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Abstract—This paper introduces a novel pulse width modula-
tion (PWM) technique to eliminate common-mode voltage in odd-
multilevel inverters using the three zero common-mode vectors
principles. Similarly, as in conventional PWM for multilevel in-
verters, this PWM can be properly depicted in an active two-level
voltage inverter. With the help of two standardized PWM patterns,
the characteristics of the PWM process can be fully explored in that
active inverter as a switching time diagram and switching state
sequence. Due to an unequal number of commutations of three
phases in each sampling period, the switching loss is optimized by
a proposed current-based mapping algorithm. The switching loss
reduction can be up to 25% compared to the same PWM technique
with nonoptimized algorithms. The PWM method has been then
generalized as an equipotential PWM control, which is valid to
both odd- and even-multilevel inverters. The theoretical analysis is
verified by simulation and experimental results.

Index Terms—Common-mode voltage (CMYV), multilevel in-
verter, pulse width modulation (PWM), switching loss.

1. INTRODUCTION

N recent years, great progress has been made in the devel-
I opment of multilevel inverters in electric drives and other
applications. Two basic circuits are commonly used in practice:
diode clamped multilevel inverters and cascaded multilevel in-
verters, as shown in Fig. 1. The three most common PWM
schemes are the space vector pulse width modulation (PWM),
carrier-based PWM, and selective harmonic elimination PWM
techniques [1]-[6].

Common-mode voltages (CMVs) are associated with exces-
sive bearing currents, which may cause premature motor bearing
failure and electromagnetic interference [17]-[32]. There have
been a number of approaches to cope with the CMV issue, in-
cluding the use of extra hardware with passive and/or active
devices [26]-[32]. However, the extra hardware causes a signif-
icant increase in the system’s volume or much more complex
control methods.
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Fig. 1. Multilevel inverter circuits. (a) Five-level diode clamped inverter. (b)
Five-level cascaded inverter.

The multilevel inverters have a high number of switching
states that can either reduce or eliminate the CMV. Based on
this advantage, many studies of CMV mitigation have been
conducted using multilevel inverters [7]-[19].

In partial PWM methods to eliminate CMV, the output voltage
can be obtained normally by a conventional discontinuous PWM
technique (DPWM) [7], [8]. In order to attain reduced CMV
at a high modulation index, a new DPWM pattern from three
nonnearest vectors was proposed [9]. In another work, a tradeoff
in the THD factor and switching loss to reduce the number of
common-mode current pulses (dv/df) could be managed with a
change in sequence of the nonnearest vectors [10].

In another approach to avoid the common-mode influence,
researchers have tried to fully eliminate the CMV. The idea of
complete CMV elimination that restricts the inverter switching
states to those states of zero CMV (ZCMV) was first proposed
by Ratnayake and Murai [11] for a three-level NPC inverter. This
idea was further developed in other studies [12]-[16]. In [13],
the modulation of selected ZCMYV states is applied to the three-
level NPC using both carrier-based and space vector modulation
schemes. Similar to [11], the method utilizes the three vectors of
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ZCMV in the three-level NPC inverter to synthesize the refer-
ence output voltages. However, the rule of distribution of these
vectors in each switching sequence is not mentioned. In the
work [15], modulation strategies for partial CMV elimination
and complete CMV elimination in cascaded multilevel invert-
ers are proposed. The proposed control process, with regard to
complete common-mode elimination, is relatively complex for
multilevel inverters with high number of levels. Furthermore,
the symmetrical double-sided pattern (which consists of up to
12 commutations) causes a considerable switching loss. In [16],
the authors have used space vector PWM approach of ZCMV
switching state selection and proposed a method of eliminating
CMYV spikes for a five-level NPC inverter. However, similar to
[13], investigation of the selection of switching patterns from
the three vectors is outside the scope of this study.

This paper presents a simple carrier-based method to cope
with this problem. Its main contributions are clarified in the
following points:

1) A general PWM method of eliminating CMV for an
odd-multilevel inverter is proposed. The proposed PWM
method is based on the principle of the three zero
common-mode vectors. All switching sequences and cor-
responding switching time diagrams are derived from two
generalized PWM patterns. The two patterns represent
the equipotential switching state sequence of a two-level
inverter. The proposed carrier-based PWM algorithm to
produce the PWM pattern is simple and can be applied to
an arbitrary number of levels. The proposed PWM method
to eliminate CMV is then generalized as an equipotential
PWM control method that will be valid to both odd- and
even-multilevel inverter.

2) A reduced switching loss PWM method is proposed. The
resultant double-sided switching PWM patterns have a
minimum number of commutations. The number of com-
mutations per sampling period is eight, which globally
reduces the switching loss. By utilizing information about
feedback currents and the degree of freedom in the switch-
ing state arrangements, the switching state sequence is
locally optimized within the standardized PWM patterns,
which can help to reduce switching loss by up to 25%
compared to nonoptimized algorithms, and by up to 43%
compared to [15]. The experimental results obtained with
a five-level cascaded inverter are used to verify the per-
formance of the proposed PWM strategy.

II. PROPOSED PWM METHOD TO ELIMINATE CMV

A. Voltage Modeling of the Multilevel Inverter and Olffset
Condition for Eliminating CMV

Due to the difference in structure of the diode clamped in-
verter (NPC) and cascaded inverter (as illustrated in Fig. 1 for
a five-level inverter), established rules of switching combina-
tions for a same reference output voltage are completely differ-
ent. In this paper, the analytical process for the two topologies
can be unified by a simple voltage modeling. Under the con-
dition of balanced dc-link voltages, with the selected neutral
point “O” and designated switches of the A-phase represented
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asSWy4,SWy a4, SW3 4, SWyy for the two topologies in Fig. 1,
the pole voltage V4 is generally determined as

Vao = (814 + S24 + s34 + 544 ) Ve — 2Vae (D)

where s14,S94,834,844 represent the switching states of
SWi4,SWou,SW34,SWy4, respectively; s 4 is 1 if SWyy
is ON; otherwise, its value is 0.

