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Abstract

This paper presents a novel space vector pulse-width modulation (SVPWM) to synthesize an arbitrary non-sinusoidal phase

voltage. The key of the proposed method is that the switching vectors used to comprise the reference vectors in the a;-f, frame

and the o3-f; frame are decoupled. In the a;-f, frame, the reference vector is comprised by near two large vectors. The
corresponding vector comprised by the two vectors in the a3-f; frame is considered as a disturbance, which is restrained by

close-loop control. In the a;-f; frame, there are two methods to comprise the reference vector. Method I is a near two middle

vectors method. Method II uses near four vectors (two middle and two little vectors). The proposed SVPWM using decoupled
switching vectors can guarantee a maximum modulation index in the a;-f; frame. The effectiveness of the proposed method is

verified by simulated and experimental results under various operation conditions.

Key words: Decoupled concept, Five-phase permanent magnet machine, Non-sinusoidal voltage, Space vector pulse-width

modulation (SVPWM), Trapezoidal back-EMF

I. INTRODUCTION

Multi-phase machines have been widely used in a variety of
industrial applications for the last decade, due to their intrinsic
features such as power splitting, better fault tolerance and
lower torque ripple than three-phase machines [1]-[5]. During
the design process, some five-phase permanent magnet (PM)
machines are designed to have non-sinusoidal back-EMF in
order to increase the maximum output torque [6]-[9]. In [6]
and [7], harmonics are injected into the PM shape to maximize
the output torque in five-phase PM machines. To realize the
maximize output torque of five-phase machines with
trapezoidal back-EMF, third harmonic current injection
methods have been proposed in [10]-[14]. In order to improve
the torque of five-phase unequal tooth surface-mounted PM
machines, third harmonic currents are injected into the stator
windings based on the ratio of the third harmonic back-EMF to
the fundamental one [10]. A bifurcation analysis of a five-
phase induction machine when a third harmonic is injected for
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torque-enhancement has been proposed in [11]. In [12],
experimental results show that the output torque after an
injection of the third harmonic current in a five-phase induction
machine with trapezoidal back-EMF can increase by 11%
when compared with only using the fundamental current.

In five-phase space vector pulse-width modulation
(SVPWM) methods, the traditional near two large vectors
method produces the harmonic vector and current in az-f;
frame, due to the vector in az-f; frame without control [15].
In order to realize a sinusoidal phase voltage, near four
vectors methods have been proposed in [16]-[18]. In [18],
two SVPWM methods are proposed to reduce common-mode
voltage. In [19], the method proposed in [18] was extended to
the over-modulation zone. M. Jones [20] investigated the
stator current ripple, caused by the switching harmonics,
under two SVPWM techniques in which two large and two
medium vectors or four large vectors are used. However, these
methods only focus on how to produce a sinusoidal voltage.
Based on a multiple d-g space concept, a novel analysis of a
multiphase SVPWM for synthesizing an arbitrary non-
sinusoidal phase voltage has been proposed in [21]. This
method can comprise the reference voltages by near four
vectors in the a;-f; frame and the o3-f; frame. However, the
near four vectors used to comprise the reference vectors in
the a;-f, frame and the a;-f; frame are coupled.

© 2018 KIPE
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In this paper, a novel SVPWM is presented to synthesize a
non-sinusoidal phase voltage. In the a,-f; frame, the reference
vector is comprised by near two large vectors to guarantee the
maximum voltage linear output area. The corresponding vector
comprised by two vectors in the a;-f; frame is considered as a
disturbance, which is restrained by a close-loop control. In
the o03-f; frame, there are two methods for comprising the
reference voltage. For Method I, near two middle vectors are
used to maintain the maximum voltage linear output area in
the a3-f; frame. For Method II, near four vectors (two middle
and two little vectors) are adopted to improve the robustness
of the system on the basis of ensuring the maximum
modulation index in the a,-f, frame. In the proposed method,
the switching vectors used to comprise the reference vectors
in the a;-f; frame and the a3-f; frame are decoupled, which
can guarantee the maximum modulation index in the a;-f;
frame.

