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Abstract: Multiphase motors have multiple control planes, and harmonics are decoupled in different
planes. Multiphase motors can improve magnetic field distribution, power density and core utiliza-
tion by injecting certain harmonic currents into the harmonic planes. In the harmonic plane control
process, due to the switching frequency of the inverter being limited, the ratio of the switching
frequency to the current frequency (the carrier ratio) of the harmonic plane is low, the digital control
delay increases, and the inverter output current contains more harmonics, which makes it difficult
for the proportional-integral (PI) current controller to effectively control the d-axis and g-axis currents
of the harmonic plane and thus unable to track the given values stably. Moreover, the PI current
controller is relatively dependent on the motor parameters. For these reasons, a model predictive
current control method with predictive error compensation is proposed. Taking a nine-phase induc-
tion motor as an example, the control voltage is calculated by the cost function and corrected by the
current predictive error, which realizes the current control method at a low carrier ratio. Additionally,
the robustness of the control method is analyzed after the parameters of the multiphase motor have
large errors. The experimental results show that the proposed method can control the current of
the harmonic plane at low carrier ratio, accurately track the harmonic current commands and attain
strong robustness for the motor parameters.

Keywords: model predictive control; multiphase motor; low carrier ratio; predictive compensation;
parameter robustness

1. Introduction

Due to its own characteristics, multiphase motors (n > 5) mostly use a concentrated
full-pitch winding structure. Higher stator harmonic current injection can improve the
power density and core utilization of the multiphase motor and increase the output
torque [1,2]. Hence, multiphase motor drive systems have become a feasible solution
for high-power applications in recent years and are widely used in electrified traffic and
energy production.

In order to ensure the rapidity and stability of the current control, the multiphase
motor drive system usually uses a higher switching frequency to make the carrier ratio high
enough. In this situation, the traditional PI current controller can already satisfy the control
requirements. However, in high-power applications, limited by inverter switching losses
and a temperature rise, the system switching frequency is often low [3]. For multiphase
motors, the current frequency of the harmonic plane is a corresponding multiple of the
fundamental plane. Therefore, at low switching frequencies, although the carrier ratio of
the fundamental plane is sufficiently high, the carrier ratio of the harmonic plane is low.
When the carrier ratio is low, the system control delay and the harmonic content of the
inverter output current increase, and the current control bandwidth will also be limited,
which will cause the dynamic, steady-state performance and stability of the current loop to
deteriorate [4,5]. Therefore, compensation measures are required.
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For the current control problems at a low carrier ratio, analysis of the stability of
the current loop using a PI controller was conducted in [4], and a compensation method
to increase the stable operation range of the system was proposed. Not only was the
stability of the current loop at a low carrier ratio analyzed in [5], but the sampling error was
also studied, and an error estimator to compensate for the sampling error was designed.
However, the above two methods are relatively dependent on motor parameters. Based
on the idea of zero-pole cancellation of the system, a complex vector current controller
was presented in [6,7] which improved the dynamic performance of the current loop at a
low switching frequency and reduced the controller’s sensitivity to the motor parameters.
However, the structure of the controller was complicated, and digital realization was
difficult. In [8], the three aspects of current loop decoupling, one-step time delay and
parameter sensitivity were analyzed to propose a digital current regulator with active
damping terms. The regulator could improve the stability of the current loop at a low
carrier ratio and was less sensitive to the motor parameters, but the currents had a high
ripple in the steady state.

