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Two-Segment Three-Phase PMSM Drive With
Carrier Phase-Shift PWM for Torque Ripple
and Vibration Reduction

Xun Han, Student Member, IEEE, Dong Jiang
Ronghai Qu

Abstract—This paper presents a two-segment motor system
powered by two inverters with phase-shift pulsewidth modulation
(PWM) to fulfill the purpose of low-torque ripple and vibration
noise. Different from conventional multi-inverter structure, the in-
verters for this type of machine are electrically isolated between
each other. First, the concept of multisegment machine is presented
and the basic operation principle is analyzed with finite-element
analysis (FEA) method. Then vibration caused by the switching
device in machine is investigated and the control model of a two-
segment motor is developed. Further, the principle of carrier phase-
shift PWM is illustrated with the vibration analysis. Carrier phase
shift can generate interleaved torque and force on the rotor for
the two groups of windings in the machine and cancel each other
for certain harmonics. Then simulation of control strategy for this
type of machine has been done in MATLAB. Finally, based on
the concept and principles mentioned before, a two-segment motor
with its drive system is fabricated. Both the test of torque ripple
and the vibration of the motor have been significantly improved.
Compared with a normal three-phase motor driven by a paralleled
inverter with interleaving, the proposed approach is with compara-
ble vibration reduction but without using extra coupled inductors.

Index Terms—Carrier phase-shift pulsewidth modulation
(PWM), torque ripple reduction, two-segment motor.

I. INTRODUCTION

UE to the superior performance of rare earth permanent-

magnet (PM) materia, PM synchronous machines
(PMSMs) have been widely used in recent years. Apart from
power density and efficiency, torque smoothness is another
important criterion in many PMSM applications, including trac-
tion, machine tool, and power steering. Torque smoothness
issue has been extensively studied in literature [1]. Generally,
the torque pulsation of a PMSM consists of the inherent cog-
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ging torque and on-load torque ripple caused by distortions of
winding back EMF, current, as well as inductance [2]. From
the standpoint of machine topology analysis and optimal de-
sign, the current waveform is always assumed to be pure sinu-
soidal. Nevertheless, with the widely used variable-speed drive
of voltage-source inverter (VSI), the winding current harmonics
should not be ignored. In the PMSM drive systems, the space
vector pulsewidth modulation (SVPWM) technique is widely
employed, which may inevitably produce voltage and current
harmonics during the switching process [3], [4]. The current
harmonics consequently lead to high-frequency torque ripple
and deteriorate the output torque performance. Also, the torque
ripple caused by PWM is the main source for the motor vibration
and noises. In [5]-[7], some novel PWM techniques were pro-
posed to analyze and suppress the inverter-induced torque ripple.

In the large-scale PMSM system, the capacity of commonly
used single three-phase VSI may not be enough to power the
whole machine. Hence, inverters with parallel structure are usu-
ally used in this situation [7], as shown in Fig. 1. Technology of
carrier-wave phase shift has been studied in this multiconverter
application in recent decade, which is also called interleaving
[8]-[10]. By shifting a certain angle for the carrier waves in each
converter switching period, the current ripple and harmonics at
ac terminal can be reduced [11]. However, for the application
of interleaving in Fig. 1, output inductors are needed for each
inverter to control the circulating current between the two invert-
ers, which will increase the system volume and weight. Also,
the current rating of the three-phase windings is still high to
generate the rated torque and power for the machine. Previous
studies in [12] and [13] have compared different modulation
schemes for symmetrical six-phase drive and the cancellation
effect focuses on the current harmonics but not directly on the
motor’s torque ripple or vibration. In [14], vibration in dual
three phase is studied; however, the vibration elimination prin-
ciple with interleaving method is not clear.

In this paper, a system of two-segment three-phase PMSM
is provided to meet the requirement of high power and mit-
igation of torque ripple. The stator windings of this machine
are divided into two segments, with each segment fed by one
set of VSI, as illustrated in Fig. 2. Clearly, each inverter is
controlled independently to provide three-phase current for two
segments, respectively. The total power and torque are shared by
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Fig. 1.

Two-segment
motor

Fig. 2.

