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Abstract—The circulating current harmonics are inherent disad-
vantages of dual three-phase machines, resulting in additional cop-
per losses, severe current distortions, and high switching ripples.
Traditional strategies offer many methods to suppress low-order
current harmonics but pay little attention to the high-frequency
harmonics and the performance improvement over one pulsewidth-
modulation (PWM) cycle. Because of the ability of model predictive
PWM (MPP) technique to predict real-time current ripples, this
article proposes a variable switching sequence PWM (VSSPWM)
strategy to optimize the current harmonic in a PWM period. The
proposed method derives current ripples to predict real-time tra-
jectories and root-mean-square (rms) values of current harmonics.
By this means, VSSPWM can be implemented based on the enumer-
ation and evaluation of all admissible switching sequence patterns.
The cost function is designed to evaluate the rms current and
select the optimal switching sequence. Simulation and experimental
results have verified the effectiveness of the proposed strategy that
VSSPWM can provide good high-frequency current harmonics
suppression performance.

Index Terms—Circulating current harmonic, high-frequency
suppression, multiphase drives, prediction, pulsewidth modulation
(PWM).

I. INTRODUCTION

N THE past two decades, dual three-phase machines, or
I asymmetrical six-phase machines, have received extensive
attention since they can offer many important advantages when
compared with conventional three-phase counterparts, such as
fault-tolerant capability, low torque ripple, low vibration, and
low dc-link current ripple [1], [2]. Dual three-phase machines
are applied in high-power and high-reliability areas, such as
electric vehicles, ship pulsations, and more-electric aircraft [3].
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Fig. 1. Category of circulating current harmonic suppression methods for dual
three-phase machines.

The dual three-phase machine has a drawback that there are
circulating current harmonics flowing in the stator windings.
These circulating current harmonics are mapped into the x — y
subspace according to the vector space decomposition (VSD)
theory, which are known as the 6k + 1th (k = 1,3,5,...) har-
monics [4], and they are not involved in the electromechanical
energy conversion but cause extra copper losses and the degra-
dations of total harmonic distortions (THD). The circulating cur-
rents also lead to the unbalance within phase currents according
to the work presented in [5]. Besides, when the order of the
circulating current harmonic is near the switching frequency, it
brings in severe machine high-frequency vibration and noise [6].
These high-frequency current harmonics will be inevitably large
because the impedance in the x — y subspace only consists of
the stator resistance and the leakage inductance [7].

The previous circulating current harmonics suppression
strategies, which can be summarized as the first three groups
in Fig. 1, pay lots of attention to the low-order z — y current
suppressions. The first group of approaches is to add harmonic
filter or modify the winding structure to reduce the current
harmonics [8], [9], but this kind of method will increase the
complexity and cost of the drive system. The second group is
to use current harmonic regulators. The proportional—integral
(PI) regulator and proportional-resonant (PR) regulator have
been used for the control of x — y current in a synchronous
or stationary reference [4], [5], [10]. The disturbance observer
has also been used for the current harmonic suppression, which
has both good robustness and steady-state performance [2].
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However, current harmonic regulators cannot control the
high-frequency current harmonics, whose frequencies are
usually far greater than the control frequency. The third group is
to use the pulsewidth-modulation (PWM) strategy to suppress
current harmonics by making the x —y volt—second value
zero [11]-[15]. This kind of strategy includes modulation
methods such as four-vector PWM (FVPWM), double zero
sequence-injection PWM (ZSPWM), 24-sector space vector
PWM (24-Sector PWM), and so on. Since this kind of method
is based on the principle of zero volt—second value in one PWM
period, it can only suppress low-order current harmonics, but
cannot improve harmonic performances within the PWM cycle.

