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Abstract: To study the operation characteristics of the nine-phase PMSM (Permanent Magnet Synchronous Motor), this paper derived
the Clarke transformation matrix of the nine-phase PMSM with the winding 3Y shifted by 20° via analyzing the harmonic subspace of
the multi-phase PMSM, and further obtained its mathematical model under the rotating coordinate system. Then, a nine-phase PMSM
based on the proposed model was built in SIMULINK and the operation mode of starting, braking and phase missing is simulated. The
simulation results show that the nine-phase PMSM has good dynamic performance and steady-state performance, which also verifies

the correctness and rationality of the motor model.
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1. Introduction

In recent years, with the fast development of
microprocessor technology and control theory,
multi-phase speed regulation system has gradually
attracted people’s attention and shows great potential
in electric locomotive, large ship drive, aerospace and
other occasions [1, 2]. Compared with the traditional
three-phase motor drive system, multi-phase motor
drive system has the significant advantages which can
be concluded as the following three aspects: (1) Stable
output torque; (2) The bridge arm of a single inverter
carries relatively small power which can achieve
high-power output under low-voltage conditions; (3)
High reliability, small torque ripple and high fault
tolerance rate.

Multi-phase motors are now widely used in
high-power drives, such as super high-speed elevators,
turbo compressor, and MW-class marine power grid
generators. The nine-phase permanent magnet motor
not only has the advantages of multi-phase motor, but
also has the characteristics of high torque density and
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wide speed range of permanent magnet motor, which
shows high application value. This article mainly
researches on the modeling and simulation of
nine-phase PMSM (Permanent Magnet Synchronous
Motor). The simulation results show that the structure
of nine-phase PMSM can effectively reduce the torque
ripple and motor loss as well as increase the motor
capacity.

2. Mathematical Model of Nine-Phase

PMSM

The modeling method based on multi-dimensional
space vector decoupling theory is suitable for mathematical
modeling of any symmetrical multi-phase motor. The
basic principle is to decompose the n-dimensional
space of the multi-phase motor in natural coordinate
into several orthogonal two-dimensional subspaces
through space vector decomposition. Then, the system
will be transformed to the rotating coordinate system
with the rotor position as the reference by rotating
coordinate change. At this time, if the stator winding is
assumed to be an ideal symmetrical sinusoidal winding,
the inductance matrix can be transformed into a
diagonal matrix and there will be no coupling between
the various harmonic subspaces.
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2.1 Model in Natural Coordinate System

In order to establish the mathematical model of the
multiphase motor in the rotating coordinate system, we
first analyze the voltage and the torque equation in
natural coordinate system. Take an n-phase PMSM as
an example, assuming:

(1) The winding resistance of each phase is equal
and the structure is the same.

(2) The effects of iron core hysteresis and eddy
currents are ignored.

(3) The skin effect and the temperature effect of the
conductor are ignored.

(4) The secondary factors such as damper windings
and the eddy currents in magnets are not considered.

Then in the natural coordinate system, the stator
voltage equation, torque equation and motion equation
of the n-phase PMSM can be expressed by Egs. (1) to

(4).

u = Ri+ pYP(i,0) (1)
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where,

u is the phase voltage vector of the stator;

i is the phase current vector of the stator;

6 is the position angle of the rotor;

R is the diagonal matrix composed of phase
resistance;

W (i,8) is the flux vector of the stator winding;

Ly is the inductance matrix of the stator winding;

U,-(0) is the flux vector with no-load;

T,, T.(8), T, are the electromagnetic torque,
cogging torque and load torque respectively;

J is the moment of inertia of the system;

w is the electrical angular velocity of the rotor;

p = d/dt is the differential operator;

P is the number of pole pairs of the motor.

2.2 Coordinate Transformation

2.2.1 Air Gap Magnetomotive Force of Multi-phase
PMSM

From the perspective of magnetomotive force, the
basic working principle of a rotating electric machine is
to generate a constant electromagnetic torque through
the interaction of the stator’s and the rotor’s
magnetomotive force [3]. Thus, to simplify the analysis,
the following assumptions are made:

(1) The relative permeability of the iron core is
infinite; the magnetic saturation effect can be ignored
so that the magnetic circuit is linear and applicable to
the superposition principle.

(2) The cogging is ignored; the inner surface of the
stator is smooth;

(3) The winding currents are concentrated on a point
in the inner circle of the stator;

(4) The core hysteresis and eddy current effects are
ignored;

(5) The skin effect and the temperature effects of
conductive materials are ignored;

(6) The motor speed is constant [4].