S14,S24,534,S44 can be selected randomly in the five-level
cascaded inverter, but are further restricted in the five-level NPC
inverter due to the limit of its switching combinations. The
constraint is simply expressed as

514 < 524 < 534 < 544. (2)

For an n-level inverter of the two topologies, (1) and (2) can
be generalized as

Vxo = (31X +Sox +-+Spmog)x + S(n—l)X)
n—1
V:“IC - 9 Vvdc
n—1
n—1
= ([ Xsix | Vae - Voo, X=ABC ()
j=1
and s1x <sox <---<s,_1x (for the NPC inverter

topology)
n—1
The component <Z st> Vie, X =A,B,C,in (3) is
j=1
n—1

called the switching voltages. We define Vx,, = >_ sjx asthe
j=1

normalized switching voltage which, for further analysis, can
be used to represent Vx . The relationship between Vx, and
Vx o is described as

VX() n—1
Vn =
* VZic 2

The normalized switching voltage V,, can be decomposed
into two components: Lx and sx

“)

Vxn = Lx + sx. )

During a sampling period, Lx is a constant integer value that
represents the base component of Vy,, and sx is the active
component of Vy,, which value can be 0 or 1. Taking (4)
and (5) into account, the equivalent circuit of the instantaneous
voltage of Vxo is derived as in Fig. 2(a). (La,Lp,L¢) is
called the normalized state of the three-phase base voltages, and
(sa,sB,5c) is called the normalized state of the three-phase
active voltages in Fig. 2(a).

If £x is defined as the average active component of sx in
a sampling period, then the average value of Vx, (defined as
vx ) can be derived as follows:

vxn = Lx +&x, (0<&x <1,
€X = 17 lf UVxp =N — 1) (6)

and the equivalent circuit of the average voltage of Vxo can
now be described as in Fig. 2(b).
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Fig. 2. (a) Equivalent circuit of instantaneous three-leg voltages of n-level
voltage source inverter. (b) Average modeling of three-leg voltages. (c) Av-
erage voltage modeling from reference fundamental voltage and offset volt-
age components. (d) Total switching voltage and its components (F, =
§a+&p +&c, FiL=La+ L+ Lo).

We define v} | (X = A, B, C) as the reference load voltages,
and vy, in (5) can also be expressed as

*

Ux1 *
— 4 V5. @)
Vdc i

The offset voltage v} of the circuit in Fig. 2(c) for any PWM
method can be designed to have any value in the limits as

MIN MAX
Vae Va

Uxn =

*
Voff _min =— — S Vot S Voff _-max = (Tl - 1) -

®)
where MAX and MIN are the highest and the smallest of the
three reference load voltages (v, V5, U ), and n is the num-
ber of levels.

Fig. 2(c) describes the equivalent circuit of the average volt-
age of Vy o following (4) and (7).

The CMV defined for the n-level inverter in Fig. 1 is described
as in [8], [10], [11], [13], [15], [16], [31]:

Vio + Vo + Voo
3 )

The instantaneous value of V) following Fig. 2(a) is derived
as

)

Veu =

(VA’H, + VB’H, + VCn - 3(7’l - 1)/2)‘41(
3 .
The combinations of (V40, Vzo, Voo ) that do not contribute
any CMYV represent the ZCMV vectors in the vector diagram of

the n-level inverter, which result in a zero value of V.
We define f,, as

fn = VAn + VBn + VCn-

Veu = (10)

(an
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It can be seen from (10) that under the condition of eliminating
CMV PWM control

fn = fzemv =3(n—1)/2.

For example, considering the cascaded five-level inverter
in Fig. 3, there are 19 switching combinations that produce
ZCMV among 125 possible combinations. All ZCMV vectors
satisfy (12) with f,, = 6. With a normalized switching state
of ZCMV described as (Van, Vin, Ven) = (4,1, 1), for ex-
ample, the pole leg voltages are derived using (4) as V4o =
2Vae, Veo = —Vac, Voo = —Vae.

In the case of the equivalent circuits described in terms of
average voltages in a sampling period as shown in Fig. 2(b) and
(c), with anote that v’y, 4+ v, + v5; = 0, the condition of zero
average CMYV results in

(12)

Vot = Vott,zemv = (n —1)/2. (13)

The sum of the average values of Vy,, (X = A, B, C') defined
as F,, = va, + vpn + Ve, is obtained with the following value:

F=Fzemv =Fp +F. =3(n—1)/2 (14)
where F7 and F, are determined, respectively, as
Fr = Lo+ Lp + L¢ (15)
Fo= &1+ +&; 0< F. <3
(0<&x < Liéx =1, ifoy, =n—1). (16)

The functions F|, Fy,, F, determine the total switching volt-
age, total base voltage, and total active voltage, respectively, as
described in Fig. 2(d).

B. MEDIUM TRIANGLE ACTIVE VOLTAGE VECTOR DIAGRAM
OF THE TWO-LEVEL ACTIVE VOLTAGE INVERTER FOR
ELIMINATING CMV PWM CONTROL

In the space vector diagram of a multilevel inverter, a discrete
vector can be decomposed into two components as follows:

Vs =L+7 (a7
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(a) Five-level inverter: Voltage space vector synthesis illustration in

s* = PyV3). (b) Medium triangle vector diagram with normalized state of
base voltage vector (3,1,0) and normalized states of active voltage vector (1,1,0),
(1,0,1), (0,1,1) (O" = Py). (c) Medium triangle vector diagram with normalized
state of base voltage vector (3,2,0) and normalized states of active voltage vector
(1,0,0), (0,1,0),(0,0,1) (O = P).

where L is the pointing vector formed by the three phase base
voltages, and § is the active vector formed by the three phase
active voltages in Fig. 2(a). Following (17), any discrete vector
in the space vector diagram of an n-level inverter can be rep-
resented by (L, 5). The three nearest vectors of ZCMV in the
space vector diagram have the same base voltage vector L, the
tip of which is located at the center of the equilateral medium
triangle formed by the tips of the three vectors.