Schematic of two-segment PMSM drive.

the two segments of the stator windings, too. Different from the
paralleled structure of Fig. 1 for a regular three-phase motor, the
paralleling of two converters are directly through the machine
itself and no extra output inductor is needed. With the method
of interleaving, the phase of current ripple in each three-phase
winding can be shifted, thus making total torque ripple reduced.

The paper is structured as follows. First, the structure and
principle of the two-segment PMSM system is introduced in
part II. Then, vibration and torque ripple mitigation with PWM
carrier shift method is discussed in Section III. It is supported
by simulation in Section IV. Then, with a prototype motor drive,
experimental results are presented in Section V. Final conclu-
sions are summarized in Section VI.

II. OPERATION PRINCIPLE OF THE TWO-SEGMENT
PMSM SYSTEM

The method two-segment motor is induced here with the
comparison to the method of paralleled converters.

A. Conventional Paralleled VSIs Drive System

In the practical power transmission applications, modular
VSIs have been widely used to achieve higher power by building
modules. Normally, inverter paralleling is the primary method.
The simple system of two paralleled inverters has been shown
in Fig. 1, two paralleled VSIs are connected to a common ac
bus through output inductors, and the three-phase ac machine
is powered by two inverters simultaneously. The naming for
variables and devices are marked in the diagram. As mentioned
before, this structure can increase output power compared

to conventional single-inverter structure and with carrier
phase-shift (or “interleaving”) method, current harmonics in
the total current output side can be reduced a lot as well.

Through the double-integral Fourier analysis, taking phase A
for example, the output side single-phase voltage between the
ac terminal (e.g., point A1) and the dc-link midpoint (O) v410
can be expressed by a series of harmonics [15]. The frequencies
of harmonic components can be summarized as mw. + nwy,
where w, is the angular frequency of the carrier wave, wy is
the angular fundamental frequency of the voltage, and m and
n are the carrier and baseband integer indices, respectively.
Generally, the harmonic component of voltages v 1o and vp 20
corresponding to frequency mw,. + nwy can be expressed as
the following form:

va,0(m,n)(t)=Chy, cos[(mwe+nwp)t+mb.1 +nby+6,,,]
(D

V4,0 (m7 TL) (t) = Om, n COS[(me +nw0 )t+me(:2 —|—’I’L€0 + emn]
2

where C',,, is the harmonic amplitude; 6. and 6, are the initial
angles of the carrier and reference waves, respectively; and 6,,,,
is a constant value, depending on the system operation condition.

By phase shifting the PWM switching sequence of individ-
ual inverter at a specific angle, the total voltage ripple due to
PWM switching at the ac terminal can be reduced through se-
lected harmonic-current cancellation or reduction. However, in-
terleaving results in instantaneous voltage differences between
two modules in the output side, thus producing the circulating
current. It should be noted that because the fundamental com-
ponent v410 (0,1) is the same as v420 (0,1), the amplitude of
VAO fundamental T€Mains the same as Cyq, i.e., (3). The funda-
mental differential voltage between two inverters in phase A is
0 as expressed in (4), so the circulation does not contain the
fundamental component

VAO fundamental = 0-5(111410 (Oa 1) + VA,0 (07 1))
= Cl1 cosfwot + by + Oo1] 3)

VA, —A, fundamental = VA, 0 (07 1) - UA20(07 1) =0. (4)

Situation is different for harmonic components. Assuming
an angle shift of 6; by the VSI2 carrier, i.e., shown in (5), the
amplitude of the output voltage v40 harmonic 15 €xpressed in (6)
and the differential voltage between two inverters v 4o _differential
is shown in (7)

9(:2 = 9(11 + (gk (5)
VAO _harmonic — 0-5(UA10 (m7 Tl) + V420 (m7 n))
= Cpp cos(mby /2) cos[(mw, + nwy)t
+ m(ecl + 9/{/2> + ’I’L90 + emn] (6)
VAO differential = 0-5(UA10 (m7 ’I’L) — VA20 (m7 n))
= Chup sin(mby, /2) sin[(mw, + nwy)t

+m(0.1 + ek/2) + nby + emn]. (7)
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Fig. 3. Current-moving path in paralleled inverters with interleaving.
(a) Output component. (b) Circulating component.

