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Carrier-Based Modulation Strategies With Reduced
Common-Mode Voltage for Five-Phase Voltage
Source Inverters

Wenjing Xiong =, Yao Sun

Abstract—Two modulation strategies based on carrier-based
modulation (CBM) scheme (named RCMV-CBM1 and RCMV-
CBM2) are proposed to reduce the common-mode voltage (CMV)
of a five-phase voltage source inverter. The basic characteristic of
them is that two kinds of carriers with opposite phase are adopted.
By applying the opposite carrier to some specific phases, the switch-
ing states with higher CMV absolute value can be avoided. In
RCMV-CBM1, the output phase with the third largest modulated
signal uses the opposite carrier, and the peak-to-peak value of CMV
is reduced by 40%. In RCMV-CBM2, the output phases with the
second largest and fourth largest modulated signals use the oppo-
site carrier, and the peak-to-peak value of CMV is decreased by
80%. However, the ripple analysis reveals that RCMV-CBM1 has
an advantage over RCMV-CBM2 in current quality. In addition,
the optimized RCMV-CBM1 and RCMV-CBM2 are presented for
reducing the output current ripple. Finally, a scaled-down pro-
totype is built to verify the correctness and effectiveness of the
proposed modulation strategies.

Index Terms—Carrier-based modulation (CBM), common-
mode voltage (CMYV), five-phase voltage source inverter (VSI).

I. INTRODUCTION

OMMON-MODE voltage (CMV) widely exists in typi-
C cal power inverters. It will stimulate the distributed and
parasitic capacitances in the system and thus results in common-
mode current. In inverter-driven induction motor systems, the
common-mode current will produce shaft voltages and bearing
currents [1]. The overload bearing current would speed up the
aging of the motor bearing and shorten the service life of the
motor [2], [3]. Additionally, the CMV can also cause electro-
magnetic interference (EMI) [4]. Therefore, it is necessary to
reduce the CMV in inverters.
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A large number of solutions have been proposed to address
the aforementioned issue, and they can be roughly classified into
hardware and software methods. The hardware method mainly
includes EMI filter redesign and circuit topology modification
[4]-[10], while the software one is realized by developing proper
modulation strategies with reduced CMV [11]-[27]. Generally,
the latter is preferable as it will not increase the cost, weight,
and size of the inverters.

Carrier-based modulation (CBM) and space vector modula-
tion (SVM) are two commonly used pulse width modulation
(PWM) modulation techniques. Most modulation methods with
the reduced CMV are based on the frameworks of them. The
basic idea to reduce CMV is to avoid using the switching states
with a high CMV in the design of modulation strategies. In [11],
an SVM method is proposed to reduce the CMV of two-level
three-phase voltage source inverter (VSI), in which zero vectors
are replaced by two active space vectors in the opposite phase.
The SVM method using three adjacent active vectors to synthe-
size the desired voltage vector is presented in [12], which has
reduced switching losses but smaller linear modulation range.
By combining the methods in [11] and [12], a high-performance
SVM method is presented in [13]. In addition, three space
vectors with a phase shift of 120° to each other are adopted to
reduce the CMV in [14], but the maximum modulation index
is limited to 0.667. In [15], a novel random SVM method is
proposed for the CMV reduction of a two-level three-phase VSI.
In [16] and [17], the SVM methods using the vectors with zero
CMYV are proposed for the multilevel inverters with odd number
of levels. In this case, perfect zero CMV can be achieved.
A CBM method presented in [18] and [21] can effectively
reduce the CMV of the two-level three-phase VSI. The basic
idea behind this method is applying the opposite carrier to the
output phase with the second largest modulated signal value.
The phase-shifted CBM method (PS-CBM) [22]-[24], using
three carriers with a phase difference of one-third of the carrier
period, could reduce the probability of appearing zero switching
state greatly. However, the peak-to-peak value of CMV cannot
be reduced when the modulation index is higher than 0.667. A
scheme of carrier peak position CBM method is presented in
[9], [25], and [26]. It is performed by delaying or advancing the
position of triangular carriers to avoid the zero switching states,
so the peak-to-peak value of CMV is reduced in the whole
range of the modulation index (0—1.1547). For multilevel VSI,
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the PS-CBM method and phase disposition CBM method are
adopted to reduce the CMV [27]. In addition, a CBM method
with zero CMV is proposed for a three-level VSI, in which two
modulation signals with a phase angle of 120° are utilized for
each output phase [17]. Actually, by selecting zero-sequence
components and carrier patterns properly, the CBM methods
are equivalent to the corresponding SVM methods [28], [29].