On the other hand, due to the advantages of a simple concept, strong robustness and
easy handling of multivariable control problems [9,10], predictive control has been widely
used in industrial control in recent years. The work in [11,12] combined big data and
deep learning technology for predictive maintenance and achieved the expected results.
Therefore, model predictive control (MPC) provides another possibility to solve the current
loop control problem of multiphase motors at a low carrier ratio. The more commonly used
method in motor control is finite control set model predictive control (FCS-MPC) [13-17].
In [13,14], the normal FCS-MPC used an enumeration method to traverse the voltage
vector and only selected one voltage vector as the optimal one within each control period.
Although this method could improve the dynamic performance of the current in the control
process, it led to a higher steady-state ripple and required a fast sampling rate. Double-
vector-based and multi-vector-based schemes to improve the steady-state performance of
FCS-MPC were proposed in [15,16]. However, they were more complicated in selecting
voltage vectors and still required a fast sampling rate. The multiphase motor has a large
number of voltage vectors, and the sampling rate at a low carrier ratio is also very low.
Therefore, it is not suitable for multiphase motors, nor for low carrier ratios.

Considering the factor that there are more voltage vectors in multiphase motors,
continuous control set model predictive control (CCS-MPC) is an excellent choice [18-22].
In [18-20], the normal CCS-MPC ignored the rotor position change during the control
period when establishing the MPC discrete model, predicted the stator current in the future
control period and calculated the optimal control voltage through the cost function, finally
realizing the improvement of the dynamic and steady performance of the currents. Since
the calculation of the optimal control voltage had no relation to the number of voltage
vectors of the motor, [21,22] used CCS-MPC to improve the current control performance
of a five-phase motor. However, none of the above CCS-MPC methods are suitable for
low carrier ratios. When the carrier ratio of the harmonic plane is relatively low, the
rotor position of the multiphase motor changes greatly in one control period, so the stator
voltages of the harmonic plane change greatly in one control period [23], which makes
it difficult for the CCS-MPC to accurately calculate the optimal control voltage, and the
current control performance of the harmonic plane decreases.

This paper uses a symmetrical nine-phase induction motor as the research object. A
novel general MPC method is proposed to solve the problem of deteriorated current control
performance when the harmonic planes are at a low carrier ratio. Considering that it is
difficult for the existing normal MPC methods to accurately calculate the optimal control
voltage at a low carrier ratio, a scheme for correcting the control voltage using current
prediction error is proposed. Moreover, the performance of normal PI controllers is affected
by the accuracy of the motor parameters. In order to reflect the advantages in this respect,
the parameter robustness of the proposed MPC method is analyzed. The innovations
include a prediction error compensation scheme, robustness of the proposed MPC method
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for the motor parameters and application to the symmetrical nine-phase induction motor,
which are meaningful to solve the current loop control problem of multiphase motors at
low carrier ratios.

This study is organized into five sections. Section 2 gives the general model of the
multiphase motor. Section 3 establishes the MPC discrete model with predictive error
compensation. Section 4 presents the experimental setup and results. Finally, the discussion
and conclusions are summarized in Section 5.

2. General Model of Multiphase Motors

The symmetrical nine-phase induction motor in this paper was fed by a two-level
voltage source inverter (VSI) as shown in Figure 1, where the stator phase windings were
evenly distributed in the spatial position and the two adjacent phase windings differed in
space by 40 degrees in their electrical angles.

= 9-phase
- M
SA]
T Udc {
9
ﬁsf

Figure 1. Symmetrical nine-phase induction motor supplied from a two-level voltage source in-
verter (VSI).

Multiphase motors can be modeled as several subplanes, and different subplanes
are orthogonal to each other. Taking the symmetrical nine-phase induction motor as an
example, the subplanes can be represented as d1 — g1, d3 — 43, d5s — g5 and d7 — q7, where
dq — q is also called the fundamental plane. The Park transformation matrix T of the
nine-phase induction motor can be expressed as [24]

cos 6 cos(@ —a) ... cos(6—8a) —
—sinf  —sin(0 —a) —sin (0 — 8a) - q1
cos 36 cos 3(0 — a) —sin3(@ —8x) | — dj
5 —sin30 —sin3(0 —a) cos 3(6 — 8a) — g3
T= 5 cos 50 cos5(0 — w) cos 5(0 — 8a) — ds 1
—sin50 —sin5(0 — ) —sin5(0 —8x) | = g5
cos 76 cos7(0 — «) cos 7(0 — 8a) — dy
—sin78 —sin7(6 — «) —sin7(0 —8a) | — g7
1/2 1/2 .. 1/2 - 0

where 0 is the angle of the rotor flux, & = 271/9.