In fact, the interleaving method to reduce ac-side current
harmonics is achieved through utilizing differential voltage
between v410 and vyo0. By setting 05 as a specific value in
(6), m, for instance, all odd-order switching-frequency harmon-
ics in average voltage between v410 and v420 will disappear
but turn up in the differential voltage counterpart. Therefore,
these differential voltage harmonics in (7) will inevitably bring
the circulating current between the two inverters. The current-
moving path for the output component has been illustrated in
Fig. 3(a); this current group mainly contains even switching fre-
quency harmonics and their sidebands. The current-moving path
for the differential component has been marked in Fig. 3(b); this
mainly contains odd switching frequency harmonics and their
sidebands. Generally, different specific order current harmonics
will be eliminated in the ac side with different 6}, thus reducing
the total harmonic distortion (THD) of the current. However, to
prevent excessive circulation damaging switch, large inductors
in ac side is indispensable. The value of inductors is designed
according to the limit of peak circulation, and there are many
papers concentrated on the inductors type [16], [17]. Neverthe-
less, no matter which inductors are selected, they will bring
extra hardware to the drive system, thus increasing the system
weight and volume. In addition, although the circulation is sup-
pressed, it still exists between two modules, decreasing system
efficiency.

B. Proposed Twwo-Segment PMSM

In ac machine winding theory, the concept of unit machine is
used to describe the machine’s minimum electromagnetic active
part. Essentially, an ac electrical machine can be regarded as a
combination of multiple repeating unit machines. The electrical
periodicity ¢, defined as the greatest common divisor between the
slot number Z and the pole pair number p, i.e., t = GCD{Z, p},
is commonly used to represent the number of unit machines
involved in a whole machine. Obviously, ¢ equals the maximal
value of achievable winding segment number.

Using the concept of unit machine, a multisegment machine
is developed. Each segment has been designed corresponding to
a unit machine. Based on this design, machine electrical ports
number will be doubled or even more, and paralleling inverters
are no longer necessary in this machine type. Because each mod-
ule is connected independently with others, it can be controlled
individually and the circulation path between modules that exist
in the paralleled inverters will disappear. Thus, output inductors
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(a) (b)
Fig.4. Anglebetween the 2 three-phase sets: (a) conventional dual three-phase

machine with a displacement (0 < x < 7/3) and (b) two-segment machine with
no displacement (k. = 0).

Fig. 5. Designed 0.9-kW, 12-slot, 16-pole PMSM topology.

are removed, and the volume of the drive system is decreased;
correspondingly, power density and efficiency are improved.

The winding arrangement for a multisegment machine is an
important part for the machine performance. A typical two-
segment machine is a dual three-phase machine [14], with two
groups of windings. For the dual three-phase machine, the three-
phase sets are shifted by the angle x(0 < xk < 7/3) to suppress
back-EMF low-frequency harmonics, shown in Fig. 4(a). How-
ever, the winding phase shift will bring the different fundamental
current in two groups of windings and make the control to be
complex for torque ripple reduction. Different from conven-
tional dual three-phase machine, the electrical angle of two sets
windings in a two-segment machine has been kept the same,
as it shows in Fig. 4(b). In order to avoid the magnetic circuit
coupling between modules, as mentioned in [19] and [20], the
two sets windings are placed in different slots in two semicir-
cles in the stator. As a low-power prototype for performance
verification, the d- and g-inductances are relatively small. But
back EMF will be kept with the same phase for two groups of
windings.

In order to develop the phase-shift PWM method for two-
segment machine and validate the result, a prototype machine
has been designed. As shown in Fig. 5, a 0.9-kW, 12-slot, 16-
pole PMSM with double-layer windings has been designed to
serve as a two-segment machine. The star of slots for the 12 coils
is illustrated in Fig. 6, with each phase sharing four identical slot
vectors. For the PMSM system in this paper, the two-segment
winding is adopted by configuring connection of 12 coils, as
shown in Fig. 7. It should be noted that there is no electri-
cal connection between the two winding segments. Some key
parameters of the designed machine are listed in Table 1.
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Two-segment motor

Fig. 7. Winding connection of the 12 coils.