In order to suppress the high-frequency current harmonics
near the switching frequency, this article proposes a variable
switching sequence PWM (VSSPWM) strategy based on the
model predictive PWM (MPP) theory as the fourth group of
suppressing approaches depicted in the blue box in Fig. 1. MPP
is a technique based on the real-time prediction model of related
physical quantities, which can make full use of PWM freedom
to effectively improve the modulation performance [16]-[18].
Jiang and Wang [16] proposed the current ripple prediction
method for voltage-source inverters (VSI), which can calculate
the current ripple trajectory in real time. Yang et al. [17] used
MPP to predict dg-axis current ripples in the three-phase rotating
system. Considering the excellent characteristics of MPP, if the
circulating current harmonics can be predicted, the switching
sequence of the dual three-phase VSIs can be optimized in real
time. Thereby, the current performance in one PWM cycle can
be improved, even further the dc-link current ripples can be
optimized [18].

The rest of this article is organized as follows. In Section I,
the circulating current prediction model is proposed, and the
contributions of the two sets of windings to the circulating cur-
rent harmonics are analyzed. In Section II, based on the current
prediction model, the circulating current prediction method and
the VSSPWM strategy are proposed in detail. In Section III, the
proposed strategy is implemented in a dual three-phase drive
through MATLAB/Simulink, and the steady-state performance
is compared with the classical FVPWM method in detail. In
Section IV, the experimental results are given to verify the
superiority of the proposed VSSPWM, and the performance in
the dynamic process is also analyzed. Finally, the conclusions
are drawn in Section V.

II. CIRCULATING CURRENT PREDICTION MODEL

The power circuit of the dual three-phase permanent-magnet
synchronous machine (PMSM) drive is shown in Fig. 2. The
neutrals of the two sets of windings abc and uvw are isolated
to avoid the appearance of the 3kth, (k = 0,1, 3,5, ...), current
harmonics.

The synchronous frame quantities can be obtained from the
stationary phase quantities using the VSD theory in [19] as

F, =Tysp - Fs (1)
where

Fr = [FdandezanmFolaFoﬂT
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Fig. 2. Power circuit of the dual three-phase PMSM drive.
FS:[F(Lva7FC7EL7E)7Fw]T (2)

and F' stands for machine voltage v, current ¢, and flux linkage
A. The d- and g-axis are the synchronized frame transformed
from - and (-axis stationary frame, dz- and gz-axis are the
synchronized frame transformed from z- and y-axis stationary
frame, and o1- and 02- are the stationary frame containing zero-
sequences [19]. More details about VSD theory are given in the
Appendix.
The VSD transform matrix in (1) can be expressed as

qul(e) quZ(Q)
Tysp(0) = |Taqz1(0) Tagz2(9) 3)
Tol To2

where 6 is the electrical displacement of the d-axis from the a
winding magnitude axis, and

! [ cos(0) cos(f — 4a)  cos(f — 8a)
Tan (9) = \/; —sin(0) —sin(0 —4da) —sin(f - 804)1
1 - cos(f) —cos(d —4a) —cos(f — 8a)
Taq=2(0) = 3 | sin(0) sin(f — 4a) sin(f — 8«) ]

Taq2(0) = Taq1(0 — a), Tagz2(0) = —Taqz1(0 — a)
1111 1o 0 o0
To = 5 7To = 5
1 310 0 o} 2 \/;L 1 1]
“4)

where a = 7/6, and the subscripts 1 and 2 stand for abc and
uwvw windings, respectively.
Therefore, the dz- and gz-axis quantities are calculated as

quz = quzl + quz2

F, Fy,
Fi1+ Fy.
= [T Ty (0) | By |+ Tagea(0) | F,
qul + qu2 F r
Q)

where quz = [Fdvaqz}T’ and quz(n) = [Fdz(n)anz(n)]T’
(n=1,2).
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Further, (5) can be rewritten as

Fy
Fdzl Fb
qul _ quzl(e) 02><3 Fc (6)
Fyzo O2x3  Tuqz2(0)| | Fu
qu? Tyq= (9) Fu
L Fw
The voltage equation in the natural frame is expressed as
. di,  dr.(6)
r — Rr r Lri 7
v et Lo+ — (N

where R, is the stator resistance and L,. is the stator inductance,
which can be expressed as

L11
M21

M12

L =
" Lo

®)

where Lq1 and Loo are the inductance matrices within the two
sets of windings, and M5 and M3, are the mutual inductance
matrices between the two sets of windings. A more detailed
description of these inductances can be found in [20].