The nine-phase induction motor can decouple the system control variables to different
subplanes by Equation (1). Hence, the voltage and torque equations of the nine-phase
induction motor in d, — g, can be expressed as [24,25]

Usdy _ Rso —0wsLgy isdz; isdv @ p
[l Rl Pl |l R Bl B

Usgo vws Ly Isqou isqv 0Ws

Lo .
Tep = Pn %lsqzﬂprv (©)]
o

where v =1, 3, 5 and 7 for the fundamental, third, fifth and seventh harmonic planes,
respectively, iy, and 14, are the stator voltages in dy — gy, Rsy is the stator resistance, i,
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and 54y are the stator currents in d, — g, p is the differential operator, ws is the synchronous
angular velocity in d; — g1, Ly and L, are the mutual inductance and rotor inductance,
respectively, Lgy is the stator inductance, Lyy = 0yLsy, 05 = 1 — L%w/ (LsyLyy), Tep is the
electromagnetic torque, p;, is the number of pole pairs and i, is the rotor flux.

The nine-phase induction motor can improve the core utilization and torque density by
injecting the third, fifth and seventh harmonic currents [26]. When the switching frequency
is low, since the current frequency of d, — g, is v times the fundamental plane, the carrier
ratio of the harmonic plane will be lower, and the PI controller can no longer effectively
control the harmonic current.

When solving this problem from the perspective of MPC, take the injection of the third
harmonic current as an example for analysis. The phase currents are decoupled to d; — q;
and d3 — g3 by Equation (1), and MPC models need to be established in d; — g1 and d3 — g3,
respectively.

3. MPC Algorithm at a Low Carrier Ratio

When the harmonic plane of the multiphase motor is at a low carrier ratio, it is
difficult to achieve stable tracking of the harmonic plane currents using PI control. To
solve this problem, based on the traditional MPC algorithm, a model predictive current
control method of a multiphase motor with predictive error compensation is proposed.
As mentioned in Section 2, when the nine-phase induction motor only injects the third
harmonic current, the MPC model needs to be established in d1 — q; and d3 — g3.

3.1. Model Predivtive Current Control Discrete Model

Taking the fundamental plane as an example, when v = 1 in Equation (2), the voltage
equation under the synchronous rotating coordinate system can be expressed as
. . . Lo
Usq1 = Rsiisa1 + Lo1pisd1 — wsLotisqr + 2Py @
. . . Lo,
Usqi = Rs1isq1 + Lo1Pisqr + WsLolsar + ﬁwswrl
In order to simplify the calculation, the coupling term between the d-axis and g-axis

is treated as the forward disturbance, and the model of the d- and g-axis currents can be
obtained as follows:

d: Ry 1
dilsdl = _ﬁlsdl + musdl (5)
dj o — _Ra; 4 1,
dt'sql = T L,y'sql T Ly Msql
The forward disturbance term can be written as
u = Lm — wgLyi
sdol L PYri sbo1lsql ©)
. L
Usqol = Ws (lelsdl + ﬁ]llljrl)

where 44,1 and ugqo1 represent the d-axis and g-axis forward disturbance in d; — g3, re-
spectively.

Using the forward Euler method to discretize Equation (5), the d-axis and g-axis
currents of the next control step can be obtained as follows:

isq1 (k+1) = (1_%Ts)isdl(k) + tigq = Atigan (k) + Buutgar

. . , @)
Isql (k + 1) = (1_%TS) Isql (k) + LL;”sql = Allsql (k) + Bl”sql

It can be seen from Equation (7) that the current models of the d-axis and g-axis
have the same form. The incremental processing and state expansion of Equation (7) are
rewritten into vector form [27]:

i e L S A | Rt R B E I ®
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o
g1 = |:

iy (k+1]k)
iy (k+2|k)
iy (k+3Jk)

/isl =

On the fundamental plane, where ig (k) is the stator current in the synchronous
rotating coordinate system at time k, 51 (k + 1|k) is the current predictive value vector at
the time k + 1 according to the current vector at time k, Aig; (k) is the variation of the stator
current at time k, Aig; (k + 1|k) is the current predictive variation at time k + 1 according to
the current variation at time k and Aug (k) is the variation of the stator voltage at time k.