TABLE I
KEY PARAMETERS OF THE DESIGNED PMSM

Item Item
PM flux linkage 0.023 Wb
d-axis inductance 0.45 mH
g-axis inductance 0.45 mH
Phase resistance 02Q
Rated rotation speed 1000 rpm
Rated line voltage 375V
Rated line current 17 A
Rated torque 8.3 Nm
DC link voltage 5V

The no-load flux contour plot of the designed machine is
calculated through finite-element analysis (FEA) and shown in
Fig. 8. From the flux distribution in the stator part, it can be
clearly seen that the electrical periodicity ¢ = 4. The back EMF
of the six-phase windings are shown in Fig. 9, and the corre-
sponding phases are with exactly the same real-time waveforms.
Hence, the volt—second characteristic of the two VSIs should re-
main the same in any subcycle, and the fundamental voltage and
current waveforms of any two corresponding phases (e.g., Al
and A2) should remain exactly the same, respectively. Fig. 10
shows the flux distribution of the machine when phase Al is fed
with the rated current and A2 keeps in open-circuit condition.
From the picture, it can be seen that there is only weak mag-
netic coupling between Al and A2 and the mutual inductance
is thereby much lower than the self-inductance. The numeri-
cal FEA result shows that the self-inductance is 0.293 mH and
the mutual inductance between Al and A2 is 0.0343 mH, only
~11% that of self-inductance, which indicates that the cross-
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Fig. 8. Flux contour plot of the designed machine.
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Fig. 9. Back-EMF waveforms of the six-phase windings.
Fig. 10.  Armature reaction of the winding A1.

coupling effect between the two modules can be neglected. The
windings of two segments can be controlled independently and
only coupled in the electromagnetic torque in the rotor. This is
the basis of the proposed control method.

Moreover, the rotor skewing and the magnet shape optimiza-
tion have been applied to minimize the cogging torque and
torque ripple in the machine design process. Fig. 11 shows the
cogging and torque ripple waveforms under rated current, from
which it can be seen that the peak-to-peak value of torque ripple
has been reduced to ~0.09 N-m when the machine is fed with
pure sinusoidal phase current. The carrier phase-shift method is
to deal with the torque ripple caused by the switching current
ripple, which is apart from the torque ripple caused by the ma-
chine itself. With this prototype machine, the torque ripple and
vibration reduction effect caused by carrier phase-shift method
can be seen more clearly.
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Fig. 11. Cogging torque and torque ripple waveforms.

III. PHASE-SHIFT PWM FOR THE TWO-SEGMENT
MOTOR DRIVE

Based on the proposed two-segment machine in Section II,
the torque-ripple-reduction-oriented phase-shift PWM method
is analyzed and developed in this section.

A. PMSM High-Frequency Vibration Analysis

Generally, the high-frequency electromagnetic vibration in
PMSM can be divided into radial and tangential vibration, re-
spectively. They are caused by the fluctuation of the radial elec-
tromagnetic force and tangential electromagnetic force in the
motor. The tangential force is determined by electromagnetic
torque of the machine, which is well formulated with current.
Apart from the tangential force, the radial electromagnetic force
is also impacting the vibration of the machine and may be with
even bigger effect and be the main source of motor vibration.
The following section will focus on the analysis of radial elec-
tromagnetic vibration.

To analyze vibration, it is necessary to start from the air gap
magnetic field since the air gap magnetic field is the medium
of electromagnetic force. As mentioned in [21], air gap flux
density is a function of changing space position 6 and time
t, which can be regarded as the sum of two parts (8): one is
Bpy, represents the flux density generated by PM; the other is
Byinding, represents the flux density generated by the machine
stator winding current

Ba‘ir,gap (6)7 t)

Ignoring the saturation condition, the flux density can be
expressed as the product of the air gap MMF fir 5ap (6, 1) and
the air gap permeance A(0, 1)

= BPM (9, t) + Bwinding (97 t) (8)

Bair,gap (07 t) = fair,gap (07 t)k(@, t)- 9

Considering the factors of stator slotting and supposing the
rotor surface is smooth, the air gap permeance can be written as
(10), where Ay is the average permeance amplitude of § air gap
length, Ay, is the amplitude of k-order harmonic permeance, and
Z is the stator slot number