Take a nine-phase PMSM with 3Y shifted 20°
winding as an example to analyze the magnetic
potential its stator winding. Without
considering the saturation of the iron core, the
magnetomotive force wave is linear. According to the
winding function method, the magnetomotive force
waveform can be decomposed into harmonics for
separate analysis by Fourier decomposition. The
magnetic potential generated at the position of ¢ in the
air gap when the current i(t) is applied to the winding
of the x-th phase can be expressed by the product of
the winding function and the current:

F(¢,8) = N(¢) - i(t) ()
where, N(¢) is the winding function.

It can be seen from Eq. (5) that the air gap magnetic
potential is a space-time function determined by the
distribution and the current waveform of the windings.
The spatial distribution of the windings is represented
by the winding function, which also determines the

wave of
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waveform of the motor’s back electromotive force. The
Fourier decomposition of winding function is the main
method of harmonic analysis of air gap magnetic
potential. The winding function and current function
can be expressed in the form of Fourier series [5], as in:

N(¢p) = Zil[Nv . cos(v(q,') —2m(x — 1)/m))]
i(t) = Zw [1, - cos(u(wt — 2m(x — 1)/m))]
u=1
(6)

where,
N, is the amplitude of the v-th harmonic of the
winding function.

1, is the amplitude of the u-th harmonic of the
current function.

The magnetomotive force function produced by the
interaction of the v-th harmonics of the winding and
the u-th harmonics current of the current in the x-th
phase winding can be expressed as Eq. (7).

Epu(d,t) = Nvlﬂcos(v(q,')

—2m(x — 1)/m))cos(u(wt (7
—21(x — 1)/m))

Thus, the combined magnetic potential of the v-th
winding harmonics and the u-th current harmonics of
all phase windings of multi-phase motors can be
expressed as Eq. (8):

Fyu(h6) = i Nvlﬂcos(v(gb —2m(x — 1)/m))

I cos(,u(a)t —2m(x — 1)/m))
_il . ( cos(vep + uwt — 2n(v + ) (x — 1)/m) )
= SNy,

(8)

+cos(vp — pwt — 2n(v — ) (x — 1)/m)

Use Eq. (9) to uniformly express the summing polynomial in Eq. (8) and then Eg. (8) can be written as Eq. (10).

Sm:zjlws(
X0

x=1 x=1

1 m
x-
Eu(p,t) = EN"I" (Z cos (nl .

where, ny =v+u; n, =v—u.

It can be seen from Eq. (9) that when n satisfies the
equation n=k-m(k=0, 1, £2, £3...)
Sm = mcos(p,) ; when n satisfies the equation
nxk-mk=0, £1, £2, £3...), S, =0. Thus,
Eq. (10) can be further simplified to solve the
relationship between the combined magnetic potential
F,,» the winding harmonic order v and the current
harmonic order u, asin Table 1 [6], where k, [ can
be any integer.

T ¢o) ©

1
¢oz)> SNyt +5m2)  (10)

It can be seen from Table 1 that only when the
winding harmonic order v and the current harmonic
order u satisfy v+u # k-mand v—pu = 1[-m,
the synthetic magnetomotive force F,, rotates in the
same direction of the fundamental magnetomotive
force.

2.2.2 Coordinate Transformation Matrix

The generalized Clarke transformation of equal
amplitude for a symmetric 18-phase motor can be
expressed as Eq. (11).

r 1 c0s20° cos2 X 20° L cos16 x 20° cos17 X 20° 1
0 sin20° sin2 x 20° L sinl6 x 20° sinl7 x 20°
1 cos40° cos4 x 20° L cos32 X 20° cos34 x 20°
0 sin40°  sin4 x 20° L sin32 x 20° sin34 x 20°

Tigerns = (l) M M M M M 11)
s/2s = \9g 1 cos8x 20° cos16 x 20° ; cos128 x 20° cos136 x 20°

0 sin8 X 20° sinl6 x 20° | sin128 X 20° sin136 X 20°

1/V2 —-1/V2 1/V2 . 1/N2 1/V2

[1/V2 —1/V2 1/V2 L 1/V2 —1/V2
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In terms of the winding distribution characteristics
of the stator windings of a nine-phase PMSM with
three Y shifted by 20°, the nine-phase PMSM can be
equivalently regarded as a half 18-phase motor.
Considering that the actual nine-phase PMSM with
three Y shifted by 20° only has the 1st, 2nd, 3rd, 7th,
8th, 9th, 13th, 14th, and 15th phase windings, as shown
in Fig. 1, therefore we only need to extract the
corresponding nine columns from Eq. (11) to form a
transformation matrix with 18 rows and 9 columns. In
addition, through the orthogonal subspace decomposition,
the vector space of the symmetric 18-phase motor is
decomposed into the fundamental subspace, the
harmonic subspace and the subspace where the
zero-sequence component is located. Then the
distribution of the harmonics of the asymmetric

Table 1 Relationship table between F,,, v and pu.

nine-phase permanent magnet motor in the two-phase
static model can be obtained, as shown in Table 2.