Nowadays, the multiphase induction motors (mainly refer to
the motor whose phase number is greater than three in this
paper) have attracted much attention, because they have many
advantages over three-phase motors, such as better fault tol-
erance capability, lower power rating in each bridge arm by
splitting the motor current across a higher number of phases,
higher torque density by current harmonic injection [30]-[33].
Thus, they could be applied in electric vehicles, marine elec-
tric propulsion, and high power applications [32], [33]. The
most commonly used converter for multiphase applications is
the two-level multiphase VSI, where the CMV is also a critical
issue. However, there are few literature addressing the CMV
issue in the multiphase VSI. In [34]-[39], the CBM methods
and SVM methods are tailored for the multiphase VSI without
considering the CMV issue. In [40], a finite-set model predic-
tive control (MPC) technique is used to mitigate the CMV of a
five-phase VSI. In [41], the PS-CBM method is utilized for mul-
tiphase inverters, and the zero CMV is achieved when the output
phase number of the inverter is even. For the inverter with odd
output phase number, taking the five-phase VSI as an example,
the PS-CBM reduces the maximum peak-to-peak value of CMV
by 80% at low modulation index and 40% at high modulation
index. An SVM method adopting six adjacent large space vec-
tors is presented for a five-phase VSI [42], [43], in which the
peak-to-peak value of the CMV is reduced to 0.2Vg.. In [44],
an SVM method with zero CMV is proposed for an open-end
winding five-phase VSI, but the modulation range gets smaller.

With the increase of the phase number of VSI, the implemen-
tation of SVM methods will be very complicated. Therefore, the
CBM methods become more attractive in the multiphase VSI.
This paper proposes two CBM methods to reduce the CMV
for a five-phase VSI, which are named as RCMV-CBM1 and
RCMV-CBM2 for short. It is worth noting that the maximum
linear modulation index keeps unchanged under the proposed
strategies. Inspired by the work of the two-level three-phase VSI
in [19], two carriers with opposite phase are employed for the
proposed methods. The key point is to decide which phases use
the opposite carrier. Different selections lead to different mod-
ulation strategies, and it will show different performance. In
RCMV-CBMI, the opposite carrier is used in the output phase
with the third largest modulated signals value. As a result, the
peak-to-peak value of CMV is decreased by 40%. In RCM V-
CBM2, the opposite carrier is applied to two output phases
which have the second largest and fourth largest modulated sig-
nal values, and then the peak-to-peak value of CMV is further
decreased by 80%.

The remainder of this paper is organized as follows: Sec-
tion II introduces the topology structure and the CMV analy-
sis of the five-phase VSI. In Section III, the generalized CBM
scheme and two kinds of CMV reduction modulation strategies:
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Fig. 1. Topology of a five-phase VSI.

Group Switching state combinations Juno |
(SapSepScpSppSep)

1 (00000) (11111) 0.5Vqe
2 (10000)(01000)(00100)(00010)(00001) 0.3Vyc
O111DH0ITT)(11011)(11101)(11110)

3 (11000)(10100)(10010)(10001)(01100) 0.1Vy.

(01010)(01001)(00110)(00101)(0001 1)
(00111)(01011)(01101)(01110)(10011)
(10101)(10110)(11001)(11010)(11100)

RCMV-CBMI1 and RCMV-CBM2 are demonstrated. In Sec-
tion IV, the current quality comparison of three CBM meth-
ods and the optimized CBM methods for reducing the current
ripple are presented. The comparisons between RCMV-CBM2
and other CMV reduced methods are provided in Section V. In
Section VI, the experimental results are illustrated, and finally,
Section VII summarizes the major contributions of this work
and discusses ideas for future work.

II. CMV ANALYSIS FOR A FIVE-PHASE VSI

The circuit topology of a five-phase VSI is shown in Fig. 1.
Its CMV is defined as the voltage between load neutral point
“N” and the midpoint of dc power supply “O,” which can be
described as follows:

UAo + UBo + UCo + UDo + URo

UNo = 5 (D

where

Uio = (Sip — Si )%,i € {A,B,C,D,E}. )

Then, the CMV can be further expressed as

_ Yi—a.cne (Sip— Sn)Vac
N 10

where Sj, and S, denote the states of respective switches,
means ON-state, and “0” means OFF-state.

The CMYV absolute values of the five-phase VSI of all switch-
ing states are illustrated in Table I, which can be classified into
three groups. In group 1, all the five upper switches or lower
switches are ON. The switching states have the largest CMV and

3)

“]n
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are referred to as zero states [35]. In group 2, one or four up-
per switches are turned ON. The corresponding switching states
lead to the second largest CMV and are referred to as medium
vectors. In group 3, two or three upper switches are ON. Clearly
the CMV absolute values in group 3 are the smallest. It is easy
to find that a reduced CMV can be achieved by discarding the
switching states in group 1 and group 2, especially group 1.