Using Equation (8) to predict the stator current in the next three control periods,

we have (k4 1lk A k
B a2 e [ ]
.Sl 1 isl(k) ! ;
in(k -+ 3JK) Al

where i1 (k + i|k) is the current predictive value vector at time k + i, according to the current
predictive value vector at time k:

Ay 1 B, 0 0
F = A2+ Ay 1(,Gi=1| AtBy By 0
AJ+ AT+ A 1 A?B; Ai1B; B

MPC usually uses a quadratic cost function to achieve rolling optimization:

3 2 2
J00 = Y [k il =i (k + [ | + 3 rjauatk+ ) (10)
i=1 j=0

Converting the cost function into a vector form [28] yields

J = [t —is1] Qqi] — is1] + AULR; AUy (11)
where
is1 (k + 1“{) Aug (k) g1 0 O rm 0 0
isl(k+2‘k> ,AUg = Ausl(k+1) ,Q1 = 0 g0 0 |,R1= 0 rn 0 |.
ig1(k + 3|k) Aug (k+2) 0 0 g3 0 0 3

Without considering the constraints, using the cost function to solve the partial deriva-
tive of All;, the optimal control voltage increment can be expressed as

AlUs; = Kyvpct (i;a —F- { Alsl(l((l;) D (12)

-1
where Kyipc1 = (G?QlGl + R1> GiQ;.
In the actual control process, MPC calculates the optimal control voltage through the
rolling horizon as follows:

{ Aug(k)=[1 0 0 ]AUy (13)

Uspl (k) = Usp] (k—l) + Aug (k)

where ug,1 (k) is the optimal control voltage at time k.
The expression of Equation (13) in the form of reference values and state variables is

ko Aig (i)
uspr(k) =11 0 0 ]KMPC1Z<151(1)—F1' { is - ]) (14)
i=1 s1(1)

It can be seen from Equation (14) that without considering the constraints, the optimal
control voltage of the incrementally processed MPC model is obtained by multiplying the
coefficient matrix Kypcq and the integral of the prediction error. Hence, the MPC model of
incremental processing is essentially feedback integral control.
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Similarly, the MPC model of the third harmonic plane can be derived.

3.2. Prediction Error Compensation Scheme

In the aforementioned derivation process, the coupling terms between the d-axis and
g-axis in Equation (6) are treated as forward disturbances. When the third harmonic plane
of the nine-phase induction motor is in the low carrier ratio condition, the system delay
is large, and the relationship between the synchronous electrical angular velocity of the
third harmonic plane and the fundamental wave plane is w3 = 3w;, which leads to a large
forward disturbance of Equation (6) on the third harmonic plane, the prediction error of the
MPC algorithm and the calculated control voltage error increase. Therefore, it is difficult to
control the currents of the third harmonic plane to track the given values. In addition, at a
low carrier ratio, the number of pulse width modulation (PWM) pulses in one modulation
wave period is reduced, and the inverter output current contains more harmonics, which
will also cause errors in the MPC model.

In order to reduce the influence of the above factors on solving the optimal control
voltage (Equation (13)) at a low carrier ratio and improve the robustness of the algorithm,
the following prediction error compensation scheme was adopted.

e  Correction of the optimal control voltage value

Taking the kth control period as an example, the control voltage compensation can be
calculated as

uger (k) = h - (i; —F - { Alsl(%) D (15)

where 14 (k) is the control voltage compensation at time k and h; is the compensation
coefficienthy = [ by hy h3 |.

e  Correction of the optimal control voltage value

The control voltage is corrected by adding the optimal control voltage obtained by
Equation (13) and the control voltage compensation amount obtained by Equation (15).
The corrected optimal control voltage will be used as the output of the MPC:

Usy (k) = Ugpl (k> + Udc1 (k) (16)

where ug (k) is the corrected optimal control voltage at time k.