= Ao+ Z Ay cos(kZ,0).
k=1

) (10)
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When the machine is driven by a PWM inverter, the air gap
MMF is divided into three parts in (11): f(6, f) is the magneto-
motive force contributed by rotor PM, f, (6, t) is contributed by
the fundamental current of stator winding, and f;, (6, t) is con-
tributed by high-frequency harmonic current [22]. The subscript
v means the harmonic orders of armature winding field and A
means the harmonic orders of high-frequency current ripple

Faiaap(0,8) = FO,8) + D fu(6,0) + Y fu(6,8). (1)

Further, the air gap MMF can be expressed as the following
form:

fairgap (6, 1) ZF cos(pwit — pb + 1) +ZF cos(wr t

I

— O+ 902)4-2 ZFh cos(hwit — v8 + 3)

h v

12)

where F), represents the y-order MMF amplitude contributed
by rotor PM, F), is the v-order MMF amplitude contributed
by the fundamental current of stator winding, and Fj}, is the h-
order MMF amplitude contributed by high-frequency harmonic
current. p is the number of pole pairs of the machine and ¢,
(2, and 3 are the initial phases.

Substituting (10) and (12) into (9), the air gap flux density is
obtained as

B‘nr g'Lp 0 t Z AU COS ,uwlt — ‘LL9+(p1)

+Z F, Ap cos(wit — v0+ps)

v

+Z Z Fy, Ay cos(hwit — v8+p3)

h v

1
+ZZ§F“A"' coslpuw t—(utkZ)0+ 1]
nok
1
+> ZiFyAk coslwit— (v & kZy)0+ o]
v k

+Z Z Z %FhAk cos[hw t
h v k

— (v £ kZ))0+ p3). (13)

According to the Maxwell stress equation, the analytic for-
mula of the radial electromagnetic force p, in the air gap of
PMSM can be expressed as

B i gap (0, 1)
240 .

The formula expansion is very complicated, which is not
listed here. The interactions between the high-frequency har-
monic current field and field of the PM, the high-frequency
harmonic current field and fundamental magnetic field of arma-
ture current are primary components of p,.. The frequency of
these electromagnetic force harmonics is mainly concentrated
on the switching frequency and its multiples. The cancellation

pr = (14)
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of torque harmonics is associated with the cancellation of radial
force and thus reducing the machine vibration together.

B. Torque Ripple Analysis and Reduction

Like the conventional paralleled drive system, the output
phase voltage of two-segment motor drive system is expressed
as (1) and (2) according to the double-integral Fourier analysis.
Correspondingly, the analytical formula for three-phase output
current can be derived as (15), (16), and (17), where C/ . is
the harmonic current amplitude, ¢ is the power factor angle. It
can be seen that since the phase voltage contains components of
carrier-wave frequency harmonics, and, in turn, these frequency
harmonics will result in three-phase current harmonics. In fact,
these (mw. + nwy) order current harmonics contribute greatly
to high-frequency vibration noise. Through current harmonics
components analysis in PMSM drive with SVPWM modulation
strategy, it can be concluded that the main phase current harmon-

ics concentrate on the first and the second switching frequency
and their sidebands

ia1(m,n)(t) = C",, cos[(mw. + nwy)t + mb,

+nby + 0n +§0] (15)

ip1(m,n)(t) = C! . cos

mn

[(mwc + nwy )t

2
+mb,. +n <90 — gw) + 6,0 + cp] (16)

ic1(m,n)(t) = C.,, cos [(mwc + nwg)t + mé.

2
+n (90 + gﬂ-) + emn + QO:| .

With the linear model of PMSM, the high-frequency torque
ripple expression can be determined. First, the three-phase cur-
rent harmonics can be turned into rotor reference frame by
Park transformation (18), where 6, is the rotor position. Then,
the torque ripple in the surface-mounted PMSM is deducted as
(19), where W is the flux linkage produced by PMs

(id(m, n)(t))
ig(m,n)(t)

2 2
cost, cos (96 — g?‘f‘) cos (96 + gﬂ')

A7)

. (0.~ a0+ )
x| i (m,n)(t) (18)
ic(m,n)(t)

3 3
Te= §p¢fiq = :|Z§p'1/)f O sin|(mwe + nwo )t + mé.