III. PROPOSED CARRIER-BASED MODULATION SCHEME
A. Generalized CBM Method

Assume that the desired output phase voltages are
win = Uom cos (wt)

upy = Uom cos <wt -
udy = Uom €OS (wt -

“4)

Uy = Uom €OS <wt -

SIS
T N e

+
I

Upyx = Uom COS (w

where Uy, and w are the amplitude and angular frequency of
the output voltages, respectively.
The modulated signals are expressed as

ui, = ul, + uno, © € {A,B,C, D, E} (5)

where ] is the modulated signal, and w,, denotes the zero-
sequence signal.

To maximize dc voltage utilization ratio, a proper zero-
sequence signal should be determined carefully.

From (4) and (5), the range of the zero-sequence signal uy,,
is

Vd(’ Vdc
- — Umin S Uno S

— Umax (6)

where Ui, = min(ujy,. -
upy)-

Equivalently, u,, can be further expressed as follows:

1—-2A Vc_)‘« min — 1—2 max
g = )Va “2 (L= Mtmax 5 ¢ 10,1]. (7)

In the case of A =0 or 1, the corresponding modulation
schemes are referred to as the discontinuous PWM algorithm.
When A = 0.5, itis called as the standard CBM [11].

For convenience, the modulated signals are normalized as

* o *
S UEN)s Umax = max(uiy,- -,

Ui
Vae/2 ®

Then, they satisfy the following constraints:

Ujp =

—1 < a, < 1. )

Usually, the modulation index M is defined as

= . (10)
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Fig. 2. Relationship of five desired output voltages.
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Fig. 3. Schematic diagrams and related switching patterns of generalized
CBM.

By injecting the zero sequence signal to the modulated sig-
nals, the maximum modulation index can increase beyond unity.
According to (6), the maximum linear modulation index of the
five-phase VSI [45] is

Mpax = = 1.0515. (11)
cos (1”—0)

Clearly, the value order of five modulated signals will keep
unchanged no matter which zero sequence signal is injected.
Therefore, to show the value relationship of five output volt-
ages, the modulated signals without injecting the zero sequence
signal are plotted in Fig. 2. Assume the modulated signals keep
unchanged in a modulation period 7s and the desired output volt-
ages are in sector 1 (refer to Fig. 2). When an isosceles triangle
carrier signal is used, the corresponding switching patterns in a
modulation period T's are shown in Fig. 3. As seen, the pulse pat-
tern of Sj;, is 0-1-0. There are six switching state combinations,
i.e., (00000), (10000), (11000), (11001), (11101), and (11111).
It can be concluded that under the generalized CBM, the switch-
ing states in groupl will always exist. From the perspective of
reducing CMV, such a modulation scheme is undesired.



2384
N 7N,
\. carrier; u /
0 ' >
A{\ j "/\
/ i, 5
I N
Bttt : | _ L
py L
Pl : :
P |
3 [7]
Ps L4 Lok
=l = = ALy =l g - Ol
Fig. 4. Schematic diagrams and related switching patterns of RCMV-CBM1.

B. RCMV-CBM1

In CBM, the ways to change switching patterns include mod-
ifying the modulated signals and the shapes of carrier waves.
However, modifying the modulated signals cannot eliminate the
switching states (00000) and (11111) simultaneously. Thus, the
way to change the shapes of carrier is used. In this section, an
opposite carrier is used in a specific phase.

To facilitate analysis, we sort the desired output voltages um
from high to low, and denote them as uj > uj > uj > uj >
ug. Meanwhile, denote the corresponding five output phases as
P1, P2, P3, P4 and D5, respeCtiV61Y'

The proposed RCMV-CBM1 is illustrated in Fig. 4, where
carrier, is in opposite phase with carrier; . The characteristic of
RCMV-CBMI is that phase-p3 uses carriers, and the remaining
phases use carrier; .

As seen, to eliminate the switching states (00000) and
(11111), the following constraints should be satisfied:

t <t3 <ts (12)

(=d)T _ dyT,
fl t — z

where t; = , ls = (lfdé")T"‘ ,and d; (j =
1,2,3,4,5) is the duty cycle of the upper switch of phase-p;

over a modulation period, and it can be expressed as

1 U+ Uno

From (5)—(8), (12), and (13), the range of u,, can be derived

as
* *
—ul —u 1%
1 3 dc
max (2 Ty T ug) < Upno

. —ut —us V.
< min ("25,;6—1[{>

Uno

The range of u,, (U, = Vdc/2) [refer to (14)], when the
desired five-phase output voltages are balanced and sinusoidal,
and M < 1.0515, is illustrated in Fig. 5. The two surfaces shown
in Fig. 5 stand for the upper and lower boundaries of ,, at
different instants and M. As seen, the upper boundary is always
higher than the lower boundary, which means that there is always
a feasible u,,. Meanwhile, the range of the feasible solution is
relatively narrow when M is close to 1.0515.

