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Abstract: In order to improve the dynamic performance and suppress current harmonic for seven-phase PMSM (permanent magnet

synchronous motor), this paper proposed an MPCC (mode predict current control) scheme based on SVPWM (space vector pulse

width modulation) technique. By this scheme, the 14 virtual voltage vectors are first calculated based on the principle: the voltage

vector synthesized in the 3rd harmonic subspace and the 5th harmonic subspace should be zero, in each sampling period, the optimal

voltage vector is directly selected from the 14 virtual voltage vectors to achieve the best output current performance of seven-phase

PMSM. In addition, no cost function related calculations are required in the MPCC scheme, reducing the calculation time and

improving the dynamic response of the system. The simulation model of the seven-phase PMSM vector control system is established

by using the Simulink tool of MATLAB, and the effectiveness of the scheme will be presented.
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1. Introduction

With the development of technology, traditional

three-phase machines are widely used in various fields.

In the naval industry, conventional three-phase
machines are predominantly used. Recently, the use of
electric machines with more than three phases (such as
seven-phase) has considerably increased, notably for
high power applications such as ship propulsion [1].
Seven-phase motor has the advantages of high power
and high

efficiency, but also has the advantages of low torque

density, high torque-to-inertia ratio,
ripple and high reliability [2].

Multiphase machines are fed by multiphase VSI
(voltage-source-inverter), modulation and control
schemes have been developed to drive a multiphase

VSI, such as SVPWM (space vector pulse width
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modulation) [3], DTC (direct torque control) [4, 5],
FOC (field-oriented [6] and MPC
(model-predictive controls) [7, 8]. MPCs are separated

control)

into two classes, direct predictive control (DPC) and
dead-beat control noted as PPC (PWM predictive
control) [2], PPC has been used in current control for
inverters (MPCC (mode predict current control)), as
well as for PMSM (permanent magnet synchronous
motor) [9], where the duty cycles are calculated by
using classical space vector PWM (SVPWM). MPCC
has been considered as one of the most effective and
simplest current control schemes for multiphase VSIs
due to its simple and intuitive concept, fast dynamic
response, its control flexibility [10], and it uses
optimality ~ framework  with  possibility  for
incorporation of various nonlinearities and constraints
of practical nature [11].

However, large amounts of harmonic currents are
generated by the multiphase power systems when they

are fed by a multiphase PWM inverter and lead to the
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decrease of the control performance. To solve this
problem, domestic and foreign experts and scholars
have conducted a lot of research. In Ref. [12], a
strategy based on hysteresis MPC control and
multi-step prediction is proposed to suppress
harmonic current. Virtual voltage vectors are adopted
to extend the control set of FCS-MPC in Refs. [13,
14], and also improved the performance of the system.
In the above literature, there is a common feature: in
the MPCC control strategy, the selection of the
optimal voltage vector is determined by the loss
function. The cost function undoubtedly increases the
computing time of the system. In this paper, an
FCS-MPC control strategy of seven-phase PMSM
based on SVPWM is proposed. In the control strategy,
the selection of the optimal voltage vector does not
depend on the loss function, and the harmonic is
suppressed by the combination of five basic voltage
vectors. The dynamic response speed of the motor is
improved.

In the next parts, the seven-phase PMSM model,
the synthesis of virtual voltage vectors and the system
simulation experiments will be elaborated. The system
simulation experiments are implemented based on the
MATLAB Simulink module.

2. Mathematical Model Description

This part describes the ideal mathematical model of
seven-phase PMSM in the natural coordinate system
and a-f coordinate system. Steady-state simulation is

run to verify the rationality of the modeling.

2.1 Mathematical Model in the Natural Coordinate
System

The phase voltage and the stator flux linkage

equations in stator frame are shown as follows:

, d
u,=Ri,+ dtl/ls (1)
w,=Li,+w, (2)
Where u, — [uA Up Uc Up Urp Ufp ug] r al’ld

i,=[i, iz ic ip ig ip ig]” are the stator phase

voltage and current vectors
respectively; R, = dig[R,R,R,R,R,R,R] , R is the
stator resistance of each phase; L, is the inductance
matrix of the stator; ¥, is the stator flux matrix; ¥m
is the permanent magnet flux vector, it can be

expressed as:

cosd
cos(0 —a)
cos (0 —2a)
v, =y| cos(@—3a) ?3)
cos (0 — 4a)
cos(0 —5a)
| cos (0 — 6a) |

where v is the flux linkage amplitude of permanent
magnet, & is the rotor position angle, with electricity
angle indication, o is the angle between adjacent
two-phase winding axes, a = 2x/7.