Applying (6) to (8), the resulting inductance matrix Lgq.,
related to the two orthogonal dz1 — ¢z1 and dz2 — ¢z2 frames,
can be calculated as

quz = quz (0) . Ls . quZT(e)

Lg1 0 Mg.12 0
o 0 qul 0 qulQ (9)
Mgo1 0 L2 0

0 quZl 0 qu2

with
Laz1 = Laz2 = Lso + Ls2/2 — Mgo + Mo
Lyt = Lgzo = Lgo — L2 /2 — Myo — Mo
Maz12 = Maz21 = =3 (Mmo + Mym2) /2

qulQ - qu21 =-3 (MmO - MMm2) /2 (10)

where Ly and Lgo, My and Mo, M,,o and M, > are the aver-
age values and second-order amplitudes of the self-inductance,
mutual inductance within one set of windings, and mutual in-
ductance between two sets of windings, respectively.

According to the work presented in [17], the voltage or current
F during one PWM cycle consists of the average component F'
and the ripple component A F', which can be expressed as

F=F+AF. (11)

Substituting (11) into (7), the voltage equation is shown as

= d -~ d\,.(0
(Tr + Avy) = Ry (8 + Ady) + Lrﬁ (ir + Aip)+ di ) )
(12)

Hence, the equations of the voltage average and the voltage
ripple can be obtained, respectively, as follows:
di,  dr.(0)

77‘:Rr7’7‘ L'ri
v 1p + 7t + ar

13)

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 35, NO. 5, MAY 2020

dAi,

A r = TA"I" L’!‘
v R A%, + 7t

(14)

By ignoring the voltage drop on the resistance in (14), the
voltage ripple equations can be expressed as

dAi,

Av, = L,
v dt

5)

Applying (6) to (15), the voltage equation is rewritten as

Lix  Mia2 d ..
quzA'U'r = quz My, Lao quzT . quz %Azr-
(16)
Substituting (9) into (16), the result can be calculated as
Avgzy Lgz1 0 Mgzo 0 Aigz
AUsz _ 0 qul 0 Mq212 i Aisz
Aqul B MdzZl 0 Ldz2 0 dt A7f.qzl .
AquQ 0 Mq221 0 quQ Aiqu
)

Finally, the circulating current ripple slope is obtained as

Nigy]  [HE2 0 Eg2 0] [Avan
. Lg.2 Myz12
i Aldzg _ MO Ky LO K, Avdzg
dt Azqzl 7_”1’22 0 7‘1’211 0 A’qul
. Moo Ly
AZqu 0 77(}(2 0 Ky AUqZQ
(18)
where
2
Ky =Lg1Laz2 — Mg,
2
Ky = Lg1Lg.0 — qu12~ (19)

It can be seen from (18) and (19) that the voltage ripple of
the corresponding set of windings (1 or 2) only affects the dgz
currents with the same number, and the greater of the two sets of
windings’ coupling, which means the greater M .12 and M .12,
the more significant the effect of this voltage ripple.

III. VSSPWM FOR CIRCULATING CURRENT CONTROL
A. Basic Principle

The VSSPWM is a strategy for optimizing the switching
sequence of a basic modulation method, which can be FVPWM,
ZSPWM, 24-Sector PWM, etc. After VSSPWM adopts a cer-
tain basic modulation strategy, the vectors participating in the
modulation and their active time can be determined, and the
number of admissible switching sequences is finite when several
design principles are followed. Then, at each sampling instant,
the possible switching sequences are enumerated, and the cor-
responding modulation performance during this whole PWM
cycle could be predicted. A cost function is designed to evaluate
the modulation performance of each prediction, and the one that
yields the minimal cost is selected. The flow diagram of the
VSSPWM strategy is shown in Fig. 3.
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Fig. 3. Flow diagram of the FVPWM-based VSSPWM strategy.

B. Circulating Current Prediction

Based on the circulating current slope model (18), the circu-
lating current ripple can be predicted in real time. Because the
average value of the circulating current is zero, the circulating
current ripple refers to the circulating current itself.