II. MOTOR TOPOLOGY AND MATHEMATICAL MODEL

Fig. 1 shows a 20-slot/18-pole five-phase PM machine [22].

It adopts an outer-rotor topology to achieve the prominent
dynamic performance of electric vehicles, which can enhance
its torque capability. Fig. 2 shows the measured back-EMF of
a machine and fast Fourier transform results of measured
back-EMF data. It is found that the back-EMF of a machine
contains 22.2% third harmonic, 9.6% fifth harmonic and 1.2%
seventh harmonic. The amplitude and phase of the fifth
harmonic flux linkages are the same. Since the sum of the
five-phase current is zero under a star connection, the fifth
harmonic flux linkages do not produce torque and can be
ignored. To simplify the mathematical model of a five-phase
PM machine, only the fundamental and third harmonic
components are considered. The parameters of a five-phase
PM machine are listed in Table I.

The back-EMFs are produced by the magnetic flux linkages,
and the magnetic flux linkages of a five-phase PM machine are
presented as follows:

[cos @, [cos30,
cos(8, —90) cos(36, —39)
v, =W, |cos(d,—20) |+, ;| cos(36,—60) €))]
cos(8, —30) cos(36, —99)
| cos(8, —49) | | cos(36, —120) |

where y, is the magnetic flux linkage vector, y, and s
represent the amplitudes of the fundamental and third harmonic
of the PM flux linkages, 6, is the rotor electrical position, and ¢
is the spatial shifting angle between adjacent phases, being
0=27/5.

The fundamental and third harmonic components can be
mapped into two orthogonal subspaces, which are decoupled
from each other. The fundamental orthogonal subspace is
referred as d;-¢; and the third harmonic orthogonal subspace is
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Fig. 1. Cross section of a five-phase PM machine.
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Fig. 2. Measured back-EMF and its THD: (a) Back-EMF, (b)
Harmonic order.

TABLE I

MOTOR PARAMETERS
Symbol Description Quantity
Wit Fundamental PM flux linkage 0.0411Wb
W3 3rd harmonic PM flux linkage 0.0033Wb
La Fundamental d-axis inductance 0.9323mH
Ly Fundamental g-axis inductance 1.2614mH
P Pole pairs 9
N, Slot number 20

referred as ds-g;. The Clarke transformation matrix which
transforms the components from the natural coordinate system
into the rotating orthogonal coordinate system is shown as
follows:
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(1 cosS  cos28 cos35 cos4S ]
0 sind sin2d sin30 sin4o
. - 2 1 cos30 cos65 co0s90 cosl2o . )
510 sin36 sin6d sin95 sinl20
L T T
V2 2 V2 2 V2

The Park transformation matrix can be presented as
follows:

cosf, sind, 0 0 0
—sing, cosd, 0 0 0
Toi = 0 0 cos3d, sin30, 0. (3)
0 0 —sin3d, cos36, 0
0 0 0 0 1

By applying transformation matrices (2) and (3), the d-g
frame current components of a five-phase PM machine can
be presented as:

[ldl lql ld} lq} lO j| = TPark TClarkeIS (4)

where iy, iy, i3 and iz are the current components of the d;-¢,
axis and the d;-¢; axis, and I, represents the phase current
vector.

The stator voltages in the d-q frame can be presented as:

Uy Iy Iy 0

U, iql d iql Vo

Uy |[=R |0y +5qu i, |[+po| 0O &)
U, iq3 iq3 3'//»13
| uy | | % | | iy | 0

where R; is the stator resistance, p is the pole pairs, @ is the
rotor angular speed, and L,,is the inductance in the d-g frame,
which can be obtained as follows:

L, = diag[[w L, L; L, Lls] = Dok Terane L 7271;&7:1 (6)
where L; is the leakage inductance, and L, is the phase
inductance matrix.