The torque equation is:
_ 10 .y
Te - 2 pn ae (ls ‘//m) (4)
where p, is the polar logarithm of motor.
2.2 Mathematical Model in o-f Coordinate System

By using VSD (vector space decoupling), the
seven-phase  PMSM mathematical model in the
natural coordinate system can be transformed into the
a-f coordinate system. This model will be used in
Section 3 of the MPCC control strategy.

The voltage and flux in a-f coordinate system can
be obtained as in Eq. (5):
iy te@) O

where u,; and i,; are the stator phase voltage and

ua/)’ - Ra/)’iaﬂ + Laﬁ’

current vectors respectively under a-f coordinate system,
including a-f space components, 3rd space component,
5th space component and zero-order space component
[15]. R;=T.R,T,;,is the o-f stator resistance matrix.

L,=T,LT,, is the a-f inductance matrix of the
stator. ¢(9):Taﬁ%wm is the component of the

magnetic chain of permanent magnets on o-f3 space.
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According to the matrix transformation of Clark,
the transformation matrix from the natural coordinate

system to a-f coordinate system is obtained:

2
T, \/; (6)

cos(3a) cos(4a) cos(5a) cos(6a) ]
sin(2a) sin(3a) sin(4a) sin(5a) sin(6a)
cos(3a) cos(6a) cos(9a) cos(12a) cos(15a) cos(18a)

1 cos(2a)
0
1
-1 0 sin(3a) sin(6a) sin(9a) sin(12a) sin(15a) sin(18a)
1
0
1

cos(a)
sin ()

cos(5a) cos(10a) cos(15a) cos(20a) cos(25a) cos(30a)
sin(5a) sin(10a) sin(15a) sin(20a) sin(25a) sin(30a)
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2.3 Seven-Phase PMSM Model Simulation Results

By applying a standard sinusoidal AC current with
a 2m/7 difference to a seven-phase PMSM, the
motor output can be obtained (including stator current
(A), rotor speed (rad/s),
(N - m)), shown in Fig. 1.

electromagnetic torque

As can be seen from Fig. 1, when the ideal power
supply is input, in the steady state, the stator current is
also ideal sinusoidal and 27/7 from each other, and
the speed is stable at the given value, and at 0.3 s, due
to the sudden addition of load to 200 N-'m, the
electromagnetic torque reaches steady state after rapid
fluctuations and is equal to the load torque. The basic
performance requirements of the motor are met, and

the model established is of practical significance.

3. Voltage Space and Motor MPCC
3.1 Voltage Space of Seven-Phase VSI

Seven-phase PMSM was fed by a two-level
seven-phase VSI. The switch state of each bridge arm
is defined as a switch value S,(i=A4,B,C,D,E.F,G),
when S; =1, it means that the upper switch of this
bridge arm is closed and the lower switch is open, and
when S; =0, the switch state is the opposite of the
above. A total of 27 =128 different switching states
can be obtained by combining the switches of the
seven bridge arms.

A seven-phase VSI can be described in three

orthogonal planes, which are designed as a-f8, x1-y,
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Fig. 1 Motor output components at ideal power input with
no load torque: (a) stator current, (b) rotor speed, (c)
electromagnetic torque.

and x,-y,, using Clarke’s decomposition matrix for
seven-phase systems. The voltage space in each plane
can be defined as:

V@yz‘%V;(Sa+*aSb+*azSc%*a3Sd+*a4Se+fa5Sf%fa6S;
Vo = %Vdc (Su+a’S,+0a°S. +02S, +a’S.+aS, +a*S,)
V= %Vdc (Sa +a°S,+a’S. +aS; +a’S, + 0L4S/- + OcZSg)

(7)
where V. 1isthe VSI DC side voltage, a = 2x/7 .
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Assuming V4. = 1 V, the 128 switching states are according to the magnitude of the voltage vectors, and
brought into each of the three spaces in Eq. (7) to the voltage vectors in each group have the same
obtain the voltage space vector as shown in Fig. 2. magnitude but different vector angles. a-f subspace

All subspaces can be divided into 9 groups voltage vectors are shown in Table 1.
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Fig. 2 Voltage vector space: (a) a-f subspace, (b) x;-y; subspace, (c) x,-y, subspace.

Table 1 a-f subspace voltage vectors.