In Fig. 2, m is the midpoint of the dc-link voltage. The inverter
pole voltage v, (i = a ~ w) has two values, i.e., Vg./2 and
—Vie/2, which is decided by the switching state. Thereby, the
pole voltage can be decomposed into the average component
Tim and the ripple component Av;,,.

Since v;,, can be decided with the duty-cycle D;, (t = a ~
w) of the inverter leg, i.e., U;y, = (2D; — 1)V /2, the voltage
ripple can be computed as

A %C/Q_Eim :%C(l—Di), if S; is ON
Vim =
_Vdc/2 — Ui = _‘/(icDi7 if Si iS OFF.
(20)

Applying (6) to (20), the voltage ripple can be obtained as

A'quz12 - quz(G)AUsm (21)

where
_ T
A'quzlz - [Avdzb Aquh Avdz27 Aqu2]

A'vsvn = [Avama A'me; A/Uc7n7 A'Uuma Av'urru Ame]T .
(22)
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Fig.4. iq44. prediction process in one PWM cycle for a general PWM pattern.

Consequently, by using (18) and (21) the circulating current
slope can be computed. The dgz-axis current is the sum of
the dqz1- and dgz2-axis currents, which can be obtained by
integrating the current slopes with time. The calculation of ¢4,
is shown as

Z.dqz = Z'dqzl + Z.dqz2 - § tly

i dAidqz(n)
dt

n=1,2 \ j=1 J
(23)
where Aidqz(n) = [Aidz(n)7Aiqz(n)]Ta (n=12), j, =
1,2,...,13), is the number of the vector sequence in one PWM

cycle, and ¢; is the active time of the corresponding vector.

The circulating current prediction procedure is illustrated in
Fig. 4 for a general PWM pattern of dual three-phase machine
drives. The y;, (7 = 0,1, ..., 13), is the peak value of the current
ripple, which can be calculated with (23). Since the average value
of 14, is zero, Yo and y;3 both equal to zero. Based on the (23)
and Fig. 4, the root-mean-square (rms) value of the circulating
current can also be predicted, which is calculated as

. 1 13
lrms = \/3,1—' Zj:l tj (yjz—l + YiYj-1 + yj2> (24)

where 71,5 can be the rms values of dz-axis current g (yms) OF
qz-axis current 4 (;mg)-

C. Optimization Objectives

In order to suppress the current harmonic during each PWM
cycle, the cost function is designed to evaluate the total rms value
of current harmonics 74, and 7. The cost function is designed
as

J = (25)

2 2
7’dz(rms) + Zqz(rms)'
The principle of the MPP in VSSPWM is shown in Fig. 6.
Among the 24 switching sequences, the one that yields the
minimum cost is selected as the optimal switching sequence.
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Fig. 5. 64 vectors of the dual three-phase drive in the o3 subspace, and the

selected four outermost large vectors in sector 1.
J(Z-l) Min {J“)} Sup/
(=12,..24)

*
Udy
_ .2 .2

=y bz ms) Tlgzams)

Idzy lgz
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Uggz
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{ Cost Function
J

24 admissible | t&Lmn}| Predictive Model
switching sequences Eq. (18), (20)~(24)

Fig. 6. Principle of model predictive PWM in VSSPWM for selecting the
optimal switching sequence.

D. Switching Pattern Design Principle

A basic modulation method needs to be decided before im-
plementing VSSPWM. In this article, the FVPWM is selected,
since FVPWM is the most common modulation method for dual
three-phase machine drives, which uses four outermost large
vectors to synthesize the vector reference. Also, the four large
vectors give VSSPWM a lot of degrees of freedom for switching
sequence optimization. The design principle is listed as follows.

1) Vectors involved: The four adjacent outermost vectors are
selected. FVPWM divides the 64 vectors into 12 sectors. Taking
the sector I as the example as shown in Fig. 5, the vectors 41, 9,
11, and 27 are selected.