2
1
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11 g 18
12 / 17
13 ] 16
14 15

Fig. 1 Schematic diagram of windings of asymmetrical
nine-phase PMSM.

E,

Spatial characteristics of F,,

Relationship between u and v

n=v+u+k-m
0 F,, equalsto 0. ni=v—u¢l m
mN, 1, Ree) V-HoD) F,,, is in the same direction as the rotation directionof n; =v+u # k-m
2 the fundamental magnetomotive force. n=v—u=101m
mN, I, Reel W +HwD) F,,, is opposite to the dire_ction of rotation of the n=v+u=k-m
fundamental magnetomaotive force. n,=v—pu #1l-m
. . . n=v+ ,u =k-m
mN, I, cos(uwt)cos(ve) F,, is the pulsating standing wave. =y —lm
,=V—p =
Table 2 Harmonic group of each subspace.
u Subspace Harmonic order
1 Fundamental subspace 1,17,19 ... 18k+1
5 The subspace where the 5th harmonic locates 5,13, 23 ... 18k+5
7 The subspace where the 7th harmonic locates 7,11,25 ... 18k+7
3,9 Zero-sequence component subspace 3,9, 15... 6k+3
Thus, Eq. (11) can be simplified as Eq. (12).
Tas/9s = (2/9) (12)

c0s60° —cos60° 1
sin60° sin60° 0

O RO RO RO

[1/72 1/N2 /N2 12

c0s20° c0s40° —c0s60°—c0s40°—c0s20°—c0s60°—c0s80° cos80° 1
sin20° sin40° sin60° sin40° sin20° —sin60°—sin80°—sin80°
c0s60° —cos60° 1
sin60° sin60° 0
—c0580°—c0520°—c0s60° cos20° co0s80° —cos60°—cos40° cos60°
sin80° —sin20°—sin60°—sin20° sin80° sin60° —sin40°—sin60°
—c0540° c0s80° —co0s60°—c0s80° co0s40° —cos60° cos20° —cos20°
sin40° —sin80° sin60° —sin80° sin40° —sin60° sin20° sin20°

1/V2

c0s60° —cos60°
sin60° sin60°

1/N2 1/N2 12 1/42 |
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According to the coordinate transformation principle
of the three-phase motor, the Park transformation is
only consistent with the vector rotation matrix in
mathematical form. The Park transformation of the
multi-phase motor transforms the physical quantities
involved in the electromechanical energy conversion
from the two-phase stationary coordinate system to
two-phase rotating coordinate system. Therefore, the

r cosf sin6 0 0
—sinfcosf® 0 0
0 0 cos30 sin360
0 0 —sin360cos36
Tos/or = 0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
L0 0 0 0

Combined Egs. (12) with (13), it can be obtained
that the constant amplitude multi-dimensional rotating
coordinate transformation matrix of the asymmetric
nine-phase PMSM can be expressed as Eq. (14).

2.3 Model in Rotating Coordinate System

Based on the theories in Sections 2.1 and 2.2, we
transform the vectors in each natural coordinate system
to a multi-dimensional rotating coordinate system, and
then the mathematical model of the motor in the
rotating coordinate system can be calculated.

Ug ta L;0 o0 0 0 O
Ug lq [oLq 0 0 g O
Usq _ iSd + 0 OLSd 0 o O
Usq |l 79 isq 00 0Lsq0 O
Uzq ial 1000 0Ly?0
Uzq i7q 000 o 0Ly

The torque equation can be obtained by the
expansion of Eq. (9):
9
Te =5 P[(La = Lg)iaiq +¥1iq

+5(Lsg — Lsg)isaisq
+ 515is,
+ 7(L7d - L7q)i7di7q
+ Tyizg]

(19)
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form of the rotation coordinate transformation matrix
of the same subspace of the multi-phase motor is the
same as that of the three-phase motor, and the rotation
angle of the different order coordinates must be
consistent with the rotation angle 6 of the lowest
harmonic vector in the subspace. Then, the rotation
transformation matrix of a symmetrical nine-phase
permanent magnet motor can be written as Eq. (13).