+nby + 0,0, +‘:0:|:06]- (19)

The amplitude of switching frequency current ripple is
generally dominated by both modulation ratio and torque angle,

2" switching frequenc

=
»

Harmonic Current Amp\'\md:./ A
523 %8 %

RO

Fig. 12.  Harmonic current calculation result in the full operation range.

orque ripple of 2
frequency

=
= < 2
= =

Torone YIppLe N

=
=
T

Fig. 13.  Torque ripple result in the full operation range.

which are further determined by motor speed and load condi-
tion. The curved surfaces of the g-axis harmonic current versus
motor speed and load, calculated from the double-integral
Fourier analysis, are illustrated in Fig. 12, along with the torque
ripple illustrated in Fig. 13. It can be seen that both the main
component of g-axis current and the torque ripple harmonics in
rotor frame concentrate on the second switching frequency har-
monics and its sidebands. Therefore, the main target of torque
ripple reduction is second switching frequency harmonics.

For the two-segment motor mentioned before, when control
instruction for the two inverters are the same, the terminal phase
current for the two groups of windings will also be the same, in-
cluding the fundamental and switching harmonics. In that case,
the torque harmonics generated in two segments will be the
same and the total torque ripple are these two parts added as
a scalar function, similar to conventional PMSM. However, in-
spired by interleaving method in paralleled inverters, if one of
the two inverters carrier phase is shifted by an angle A§ = 27 /4,
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Fig. 15. Total torque harmonics (two-order switching frequency).

(a) Without carrier phase shift. (b) With carrier phase shift.

as shown in the Fig. 14, the corresponding phase output volt-
age and current harmonic of this inverter will have a phase
shift m - A# in the initial phase term compared to the nonshift
one. The expression of phase voltage, current, and torque are
rewritten from (20) to (23). As a result, the amplitudes of sec-
ond switching frequency torque harmonics generated by two
segments, respectively, remain the same but phase is shifted =
exactly, which is shown in Fig. 15. By vector summation (23),
the second switching frequency harmonic and its sidebands in
the total torque ripple will be eliminated completely and other
order harmonics will also have an attenuation simultaneously,
thus greatly smoothing the output torque. Similarly, the radial
magnetic force will also have this kind of cancellation of har-
monics and improve the vibration together with the reduction
of torque harmonics

Vo (m,n)(t) = Cpp cos|[(mw. + nwy )t +m(0. + AO)
+nby + O (20)

cos[(mw. + nwy )t + m(6, + Af)
+nby 4 0mn +]  (21)

ia(m,n)(t) =C!

mn

3 .
T, shite = §p1/1f ! sin|(mw, + nwo )t

+m(0. + AO) + nby + O + ¢ £ 0,]
(22)

Te,tntal - Te + Te,shift- (23)

C. Drive System Structure

The single unit of drive system structure is shown in
Fig. 16(a), which is with normal three-phase VSI structure.
The full system is depicted in Fig. 16(b). The motor is driven
by two drive units to generate the required torque. Each group
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Fig. 16.
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Two-segment motor drive architecture. (a) Single unit. (b) Full

of windings is excited independently with symmetrical three-
phase voltage by VSI. Clearly, ignoring the magnetic coupling
between two sets of windings, the mathematical model of each
unit machine is identical with a regular PM machine. The d—q
axis flux and voltage equations in the rotor reference frame can
be written as (24) and (25)

wdk Ldk 0 idk ’d}f
= + 24
lqu‘| l 0 Lq;{.‘| iqk"| [0 ] ( )
Uar, Ry 0 Tdk N dipgy, [ dt
qu 0 Rs iqk dqu /dt
_W'r"(/)qk
+ 25
wrthak ] (25)

where the subscript k stands for any unit of the machine (e.g.,
k=12), Yy, \Iqu, Tdk» iqk, Uy, and qu are the d—g axis
flux linkages, currents, and voltages, respectively. Ry is the
resistance per phase. w, stands for the electrical angular speed
of the rotor.

