSV is fixed, the ability to
balance the NP voltage will lose. Fig. 9d shows the FC voltages
and they are not influenced as well. At 7=0.2 s, the change of FC
voltages causes the NP voltage slight fluctuation and it can be
analysed in Table 2.

Fig. 10 shows the novel CMV strategy based on the PS-PWM.
Fig. 10a shows the wave of CMV. Before t=0.2's, the NP
voltage is less than the threshold voltage so the CMV is con-
trolled to uy./12. After the voltage command is given, the NP
voltage is larger than the threshold voltage and the NP voltage
should be controlled by injecting ZSV. So, the maximum
value of CMV increases to u4./6. Fig. 105 shows the results of
NP voltages. There is an error whose value is the threshold
voltage, but it does not affect the normal operation. The FC vol-
tages are shown in Fig. 10c and they can follow the voltage
command.

Therefore, the ability of NP voltage balance and the reduction of
CMV are contradicted, but in this paper, a comprised method has
been proposed and it can reduce the CMV significantly and
achieve the balance of the NP voltage and FC voltages.

5 Conclusions

This paper focuses on the suppression of five-level ANPC conver-
ter’s CMV. A novel CMV reduction strategy based on PS-PWM is
proposed, which is different from the previous methods proposed
by other papers. When the load is symmetrical, it can reduce the
CMV’s magnitude to ug/12 by restricting ZSV, and the
maximum value of CMV is u4./6 by the novel strategy. The NP
voltage and FC voltages can be controlled as well. Theoretic ana-
lysis and control strategy are all verified by simulation.
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