Considering a partial illustration of a five-level inverter space
vector diagram with ZCMV as shown in Fig. 4(a), the com-
mon base voltage vector of the three zero common-mode
vectors is Oﬁ which corresponds to the normalized state
(La,Lp,Lc) = (3,1,0) in case the active triangle is TRV.
Similarly, the common base voltage vector is O—Pé, which cor-
responds to the normalized state (3,2,0) when the active tri-
angle is TRN. Assume that at an instant, an active triangle is
determined by the three zero common-mode vectors character-
ized by (L,5=35,), (L,§=5) and (L, 3= 5;). If the time
duties of three vectors in a sampling period Ts are 17, 15, T3
respectively, then the synthesis of the reference output voltage
space vector v is expressed as

Ty, Ty,

zT*:E+<sl+sQ+

1
T T (18)

T =
ngg) =L+5"
The component 5* in (18) is synthesized by three active volt-

age vectors similar to the space vector synthesis of a two-level
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Fig. 5. Medium triangle active voltage vector diagrams. (a) Active switching
states for F, = 2. (b) Active switching states for F, = 1.

inverter. Therefore, with the base voltage vector determined, the
synthesis of the output reference space vector of an n-level in-
verter with ZCMV using the principle of the three zero common-
mode vectors can be simplified to that of a two-level inverter.
Fig. 4(a) shows the reference voltage space vector decomposi-
tion using (18) inside two adjacent equilateral medium trian-
gles of the space vector diagram in Fig. 3. In case the active
— —
triangle is TNV, three discrete vectors (57 = O'T, 5, = O'R,
and 53 = OT} ) with normalized active switching states (0,1,1),
(1,1,0), and (1,0,1), respectively, are used to synthesize s*, as
—_— ——
shown in Fig. 4(b). Similarly, three discrete vectors O'T', O'N,
and O'R with respective normalized active switching states
(0,0,1), (0,1,0), and (1,0,0) are used to implement 5 when the
active triangle is TNR, as shown in Fig. 4(c).

A simple carrier-based ZCMV PWM control method is estab-
lished under the consideration of (5) and (12) for instantaneous
voltage modeling in Fig. 2(a), and (6), (7), and (13)—(16) for
average voltage modeling in Fig. 2(b)—(d). The function F7, in
(15) is determined by the base voltage vector, the tip of which is
located at the center of the active triangle, and the function F,
is related to the active voltage vectors of the medium triangle
vector diagram illustrated in Fig. 4(b) and (c) for two specific
cases of the base voltage vector. A general analysis has shown
that for an n-level inverter, the ZCMV condition confines the
possible values of F7, and F; to those expressed as

Fr=3n-1)/2-2, F,=2 (a)
F,=3n-1)/2-1, F, =1 (b)
Fr=3n-1)/2, F,=0. (c) (19)

The proposed CMV elimination PWM in multilevel inverters
can be obtained by solving (19). With the exception of case (19¢)
related to several pivot vectors, the two remaining available
values of F, and F, are further limited to (19a) and (19b).

In case F, =3(n—1)/2 —2 and F, = 2 (19a), the condi-
tion of F, = 2 will be realized with three active switching states
of (1,1,0), (0,1,1), and (1,0,1) in the active voltage hexagonal
diagram shown in Fig. 5(a).

Similar to the previous case, when F, = 3(n—1)/2 -1
and F, = 1 (19b), the condition of F, = 1 will be realized with
three active switching states of (1,0,0), (0,1,0), and (0,0,1) in
the active voltage hexagonal diagram shown in Fig. 5(b).

For the space vector diagram with ZCMV of a five-level
inverter as shown in Fig. 3, 24 equilateral medium triangles
defined by set of the three zero common-mode vectors can be
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Fig. 6. Two standardized virtual PWM patterns from the three zero common-
mode vectors.

found: 12 triangles corresponding to the base vectors meet the
condition F;, = Fr; = 4 and confine the light area; the others
satisfy £ = Fr; = 5 and cover the shaded area.

The value of the base voltage and the active voltage can be
deduced from (20) and (21)

Int(vyx,), ifovx, <n-—1
LX - 9
n—2, ifoxy,=n-1
0<Ly<n-2,X=AD0B,C (20)
{x = vxn —Lx, X=AB,C. 2D

The values vy, under the conditions of ZCMV are defined
by (7) and (13), and Int(vy, ) denotes a function that returns a
nearest lower integer value of vy, .

C. EQUIPOTENTIAL PWM PATTERNS AND CONTROL
ALGORITHM

Based on the medium triangle active vector diagrams general-
ized for an n-level inverter as shown in Fig. 5, the PWM switch-
ing state sequence of the active voltage vectors in the ZCMV
PWM control can be grouped into two so-called equipotential
PWM patterns related to the common-mode function values F.

When F, =1, the active switching state sequence forms
PWM pattern 1 as described in Fig. 6(a). Two of the three ABC
phases are mapped to s; and sy such that the s;-level varies as
0-1-0 in a sampling period, and the ss-level varies as 1-0—1 in
a sampling period. All of them have a single pulse waveform.
The remaining phase is mapped to the d-phase such that the
d-level varies as 0—1-0—1-0 and has a double pulse waveform
in a sampling time period.

When F. = 2, the active switching state sequence corre-
sponds to PWM pattern 2 as shown in Fig. 6(b). Two of the
ABC phases are mapped to s; and sg such that the s;-level
varies as 0—1-0 in a sampling period and the sy-level varies
as 1-0-1 in a sampling time period. All of them have a single
pulse waveform. The remaining phase is mapped to the d-phase
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TABLE I
POSSIBLE MAPPING FUNCTIONS AND MODULATING SIGNALS DETERMINATION

A—d A—d A—s A—sy A—s A—sy
B—s; B—sy B—d B—d B—sy B—s;
C—S, C—sy C—sy C—s; C—d C—d
Es1=6p E1 =8 a1 =81 &1 =& &1=6a &1 =¢EB
s2=¢8c &2=¢& &a2=%c &a2=8 &2=& &ar2=&u

such that the d-level varies as 1-0—1-0—1 and has a double pulse
waveform in a sampling time period.

For three-phase outputs with the use of the two patterns in
Fig. 6, Table I lists six possible mapping functions. Different
mapping functions result in different three-phase active switch-
ing sequences. For example, when using the mapping function
(A—d,B — s1,C — sy) for Pattern I, the three phases A,
B, and C are mapped to the d, s;, sp-sequence, respectively.
Hence, the three-phase active switching sequence represented
as(sa,sp,sc)is(0,0,1) —(1,0,0) —(0,1,0) —(1,0,0) —(0,0,1).
In another example, if the mapping function is selected as
A — s1,B — s9,C — d, then the three-phase active switch-
ing sequence is (0,1,0) —(0,0,1) —(1,0,0) —(0,0,1) —(0,1,0).