Similarly, the derivation process of the prediction error compensation scheme for the
third harmonic plane is consistent with the fundamental plane.

Taking the g-axis current control in the fundamental plane as an example, the estab-
lished model predictive current control block diagram is shown in Figure 2.

iy DL g ~3x
i (k+2) - (G'Q,G,+R)"G Qh
i, (k+3)
z Au.vql(k)
Au,, (k+1)
Ai (k) y M (k42
| - Al 1 1x1 uqu( )
—Z
i G A4 1 1x1 i
ls] 3 2 *
1x] ™ A+A+4 1 ul,, (k) -1
.
N

u:qd(‘l (k) ) uj‘il

Figure 2. Model predictive control (MPC) principle with a prediction error compensation scheme.
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4. Experimental Results

In order to verify the effectiveness of the proposed algorithm, the built experimental
platform is shown in Figure 3, and the experimental control block diagram is shown in
Figure 4. The parameters of the nine-phase induction motor with concentrated full-pitch
winding used in the experiment are shown in Table 1.

£ M T AR \
Multiphase Dynamometer YR b8 Efi%
inverter control & ?E “ Ty

10

1

*
{ ]
|L~[.t'=

il
o

peeooeoe 0

s

. "
a)r + lsql U, u*
"‘ q Sa__
MPC —>dgq, /u,
, > u, :
Lg—> MPC sdl) d3q3 U SPWM
o :
I * :
Lt 543 L mpC Ugys b u;
| » a
Eq.(17) L
- sd3 !
lsdl l* —> MPC : 7 . dlql
sd3 !
4 v dyg
lsdl
lsq3 ab
lsd3 l
° 3

Figure 4. Control block diagram of the nine-phase induction motor based on MPC.

Table 1. Parameters of the nine-phase induction motor.

Motor Parameters Value
Rslr RS3 1.26 O
Ri1,Rys 0.78 Q

Ly 7.09 mH
L 196.29 mH
L3 7.09 mH
L3 21.81 mH

Pn 2
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The inverter of the experimental platform was based on the insulated gate bipolar
transistor (IGBT) module. The load was composed of a hysteresis dynamometer. The con-
troller used T1's TMS320F28377D signal processor. The sampling frequency and switching
frequency were set to 2 kHz. As shown in Figure 4, when the nine-phase induction motor
only injected the third harmonic current, the phase current could be decoupled to d; — q;
and d3 — g3 through coordinate transformation for independent control. The motor torque
density could be increased when the third harmonic currents were given as [29]

. 1. . 1.
Isds = 5lsdl/lsq3 = glsdl (17)

In the experiment, MPC used a three-step prediction horizon, and the parameters
used in the algorithm were as follows:

05 0 0 01 0 0

Q=0 05 0 [[Ry=| 0 01 0 |,mk=[23 23 23],
0 0 05 0 0 01
08 0 0 01 0 0

Q=| 0 08 0 |[,Rs=| 0 01 0 [h=[29 29 29 ]
0 0 08 0 0 01

4.1. Feasibility Experiment

In order to verify the feasibility of the proposed MPC algorithm, based on the field-
oriented control (FOC) system, the control mode of MPC+FOC was adopted to make
the nine-phase induction motor run at 300 r/min and 1200 r/min, respectively, and load
torques of 4 Nm and 10 Nm were applied sequentially during operation. The waveforms
obtained from the two experiments are shown in Figures 5 and 6.