Group Voltage vectors [

1 127,0 0
109,17,118,72,59,36,93,18,110,9,55,

2 68,91,34 0.1271v,,

3 82,106,41,53,84,90,42,45,21,86,74,43, 0.15867,
37,85
51,100,89,10,108,25,54,76,27,38,77,

4 19,102,73 022917,

5 (1541,133,32,125,16,4,8,63,126,95,2,111, 028577,
33,117,80,122,40,61,20,94,10,47,5,87,

6 66,107 035637,
81,105,49,114,104,57,116,88,52,58,

7 92,44,26,29,46,22,13,78,23,11,70,39,  0.404y,,

75,69,35,83,101,98
115,96,48,121,24,62,124,12,31,6,79,3

8 103’65 1 ’ 3y ) ) 1V 1Yy 05148Vd(
97,113,112,120,56,60,28,30,14,15,7,
9 71,67,99 06247

As introduced in the introduction, with the increase
of the number of motor phases, the control methods
will become more and more, so that the control
algorithm will become more flexible. The same is true
of multiphase inverters. For seven-phase VSI, the

control algorithm should be considered under three

planes named as (a-f),

(x1-y), and  (x2-32);
seven-phase VSI needs one more plane compared with
five-phase VSI or six-phase VSI [16]. In order to
restrain the harmonics in the phase current, the basic
principle of the seven-phase inverter control is that
under the premise of ensuring the maximum
amplitude of the a-f subspace synthetic voltage vector,
the amplitude of the synthesized voltage vector in

x1-y1 subspace and x,-y, subspace is zero.
3.2 Prediction Model of Seven-Phase PMSM

Eq. (5) gives the voltage equation of seven-phase
PMSM in the coordinate system. Taking the current as
the state variable, it is rewritten as follows.

d

o is= Ai+ Bu,,+C (8)

where
=-(Ly) 'Ryy,B=(L,y) ',C=-(L,) '®(0)
In a very small sampling time 7,, Eq. (8) is
linearized according to the Forward Euler method.
iy (k+1)=Gi,(k)+ Hu,z(k)+M (k) (9)
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where G=(0+ A)T,,H= BT,M =CT,

In each sampling period, the model prediction
current control needs to calculate the voltage vector
required in 3 spaces for use in judging the sectors, and
the above equation is transformed and simplified to
obtain the prediction equation for the voltage vector
required in each sampling period in three spaces as
follows:

uuy (k)= H " (i (k +1) — Gi,; (k) — M (k))(10)

During the hardware implementation, the computational
speed of the microcontroller is not infinite, and a large
number of calculations for the model predictive control
cause a delay in the output of the optimal voltage
vector. To solve this problem, the two-step prediction
method is usually applied to the model predictive
control link. By advancing the prediction Eq. (10) by
one sampling period, the value of the predicted current
at the moment of (k + 2) can be obtained.

Uy (k+10)=H "(i;y(k+2)— Giy(k+1)— M (k+1))
(1)
4. Costless-Function MPCC Strategy

In order to suppress the 3rd and 5th harmonics
generated by the VSI, 14 virtual voltage vectors
synthesized from the fundamental voltage vectors will

be used as the optimal voltage vectors according to the
basic principle of optimal vector synthesis. First, the
actual voltage vector at the moment k£ + 1 is predicted
according to the prediction model. Next, the virtual
voltage vector closest to the current predicted voltage
vector is selected as the optimal voltage vector at the
moment k + 1 according to the closest distance
principle and is applied to the pulse generator to
generate the voltage signal. The MPCC scheme block
diagram is shown in Fig. 3.

4.1 Synthesis of Virtual Voltage Vectors

The virtual voltage vector is synthesized from the
basic voltage vector, and the quality of the synthesized
virtual voltage vector varies with the selection of
different basic voltage aptitude.

According to the literature [17], the outermost
voltage vector (Group 9) of Fig. 2a is selected as the
basic voltage vector for synthesizing the virtual
voltage vector in this paper. Group 9 has a high
magnitude, which can improve the voltage utilization
on the DC side of the VSI, and Group 9 acts on the
VSI, the CMC (common mode current) between the
neutral point on the DC side of the VSI and the neutral
point of the motor is small, compared to other groups.
The virtual voltage vector in the a-f coordinate
system is shown in Fig. 4.
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+ Delay|<€
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Fig. 3 Block diagram of costless function MPCC scheme.
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Fig. 4 Virtual space vector diagram in the a-f# plane.

Each virtual voltage vector is composed of 5 basic (99,10 +120,,,1) + 1, (97,1, +112,,,,) + 5113, =0
voltage vectors, take the virtual voltage vector V, as 11(99.2y0 +120,5,0) +1,(97 100 +112,5,0) + 11135, = 0 (
an example, which is composed of voltage vectors 113, 26+ 2t + =1
97, 112, 99, 120, and its expression in a-f space is as 13)
Eq. (12). The synthetic vector diagram in o-f, x;-y, Form Eq. (13), the time-factors are:
and x,-y;, space is shown in Fig. 5. t,=0.1980

Vo =199 + 1,97 + £5113 + 1,112 + £,120 £,=0.1588 (14)
(12) _
=199 +120)+ £, (97 +112) + £;113 1;=10.2862

To suppress harmonics, the virtual voltage vector After substituting Eq. (14) into Eq. (12), the virtual
on the other spaces should be set to zero. Under this voltage vector V,,;=0.562V,.225.71° in a-f
constraint, the time-factors #,, #, and #; can be calculated: space and zero on other spaces, is shown in Fig. 6.

w0 T
, 0.15
160 a0 30 150 13 01 30
‘ V2 005 120
12\?1
13
180 97 o 180 0 180 97 0
99
112
20 230 a0 210 %o 330
112
240 300 240 13 300 240 300
(a) (b) (©

Fig. 5 Synthetic voltage vectors on different spaces: (a) a-# subspace, (b) x;-y; subspace, (C) x,-y, subspace.
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Fig. 6 Optim voltage vectors v, synthesized in different spaces under time-factor: (a) a-f subspace, (b) x;-y; subspace, (c)

x,-y, subspace.