Since a commutation of the d-sequence in Fig. 6 happens
simultaneously with one from both sequences s; and so, it is
sufficient to use two modulating voltages 1, &5 to deduce the
switching time diagram of the proposed PWM method. The
modulating voltages &1, &5o are determined based on the map-
ping function as described in Table I. The switching time di-
agram can be derived accordingly by comparing &1, 1 — &9
with a unit carrier as in Fig. 5.

D. GENERALIZED EQUIPOTENTIAL PWM CONTROL OF
MINIMUM COMMON MODE FOR MULTILEVEL INVERTERS

The functions in (12)—(14) of the described ZCMV PWM
method are valid for odd-level inverters. However, if number
of levels is even, these functions result in noninteger values,
which make the proposed eliminated CMV PWM method no
longer applicable. The method principle and its mathematical
equations can be simply modified so that they can be applied for
an arbitrary n-level inverter. The previous principle can be then
generalized as an equipotential PWM control of minimum CMV.
For this purpose, we need to redefine the reference potential
point and values of the reference CMV.

With the selected reference potential “O” as in Fig. 8, a unified
expression of the instantaneous CMV, which is applicable to
both odd- and even-level inverters, is described as

sA+ s+ sc Fy, n—1
Vo = ———mM 4+ — —
cM ( 3 + 3 5

) Vie- (22)

1) For Odd-Level Inverters

The reference potential point is a  connect-
ing point at the midpoint of the dc-link voltage.
The values of the CMV Vo produced by all of switch-
ing voltage vectors can be obtained as: ((n —1)/2)Vqc,
((n - 1)/2 - 1/3))‘/(1(37 R Vdc/?” 07 —Vdc/s’ _2Vdc/3v SRRR)
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Fig. 8. (a) DC-link voltage of a four-level NPC inverter. (b) Definition of
virtual reference potential point “O.”

(—(n —1)/2)V4.. The ZCMV vectors form the largest vector
diagram, which can produce maximum voltage amplitude
of ((n—1)/2)Vg. in the ZCMV PWM control. The vectors
of nonzero equipotential, unfortunately, form smaller vector
diagrams, which cause the amplitude of the fundamental
voltage be lower than ((n — 1)/2)Vq.. Therefore, if the equipo-
tential PWM control for attaining the maximum fundamental
voltage under condition of minimum CMYV is considered, the
ZCMV vectors would be preferred. For the sake of increasing
modulation depth, the ZCMV PWM control could be extended
with the use of the equipotential vectors of different values
[17].

2) For Even-Multilevel Inverter

The reference potential as a virtual point that it divides the
(n/2)th dc source into two equal half sources as shown in
Fig. 8. Referring to this virtual reference potential, the values
of the CMV produced by all of switching voltage vectors can
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be attained as: ((n —1)/2)Vie, (n —1)/2 —1/3))Vie,-- .,
+Vae /6, —Vae /6, —Vac/2,..., (—(n—1)/2)Vg.. Since the
ZCMV vector does not exist, two potential levels +Vj./6
and —Vjy. /6 that are closest to zero can be considered in the
generalized equipotential PWM control method. There are the
same number of equipotential vectors of Voy = 4V /6 and
Vem = —Vg. /6. Their corresponding vector diagrams produce
maximum amplitudes of the fundamental voltage. As a result,
the generalized equipotential PWM control of minimum CMV
for even-level inverters will be proposed based on the condition
of Vom = +Vie/6 or Vo = — Vi /6.

The PWM algorithms proposed for odd- and even-multilevel
inverters will be unified by defining the reference common-mode
values as

for odd — level inverter

0,
Vou = (23)
oM { +V3. /6, for even — level inverter.

With the use of the real reference potential (if n is an odd
number) or the virtual reference one (if n is an even number),
the voltage modeling of both even- and odd-multilevel inverters
circuits can be described the same way. The equivalent multi-
level inverter circuit diagrams in Fig. 2 and the PWM algorithm
to generate PWM patterns in Fig. 7 remain valid for an arbi-
trary number n-level inverter when the offset function v}, in
(13) is generalized in the form as v} = “;1 + ‘(}7[“ Then, the
equipotential PWM control of minimum common mode will be
realized by setting the reference CMV V(i to minimum with
the use of (23).

The formulation (14) is thus generalized as

3(n—1)/2, for odd level inverter (a)
FL + Fe =
(3(n — 1) £ 1)/2, for even level inverter. (b)
(24)

The algorithms of the equipotential PWM control of mini-
mum CMYV can be implemented based on the common-mode
functions (F7, F}.). Solving (24a) to obtain (F7,, F.) values of
odd-multilevel inverters has been described in (19). For even-
multilevel inverters, the values of (F},, F,) of the two cases in
(24b) can be expressed as follows:

F.=1, F;,=3n/2-2 Vo = Vo /6 25)
F, =2, FL:3n/2—3 ’ CM — de
Fe:L FL:3n/2—3
, Vom = —Vae /6. (26
{FE—Q, Fp =3n/2 -4 M ac/ (26)

The operating voltage range of the equipotential PWM control
of minimum CMYV can be deduced from the CMV limits (4),
(8) and Fig. 2.