By taking a derivate of the magnetic co-energy with respect
to the rotor mechanical position (8,,), the torque equation can
be obtained as follows:

oW Lok,

. oy
T =—© —p| —JF 5 4jr Z2m 7
e aem p[z s 60« s J ()

K a He

where W,, represents the magnetic co-energy.
The electromagnetic torque can be obtained by substituting
(1), (4) and (6) into (7):

5 . . . ..
T,= EP[‘/’»,l’ql +3‘//m3lq3 +(L, 7L,,1)ld11q1 +3(Ly; 7L43)ld3lq3:|' ®)

As expressed in (8), the injection of the third harmonic
current improves the output torque.
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Fig. 3. Basic equivalent circuit configuration: (a) C14, (b) C23.

III. PROPOSED SPACE VECTOR PWM

A. Switching Vectors in the a-f Frame

The common drive topology of a five-phase PM machine
contains a five-phase half-bridge power inverter and a
five-phase PM machine. S, Sz, Sc, Sp and S represent the
switching state of phases 4, B, C, D and E, respectively. If
the lower switch of phase x is ON and the upper switch is
OFF, then S,=0. If the opposite case occurs, then S,=1.

In a five-phase PWM inverter, there are two different types
of basic equivalent circuit configurations, {C14} and {C23},
as shown in Fig. 3. Fig. 3(a) is where one upper switch is ON
and four lower switches are OFF or in an opposite manner,
like the switching patterns V14(10000) and V;5(01111). Fig. 3
(b) is where two upper switches are ON and three lower
switches are OFF or in an opposite manner, like the switching
patterns 7,,(11000) and 77(00111).

By applying a Clarke transformation (2), the DC-link
voltage U, and the switching state of a five-phase inverter,
the switching vectors in the a;-f; frame and the a3-f; frame
can be obtained as follows:

2
Vsl:gUdc(SA+7SB+72SC+73SD+74SE) ©)

2
Vs :gUdc-(SA+7SC+72SE+73SB+74SD) (10)

where V;; and V; represent the switching vector in the o;-f,
frame and the a3-f; frame, and y is the rotating factor, being
y=e’.

There is a total of 2°=32 switching states in a five-phase
inverter. Therefore, there are 32 switching vectors in the a;-f;
frame and the a3-f; frame, respectively. According to the
magnitudes of the switching vectors, the 32 switching vectors
in the a;-f; frame and the a;-f; frame can be classified into
large, middle, little and zero switching vectors. The magnitudes
of the large, middle and little switching vectors are 0.6472U,,
0.4U,. and 0.2472U,,, respectively. There are two zero
switching vectors, V,(00000) and V3 (11111). Table II lists
the switching vectors in the a,-f; frame and the a;-f; frame.
Fig. 4 shows the switching vectors in the a-f frame. As
shown in Table II and Fig. 4, the middle vectors in the a;-f;
frame and the a3-f; frame belong to C14. The large vectors
and little vectors in the o;-f; frame and the o3-f; frame
belong to C23. The switching patterns that belong to C23 can
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TABLE II

SWITCHING VECTORS GROUPING TABLE
Vectors .
grouping Magnitude oy-p; frame 03-f; frame
Large 0.6472U4, V3. Ve V2, Vi2, Vs, Vs.Vo,Vio,Vi1,Vis,
vectors Vi2,V10,V24,V25,V 28 Vis, Va0, V21,V 22,V 26
Middle 0.4Ug Vi, Vo, V3, Vs, Vis, Vi, Va,Va, Vs, Vis,
vectors Vie:sV3.Va1,V20. V30— ViesV23,V27,V20,V30
Little 0.2472U. Vs, Vo,Vio, Vi1, Vis, Vi, VeV, Vi, Via,
vectors Vi, Va0, Var, Vo, Vs Vi, Vio, Vo, Vas, Vag
Zero 0
vectors Vo,V31 Vo,V31

(b)

Fig. 4. Switching vectors in: (a) a;-f, frame, (b) a3-f; frame.

be classified into two categories. The first category is where
the three phases with the same switching state are adjacent,
which belong to the large vectors in the a;-f; frame and the
little vectors in the o3-f; frame. The second category is where
the three phases with the same switching state are not
adjacent, which belong to the little vectors in the a;-f; frame
and the large vectors in the o3-f; frame. In the second
category, a phase with the opposite switching state is clamped
between three phases with the same switching states. For
example, the switching state of phase C is different from the
switching states of phases B, D and E in the switching pattern
711(01011). Hence, in the natural coordinate system, the
direction of the voltage vector of phase B is opposite the
voltage vector composed by phases D and E, which may

cause the stator fluxes of the phases to counteract each other.
The switching vectors which belong to the little vectors in the
0;-f; frame and the large vectors in the a;-f; frame are not
recommended.