2) Symmetry: The PWM waveform of traditional FVPWM
is asymmetrical for low-switching losses as shown in Fig. 7(a).
However, this asymmetry introduces other harmonics and is
difficult to implement [11]. Thus, the PWM waveform is always
symmetrized without changing the duty cycles. Taking sector I
as an example that the original vectors are 41,9, 11, and 27, and
after symmetrizing, the vectors are 11, 9, 43, and 59 as shown in
Fig. 7(b). For this reason, the VSSPWM has also been designed
with symmetry, by distributing each vector symmetrically in the
PWM cycle as shown in Fig. 7(c). The active times of v41, vg,
v11, and vgy are t1, to, t3, and t4 respectively, and they are
divided into two parts and symmetrically distributed.

3) Cancellation Mechanism: Due to the characteristic of
semiconductor devices, the PWM pulse that is too narrow may

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 35, NO. 5, MAY 2020

Algorithm 1: Enumerate, predict and evaluate admissible
switching sequences.

Input:v,, vy, v, V4
Output: J(*)
V1 <= VUq, V2 <= Vp, V3 <= Ve, Vg <= Vg
1<=1,s<1
if i < 4 then
j<=1
if j <4 && j # i then
o<1
ifo <4 && o0 +# j && o # i then
p<=1
ifp<4&&p+#o0&&p+#j&&p#ithen
(Uk,Ul,'Um,'Un) <~ (Uiavjavoavp)
compute ifif])z and J ) with (vg,, vy, U, vp)
s<=s+1
p&=p+1
end if
o<=o+1
end if
j<=g+1
end if
1 <=1+1
end if

cause the missing of switch actions. This happens when the
modulation index (MI) is low or high for the VSSPWM and
would result in the wrong PWM output. In order to avoid wrong
switching states, the rising- and falling-edges with too short
intervals should be cancelled together. The critical interval for
cancellation is set to be T},;,. The cancellation mechanism is
shown in Fig. 8.

Assuming that the edges time interval is AT, when AT >
Tnin, N0 PWM pulses will be missing as shown in Fig. 8(a).
When AT < Thin, if the cancellation mechanism does not
work, the falling edge will be missed and the wrong PWM
waveform will be output as shown in Fig. 8(b). If the cancellation
mechanism works, the two actions will be cancelled as shown
in Fig. 8(c), so that the right PWM waveform can be obtained.
The cancellation mechanism will cause little PWM waveform
errors since the duty cycle is changed a little. This error is easily
compensated by adjusting the duty cycle of the intermediate
PWM pulse as shown in Fig. 8(d).

E. Enumeration Procedure

The admissible switching sequences with the four vectors
that the conventional FVPWM used are enumerated. Assuming
that the vectors selected by FVPWM are v,, vy, v., and vg, the
enumeration procedure is illustrated in Algorithm 1.

F. Robustness Discussion

The = — y impedance only consists of stator resistance and
harmonic inductance, and the harmonic inductance is induced
by the leakage flux whose magnetic circuit only passes across
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stator teeth [9], [21]. The harmonic inductances can be expressed
as [9]

3
Ldz - qu = Lls - Mls - §Mlm
3
=L+ Ly+2My |1 — %—1—1 k|, (k= (1-r)mq).
(26)

Further, the relationship in the following is easy to be obtained:

Ldz = Ldzl + Mdz12

qu = qul + qu12 (27)
where L;s, M;s, and M;,, are the leakage inductances of Lg,
My, and M, respectively, L, Ly, and My, are the self-leakage
inductances related to the top and bottom conductors and mutual
leakage inductance between the two conductors, respectively, r
is the coil pitch, ¢ is the slots per phase, and m the number of
phases.

machine drive.

Hence, the harmonic impedance would not be influenced by
the saturation effect of the main magnetic circuit. Since the cur-
rent ripple prediction only uses leakage inductances, VSSPWM
will have good robustness when the machine is under different
load conditions.