1480
~1110
g 740 =
£ 370 *
T O - -
26 . 5
< l-gmwf_gi‘i__.._d/ﬁ,
s-1.3 \i 1
~-2.6 -
26 :
oo s @
513 i
~ 26 >
~ 25 i (@
<135 }
= 23 i
25
t(Is/divy
(a)

Figure 5. Cont.
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1480
1110 39 i
§ 740 3 2.6 lsql
= 30 non F 13 ;
sql
0 £ (100ms / div) 0 £ (100ms / div)
(b) (0)
3.75 3.01A
~ 39 = 250 nn £ | e
< S 1250 ik i P ML AL
% 2.6 T AL 4 AN IO 1
~ 3 P ; QUL VA VIR VAL VY1 VAL T
K a3 = -3.75 | |
' 1 (100ms / div) 1 (100ms / div)
(d) (e)

Figure 5. Experimental waveform of model predictive control and field-oriented control (MPC+FOC) system at 300 r/min,
showing (a) the whole process; (b) the speed n; (c) the current ig;1; (d) the current isy3; and (e) the phase current is,.

480
28 ; 0
B= n
g 378
=
26 -
< 1.3W (©)
NI ;
_?:%g lsql
o @
= 0 X
"%
~ 25
<125
~2125
33
1480 .
E1110 sy 39 Ligt
= n n - - i
£ 740 < 26 -
s > sq1
370 ~7 13
0 0 .
¢ (20ms / div) t (20ms / div)
(b) (c)
375 —~3.55A

39 IZSMF”\MMMMMN

=
i Ho T RNER R NRRERRTR:
~ L sq3 593 575
o £ 20ms / div) 1 (20ms / div)
(d) (e)

Figure 6. Experimental waveform of the MPC + FOC system at 1200 r/min, showing (a) the whole process; (b) the speed 1;
(c) the current is;1; (d) the current igg3; and (e) the current is,.
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In the figure, n* and n represent the given speed and actual speed, respectively, i:ql
and ig; represent the given value and actual value of the g-axis current of the fundamental
wave plane, respectively, i; 5 and is3 represent the given value and actual value of the g-axis
current of the third harmonic plane, respectively, and is, represents the phase A current.

It can be seen from Figures 5a and 6a that when different load torques were applied
to the motor at the two speeds, the motor speed, the currents in the fundamental plane
and the harmonic plane could all track the given values without static errors. When the
motor speed was at 300 r/min, the A-phase current frequency was 10.5 Hz, and the third
harmonic phase current frequency was 31.5 Hz, so the fundamental plane and the third
harmonic plane of the nine-phase induction motor were both at a normal carrier ratio.
When the motor speed was at 1200 r/min, the A-phase current frequency was 41.1 Hz, and
the third harmonic phase current frequency was 123.3 Hz, so the fundamental plane of the
nine-phase induction motor was at a normal carrier ratio (48.7), and the third harmonic
plane was at a low carrier ratio (16.2). These indicate that the proposed MPC algorithm
could control the currents both in the fundamental plane and the harmonic plane whether
at a normal carrier ratio or a low carrier ratio and track the given values without static
eIToTS.

4.2. Load Disturbance

In order to verify the control performance of the MPC algorithm in this paper at a low
carrier ratio, the methods of MPC+FOC and PI+FOC were used to make the nine-phase
induction motor run at 1200 r/min. In this context, the fundamental plane of the motor was
at a normal carrier ratio, and the third harmonic plane was at a low carrier ratio (16.2). A
load torque of 10 Nm was suddenly added during operation, and the experimental results
are shown in Figures 7-9.

Figure 7 shows the waveforms of the speed n, fundamental plane g-axis current
is;1 and third harmonic plane g-axis current ig;3 when load disturbance occurred in the
two control methods. Figure 8 shows the i:ql — isq1 and tracking errors when the load
disturbance occurred in the two control methods.