0 0 0 0 0

0 0 0 0 o0

0 0 0 0 o0

0 0 0 0 o0
cos50 sin56 0 0 0 (13)

—sin56cos56 0 0 0

0 0 cos78 sin760

0 0 —sin70cos760

0 0 0 0 1
Lyg = T9s/2rLsT9_s}2r (15)

= diag(Lg, Lg, L3a, Lags Lsa, Lsqy L7a, L7q)
idq = T9s/2ri = id'iq'i3d:i3q' Isa i5qri7dri7q (16)
Ugq = T9s/2ru 17
= Ugq, Uq, U3q, Uzq, Usa) Usg, U7, U7q

After ignoring the coupling between the
fundamental wave, the 5th harmonic and the 7th
harmonic and removing the third zero-sequence
component, the voltage equation under the
multi-dimensional rotating coordinate system of the

asymmetric nine-phase PMSM can be obtained as:

] [ “hala ] 0y
lq Lgig Py
d iSd _5L5qi5q 0
—|:; |[tw . +w 18
dt lSq L5d1'5d l/)5 ( )
ira| | ~7Lrgirg [ 0 J
l7q L L7di7d i l/)7

3. Simulation and Analysis

In order to verify the validity and rationality of the
model constructed in Section 2, this paper builds a
simulation model of the nine-phase motor in the d-q
coordinate system on the MATLAB/SIMULINK
simulation platform, as shown in Fig. 2. The motor
parameters are as follows [7, 8].
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Fig. 2 Simulation model of nine-phase PMSM.

The stator resistance of each phase is 0.066 Q; L,
Lq, Lsq, Lsq, L74 and L, are 0.0023 H, 0.0046 H,
0.0007 H, 0.0009 H, 0.0004 H and 0.0004 H,
separately; 4, ¥s, ¥, are 0.1028 Wb, 0.07 Wb and
0.04 Wb, separately; the moment of inertia of the
motor is 0.094 kg - m? and the number of pole pairs of
the motor P is 3.

3.1 Start with No-Load and Operation with Load

From Fig. 3, the simulation results show that:

(1) The nine-phase PMSM has a faster response
speed: the motor starts quickly and reaches the steady
state after about 0.3 s.

(2) When starting with no load, the torque ripple and
current ripple of the nine-phase PMSM are relatively
large; when it reaches the steady state, the
electromagnetic torque ripple and current ripple of the
motor are small.

(3) The nine-phase PMSM has good steady-state
performance: when the load is suddenly added after 0.8
s, the motor can quickly reach a new steady state again
and the speed drop is small.

3.2 Dynamic Braking

After the nine-phase induction motor runs for 0.5 s

with load, the stator phase winding Al is energized
with direct current, and the simulation result is shown
in Fig. 4.

It can be seen from Fig. 4 that when the stator phase
winding Al is energized with the direct current, the
nine-phase PMSM enters a state of energy consumption
braking. In this state, the speed drops to zero quickly,
the electromagnetic torque also becomes zero, and the
current of the stator phase Al suddenly increases and
reaches a new value. After reaching a new steady state,
it will gradually increase. The results show that the
dynamic braking of the nine-phase PMSM is feasible.

3.3 Motor Running Out of Phase

When the motor is running stably, the power supply
of phase Al of the stator is disconnected at 0.9 s, and
then the motor runs in a phase-loss state. From the
simulation results shown in Fig. 5, it can be clearly
seen that the speed only fluctuates and decreases
slightly in the phase-loss mode, which is completely
different from three-phase motors which cannot run
when out of phase. Compared with 3-phase motor, the
redundancy of the windings of the nine-phase PMSM
greatly improves the reliability and stability of the
system.



Modeling and Simulation of Nine-Phase Permanent Magnet Synchronous Motor 231

600
400
200
{:.
-200 [
-400
-600
.50 E i s = | | | | i
0 05 1 15 0 02 04 08 08 1 1.2
Fig. 3a Torque curve of no-load and with load. Fig. 4a Torque curve of dynamic braking.
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Fig. 3c Al phase current curve of no-load and with load. Fig. 4c Al phase current curve of dynamic braking.
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Al phase current curve.

4. Conclusion

08

This paper firstly completes the establishment of the

mathematical model of the nine-phase permanent
magnet motor in rotating coordinates by means of
space vector decoupling theory. In order to verify the
validity and rationality of the model, a simulation
model of the speed control system of the asymmetrical
nine-phase PMSM is built in the
MATLAB/SIMULINK. Through the analysis of the
simulation results in the starting, braking and
phase-loss operation modes, it can be proved that the
asymmetrical nine-phase permanent magnet motor has
good dynamic performance and steady-state
performance, as well as high reliability, small torque
ripple and high fault tolerance.
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