B. Synthesis of the Reference Vectors

The near four vectors modulation method has been widely
used for the control of five-phase PM machines, which can
realize a non-sinusoidal phase voltage. This method uses near
four vectors to comprise the reference vectors in the a;-f;
frame and the a3-f; frame. However, the maximum voltage
linear output areas in the a;-f; frame and the a;-f; frame are
coupled in this method. When the voltage vector in the a;-f,
frame realizes a maximum magnitude of 0.6112U,., the
maximum magnitude of voltage vector in the as-f; frame is
0.1453U,.. When the voltage vector in the a3-f; frame
realizes a maximum magnitude of 0.2351U,,, the maximum
magnitude of the voltage vector in the a;-f; frame is
0.3804U,..

The novel SVPWM uses the decoupled concept to
comprise the reference vectors in the o,-f; frame and the
03-p; frame separately. Then the phase duty cycles
corresponding to the reference vectors in the a;-f; frame and
the as-f; frame are calculated. Finally, the calculated phase
duty cycles in the a;-f; frame and the a;-f; frame are added
to achieve a non-sinusoidal phase voltage.

1) Synthesis of the Reference Vector in the a;-f; Frame
In order to realize the maximum voltage linear output area
in the a;-f4, frame, ten large vectors and two zero vectors are
chosen to comprise the reference voltage in the a;-f, frame.
For example, a a,-f3, frame reference vector located in sector
I, as shown in Fig. 5(a), can be realized by:

Vo

T, T, T
=20y |+ 21y z
coso Tsl 25|+TS| 24|cos5 o

Vrefl

sino = ;—;|V24|sin%

where T} and 7, are the applying times of V4 and Vs,
respectively, and Ty is the sampling time.

T\, T, and the applying time of the zero vectors T; can be
obtained as follows:

V .lsincT.
711 _ ref'l S
.
|V24|smg
Ve Sin(%_o')Ts (12)
- . T
|V25|s1ng
I,=T,-T,-T,

Then the duty cycles of phases A, B, C, D and E
corresponding to the reference vector in the a;-f; frame can
be obtained as follows:
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Fig. 5. Realization of a reference voltage vector located in sector
I by near two vectors: (a) a;-f; frame, (b) Corresponding vectors
in the a3-f; frame.

I/mux 1

V3 V] 9

Fig. 6. Trajectory of the voltage vector with the maximum
modulation index in the o;-f; frame using the near two vectors
method.
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The trajectory of the voltage vector in the a;-f; frame with
the maximum magnitude in the linear modulation region can
be drawn as the inscribed circle of the decagon consisting of
ten large vectors, as shown in Fig. 6. Then the maximum
modulation index of this method can be calculated as:

v,
:ﬂcos%:OﬁlSS. (14

de

‘max 1

The near two vectors method can realize the maximum
magnitude of a voltage vector in the linear modulation region.
In the a;-f; frame, the V; shown in Fig. 5(b) is comprised by
V,4 and V5s. In the traditional near two vectors method, due to
the vector in the a3-f; frame without control, V; produces an
uncontrolled third harmonic component. In the proposed
SVPWM, V,; is considered as a disturbance in the az-f;
frame. Since the vector in the az-f; frame is close-loop
controlled, the disturbance V; can be restrained.

2) Synthesis of the Reference Vector in the as-f; Frame
The ten large vectors in the a;-f; frame will cause the stator

Vo(V31)

() (W]
Fig. 7. Realization of a reference voltage vector located in sector
I by near two middle vectors: (a) In the a3-f; frame, (b) The
corresponding vector in the a;-f, frame.

