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Abstract: Model predictive control (MPC) technology for multi-phase electric drives has received
increasing attention in modern industries, especially in electric vehicles, marine electrical propulsion,
and wind power generation. However, MPC has several challenges in controlling multi-phase electric
drives, including the design of weighting factors, high computational complexity, large harmonic
currents, heavy reliance on the system model, fault-tolerant control operation, common-mode voltage,
and zero-sequence current hazards. Therefore, this paper gives a comprehensive review of the latest
and most effective solutions to the existing major technical challenges and prospects for the future
trends of MPC for multi-phase electric drives.

Keywords: fault-tolerant control; harmonic currents reduction; model predictive control; multi-phase;
machine weighting factors

1. Introduction

With the gradual depletion of oil resources and the worsening of environmental pol-
lution, society is facing a serious energy and environmental crisis [1]. Currently, energy
conservation and environmental protection are of great concern worldwide, and the de-
velopment of energy-efficient and environmentally friendly transportation has become a
consensus among governments and automotive companies [2].

Transportation electrification, including electric vehicles, electric aircraft, all-electric
propulsion ships, and other green transportation technologies, has aroused great interest
in recent years [3]. Because electric drives replace oil with electricity and realize “zero
carbon emission” in the operation process, it is generally realized that vigorously promoting
electric drives will effectively alleviate the energy and environmental crisis.

Compared with conventional three-phase electric drives, multi-phase electric drives
have inherent advantages of high reliability, high efficiency, small torque fluctuation,
and high fault tolerance capacity, which is more suitable for transportation with high-
reliability requirements [4]. Therefore, multi-phase electric drives have a broad application
prospect in the process of transportation electrification [5,6]. Nevertheless, advanced control
technologies are also required to provide satisfactory current quality and fast dynamic
response when exploiting these advantages [7].

In recent decades, model predictive control (MPC) has extensively researched multi-
phase electrical drives with its advantages of fast dynamic response, easy dealing with
non-linearity, and various constraints [8-10]. Briefly, MPC is an online optimization control
technology, which is mainly composed of the prediction model, rolling optimization, and
feedback correction [11]. In terms of the MPC of multi-phase electric drives, specific control
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variables are selected as the optimization targets according to the control requirements,
and then the effect of different voltage vectors (VVs) is predicted with the prediction model
of a multi-phase machine. Finally, the reference and the predicted control variables are
utilized to judge the effect of different VVs, and the VV with the minimum value of cost
function (CF) is evaluated as the best vector [12,13]. Compared with field-oriented control
(FOC) and direct torque control (DTC), MPC can realize simultaneous optimization of
fundamental and harmonic control variables of a multi-phase machine without adding
additional control loops [14].

Nowadays, various studies have been conducted on transportation applications of
MPC technologies in multi-phase electric drives. A comprehensive analysis and compar-
ison of these studies are urgently needed to support the development of transportation
electrification. Therefore, this paper comprehensively reviews the recently published
MPC methods of multi-phase electric drives, and prospects for the development trend of
predictive control technology for the electrification of multi-phase transportation.

2. Multi-Phase Machine Model

A common symmetric multi-phase electric drive topology with shared neutral is
shown in Figure 1, in which an n-phase machine is powered by a two-level n-phase voltage
source inverter (VSI) [15]. The mathematical model of the multi-phase machine will be
derived in this section.

Multi-phase Machine

Figure 1. The multi-phase electric drive system.

The principle of MPC for the multi-phase machine is similar to that of a three-phase
machine. However, the main difference with the three-phase machine is that the control
dimension of the multi-phase machine is higher, which requires synchronous control of the
voltage and current in the fundamental and harmonic subspaces [16].

To simplify the mathematical model of the multi-phase machine, the vector space
decomposition (VSD) method is widely used to decouple the mathematical model. Taking
a five-phase PMSM as an example, the five-dimensional variables can be decoupled into
three orthogonal subspaces through the VSD [17], and the VSD transformation matrix of
the five-phase PMSM with invariant amplitude criterion can be described by (1)

cosd cos26 cos35 cos4dd
sind sin2d sin3d sin4d

1

0
Top = 1 cos35 cosd cosdd cos2d 1
0
/

5 sin3d sind sin4d sin2d
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where 6 = 21t/5 is the electrical angle between two adjacent phases.

The transformation matrix maps the fundamental and the k;, = 10m = 1(m =1, 3, 5....)
harmonics completely to the «-3 subspace. The variables of this subspace are related to
energy conversion. Since the amplitude of the higher harmonics is low, it can be considered
that this subspace has only a fundamental component. The ky, =5m £ 2(m =1, 3, 5....)
harmonics are mapped on the x-y subspace, which is not related to the energy conversion
but is related to the stator copper loss. The zero-sequence harmonics in the order of ky, =
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5m (m=1,3,5....) are mapped in the zero subspace, which is always kept at zero for the
five-phase machine with star winding connections [18].