G. Control Method for Dual Three-Phase Machine Drive

The control block diagram of the VSSPWM controlled dual
three-phase machine drive is shown in Fig. 9. The control block
consists of five closed loops, i.e., one outer speed loop and four
inner current loops. The four current closed loops are two PI
regulator controlled dg current closed loops and two PR regu-
lator controlled dgz current closed loops. In maximum torque
per ampere (MTPA) condition, the ¢}, equals zero in this paper.
Since the 744, mainly contains the sixth current harmonics, the
resonant frequency w, is set to be six times of machine electrical
frequency w, i.e.,w, = 6w. After several trials, the PI parameters
for dg currents are set to K, = 0.5 and K; = 30. For the PR
regulator, K, is the gain of the resonant term, which is set to /&,
= 4400, and w,. is the bandwidth, which is set to 20 rad/s. The
proportional gain of PR regulator is set to K, = 1.5.
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TABLE I
PARAMETERS OF THE PROTOTYPE DUAL THREE-PHASE PMSM

Parameters Values
Number of poles 10
Number of slots 12
PM flux linkage (Wb) 0.047
Phase resistance (£2) 0.244
Self-inductance Ls (mH) 1.3
Rated phase current RMS value (A) 7
Mutual-inductance M (mH) 0
Rated velocity (r/min) 1200
Mutual-inductance M, (mH) 0.18
Rated torque (N-m) 7

IV. SIMULATION RESULTS

In order to study the proposed VSSPWM strategy, it is com-
pared in detail with the conventional FVPWM and the sym-
metrized FVPWM under the condition of the same switching
frequency. It is confirmed in the simulation that the average
switching frequency (fs) of the VSSPWM is 2.83 kHz when
the sampling frequency (f5) is set to 2 kHz. Thus, the switching
frequency of the FVPWM is also set to 2.83 kHz. The simu-
lation is conducted through MATLAB/Simulink with the target
of dgz-axis currents and spectrum analyses of phase currents.
The configuration of the dual three-phase PMSM is given in
Table 1. The dc-link voltage is set to 100 V. The cost function
(25) is adopted. The average frequency calculation method is
to compute the average switch times over a time interval by
counting the total number of switch actions. Since there are
a total of 12 switches for the six-phase converter, the average
switching frequency is written as [22]

M
1 . .
fsw,]\/l(k) = m i;M l|usw(k + 1) — usw(k + i — 1)”1 .

(28)

The PWM waveforms and the steady-state performances
are shown in Figs. 10 and 11 to investigate and compare the
performance of these three strategies. Fig. 10 gives the PWM
waveforms in sector I. The machine is under steady state with
the rated speed of 1200 r/min and with rated currents iq = 0 A,
1q = 10 A. All the three methods are with the same average
switching frequency of 2.83 kHz. It can be seen that the PWM
waveform of conventional FVPWM is asymmetrical, which
leads to asymmetrical dgz-axis currents, while the symmetrized
FVPWM and VSSPWM are both symmetrical.

Fig. 11 are the results of dg-axis current, dgz-axis currents,
phase current, and the phase current spectrum analysis. The
peak-to-peak (P-P) values and rms values of dgz-axis currents,
and maximum amplitudes near the switching frequency in the
phase current spectrum are given in Table II. It can be observed
that there are significant reductions of the P-P values and rms
values of iq. and i,, for VSSPWM. Particularly, the spectrum
analyses show that VSSPWM reduces the amplitude of switch-
ing ripples of phase currents by 30.4% and 43.8%, confirming
the effect to suppress switching ripples.

The cost value (4 /iéz + 22 ) represents the total rms value
of the x — y current. Fig. 12 shows the comparison of cost
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Fig. 11.  Simulation results of dg-axis, dqz-axis, and phase a, u currents, and

spectrum analyses of phase current a at 100 Hz with the switching frequency of
fsw = 2.83 kHz. (a) FVPWM. (b) Symmetrized FVPWM. (c) VSSPWM.

values when machine frequency increases from 30 to 100 Hz for
the three strategies. As the speed increases, the costs increase.
However, VSSPWM always has the smallest rms values of
harmonic currents, which means that VSSPWM has a significant
capability to suppress harmonic currents over a wide range of
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TABLE II
SIMULATION RESULTS OF THE STEADY-STATE PERFORMANCES OF THE
THREE STRATEGIES

FVPWM | sym. EVPWM | VSSPWM
laap_p)/A | 298 248 171
iras)/A | 044 0.32 0.19
ip(rusy/A | 0.19 0.15 0.13