Ve B3V,

Va7 V>

Fig. 8. Trajectory of the voltage with the maximum modulation
index in the a3-f; frame using the near two vectors method.

fluxes of the phases to counteract each other, which has been
explained in Section III part A. Hence, the ten large vectors
in the 03-f; frame are not recommended for use. The ten
middle vectors, ten little vectors and two zero vectors can be
used to comprise the reference vector in the a;-f; frame.

a) Near Two Vectors Method in the as-fi; Frame

To realize the maximum voltage linear output area in the
03-f5 frame, the ten middle vectors and two zero vectors are
chosen to comprise the reference voltage in 03-f; frame. The
calculation method of applying time of near two middle
vectors in the a;-f; frame is similar to the method in the a;-5;
frame. For example, the reference vector located in sector I is
comprised by Vs and V5; in the a3-f; frame, as shown in Fig. 7.

The duty cycles of phases A, B, C, D and E corresponding
to the reference vector located in sector I under the a3-f;
frame can be obtained as follows:

T 1,
duty A, =1-—>  ,duty B, =—2
v 2T V=T
I, T, I, T,
duty C,=—"+-2  duty D,=—2+-2 (15)
2T, T, T, T,
I, T,
duty E,=—2+-2%
= or, T,

where Ty, T) and T, are the applying times of the zero vectors,
V16 and V3, respectively.
The trajectory of the voltage vector in the a3-f; frame with
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(®)
Fig. 9. Realization of a reference voltage vector located in sector I
by near four vectors: (a) In the a3-f; frame, (b) The corresponding

vector in the a,-f; frame.
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Fig. 10. Diagram of the proposed SVPWM.

the maximum magnitude in the linear modulation region can
be drawn as the inscribed circle of the decagon consisting of
ten middle vectors shown in Fig. 8. The maximum modulation
index of this method can be calculated as:

mmax 3

= Do 05 7 3804, (16)
U, 10
In the a,-f, frame, the V,; shown in Fig. 7(b) is comprised
by Vie and V. In the proposed SVPWM, V, is also
considered as a disturbance in the a,-f; frame. The disturbance
V1 can be restrained, due to the closed-loop control of the
vector in the a;-f; frame.

b) Near Four Vectors Method in the o;-ff; Frame

The near two vectors method mentioned above can realize
the maximum magnitude of a voltage vector in the linear
modulation region in the a;-f; frame. However, it produces a
disturbance vector in the a;-f; frame. In order to improve the
robustness of the system, the near four vectors method can be
adopted.

This method chooses the near four vectors (two middle and
two little vectors) to comprise the reference vector in the
03-f5 frame. For example, the reference vector located in
sector I is comprised by Vg, Vig, Va3 and Vag in the az-f; frame,
as shown in Fig. 9. In addition, Ty, T3, T5 and T} are applying
times of Vg, Vi, Va3 and Vg, respectively. In order for the
value of the vector comprised in the a;-f; frame to be zero,
the applying time of the middle vectors and little vectors
should satisfy the following equation:

T, I, T,

Middle —_ 2 2 — _1 618 (17)
TLitﬂe T T

In the a5-f5 frame, Vs and Vg are used to comprise AV .z,
and Vs and V,; are used to comprise (1-4)V,.;. In addition, 4
can be calculated by the following equation:

-, .l /04v, T
( /:|/040, =22-1618 (18)
Al /024720, T,

where 4=0.2764.
T\, T, T3, T, and the applying time of the zero vectors T
can be obtained as follows:

. T
0.2763V s sin(5- = o) 0.7236|V, . |sin o7
I = T, =
.
‘Vé‘sm— ‘ ‘sm
5
o7 (19)
0.7236|V,,, Sm(gfa)Ts 0.2764|V, ,5|sin o T
L= V1 Iy = V1
‘Vm‘sing ‘sz‘sing
T,=T,~T,-T,~T,-T,

The duty cycles of phases A, B, C, D and E corresponding
to the reference vector in the o3-f; frame in this method can
be obtained as follows:

T, T, T, T,
duty A, =1-——--L duty B, =—"+-—+2
2T, T, 2T, T,
I, T, T, T, T.
duty Cy=1-—2 2 qupy p,=—0 42t 5 (20)
2T, T, 2T, T, T,
T, T,
duty _E,=—2+-2
2T, T