For odd-multilevel inverters, a symmetrical operating voltage
range is deduced as

n—1 MIN MAX n-1
< < < .
2 de Vdc 2

27)

For an even-multilevel inverter with PWM control of the
equipotential levels of +V./6 and —Vj,. /6, the corresponding



NGUYEN et al.: REDUCED SWITCHING LOSS PWM STRATEGY TO ELIMINATE COMMON-MODE VOLTAGE IN MULTILEVEL INVERTERS

1105521321210
2333 "

032 1300 230\
02 12110

132y 232\ 1108921320210 N\y310

oy 121/“%)\ ,

3l 011933 330 0
N 000/&

00k 1100323

112,/ ‘\223‘ ANI2

(b)

Fig. 9. Vector diagrams of four-level inverter. (a) Limits of the equipotential
vector diagram of the CMV of + V. /6. (b) Limits of the equipotential vector
diagram of the CMV of —Vj. /6.

limits of working areas are determined, respectively, as

n, L MIN_MAX _»n 2 (28)
2 3~ V;ic V;lc -2 3
9  MIN MAX 1

_n s M <_Z 29)
2 3 Vie Vie 2 3

It can be concluded from (27) that the PWM control method
to eliminate CMV of the odd-multilevel inverters attains a full
voltage range in the symmetrical vector diagram. Equations
(28) and (29) show that the voltage vector diagram of even-
level inverters in the equipotential PWM control is unsymmet-
rical, as illustrated in Fig. 9(a) and (b), of a four-level inverter,
corresponding to the CMVs of Vioy = +V4. /6. Under the un-
symmetrical hexagon diagram, the dc-link voltage capability
cannot be fully utilized. A hybrid PWM control combining both
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equipotential vector diagrams of Viy = £V /6 can help ex-
tend the output voltage range, thus improving the dc voltage
performance.

The PWM method has been proposed under the condition of
dc voltage balancing, which can be satisfied in the multilevel
inverter topologies with the active front end rectifiers. For the
NPC inverter topology with the passive front-end rectifier, the
dc voltage balancing is often problematical. The dc voltage
balancing can be improved by controlling the dc neutral point
currents. For the equipotential PWM control with the neutral
point currents taken into account, several PWM modes may be
considered as (we suppose odd-level inverter): 1) PWM mode
from three nearest ZCMV vectors; 2) PWM mode from three
nonnearest ZCMYV vectors; 3) PWM mode from three nearest
equipotential vectors; and 4) PWM mode from three nonnearest
equipotential vectors. The PWM mode from three nonnearest
vectors may require higher number of switching as compared
to other PWM modes. Afterward, a PWM mode to satisfy some
optimal condition for dc voltage balancing will be selected.

Recently, the predictive control has been intensively devel-
oped for power converters [34]. The method selects among the
ZCMV vectors those to meet the cost function, which includes
minimizing the dc voltage imbalance factor.

III. SWITCHING LOSSES OPTIMIZATION

The switching losses increase linearly with the magnitude of
the commutating phase current under the condition of the same
dc-link voltages. The average value of the local (per carrier
cycle) switching loss over the fundamental (for instance, for
phase A) can be calculated as [33]

2T

/sz (6)do

0

i Vdc (ton + toﬂ)
2w 2T

Pswavc =

(30)

where t,, and t,g represent the turn-on and turn-off times of
the switching devices, respectively, and f; 4 (0) is the switching
current function, the instantaneous value of which is defined
as a product of the number of commutations on the A-phase in
a switching period and the absolute value of its corresponding
current |4 ()]

fia(0) = k.lia(6)]. (31)
The switching loss function (SLF) is defined as
PQVVH.VC
LF = — 32
S 5 (32)

where P is the maximum value of the switching loss attainable
for the defined load currents.

When using the proposed PWM method with two standard-
ized PWM patterns in Fig. 6, the distribution of commutations
in a switching period is unequal on each phase. The d-sequence
has double the number of commutations compared to the other
51,52-sequences. The factor k is thus determined as follows:

b { ? if A—d

else. (33)
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Fig. 10.  Block diagram of the proposed current-based mapping PWM algo-
rithm to optimize the switching loss.

By substituting (33) into (31), we conclude that f; 4 (6) equals
double the absolute value of the corresponding phase current in
the interval that the A-phase is mapped into the d-sequence
(A — d), and equals the absolute value of the current in other
cases.

The mapping function, as described in Table I, can be altered
between six possible cases so that an arbitrary output phase
can be mapped into the d-sequence. If all the selected mapping
functions satisfy the constraint that only the output phase of the
minimum absolute current is mapped to the d-sequence, then
the switching current function described in (31) will always be
obtained with the minimized value. The switching loss function
in (32) can thereby be optimized. Based on this idea, a current-
based mapping PWM algorithm that optimizes the switching
loss is proposed in Fig. 10.

In the proposed mapping PWM algorithm with optimized
switching loss shown in Fig. 10, the feedback currents i 4, i3, ¢
are utilized as inputs of the flow diagram: kx =iy (X =
A, B,C). mx,md,mn are determined as the maximum,
medium, and minimum of the absolute values of i4,i5, ¢,
respectively. The mapping function is chosen so that the phase
with minimum absolute current is mapped to the d-sequence.
The selected mapping function is then utilized to complete the
proposed PWM scheme of ZCMV in Fig. 7.

Fig. 11(a) illustrates the operation of the proposed current-
based mapping method in Fig. 10 following the feedback wave-
forms of the output currents. By using (31) and (33), the A-phase
switching current function waveform f; 4 () is derived as shown
in Fig. 11(b). Since the A-phase is set to the d-sequence during
the interval that its current attains a minimum absolute value,
the waveform of f; 4 (6) always confines a minimized Ampere-
second area regardless of the phase displacement. Hence, the
waveform f; 4 () corresponds to a minimum value Piyop Of
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ABC

Fig. 11.  (a) Current-based mapping PWM method and switching current func-
tions: (b) f; 4 (). (¢) fip (0)- () fic (0).

the switching loss Py ayve defined by (30)

i Vzlc-[m (ton + toﬁ)
A T

8 — 2v/3 = 4.5359.

Psw()pt = AOpt

AOpt - (34)

Similarly, the optimized waveforms of the B and C phase
switching current functions are shown in Fig. 11(c) and (d),
respectively.

To evaluate the improvement of the switching loss when
using the proposed current-based mapping PWM, it is nec-
essary to determine the range of the switching loss function.
This can be done by an analysis of a so-called voltage-based
mapping algorithm under different phase displacements. The
voltage-based mapping algorithm can be simply implemented
by replacing ix (X = A, B, C') with the reference load voltages
vk, (X = A, B,C) as inputs of the flow diagram in Fig. 10.
max, md, mn are then, respectively, the maximum, medium, and
minimum of the absolute values of vy, (X = A, B,C). The
voltage-based mapping algorithm which operation following
the waveforms of the reference output voltages is illustrated in
Fig. 12(a). Since the rule of switches distribution of the voltage-
based mapping PWM is based on information of the reference
voltage (offline), the waveform of f; 4 (0) is changed differently
depending on the phase displacement ¢. For example, three
cases of phase displacement: ¢ = 0, = 7/6, p = 7/2 shown
in Fig. 12(b)—(d), respectively, will result in three different wave-
forms of f; 4 () as shown in Fig. 13(a)—(c).