Spectrum 021 0.23 0.16
max. amp/A

—=—FVPWM(f,,=2.83 kHz)
0.5 | —a—sym. FVPWM(f,,=2.83 kHz)
—v— VSSPWM :

<04
Z03
Q
0.2
0.1
030 40 50 60 70 80 90 100
Frequency/Hz
Fig. 12.  Comparison of cost values when machine frequency increases from

30to 100 Hz for the FVPWM with fs = fo = 2.83 kHz, symmetrized FVPWM
with fs = fsw = 2.83 kHz, and VSSPWM with fs; = 2 kHz, fow = 2.83 kHz.
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Fig. 13.  Comparison of cost values when MI varies for the FVPWM with f

= few = 2.83 kHz, symmetrized FVPWM with fs = fw = 2.83 kHz, and
VSSPWM with f, = 2 kHz, fo, = 2.83 kHz.

machine speed when all the three methods are with the same
switching frequency.

The comparison of cost values when the MI increases from
0.21 to 0.87 for the three strategies is shown in Fig. 13. It can be
seen that the proposed method has the lowest cost value among
the three approaches, which means it has the best circulating
current suppression capability in a wide range of MIs.

V. EXPERIMENTAL RESULTS AND DISCUSSION

In order to verify the effectiveness of proposed VSSPWM,
the experiments are performed based on a test bench shown
in Fig. 14. The drive system consists of a prototype 12/10
dual three-phase PMSM, a dual three-phase 2-level VSI, a
load machine as well as its converter. The parameters of the
dual three-phase PMSM are given in Table I. The sampling
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Fig. 15.  Experiments results of dg-axis, dqz-axis, and phase a, u currents, and

spectrum analyses of phase current a at 100 Hz with the switching frequency of
fe = 2.83 kHz. (a) FVPWM. (b) Symmetrized FVPWM. (c) VSSPWM.

frequency of VSSPWM is 2 kHz, and its switching frequency
is 2.83 kHz by measuring. The sampling frequency of the
comparative conventional FVPWM and symmetrized FVPWM
are set to 2.83 kHz for fairness. All the experimental waveforms
are recorded from Yokogawa DL850E multiple-channel oscil-
loscope and repainted with MATLAB.

Fig. 15 gives the dg-, dqz-axis currents, phase currents and the
corresponding spectrum analysis results of the three strategies
at rated speed of 1200 r/min and rated torque of iqg = 0 A, iy =
10 A. Fig. 15(a)—(c) is with the conventional FVPWM, the sym-
metrized FVPWM, and the proposed VSSPWM, respectively.
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Fig. 16.  Experiments results of the line voltage v, and the corresponding
spectrum analyses at 100 Hz with the switching frequency of fs, = 2.83 kHz.
(a) FVPWM. (b) Symmetrized FVPWM. (c) VSSPWM.

The dgz-axis currents’ rms values of the three approaches are
0.39and 0.35 A, 0.39and 0.19 A, 0.25 and 0.23 A, respectively.

The reductions of costs (4 /izz + igz) by VSSPWM are 35.2%

and 21.7%, respectively. VSSPWM reduces P-P values of dqz-
axis currents from 3.84 and 3.77 to 2.60 A, with the reductions of
32.3% and 31.0%. Particularly, the spectrum analyses show that
VSSPWM reduces the amplitude of phase currents switching
ripples from 0.24 and 0.23 to 0.11 A with the reduction of 54.2%
and 52.2%, confirming the effect to suppress switching ripples.
Although there are significant reduction of dgz-axis currents
and switching ripple amplitude, the phase current THD of the
three methods are 11.2%, 8.5%, and 11.1%, respectively. In
other words, all the performance improvements achieved by
VSSPWM are at the expense of a slight increase of phase current
distortions.

Fig. 16 gives the line voltage v, in Fig. 15. It can be seen that
VSSPWM reduces the switching ripple amplitudes of the other
two methods from 10.83 and 6.16 to 4.22 V, with the reductions
of 61.0% and 31.5%.