13)

(14)
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Fig. 6. Schematic diagrams and related switching patterns of RCMV-CBM2.

C. RCMV-CBM?2

Based on the analysis in Section I1, if only the switching states
in group 3 are adopted, the peak-to-peak value of CMV will be
further reduced to 0.2 Vg.. To this end, an intuitive way is that
the opposite carrier is used in more phases.

In this section, RCMV-CBM2 is proposed, and its schematic
diagram is shown in Fig. 6. The opposite carrier is applied in
phases p, and ps. To ensure that only the switching states in
group 3 are used, the following constraints must be met:

th <ty <t3 <ty <t (15)
where
b = (1 7d1)’175 ty — d4Te e — (1 *dS)Te
1 — 2 s L2 — 2 » U3 2 )
do Ty (1 —d;5)T.
ty = —, t5 =
4 9 s U 9
Substituting (13) and (5)—(8) into (15), it yields
Z1 S Uno S 12 (16)
where
1 = max (—% —ug, L/I;“j , L )
(17)

— min (Yae _ o Zwizui Zui-ug
12—m1n<?*uuT’#

Under the assumption in (4), it can be deduced that [; <
ly is always established at any instants when M < 1.0515.
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Therefore, uy,, for implementing RCMV-CBM2 is always avail-
able. The range of u,, is depicted in Fig. 7. It is clear that
the range of u,, under RCMV-CBM2 is narrower than that of
RCMV-CBMI. Meanwhile, RCMV-CBMI1 has a greater op-
timization space than that of RCMV-CBM?2 for performance
improvement.

IV. CURRENT RIPPLE ANALYSIS

Different modulation strategies lead to different performance
of power converter, such as the CMV characteristics, currents
quality, power losses, and so on. The proposed RCMV-CBM1
and RCMV-CBM2 can reduce the CMV of the five-phase VSI
effectively, but they will pose a negative effect on current qual-
ity. The purposes of this section are: 1) evaluating the current
quality under the modulation methods presented in the previous
sections; 2) optimizing the modulation strategies to improve the
quality of output currents.

A. Calculation of Current Ripple
Usually, current total harmonic distortion (THD) is used to
measure the quality of currents:

B+R+10+
THDF — \/ 2 + 3]+ 4 + )
1

For the inverter with PWM, the average output currents over
a switching period are equal to the reference currents. If the
reference currents are sinusoidal, the current THD could be
rewritten as [46]

1. 2
\/T Jo Gty —i=(t))"dt
THDr = I
where i(t) is the output current of the inverter in the steady state,
1*(t) is the referenced sinusoidal current, and I* represents the
rms value of i*(t). )
Refer to [39], the instantaneous current ripple 7(¢) is defined
as

(18)

19)

(20)

where @(t) = u(t) — u*(t), which is the error between the real
and the referenced output voltages.

According to (19) and (20), to improve the quality of cur-
rents, the rms value of (¢) over a modulation period must be
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Fig. 8. Schematic diagram of output current ripple under three methods. (a)
Generalized CBM. (b) RCMV-CBMI. (c) RCMV-CBM2.

minimized. If the switching sequence is symmetrical, the rms
value of the current ripple over a half modulation period equals
to that over a modulation period. Therefore, we only need to
analyze the current ripple over a half-modulation period. Fig. 8
shows the output current ripple of a five-phase VSI under the
three methods mentioned before.

The rms value of current ripple of phase-j over a modulation
period [47]-[51] can be expressed as

Ts

2 ~
T
s JO

From the definition of current ripple in (20), we take RCM V-
CBM2 as an example to illustrate the current ripple calculation
of phase-p;.

First, the voltage error in phase-p; needs to be calculated.
According to Fig. 8, u; is a staircase function and it can be
described as

21

2

*5‘/01(’ 7UT7 te [07 tl)
2
5‘/(10 _ufv te [tlatQ)
3
ngc —uj, t € [ta,13)

=1 3 (22)

g‘/dc —uj, t€ [t37t4)
3
ngC — ’Uﬁ{, te [t4,t5)
2 ) T,
gv(-]c — Uy, t e |:t5,2:|

where ¢; —t5 can be calculated from (13) and Fig. 6, and both
are linear function of u,,. ~
Hence, from (20)—~(22), I? is deduced as

Ih
o' (Rot)*dt + [ (ky (t = t1) + kot1)*dt+
1:; (kQ (t - t2) + ki (tz — tl) + k0t1)2dt + -

2
=7y

S (s (t—t5) + ko (ts —ta) + -+ K (B2 — 1)
+ kot1)? dt

(23)

where ko — ks are the slope of 71 (¢), and they are relying on the
voltage error in (22), k = @y /L.