In a similar way, other virtual volume vectors can
be synthesized. Fourteen (14) virtual voltage vectors
will act as a finite control set for the MPCC,
minimizing both the CMC and suppressing the 3rd

and 5th harmonics at the same time.
4.2 Switching Signal Generation

The optimal voltage vector in a sampling time 7,
is one of the 14 virtual voltage vectors. By comparing
the voltage vector calculated by the prediction model
with the 14 virtual voltage vectors, the virtual voltage
vector closest to the predicted voltage vector is
selected as the optimal voltage vector at the current
moment.

For example, when the predicted voltage vector is
located in sector 2, V, is selected as the optimal
voltage vector at the same time, the action time

voltage vectors 113, 97, 112, 99, 120 are expressed as:

tog = tz0 = 1T
t97:t112:t2Ty (15)
tus =67,

To effectively reduce the harmonics of SVPWM, a
symmetrical pulse sequence is used to drive VSI. The
half switching pulse of voltage vector ¥V, is shown in
Fig. 7. S, is the switch for each bridge arm.

5. System Simulation Results

The seven-phase PMSM module was built by
SIMULINK module under MATLAB simulation tool

and the simulation real results were given in part 2.3
to verify the reasonableness of the model with the
simulation parameters shown in Table 2.

The parameters of VSI: DC side voltage V4. = 700
V switching frequency f; = 2.5 x 10* Hz, system
sampling time 75 = 1 x 10* s, and the output current
frequency is 50 Hz.
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Fig. 7 Half switching pulse of voltage vector V.

Table 2 Motor parameters.

Parameters Value
Number of phases 7

Stator leakage inductance L, 3x10*H
Stator mutual inductance L, 12x10° H
Stator resistance R 1.78 Q
Number of pole pairs P, 4
Permanent magnet flux linkage 0.175Wb
Damping factor B 0.4 x 107
Moment of inertia J 0.015 kg'm?
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Fig. 8 shows the stator current waveform after the
motor reaches the steady state without load torture and
the results of the FFT analysis of the stator current
waveform. When the motor reaches steady state at no
load, the motor stator current is a smooth sinusoidal
function waveform, and after FFT analysis, the THD
(Total Harmonic Distortion) accounts for only 3.78%
of the fundamental component (50 Hz), of which the
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3rd harmonic accounts for only 1.53% and the 5th
harmonic accounts for only 0.12%. Rotor reaches a
given speed of 750 r/min, a smooth rotation with no
pulsation values. Maximum electromagnetic torque is
5 N'm. The simulation results show that the costless
function MPCC strategy proposed in this paper
effectively suppresses the harmonics generated by VSI
and ensures the voltage quality of the system.
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Fig. 8 Simulation results in steady state: (a) phase A current waveform of stator, (b) current on a-f space, (c) rotor speed, (d)
electromagnetic torque, (e) phase A current FFT analysis results.
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Fig. 9 Dynamic response of motor under load: (a) stator
phase current, (b) rotor speed, (c) electromagnetic torque.

At the same time, the effect of the controller on the
motor control under different load conditions is
simulated. The simulation time is 0.25 s. At 0.1 s, the
load torque increases to 500 N-m, and at 0.155 s, the
load torque decreases to 300 N-m. In Fig. 9 the stator
phase currents, rotor speed and electromagnetic torque
are shown. After each phase current reaches steady
state, the harmonic content is low; 0.025 s later the
system reaches steady state and the speed and torque
reach stable values. The speed fluctuates to some
extent, but the fast dynamic response of the control
system makes it very right and stable. When the

system is in steady state, the electromagnetic torque is
equal to the load torque.

6. Conclusion

In this paper, the MPCC (model predictive current
control) is applied to the current control of a two-level
inverter, while the basic principle of MPCC of a
seven-phase inverter is described with a seven-phase
PMSM as the load, and the costless-function MPCC
strategy is proposed to reduce the computation time
and improve the dynamic performance of the system.
The generation of the 3rd and 5th harmonics is
suppressed under the optimal voltage vector based. In
addition, the control system has only one speed PI
regulator, which largely reduces the complexity of
system commissioning compared to traditional dual PI

regulators.
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