Since the prototype machine is designed as surface mounted
PMSM, in this paper, i; = 0 vector control strategy is adopted.
The whole control block diagram is shown in Fig. 17. It is with
one speed controller in the outer loop and two current controllers
in the inner loop. Speed controller gives g-axis current reference
in the rotor reference frame and is divided equally into two
parts as the current references of each unit controller input. Two
current controllers work independently to generate the three-
phase voltage duty cycle of the corresponding phase.

It should be noted that for the major second-order harmonics
torque ripple cancellation, carrier-wave phase has been shifted
with 0.257, as shown in Fig. 18. The switching signal can be
obtained through the comparison between the duty cycle and
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the carrier. Then these phase-shifted switching signals are given
to two inverters to drive the motor.

IV. SIMULATION RESULTS

Based on the derived model of a two-segment motor in Sec-
tion III, a simulation model of a two-segment motor has been
developed in Simulink, with ¢; = 0 vector control strategy and
PWM phase-shift modulation method. The motor is driven by
two converters with 5 kHz switching frequency.

Figs. 19 and 20 show the contrast of current and torque ripple
produced by two units, respectively, in two switching cycles. It
is obvious that the current ripples of two inverters are nearly
out of phase and hence result in the torque ripples nearly out of
phase. Fast Fourier transform (FFT) analysis of torque ripple has
been done in Fig. 21 for the two units, with both amplitude and
phase. It can be verified that the major component of the torque
harmonics is the second-order harmonic of switching frequency
(10 kHz) for either of the unit. With the proposed phase-shift
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shift. (a) Unit 1. (b) Unit 2.

PWM, the 10-kHz torque amplitudes of the two units are nearly
the same, approximately 5% of the average torque (dc value).
However, the phases for the torque component in two units are
180° shifted at 10 kHz, which are —120° in unit 1 and 60° in unit
2. Adding them together, the 10 kHz components are opposite
with each other. Fig. 22 shows the total torque harmonics for the
case before and after phase shift. When there is no phase shift in
PWM, the 10-kHz torque components in two units will be with
the same phase and amplitude and the total torque harmonic is
about 5% of the average torque. With the proposed phase shift,
the 10-kHz torque components in two units will be of the same
amplitude but opposite phase, and the total torque harmonic is
nearly zero. Consequently, the total torque ripple at 10 kHz will
be cancelled in comparison with the case before phase shift and
other frequency harmonics will have a decrease too.
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Fig. 23.  Stator of the prototype.

Fig. 24.  Rotor of the prototype.

V. HARDWARE AND EXPERIMENTS

According to the optimal designed PMSM topology, a pro-
totype PMSM with two segments has been fabricated, with the
stator and rotor shown in Figs. 23 and 24, respectively. It can
be seen from Fig. 24 that a two-segment rotor skewing has been
adopted to reduce the cogging torque and torque ripple from the
standpoint of machine design. To validate the forgoing analysis,
experiment has been done based on DSP of TMS320F28335
from Texas Instrument and two integrated power-module-based
converter. The experimental platform is shown in Fig. 25. The
motor is driven with 5 kHz switching frequency at 0.6 of the
rated speed and load.

Fig. 26 shows the phase current between two units, including
the full-scale and enlarged details in few switching cycles. In

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 34, NO. 1, JANUARY 2019

‘ . Vibration analyzer
=\

E

l(}nllm cope [ 1 cilascope (Y

\égﬁ ‘M1 tester

Tiwo-segment motor Torque transducer |

(b)

. Magnetic power brake

Fig. 25.
bench.

Experimental platform. (a) Drive system of the machine. (b) Test

Fig. 26(a), when carrier phase has not been shifted, current ripple
in two units are nearly the same. But in Fig. 26(b), when carrier
phase has been shifted, current ripple in two units are close to
each other, validating the assumption that the two units share
the same current and average torque. With the enlarged details,
it can be seen that current harmonics phases have been shifted
by 1/4 of the switching cycle. Because the major component of
the current harmonic is the second order of switching frequency,
the current ripple in two units is close to opposite values.