By analogy, I jg (j € S) under the generalized CBM, RCM V-
CBMI1, and RCMV-CBM2 can be obtained in the same way.
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B. Minimum Current Ripple

There are five output phases in the studied system. Thus, to
evaluate and optimize the three methods, the sum of five phases’
rms value of current ripple is expressed as

Isum =

(24)

end

Based on the above-mentioned analysis, it can be found that
the rms value of current ripple is a quadratic function of ..
That is to say, the current ripple could be reduced by choosing a
proper u,,. Therefore, it can be transformed into a constrained
optimal problem, and it is formulated as follows:

minimize Iy, >

subject to (6) or (14) or (17). (25)

The three presented methods have different constraints for
Uno- As for the generalized CBM method, (6) should be met. As
for RCMV-CBM1 and RCMV-CBM2, (14) and (17) should be
satisfied, respectively.

Based on (23), the trajectories of the objective function are
parabolas at any instants and M below 1.0515, so it can be
written as

f (unu> = aunoQ + buno +c (26)
where the coefficients “a,” “b,” and “c” can be calculated with
(21)—(24), the vertex of the parabolas is Uno vertex = 0/2a.
There are only some cumbersome calculations involved for ob-
taining of the coefficients, so the calculation results of three
methods are listed in the Appendix.

The flowchart for obtaining the optimal solution wpe opt
is shown in Fig. 9. As seen, the optimal solution will ap-
pear at three points: the upper boundary point (Uno max)s
the lower boundary point (o min), and the extreme point

(Uno,vcrtcx)~

C. Current Quality Comparison of Three Methods

Based on the definition formula of THD in (20), the ratio
Isum /I can be employed to measure the quality of output
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TABLE II
SWITCHING STATE COMBINATIONS UNDER RCMV-CBM2

Switching state combinations (S, Sgp Scp Spp SEp)

Sector

Voltages order ~ Vector] ~ Vector2  Vector3  Vector4  Vector5  Vector6
1 [ABE.CD] (01100) (11100) (11000) (11001) (10001) (10011)
2 [B,A,C.ED]  (10001) (11001) (11000) (11100) (01100) (01110)
3 [B.C,AD.E] (00110) (01110) (01100) (11100) (11000) (11001)
4 [C,B,D.ALE]  (11000) (11100) (01100) (01110) (00110) (00111)
5 [C.D,B,E,A]  (00011) (00111) (00110) (O1110) (01100) (11100)
6 [D,C.EB,A] (01100) (01110) (00110) (00111) (00011) (10011)
7 [D.E,C,A,B] (10001) (10011) (00011) (0OI11) (00110) (01110)
8 [E.D,A,C,B] (00110) (00011) (00011) (10011) (10001) (11001)
9 [E,ALD.B,C] (11000) (11001) (10001) (10011) (00011) (00110)
10 [AEBD,C] (00011) (10011) (10001) (11001) (11000) (11100)

Note: voltages order [A,B,E,C,D] denotes that the output voltages are sorted from large to
small, namely u}y > ufy = Upy = ULy = Uy -

TABLE III
PARAMETERS USED IN THE EXPERIMENTS

Parameters Value
DC voltage 100 V
Load inductance (L, ) 3.6 mH
Load resistor (R, ) 6Q

Sampling frequency ( f5) 10 kHz

currents. [ is expressed as

M Vd c

V2|2

where Z7, is the load impedance, when the balanced five-phase

RL load is adopted, | Z; | = \/ R? + (w,L)*.

Itis clear that once the switching state sequence is determined,
f ]2 can be determined by the selection of zero-sequence signal
Uno. To compare the current quality of the three methods,
should be determined first. Actually, two kinds of solutions
can be used for comparison, namely, the optimal solution and
the unified solution. The optimal solution can be obtained by
Section IV-B. As for the latter one, all the feasible solution in
Fig. 7 can be used, because the feasible solution of RCMV-
CBM2 is the subset of that under generalized CBM and RCM V-
CBMLI. In particular, u,, is selected at A = 0.5 (named as the
standard solution).