In the case of ¢ = 0, the A-phase output current, as illus-
trated in Fig. 12(b), is in phase with its corresponding reference
load voltage v% . As shown in Fig. 13(a), the waveform of the
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Fig. 12.  (a) Voltage-based mapping PWM method with different phase dis-
placements: (b) p = 0. (c) ¢ = 7/6.(d) p = 7/2.
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Fig. 13.  Waveforms of switching current function using the voltage-based
PWM method: (a) ¢ = 0. (b) p = 7/6.(c) p = 7/2.

A-phase switching current function is identical to one obtained
by using the current-based mapping algorithm in Fig. 11(b). The
switching 10ss Piyave thus corresponds to the minimum value
Py opt expressed in (34).

A general evaluation using (30), (31), and (33) shows that the
switching loss Pyyave increases from its optimum value Py opt
to its maximum value P, attainable for the defined load current
if the phase displacement ¢ increases from 0 to 7/2. As shown
in Fig. 12(d), at o = 7/2, the A-phase is set to the d-sequence
of double commutations during the interval when its current
reaches its maximum absolute value. P can be computed as

PO o i V:iclm (ton + toﬁ)

_ Aniax = 6.
Ar Ts Ma

AM ax» (3 5)

As aresult, the SLF characteristics of the voltage-based map-
ping algorithm along with the current-based mapping algorithm
(optimizing algorithm) analyzed in the region 0 < ¢ < 7 are
shown in Fig. 14.

5433
SLF(¢) , , ,
[T T
| S % T, N
‘ o ‘ ‘
0.756 /
0 I I I I I >
0 n/6 n/3 n/2 2n/3 5m/6 n
¢

Fig. 14.  Characteristic of switching loss function SLF () of the voltage-

based mapping PWM method (1) and optimizing method (2).

By applying the optimizing algorithm at the power factor (PF)
of 0.85, in comparison with the voltage-based mapping PWM
algorithm, the switching loss function decreases by about 10%.
For PF<0.55, the reduction can be more than 20%. Fig. 14 shows
that the switching loss function can be reduced by 25% at the
phase displacement of 90°. Since the number of commutations
in a switching period of the proposed PWM method is reduced
to two thirds as compared to [15], the switching loss function
can then be reduced by 43% compared to the mentioned method.

The average switching loss over the fundamental given in
(30) is based on an assumption that a phase-current is constant
during a sampling period. In fact, the instantaneous current at
the turn-on and turn-off transitions in one sampling period can
be different if the sampling period is large enough. In order to
obtain a more accurate value of the total switching loss from
the simulation data, the switching losses at the turn-on and turn-
off processes of each IGBT can be estimated separately. If we
define vcg the measured voltage across the IGBT and ¢ the
current through the switch, the average switching loss g5 in
the switch (over the output fundamental) can be calculated as
[35]

N1 N2

1 . .
= §f0' § VCET;ON Ton + g VCETOFF -Loff
j=1 Jj=1

]Dloss (36)

where i;ox is the value of i¢ at the end of an jth turn-on
transition, 7;orr is the value of i¢ at the beginning of an jth
turn-off transition and N1 and N2 are, respectively, the number
of turn-on and turn-off transitions in one output cycle.

If we suppose that a five level cascaded inverter is made up
of IGBTS of to, = 0.46 s and ¢,y = 0.76 us , characteristics
of the total switching loss Pswess versus the modulation index
of the proposed method with voltage-based mapping algorithm,
current based mapping algorithm and [15] are given in Fig. 15.

The comparisons are given for two switching frequencies
of 2.1 and 4.2 kHz. The Pswioss comparison is shown in
Fig. 15(a) for the load parameters of R =1, L = 1mH,
which corresponds to the phase displacement ¢ = 17.5°. It
can be derived from Fig. 15(a) that, at switching frequency
of 2.1 kHz, the switching loss reduction of the proposed ZCMV
PWM with current-based mapping as compared to [15] is about
39.1% and 41.1% at modulation indices of 0.2 and 0.8, respec-
tively. When the switching frequency is set as 4.2 kHz, these
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Fig. 15.  Comparison of estimated switching losses of the proposed ZCMV
PWM method [voltage-based mapping (1) and current-based mapping (2)] and
[15] of a five-level cascaded inverter (Vy. = 100V, f, = 50Hz). (a) R =
1Q,L=1mH.(b) R=0.59Q,L =10 mH.

percentages of reduction are about 41.4% and 41.6%. Similarly,
the switching loss comparison is given in Fig. 15(b) for the case
of R=0.5%Q, L =10mH (¢ = 81°).

The proposed ZCMV with voltage-based mapping algorithm,
as expected, yields higher switching loss as compared to the
proposed ZCMYV with current-based mapping algorithm in the
two cases of the phase displacement (see Fig. 15). The percent-
age of switching loss reduction of the proposed PWM method
with current-based mapping algorithm compared to the one with
voltage-based mapping algorithm is increased corresponding to
the increased value of ¢ in Fig. 15(b). For example, at switching
frequency of 2.1 kHz and modulation index of 0.8, the percent-
age of reduction in the case of ¢ = 17.5° is 6.6%, whereas it is
19.7% in the case of ¢ = 81°.

Fig. 16(a) and (b) illustrates the total harmonic distortion
(THD) characteristic of the output line voltage of five-level and
seven-level cascaded inverters following the variation of the
modulation index m and the phase displacements ¢ of the pro-
posed ZCMV PWM method with switching loss optimization.
In the simulation model of the cascaded seven-level inverter,
each phase consists of three H-bridges, each of which is sup-
plied with the dc-link voltage of Vi, = 66.66 V. The THDs are
analyzed up to the 49th harmonic of the fundamental output
frequency.