Contrast of electromagnetic torque ripple before and after
carrier-wave phase shifting is illustrated in Fig. 27. Itis clear that
the average torques before and after phase shifted are nearly the
same but the high frequency torque ripple after phase shifted is
significantly reduced by less than 20% of the case before phase
shifted. To further prove the effectiveness of the carrier-wave
phase shift method, EMI test of the dc bus current has been
done with Rohde & Schwarz EMI analyzer. The test result is
illustrated in Fig. 28, which shows the noise of switching has
been greatly attenuated after carrier-wave phase shift, which is
similar with the paralleled inverters with interleaving.

FFT analysis of torque ripple is shown in Fig. 29. Without
carrier phase shift, the main torque harmonic is the second-
order harmonic of the switching frequency, which is with 6%
of the rated torque value. With carrier-wave phase shift, the
main harmonic of torque ripple, which is concentrated around
the second order of switching frequency, is nearly eliminated
and the whole torque ripple is decreased by 6% of the rated
torque. To further validate the benefit for vibration and noise,
motor vibration test has been done by vibration facility of Pulse
Labshop from Bruel&Kjar. Experimental results are shown in
Fig. 30. The vibration parameters are also dominated by the
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components near 10 kHz when there is no carrier phase shift.
With carrier-wave phase shift, the vibration amplitude near
10 kHz has been significantly reduced and the noise of the
drive system has been also improved obviously.
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To illustrate the superiority of the method mentioned earlier,
an experiment of an equivalent regular three-phase PM machine
driven by two paralleled inverters has been conducted for com-
parison. The machine is with the same rotor and stator with
the two segments machine in Figs. 23 and 24. But the wind-
ing connection is to form a regular three-phase PM machine.
It should be noted that to reduce the phase current harmonics,
the phase-shift PWM method has been applied here and the
switching sequence of the two inverters are differing from each
other. Therefore, coupled inductors are needed to inhibit the
circulating current between different inverters. Fig. 31 shows
the connection of paralleled inverters, coupled inductors, and
motor for comparing experiments. The value of the inductance
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determines the peak value of the circulating current. In this ex-
periment, the circulating current is suppressed by less than 10%
of the phase output current peak value. The motor is also driven
with 5 kHz switching frequency at 0.6 of the rated speed and
load. Compared with the architecture in Fig. 25, three extra
coupled inductors are needed for the setup in Fig. 31.

From the experimental results in Fig. 32, the circulation is
suppressed to less than 8% of the phase current peak value.
Vibration test results are shown in Fig. 33. Similar to the vi-
bration results in Fig. 30, with carrier phase shift, the vibration
amplitude near 10 kHz has been significantly reduced. From
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experimental results, a two-segment motor can suppress high-
frequency vibration while saving three coupled interface in-
ductors compared to paralleling inverters method. The power
density and efficiency are improved.

VI. CONCLUSION

Two-segment motor system can meet the requirement of high
power and reduce torque ripple simultaneously. This paper gives
a study of this motor and its drive system. Based on the operation
principle of the two-segment motor system, the precise theory
of torque ripple reduction of this motor is developed. Then,
the control strategy of this machine is illustrated together with
simulation and experimental results for validation. Here, few
conclusions can be derived:

1) With the two-segment motor, it can be driven by two
regular inverters to equally share the average torque and
power.

2) By adjusting the phase-shift angle between the carriers
in two inverters, certain torque ripple can be theoretically
cancelled for the whole drive system.

3) With the simulation of full operation of the prototype, it
can be determined that the dominating torque harmonic is
near the second order of switching frequency. By phase
shifting of 1/4 of the switching cycle in the carrier, this
component can be significantly reduced.

4) Simulation and experiment have been completed with a
prototype motor drive system. The FFT analysis of torque
ripple and online vibration test results have validated this
method effectiveness.

5) Compared with conventional three-phase machine driven
by paralleled inverters with phase-shift PWM, the torque
ripple reduction capability of the two-segment motor with
phase-shift PWM is similar. But for the proposed two-
segment machine, there is very little coupling between
two inverters and no coupled inductors are needed for
circulating current control, the system power density is
increased, and cost is reduced greatly. It can be a good
candidate for electrical propulsion technology.
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