Fig. 17 depicts the current trajectory of xy-axis current.
The size of the enclosed graph of i,-i, reflects the fluctua-
tion range of the harmonic currents. The maximum radiuses
of the three methods are 0.22, 0.24, and 0.15 A, respectively.
The symmetrized FVPWM has the largest radius within the
three approaches, while the VSSPWM has the smallest one.
VSSPWM reduces the maximum harmonic current fluctuation
of symmetrized FVPWM by 37.5%.

Figs. 18 and 19 show the performance comparisons of the
three strategies with different load torques and machine speeds.
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qz
parison results, and Figs. 18(b) and 19(b) are the maximum am-
plitudes of the harmonic currents near the switching frequency. It
can be seen that VSSPWM can effectively reduce the harmonic
current rms and the switching current ripple amplitude over a
wide range of speeds and a wide range of load torques.

Fig. 20 shows the vibrations of the three strategies at speed of
1200 r/min. The acceleration of VSSPWM is smaller than that of

Figs. 18(a) and 19(a) are the cost values J = /i?iz +42_ com-
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Fig. 21.  Efficiency comparison of the three approaches under the steady-state
with rated load.

the FVPWM and symmetrized FVPWM in the range of 1 500-
2 500 Hz, which is identical to the current spectrum of the three
strategies in Fig. 15. Furthermore, the maximum accelerations
of the three methods are in the range of 3 000-3 500 Hz due to
the resonance with the second-order model, and VSSPWM can
also reduce this vibration maximum amplitude compared to the
other two strategies. Fig. 21 shows the machine efficiencies with
the three strategies with rated load from 25 to 175 Hz. It can be
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Fig. 23.  Comparison of the dynamic performances of the three approaches
when the machine speed suddenly changed from 400 to 800 r/min. (a) Conven-
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seen that VSSPWM also improves efficiency. The improvement
is not significant when speed is low, however, at high speeds,
the efficiency of VSSPWM can be increased by 6.7% and 1.7%,
respectively, compared to the other two methods.

Figs. 22 and 23 give the dynamic performances of the three
methods when load torque suddenly changes (i; = 0, 7, changes
from 4 to 8 A at 1200 r/min) or machine speed changes (speed
changes from 400 to 800 r/min when i}; = 0, z'z = 8 A) respec-
tively. It can be seen that during the transient process of load
torque variation and speed change, VSSPWM can effectively
suppress harmonic current without affecting the performance of
dynamic response.

VI. CONCLUSION

This article proposed a novel variable sequence PWM strat-
egy to suppress high-frequency circulating current harmonics
by optimizing switching sequence within one PWM period.
The VSSPWM is derived from the basic FVPWM strategy
and enumerates the admissible switching sequence patterns.
By using a predesigned cost function, the optimal switching
sequence can be selected. Compared with traditional FVPWM,
the VSSPWM’s P-P and rms values of ¢4, and ¢, have been both
suppressed significantly over a wide range of machine velocity
and load torque. Moreover, the amplitude of the high-frequency
current harmonics near the switching frequency has also been
reduced.
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APPENDIX

The six-dimensional (6-D) electromechanical system can be
decomposed into three orthogonal 2-D subplanes: a — 3,z — v,
and o7 — 02. The o — [3 subspace contains machine variables
(voltage, current, or flux) fundamental component and the har-
monics of order 12k + 1 (k =1,2,3,...). The x — y subspace
contains the harmonics of order 6k + 1 (k = 1,3,5,...), while
the 07 — 02 subspace contains harmonics of order 3k (k =
1,3,5,...) [4]. The transformation from natural frame to the
stationary o — 8 — x — y — 01 — 0o frame is shown as

T T
[FaaFﬁ>Fz>Fy>Fol7F02] :TG' |:Fa7Fb>Fc>Fu7Fv;Fw

where « = 7/6 and

1
T6: g
1 cos(4a) cos(8a) cos(a) cos(ba) cos(9a)]
0 sin(4a) sin(8a) sin(a) sin(ba) sin(9a)
" 1 cos(8a) cos(4da) cos(ba) cos(a) cos(9a)
0 sin(8a) sin(4a) sin(ba) sin(a)  sin(9«)
1 1 1 0 0 0
0 0 0 1 1 1|
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