[lustrations of line voltage THD versus the modulation index
corresponding to phase displacements of 0°, 18.5°, 55°, 80°, 90°
are given in Fig. 17(a) for a five-level inverter and Fig. 17(b)
for a seven-level inverter. At modulation index of 0.2, the out-
put line voltage THDs of the five-level inverter for the phase
displacements of 18.5° and 80° are 96.3% and 78.05%, respec-
tively, whereas they are 62.4% and 60.07%, respectively, for the
seven-level inverter.

For comparison, the THD performances of the five-level and
seven-level inverter with conventional sinusoidal PWM method
are also illustrated in Fig. 17(a) and (b). The conventional
method, as expected, yields better results of output line volt-
age THD in the entire region of the modulation index.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 30, NO. 10, OCTOBER 2015

ﬁﬁﬁﬁﬁ

THD(%)

-90
-50

0
. 50 ¢ (degree)
06 0.7 08" o366 °°

(a)

------------
,,,,,,,,

THD(%)

; 0
50 @ (degree)

02 03 04 05 0.6 0.7 08 0866 %0
0 .

(b)

Fig. 16. THD of output line voltage of the proposed ZCMV
PWM method with switching loss optimization. (a) Five level (V;. =
100 V, fg = 2100 Hz, f, = 50 Hz).(b)Sevenlevel (V. = 66.66 V, fg =
2100 Hz, f, = 50 Hz).

IV. EXPERIMENTAL VERIFICATION

In order to validate the proposed PWM strategy, experimen-
tal results were obtained by applying the proposed schemes to
a five-level cascaded inverter. Each H-Bridge is made up of
IGBTs using FGL-60N100-BNTD. The dc voltage on each H-
Bridge is held constant at 100 V. The rating of each dc-link
capacitor used for the experimental setup is 6800 pF. The load
is an RL load, which can be set at a different value in each exper-
iment to create different phase displacements. The fundamental
frequency f, is selected as 50 Hz. The frequency of the trian-
gle carrier waveform f is 2.1 kHz. In an online algorithm for
switching loss optimization, two additional Hall sensors LAS55-
P are used to measure two output currents. Since the three-phase
load is balanced, the third current can be deduced from the two
measured currents. For comparison, the conventional sinusoidal
PWM method is also realized.

Figs. 18 and 19 represent the obtained waveforms of the
output line voltage when using the conventional sinusoidal
PWM method and the proposed ZCMV PWM method with
switching loss optimization at a modulation index of 0.4 and
0.866, respectively. There are different line-to-line voltage
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Fig. 17. Line voltage THD characteristics of the proposed ZCMV
PWM method with switching loss optimization at different phase dis-
placements and the sinusoidal PWM method. (a) Five level (V. =
100V, fs =21 kHz, f, =50 Hz). (b) Seven level (V. = 66.66V, fg =
2.1kHz, fo =50Hz).
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Fig. 18.  Waveforms of output line voltage V4 p at modulation index m = 0.4
(fo = 50Hz, R =80, L = 85 mH): X-axis: 5 ms/div; Y-axis: 100 V/div. (a)
Conventional sinusoidal PWM method (THD = 19.14%). (b) Proposed ZCMV
PWM method with switching loss optimization (THD = 39.55%).

levels when the inverter operates with and without a CMV
elimination scheme. The output line voltage THD of the pro-
posed PWM method (calculated up to the 49th harmonic of
fo) 1s 39.55% and 16.62% at a modulation indices of 0.4
and 0.866, respectively, whereas it is 19.14% and 8.07%, re-
spectively, with the conventional sinusoidal PWM method.
For different modulation indices in the range [0.1-0.866],
Fig. 20 shows the experimental line voltage THD comparison
between the proposed PWM method corresponding to three-
phase displacements ¢ = 18.5° (R =802, L = 85mH), 55°
(R=409, L =160mH), 80°(R = 1012, L = 180mH), and
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Fig. 19.
m = 0.866 (f, = 50Hz, R = 80, L = 85 mH): X-axis: 5 ms/div; Y-axis:
100 V/div. (a) Conventional sinusoidal PWM method (THD = 8.07%). (b) Pro-
posed ZCMV PWM method with switching loss optimization (THD = 16.62%).

Waveforms of output line voltage V4 p at modulation index
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Fig. 20. Experimental line voltage THD comparison between the proposed
ZCMV PWM method with switching loss optimization (¢ = 18.5°%,¢ = 55°,
and ¢ = 80°) and the sinusoidal PWM method for different modulation in-
dices. (a) Conventional sinusoidal PWM method (THD = 2.98%). (b) Proposed
ZCMV PWM method with switching loss optimization (THD = 6.27%).

(@ ()

Fig. 21.  Waveforms of output line current at modulation index m = 0.4
(fo = 50Hz, R = 80, L = 85 mH.): X-axis: 5 ms/div; Y-axis: 0.5 A/div. (a)
Conventional sinusoidal PWM method (THD = 2.98%). (b) Proposed ZCMV
PWM method with switching loss optimization (THD = 6.27%).

the conventional sinusoidal PWM method. The output current
waveforms at modulation indexes 0.4 and 0.866 using the two
PWM methods are also depicted in Figs. 21 and 22, respectively.
The output current THD (calculated up to the 49th harmonic of
fo) when using the proposed PWM method is 6.27% and 2.53%
for a modulation index of 0.4 and 0.866, whereas it is 2.98%
and 1.38% with the conventional sinusoidal PWM method.
Figs. 23 and 25 compare the CMV waveform between the
proposed PWM method and the conventional PWM method for
modulation indices of 0.4 and 0.866. The CMV represented with
a large magnitude in Figs. 23(a) and 25(a) has been eliminated
in Figs. 23(b) and 25(b). The existence of switching spikes
in the CMV waveforms in Fig. 23(b) and 25(b) is due to the
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Fig. 22.  Waveforms of output line current at modulation index m = 0.866
(fo =50Hz, R =801, L = 85mH): X-axis: 5 ms/div; Y-axis: 1 A/div. (a)
Conventional sinusoidal PWM method (THD = 1.38%). (b) Proposed ZCMV
PWM method with switching loss optimization (THD = 2.53%).
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Fig. 23.  Waveforms of the CMV at modulation index m = 0.4(f, = 50 Hz,
R =809, L =85 mH): X-axis: 5 ms/div; Y-axis: 100 V/div. (a) Conventional
sinusoidal PWM method. (b) Proposed ZCMV PWM method with switching
loss optimization.
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Fig. 24.  Harmonic spectrums of the CMV at modulation index m = 0.4