The three-dimensional diagram of I, /I* with respect to M
and wt under two different solutions is illustrated in Fig. 10.
As seen, there is no significant difference between Fig. 10(a)
and (b). By subtraction, we can find that the ratio Iy, /IT*
under optimal solution is slightly less than that of standard
solution. Under both the standard and optimal solutions, it can
be found that at any instants and M, Iy, /1" of generalized
CBM is smaller than that of RCMV-CBMI that is then smaller
than that of RCMV-CBM2. In addition, it is worth noting that
Isum /I* under three methods become closer as M increases. As
a conclusion, the generalized CBM is superior to RCMV-CBM 1
and RCMV-CBM2 in current quality, and the current quality of
three methods is better as M increases.

*
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Fig. 11.  Simulation results. (a) RCMV-CBM2. (b) MPC. (c) PS-CBM.

V. COMPARISONS WITH OTHER REDUCED CMV METHODS

In this section, the comparisons are performed among the
four methods: the RCMV-CBM2 method, MPC method [40],
PS-CBM method [41], and SVM method [42].
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TABLE IV
OUTPUT CURRENT THD ANALYSIS OF DIFFERENT CMV
REDUCED METHODS

Condition Method ~ THD of iy THD of iz THD of ic THD of i, THD of iy
M = 0.5, RCMV-CBM2 3.05% 3.05% 3.04% 3.05% 3.04%
fo = 30Hz  MPC [40] 2.47% 2.45% 2.5% 2.45% 2.48%

PS-CBM [41]  3.04% 3.06% 3.04% 3.04% 3.05%
M = 0.8, RCMV-CBM2 1.63% 1.63% 1.62% 1.62% 1.63%
fo = 30Hz  MPC [40] 1.62% 1.62% 1.63% 1.63% 1.65%

PS-CBM [41]  1.74% 1.80% 1.74% 1.74% 1.81%
M = 1.0, RCMV-CBM2 1.34% 1.34% 1.35% 1.35% 1.34%
fo = 30Hz  MPC [40] 1.27% 1.21% 1.26% 1.25% 1.21%

PS-CBM [41]  1.32% 1.40% 1.32% 1.33% 1.40%

Incontrolle
Rectifier

Fig. 12.  Experimental setup for the five-phase VSI.

A. Theoretical Analysis

In the SVM method with minimum CMYV in [42], six adja-
cent large space vectors are utilized. Two of them are in opposite
phase and have the same duty ratios. It is not difficult to find that
six different switching state combinations are also utilized per
carrier period under RCMV-CBM2. From Fig. 6, the specific
switching state combinations under different desired voltage
sector are listed in Table II. After comparisons, it is obtained
that the adopted switching state combinations in RCMV-CBM2
are the same as those in the SVM method in [42]. Furthermore,
when the zero sequence signal is selected as the standard so-
lution, RCMV-CBM?2 is equivalent to the SVM method [42].
Thus, it can be concluded that RCMV-CBM2 will be superior
to the SVM method in [42] in current quality, when the optimal
solution is used for RCMV-CBM2.

As for the MPC method in [40], the cost function is con-
structed by two parts: the current error in two transformation
planes and different weights of switching state combinations
in different groups (group 1, group 2, group 3). The minimum
CMYV can be achieved through selecting a proper weight of the
second part. The solution set consists of 32 switching state com-
binations, which will cause a large computational burden for the
controller. In addition, there may be more than one switch con-
ducted or no switch conducted during two control periods. Thus,
the switching frequency under MPC method is not fixed. In fact,
by restricting the solution set in group 3, the minimum peak-
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Fig. 13. Related waveforms under case I with standard solution. (a) General-
ized CBM. (b) RCMV-CBMI. (c) RCMV-CBM2.

to-peak value of CMV can be obtained, and the computational
burden of the controller will be mitigated to some extent.

In the PS-CBM method [41], five different carriers are uti-
lized, and the phase shift of each carrier is one-fifth of the car-
rier period. Because the sinusoidal desired voltages are adopted,
M, ax 1s limited to unity. As M increases, the number of overlap-
ping areas increases. Therefore, the peak-to-peak value of CMV
will change from 0.2 to 0.6 V.. Namely, the PS-CBM method
cannot achieve the minimum CMYV in the whole range of M.