The maximum voltage vector of this method which uses
the near four vectors to comprise the vector in the a3-f; frame
can be obtained as follows:

v = o02amu, T 1618
1+1.618 +1.618

The maximum modulation index in the a3-f; frame of this
method is presented as follows:

04U, ]cos% =032400,. 21

y
m . =-—"%3 = (3249, (22)

max 3
de

3) Generation of the Switching Signals

The total duty cycles of the phases can be obtained as

follows:
duty_ X =duty X, +duty _X,-0.5 (23)
where Xis A, B, C, D and E.

Then the switching signal of every phase can be modulated
by the corresponding duty cycle and triangular carrier. The
maximum value of the triangle carrier is 1, and the minimum
value is 0. The frequency of the triangle carrier can be
selected according to the maximum frequency of the inverter.

In the methods mentioned above (section III part B (1) and
(2)), the switching vectors used to comprise the reference
vectors in the a;-f; frame and the a3-f; frame are decoupled.
The method using the near two vectors in the a;-f; frame and
the a3-f; frame is denoted as Method I, the method using the
near two vectors in the a;-f; frame and the near four vectors
in the o3-f; frame is denoted as Method II. Method I can
realize the maximum magnitude of the voltage vector in the
linear modulation region under the a;-f, frame and the as-f;
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Fig. 11. Control scheme with the proposed SVPWM method.

frame, respectively. Method II can improve the robustness of
the system on the basis of ensuring the maximum modulation
index in the a;-f; frame. A diagram of the proposed SVPWM
is shown in Fig. 10.

IV. VERIFICATION

A. Simulated Results

To evaluate the performance of the proposed SVPWM
strategy, a simulation model of a five-phase PM machine
drive is developed. Fig. 11 shows a schematic of the
five-phase PM machine drive control system including the
proposed SVPWM method, which can realize the control of
the objective in the a;-f; frame. The SVPWM block in Fig.
11 is detailed in Fig. 10. Fig. 12 shows the reference current
and sampled current of phase A using Method I and Method
II under same operation condition. The simulated results
show that the two proposed SVPWM methods can regulate
non-sinusoidal phase currents including the third harmonic
component without steady-state error.

B. Experimental Results

In order to verify the suitability of the proposed SVPWM,
a test platform has been set up as shown in Fig. 13. The
experimental set is composed of a five-phase PM machine, a
five-phase half-bridge inverter, and a DC generator as the
load. A dSPACE1005 controller is utilized for the
implementation of the overall control algorithm. The machine
torque is measured by a high precision torque transducer
(HBM T20WN/20NM). The frequency of the IGBTSs is fixed
at 10 kHz, and the DC-link voltage is 60 V.

Fig. 14 shows the torque and phase current waveforms
using Method 1. The load torque is 6.2 Nm. Fig. 15 shows the
sampled and reference current components in the d;-g; axis
and the ds-g; axis. In addition, iy i, i; and i represent the
sampled current components of the d;-g; axis and the d3-¢;
axis, respectively. Meanwhile, i, and iz, are the reference
currents of the g;-axis and the gs;-axis, respectively. In this
experiment, the reference currents of the dj-axis and the

10

Reference i, = = - . Snmplodil

Current (A)
= th

n

-10
0.2 021 022 023 024 025
Time (s)
(a)
10
Reference i_' - = = Sampled f'_l

w

Current (A)
=

-5
-10
0.2 0.21 0.22 0.23 0.24 0.25
Time (s)
(b)

Fig. 12. The waveforms of the phase A reference current and
sampled current using: (a) Method I, (b) Method II.

dSPACEI] 0[)5}

Oscillscope Inverter

Main : 125 k 10ms/dn

Fig. 14. Torque and phase current waveforms using Method I; 7,
is scaled to 2 Nm/div, the phase current is scaled to SA/div.