(fo =50Hz, R =801, L =85mH). (a) Conventional sinusoidal PWM
method. (b) Proposed ZCMV PWM method with switching loss optimization.

dead-time intervals during switching transitions. Figs. 24(a) and
26(a) show the spectrum of the CMV with the conventional si-
nusoidal PWM method, while Figs. 24(b) and 26(b) show the
spectrum of the CMV with the proposed ZCMV PWM method
with switching loss optimization. All harmonic spectrums are
analyzed up to the 10 000th harmonic of the output fundamental
frequency f,. Comparisons of Figs. 24(a), (b) and Figs. 26(a),
(b) clearly show the effectiveness of the proposed PWM strategy

EHD’._.‘.J"‘“ =
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Fig. 25.
50Hz, R = 8012, L = 85 mH): X-axis: 5 ms/div; Y-axis: 100 V/div. (a) Con-
ventional sinusoidal PWM method. (b) Proposed ZCMV PWM method with
switching loss optimization.
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Fig. 26. Harmonic spectrums of the CMV at modulation index 0.4

(fo =50Hz, R =801, L =85mH). (a) Conventional sinusoidal PWM
method. (b) Proposed ZCMV PWM method with switching loss optimization.

to eliminate the CMV. There are harmonics with high magni-
tudes in the harmonic spectrum of the CMV as depicted in Figs.
24(a) and 26(a). The largest peak values of harmonic magnitude
(which are located at the carrier frequency) are about 37.5 and
33.5 V at modulation indices of 0.4 and 0.866, as shown in Figs.
24(a) and 26(a), respectively. In the harmonic spectrum of the
CMYV with the proposed PWM method in Figs. 24(b) and 26(b),
magnitudes of the carrier harmonic and other harmonics are lim-
ited to small levels that are below 2-V peak value. The harmonic
spectra of the conventional PWM in Figs. 24(a) and 26(a) are
also magnified in the same scale of volt/harmonic-order of the
harmonic spectra in Figs. 24(b) and 26(b). The comparisons also
demonstrate significant improvement of CMV harmonic spec-
tra in high frequency when using the proposed ZCMV PWM
method. Considering the nonideal conditions of the experiment,
the obtained results of CMV harmonic spectra using the pro-
posed PWM method are acceptable compared to the ideal result
of all zero levels in theoretical analysis.

Experimental results including waveforms of three-phase cur-
rents iy (X = A, B, C) and A-phase output voltage V4 (which
is measured from the output terminal A to the load neutral) are
shown in Fig. 27 for the voltage-based mapping algorithm and
in Fig. 28 for the switching loss optimizing mapping algorithm.



NGUYEN et al.: REDUCED SWITCHING LOSS PWM STRATEGY TO ELIMINATE COMMON-MODE VOLTAGE IN MULTILEVEL INVERTERS

AGD\204 Zomuan vowsn Lot
Mot aso )| soppes

)
= toovia 0 Sy soom 2348 0cas RLz00K

@

A\ 2008 2omui 1o uwn‘
Stopped.

won ysoon Man Octoberot, 201 10:5300

(b)

Fig.27. Experimental results when using the proposed ZCMV PWM method
with the voltage-based mapping technique. m = 0.8,f, = 50 Hz, waveforms
include three phase currents (Y-axis: 1 A/div) and A-phase voltage V4 (Y-axis:
100 V/div). X-axis: 5 ms/div. (a) ¢ = 18.5° (R =80€2, L = 85mH). (b)
p =55°(R=40Q,L = 180 mH).

The RL load with R =802, L = 85mH corresponds to the
phase displacement ¢ = 18.5°, which is used for the exper-
iment of the voltage-based mapping algorithm in Fig. 27(a).
In Fig. 27(b), the load is changed to R = 40€2, L = 180 mH,
which corresponds to ¢ = 55°. As shown in Fig. 27(a) and
(b), double commutation on the A-phase occurs at two differ-
ent intervals of its fundamental period when the displacement
is changed from ¢ = 18.5° to 55°. By using the same experi-
mental configuration in Fig. 27 and applying the current-based
mapping algorithm (switching loss optimizing algorithm), the
experimental results are obtained as shown in Fig. 28. In both
cases of the phase displacement, the double commutations on
the A-phase are confined to intervals of the minimum absolute
value of its current, as shown in Fig. 28(a) and (b). This confirms
the effectiveness in switching loss optimization of the current-
based mapping algorithm that is analyzed theoretically in this

paper.

V. CONCLUSION

This paper proposes a novel PWM strategy to eliminate CMV
for multilevel inverters using the principle of the three zero
common-mode vectors. The modulation of an n-level inverter
with CMV elimination is simplified to that of an active two-
level inverter with three available switching states. Based on a
general analysis of an n-level inverter, two standardized virtual
PWM patterns are proposed to cover the whole space vector
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Fig.28.  Experimental results when using the proposed ZCMV PWM method
with switching loss optimization. m = 0.8, f, = 50 Hz, waveforms include
three phase currents (Y-axis: 1 A/div) and A-phase voltage V4 (Y-axis:
100 V/div). X-axis: 5 ms/div. (a) ¢ = 18.5° (R = 80,L = 85 mH). (b)p =
55° (R = 40Q,L = 180 mH).

diagram. The resultant PWM patterns made up of switching
states of the three zero common-mode vectors have a minimum
number of commutations among those in which each switching
state is symmetrically distributed. Using the optimizing PWM
algorithm, the local reduction of switching loss can be up to 25%
compared to nonoptimized algorithms and 43% compared to the
previous work [15]. At the beginning, the PWM method was
proposed to eliminate the CMV. Then, it has been generalized
as an equipotential PWM control method, which is valid to
both odd- and even-multilevel inverter. Experimental results
verify the effectiveness of the proposed PWM method in CMV
elimination and switching loss optimization.
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