B. Simulation Comparisons

To compare the current quality of RCMV-CBM2, the MPC
method [40], and the PS-CBM method in [41], simulations
are carried out based on MATLAB/Simulink. The related
parameters are listed in Table III. To ensure that six switch-
ing state combinations are adopted in each carrier period, the



XIONG et al.: CARRIER-BASED MODULATION STRATEGIES WITH REDUCED COMMON-MODE VOLTAGE FOR FIVE-PHASE VOLTAGE SOURCE

o SEEi s

Twﬁ;;;fﬁmr?z.lxﬂ;h

+0.00000 5

(a)

@ 1oV 10.0ms .
10.0 £ B+v0.00000s 100k g5

(b)

LM E @ 7

10.0ms
000000 5

(c)

220V

100k

Fig. 14. Related waveforms under case II with standard solution. (a) Gener-
alized CBM. (b) RCMV-CBML1. (c) RCMV-CBM2.

control period (T.) of the MPC method is set to one-sixth of the
carrier period (7 ) of RCMV-CBM2 and PS-CBM. The optimal
solution is used to implement RCMV-CBM2.

The simulation results are illustrated in Fig. 11. The output
frequency is set to 30 Hz, and M is set to 0.5 during 0-0.04 s, 0.8
during 0.04-0.08 s, and then changed to 1.0 at 0.08 s. As seen, all
the methods can obtain sinusoidal output currents, but the output
line-to-line voltages are totally different. The RCMV-CBM2
method and MPC method can obtain the minimum CMV in the
whole range of M, but the PS-CBM method cannot. The THDs
of the output currents under the above-mentioned methods are
listed in Table IV, which demonstrate that the current quality
under RCMV-CBM2 and the PS-CBM method is roughly the
same. The MPC method has the best current quality owing to that
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Fig. 15. Related waveforms under case III with standard solution. (a) Gener-
alized CBM. (b) RCMV-CBMI. (c) RCMV-CBM2.

T. = 1/6T; is adopted in this simulation. It is worth noting that
the current quality advantage of the MPC method is gradually
fading with the increase of M. Moreover, if the control period
of the MPC method is set as 1. = T, the current quality will
become even worse.

In summary, RCMV-CBM?2 has an excellent comprehensive
performance, because it could achieve: 1) the minimum CMV
in whole range of M; 2) uniform power losses distribution in
each phase; and 3) relatively low current THD.

VI. EXPERIMENT RESULTS

A. Experimental Setup

To validate the proposed methods, an experimental setup for
the five-phase VSI is developed in the laboratory, as shown
in Fig. 12. The setup includes: controller board, main circuit
board, drive boards, uncontrolled rectifier, and a five-phase bal-
anced RL load. The controller board is mainly composed of a
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Fig. 16.
(c) case III.

floating-point DSP (TMS320F28335) and a field programmable
gate array (FPGA) (EP2C8J144C8N). The DSP is responsible
for the related calculation, and FPGA is used to generate PWM
signals. The unidirectional power switches in the five-phase
VSI are implemented by the insulated gate bipolar transistor
IHW30N120R2 (1200 V/30 A, Infineon). The related parame-
ters are listed in Table III. The carrier frequency is equal to the
sampling frequency.

To avoid the shoot-through of a VSI, a dead time 7}; should
be inserted in each leg. As a result, the CMV characteristic will
be away from the expectation, and the output currents will be
distorted. There are many dead-time compensation methods to
address this issue. In this paper, the dead-time is eliminated by
the detection of output current polarity [52].

Two different selections of zero-sequence signal are adopted
in experiments: the standard solution and the optimal solution.

B. Experimental Results With the Standard Solution

The experiments are carried out in the following cases:
1) M = 0.5, f, = 30 Hz;

2) M = 0.8, f, = 60 Hz;

3) M = 1.0515, f, = 60 Hz; and

4) Different M under f, = 60 and 30 Hz.

(c)

Spectrum graphics of the input currents 74 under generalized CBM (left), RCMV-CBM1 (middle), RCMV-CBM2 (right). (a) Case I, (b) case II, and

The measured waveforms with three CBM methods under
case I are shown in Fig. 13. From top to bottom, they are modu-
lated voltage A o _ef, the CMV uy,, output line-to-line voltage
uap, and output current 4. The modulated signals of three
methods are the same. As seen, the sinusoidal output currents
are achieved under three methods. The waveforms of uap and
uN, are totally different under three methods. The peak-to-peak
value of CMV is nearly 122 V under the generalized CBM,
78 V in RCMV-CBM1, and 28 V in RCMV-CBM2, which are
in accordance with the theoretical analysis.

When the modulation index is changed to 0.8 and the out-
put frequency equal to 60 Hz, the measured waveforms with
different modulation strategies are shown in Fig. 14. With the
increase of modulation index, the waveforms of output current
become smoother than those in case I. The CMV characteristics
are similar with case I, which also prove the effectiveness of
proposed methods. In addition, the measured waveforms under
case III are shown in Fig. 15, which can verify the effective-
ness of proposed methods under the maximum modulation
index.