ds-axis are 0 and the reference current in the ¢;-axis is 2 A. In
this experiment, the g;-axis current i, is 8.7 A. The g;-axis
reference current can be calculated by multiplying i, by the
ratio of the third harmonic 22.2% [10]. The result is about
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Fig. 15. Sampled and reference current components in the d-q,
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Fig. 16. Trajectories of the sampled current vectors using Method I
in the: (a) a;-f axis, (b) 03-f; axis.
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Fig. 17. Torque and phase current waveforms using Method II;
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10
g [ R e oo st
lql lqlr
~ 6
N
Rt
S 4r
=
=
O, s
lq3 ’q3r
0 - T s
Ly L
2 1 L L
0 1 2 3 4
Time (s)

Fig. 18. Sampled and reference current components of the d;-g;
axis and the ds-g; axis using Method II.

10 3
< 6t 227
s 21 L
2 2t £ !
5 50
<@ <@
2 2 g1t
=] =
o6l 3
] Q2T
-10 1 ! ! f _3 ! I I L L
-10 -6 -2 2 6 10 3 -2 -1 0 1 2 3
al-axis current (A) a3-axis current (A)
(@ ()

Fig. 19. Trajectories of the sampled current vectors using Method
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Fig. 20. Amplitude of the harmonic currents.

equal to 2 A. The reference current of the g;-axis is set as 2 A,
which can improve the output torque and is also convenient
for checking the value of the feedback current i ;. As shown
in Fig. 15, the sampled currents can track the reference
currents accurately in the d;-g; axis and the ds-g; axis. Fig. 16
shows trajectories of the sampled current vectors in the a;-f;
axis and a3-f; axis. The experimental results (Figs. 14-16)
reveal that non-sinusoidal phase currents, including the third
harmonic component, can be regulated without steady-state
error by employing Method I.

Fig. 17 exhibits torque and phase current waveforms using
Method II. Fig. 18 shows the sampled and reference current
components of the d;-¢, axis and the d;-g; axis. The reference
current components of the d)-axis and the ds-axis are 0, and
the reference current of the g;-axis is 2 A. As shown in Fig.
18, the sampled current can track the reference currents
accurately in the d;-q; axis and the ds-¢; axis. Fig. 19 shows
the trajectories of the sampled current vectors in the o;-f;
axis and the o3-f; axis. Experimental results (Figs. 17-19)
show that Method II can realize control of the third harmonic
current without steady-state error.

Comparing the experimental results of Fig. 15 and Fig. 18,
the current ripples of Method II are less than those of Method
I in the d-¢q; axis and the d3-¢; axis. Fig. 20 shows fast
Fourier transformation results of the phase current using
Method 1 and Method II. The fundamental currents of
Method I and Method II are 8.7 A and 8.5 A, respectively.
The third harmonic currents of both methods are 2 A, which
are equal to the reference values. As shown in Fig. 20, the
amplitudes of the seventh, ninth and eleventh harmonic
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currents in Method II are less than those in Method 1. By
comparing experimental results of Method I and Method 11, it
can be condluded that the experimental effectiveness of
Method II is better than that of Method 1. This conclusion is
consistent with the theoretical analysis mentioned above
(Section III part B (3)).

V. CONCLUSIONS

In this paper, a novel decoupled SVPWM has been
proposed to realize a non-sinusoidal phase voltage. In the
o1-p; frame, the reference vector has been comprised by near
two large vectors to guarantee the maximum voltage linear
output area. The corresponding vector comprised by two
vectors in the az-f; frame has been considered as a disturbance,
which has been restrained by close-loop control. In the a3-5;
frame, there are two methods of comprising the reference
vector. For Method I, near two middle vectors have been used
to maintain the maximum voltage linear output area in the
03-f; frame. For Method II, near four vectors (two middle and
two little vectors) have been adopted to improve the robustness
of the system on the basis of ensuring the maximum
modulation index in the a;-#; frame. In the proposed method,
the switching vectors used to comprise the reference vectors in
the a;-f; frame and the a3-f; frame are decoupled, which can
guarantee the maximum modulation index in the «;-f; frame.
The proposed SVPWM has been experimentally verified. Both
of these results demonstrate that the proposed SVPWM can
regulate non-sinusoidal phase current including the third
harmonic component without steady-state error.
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