=110 - =110
£ 740 S £ 740 Hfepy
370 PI+FOC = 37
Y = 0 MPC + FOC
3.9 3.9
26 o o 26 «
” 1'8 la I aa ettt s o) < 1.(3} Lsq1 //
.N%—%:g lsql T 2.6 lsql
-39 -39
3.9
_ %ﬁg —~ 26
< l
f:_/ 1.8 < 1.8 5q3
QU " e e _wmmmmm ) E;_ A
. - _éé fyg3
-39 - —3.
¢t (500ms / div) ¢t (500ms / div)
(a) (b)

Figure 7. Comparison of two control methods when load disturbance occurs: (a) 7, is; and iggz of PI+FOC; and (b) 7, isg1

and igg3 of MPC+FOC.
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Figure 8. Current tracking error of two control methods: (a) tracking error of is; and is;3 under PI+FOC; and (b) tracking

error of is; and under MPC+FOC.
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Figure 9. Phase voltage us, after the filtering of two control methods with a load: (a) phase voltage under PI+FOC at a 2

KHz switching frequency; and (b) phase voltage under MPC+FOC at a 2 KHz switching frequency.

It can be seen from Figures 7 and 8 that the actual speed of both control methods could
recover to the given value in a short time (0.8 s) after the disturbance occurred. When the
third harmonic plane was at a low carrier ratio (16.2), the traditional PI current controller
could not control igg3 to track iy 5 stably due to the control delay and the decrease of the
current loop control bandwidth. This effect was especially obvious when there was no
load. The maximum tracking error of is;3 with no load was up to 2.17 A, and the maximum
tracking error of is;3 with a load was up to 0.62 A. At the same time, the current runaway of
the third harmonic plane affected the current control of the fundamental plane. Although
is1 could track the given value i:ql, there was a large oscillation and current ripple.

The proposed MPC algorithm considered the prediction error compensation, which
could correct the control voltage. Under this control method, the calculation of the control
voltage of the fundamental plane and the harmonic plane was more accurate, and the d-axis
and g-axis currents could track the reference values. When load disturbance occurred,
the actual g-axis current values of the fundamental plane and the harmonic plane could
track the reference value quickly and without static error, and there was no overshoot or
oscillation during the tracking process. It was shown that the current control performance
of the proposed MPC algorithm at a low carrier ratio was significantly better than the
traditional PI controller.

After the third harmonic currents were injected, the expected air gap flux density
waveforms were a flat-top shape. Since the stator resistance and leakage reactance voltage
drops were relatively small, the phase voltage waveforms and the back-EMF waveforms
could be approximately regarded as the same. Additionally, since the back-EMF waveforms
were the same as the air gap magnetic density waveforms, the distribution of the motor air
gap flux density could be known from the phase voltage waveforms in Figure 9.

The air gap flux density was determined by the phase voltage. When no harmonics
were injected, the fundamental voltage amplitude was 91 V. It can be seen from Figure 9b
that after the third harmonic currents were injected through MPC, the fundamental voltage
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amplitude was 105V, the phase voltage amplitude was 91.4 V, and the phase voltage was
a uniform flat-top waveform. The same air gap flux density amplitude could have had a
greater fundamental flux density component, thereby improving the power density and
iron core utilization of the motor. However, the traditional PI controller could not control
the third harmonic currents to track the given values at a low carrier ratio, resulting in
distortion of the voltage and magnetic field, and the top of the phase voltage waveform in
Figure 9a has a deep recess where the phase voltage amplitude is 148 V. This obviously led
to the reduction of the fundamental magnetic density component at the same air gap flux
density amplitude.

The quantitative comparison results are listed in Table 2, which also shows the superi-
ority of the MPC+FOC method.

Table 2. Quantitative comparisons between the two control methods.

Entry PI+FOC MPC+FOC
Maximum of i;‘q3 — isg3 (no load) 217 A 025 A
Maximum of i;“q3 — isq3 (with load) 0.62 A 0.12 A
Average of is*q3 — isg3 (no load) 1.55 A 0A
Average of i:qS — igq3 (with load) 031 A 0A
Amplitude of us, 148V 912V
THD of us, 187.24% 29.96%

Since the nine-phase induction motor injected the third harmonic current, the total
harmonic distortion (THD) of MPC+FOC was 29.96%. The PI controller could not accurately
control the current of the third harmonic plane, which caused the actual injected third
harmonic current to be too large and much larger than the fundamental current, so the THD
of PI+FOC was 187.24%. This also proves the improvement of THD using the proposed
MPC method.