The differences of the current ripples under different methods
can be obtained from the spectral analysis. By importing the
data of output currents into MATLAB, the spectral analysis
results of output current 74 with three methods under case I,
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case II, and case III are shown in Fig. 16. It can be learned that
the low-frequency harmonic components of three methods are
basically identical. However, the harmonic components around
the switching frequency are significantly different. RCMV-
CBM2 has the highest amplitude of the harmonic components
around the switching frequency, and the generalized CBM has
the lowest.

To evaluate the harmonic performance of three methods more
intuitively, the THDs of the output currents under different M
and frequencies (case I'V) are shown in Fig. 17. As seen, the gen-
eralized CBM is superior to RCMV-CBM1 and RCMV-CBM2
in current quality, which is in accordance with the theoretical
analysis in Section I'V. In addition, it can be found that the output
current quality becomes better with the increase of modulation
index M.

C. Experimental Results With the Optimal Solution

In this experiment, the optimal u,,, for three CBM methods
are adopted. The waveforms of the three CBM methods under
case II are illustrated in Fig. 18. The sinusoidal output cur-
rents are achieved under the three methods, the peak-to-peak
values of CMV of the three methods are in accordance with
the standard solution. The modulated signals of three CBM
methods are totally different. Under the generalized CBM, its
optimal solution is u,, = 0 when M is less than unity [40].
Hence, we can find the modulated signals of the generalized
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Fig. 18.  Related waveforms under case II with optimal solution. (a) General-
ized CBM. (b) RCMV-CBMI. (c) RCMV-CBM2.

TABLE V
OUTPUT CURRENT THD ANALYSIS WITH DIFFERENT ZERO
SEQUENCE SIGNALS

THD of i 4
Method Selection of u,, Case 1 Case II Case 111
Generalized CBM Standard Solution 10.71% 7.13% 5.84%
Optimal Solution 10.12% 6.72% 5.80%
RCMV-CBM1 Standard Solution 11.71% 7.37% 6.0%
Optimal Solution 11.38% 6.93% 5.93%
RCMV-CBM2 Standard Solution 12.06% 7.41% 6.01%
Optimal Solution 11.63% 7.05% 5.97%

CBM shown in Fig. 18(a) are sinusoidal. The modulated signals
of RCMV-CBM1 and RCMV-CBM?2 are totally different from
the modulated signals under standard solution. Different modu-
lated signals correspond to different modulation strategies with
different performance. The THD of the output currents under
standard solution and optimal solution is listed in Table V. As
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seen, the current quality of optimal solution is slightly better
than that of standard solution, which is in accordance with the
theoretical analysis in Section I'V-C.

VII. CONCLUSION

In this paper, three modulation strategies based on CBM
scheme are presented for a five-phase VSI: generalized CBM,
RCMV-CBM1, and RCMV-CBM2, which are easier to imple-
ment than the corresponding SVM methods. The RCMV-CBM 1
and RCMV-CBM2 methods are tailored for a five-phase VSI
to reduce the CMV. By using the opposite carrier in one out-
put phase, RCMV-CBMI1 reduces the peak-to-peak value of
CMV by 40%. In RCMV-CBM2, the opposite carrier is ap-
plied to two output phases, then the peak-to-peak value of CMV
is further reduced by 80%. All the three methods can reach
the maximum modulation index of 1.0515, RCMV-CBMI1 and
RCMV-CBM2 could reduce the CMV in the whole modula-
tion range. Compared to the MPC method in [40], RCMV-
CBM2 reduces the computation burden greatly and has uni-
form loss distribution. The selection of zero-sequence signal
is a degree of freedom for the performance optimization, such
as current quality and efficiency. Under the designed switching
sequence, the optimal solution to improve the current qual-
ity can be obtained by minimizing the current ripple. Based
on the current ripple analysis, it can be concluded that under
the standard or the optimal zero-sequence signal, the gener-
alized CBM method has better current quality than RCMV-
CBM1; while RCMV-CBMI1 has better current quality than
RCMV-CBM2.

Furthermore, the concept of RCMV-CBM1 and RCMV-
CBM?2 presented for the five-phase VSI can also be extended
to the other multiphase VSI, especially with odd phase num-
ber. Moreover, based on the equivalency of CBM and SVM,
it is easy to derive the SVM methods which are equivalent to
RCMV-CBM1 and RCMV-CBM2.

APPENDIX

The coefficients “a,” “b,” and “c” can be calculated by com-
bining (21)—(24), then the coefficients under three methods are
listed as follows.

For generalized CBM
572 M?
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where § = wt, k (k = 1, 2,..., 10) is the sector number of the

desired output voltages, which can refer to Fig. 2, and sign;, =
1,k=1,3,5,7,9
—1,k=2,4,6,8,10"
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