From the perspective of the multiphase motor system, the proposed MPC method only
replaced the PI controller of the current loop in the FOC system. MPC is responsible for
dealing with the current tracking problems of different subplanes in the multiphase motor
system so that the output currents of the system can track the given currents without static
error at a low carrier ratio and finally make the phase voltages and air gap magnetic density
waveforms of the multiphase motor the expected flat-top waves. The power density and
core utilization of the multiphase motor are improved.

4.3. Parameter Robustness

Traditional PI control relies on the motor parameters. When the motor parameters
change, the poles of the controlled motor and the zeros of the PI controller cannot cancel
each other, the PI coefficients need to be readjusted, and the motor parameter mismatch
will further deteriorate the current control effect at a low carrier ratio. In order to verify
the parameter robustness of the MPC algorithm at a low carrier ratio, the inductance
and mutual inductance of the stator and rotor in the model were set to 0.8 times and
1.2 times the actual value, respectively. When the motor started at no load and ran stably
at 1200 r/min, a load torque of 10 Nm was added suddenly. The experimental results are
shown in Figures 10 and 11.

When the parameters had large errors, there would be errors in the calculation of the
rotor flux angle, and the current prediction value would also be deviated. However, it
can be seen from the experimental results that both the is;; of the fundamental plane and
the i5;3 of the harmonic plane could track the given values without static errors and still
have a good control effect, and there was no need to readjust the weight coefficients of
the MPC algorithm. This was because the control voltage errors caused by the parameters
mismatch were corrected by the prediction error compensation scheme. Therefore, the
proposed MPC method had good parameter robustness at low carrier ratio conditions.
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Figure 10. The inductance is 0.8 times the actual value for (a) the whole process; (b) the current i5;1; and (c) the current isg3.
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Figure 11. The inductance is 1.2 times the actual value for (a) the whole process; (b) the current is;1; and (c) the current is3.

5. Discussion and Conclusions

This paper proposes a model predictive current control method for multiphase motors
with predictive error compensation, which can improve the control performance of the
current loop at a low carrier ratio. The MPC method is particularly suitable for high-power
industrial applications where the switching frequency of inverters is limited, such as elec-
trified traffic and energy production. We chose the three-step prediction horizon because
it could greatly improve the accuracy of the cost function to calculate the optimal control
voltage. Meanwhile, since the existing normal MPC method could not achieve accurate
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calculation of the optimal control voltage at a low carrier ratio, we proposed a solution to
this problem by using current prediction errors to correct the optimal control voltage.

The experimental results showed that at different speeds of 300 r/min and 1200 r/min
and different loads of 4 NM and 10 NM, the proposed MPC method could control all the
currents to track the given values without static errors, showing that this MPC method
could be used at a normal carrier ratio and a low carrier ratio, as well as different load
conditions. When the third harmonic plane of the nine-phase induction motor was at a low
carrier ratio of 16.2, the maximum static error of the third harmonic current tracking of the
traditional PI controller without and with a load was 2.17 A and 0.62 A, respectively. The
proposed MPC method could track the currents without static error, which fully showed
that the current control performance at a low carrier ratio was significantly better than
the traditional PI controller. Furthermore, our experimental results confirmed that the
proposed MPC method could still have a good current control effect when the motor
inductance parameters had 20% error and strong robustness to the motor parameters,
which was another advantage over the PI controller. It is worth noting that the proposed
MPC method does not have a good current control effect after the carrier ratio is lower
than a certain value (about 16). This is because the disturbance of Equation (6) cannot be
effectively compensated anymore. Therefore, how to make the MPC method effective at a
lower carrier ratio is what we will study in the future, and how to quickly set the weight
coefficients Q, R and h is also what we will study in the future.
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