Accordingly, by taking Park’s transform, the mathematical model of a five-phase
PMSM can be expressed in a simple manner

ugn igy Lnin —Lpin

g | _ g |in d | Lyin Lpign +¥n 2
2+ I +w . 2)

Ugs igs|  dt |Lasigs —3Lg3143

Ug3 ig3 Lysigs 3L43ig3

where u41/u41,141/151, and Lg1 /L7 are the d-q axes voltage, current, and inductance in the
fundamental subspace, 3 /143, i43/143, and Ly3/Lg3 are the d-q axes voltage, current, and
inductance in the third harmonic subspace, w is the rotor angular velocity, and R is the
stator resistance.

Subsequently, the torque can be derived as

5 . o o
T = 5P [$ i1 +iarign (Lan — Lin) + Biasia (Las — L) ®)
where p;, is the number of pole pairs.

3. Classical MPC Schemes in a Multi-Phase Machine
Taking a five-phase PMSM as an example, which is powered by a five-phase two-level

VSI with 2° = 32 switching states [19], each switching state corresponds to the VVs in the
-3 subspace and x-y subspace, as shown in Figure 2. All VVs can be expressed as
usa_ﬁ = %Vdc (SA + Sgej?zo + ScejlfMo +SD€‘]'2160 + SEe'szSO) (4)

Usx—y = 3Vac(Sa + Spe?1® + Scel7? +-5pe/88” 4 Gpelid)

where V. is the DC-bus voltage of the VSI, and S; (i = A, B, C, D, E) € {0 1} represents the
switching state of different bridge arms. “1” denotes that the upper device is ON, and “0”
denotes that the lower device is ON.
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Figure 2. Basic VVs of the five-phase machine. (a) a-f subspace. (b) x-y subspace.

Because of the redundancy of switching states, there are only 30 active VVs in the two
subspaces, which can be divided into three groups, namely large vector group L1, medium
vector group Ly, and small vector group L3, with the amplitude of 0.6472V, 0.4V, and
0.2472V 4, respectively.

According to different control objectives, there are three MPC methods, namely model
predictive current control (MPCC), model predictive torque control (MPTC), and model
predictive speed control (MPSC) [20-23]. The control structures of the three control methods
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are similar, as shown in Figure 3. The main difference lies in the prediction model and
cost function.

. . *
iy, i,

| S(k+1) Min (@) Cost Function :X;
g i, iy

idq\l (k+2)

S B
.
(0]
Figure 3. The control structures of the conventional MPC of the multi-phase machine.

3.1. Model Predictive Current Control

The conventional MPCC control scheme of the multi-phase machine aims to optimize
fundamental and harmonic currents [24]. According to the forward Euler equation, the
current prediction model can be defined as

ig(k+1) = (1 - L%Ts)idl(k) + weTep i (k
(k+1) = (1 ~ L%Ts)iql(k) weTs L"” i (k
ig3(k+1) = (1= £ Ts )ia (k) + 3w, T’ Ld3 g (k) + Ld3 ta1
iga(k+1) = (1- 15 Ts )iga(k) — 3w, T, 12 a3 (k) + ~3uqs

Ts
+ Ly M1 -
L _ Wels f
+z " Ugl = —1, 5)

ig1

where k and k + 1 mean the current and next sampling period, respectively; Ts is the
sampling period.

To improve the voltage utilization rate of the DC-bus, the conventional MPCC usually
only uses the large vectors in group L; to control the machine. The vectors in this group
have the maximum amplitude in the #-p subspace, and the minimum amplitude in the
harmonic subspace as shown in Figure 2, so the harmonic current can be naturally reduced.
To realize the simultaneous control of the fundamental and harmonic currents, the cost
function (CF) is designed as

g = liin —ian(k+ )] + |isy =i (k+1)| + A (Jizs — iws(k+ 1) + |izs —iga(k+1)] ) (6)

where A is the weighting factor (WF) and in, iql*, iz3’, and iq;,fe are the current commands
in the two frames, respectively.

3.2. Model Predictive Torque Control

MPTC is developed from DTC, which maintains the characteristics of the fast response
of DTC. Different from MPCC, MPTC requires considering the control of torque and
flux [25]. Therefore, the torque and flux need to be predicted as

— Yrigr(k+1) + (Lgt — Lot ) ir (k + 1)ig1 (k + 1) )
Te(k+1) < +3(Las — Lga )iz (k+ 1)iga(k + 1)
lpsd<k+ 1) = Ldlidl(k+ 1) + l/?f

Peg(k+1) = Lygigr (k+1)

@)

Then, the control performance under the action of different switching states is evalu-
ated by the CF, and the switching state that can minimize the CF is selected for the next
control period. The CF is designed as



World Electr. Veh. ]. 2023, 14, 44 5 of 33

8§ =T = Te(k+ )| + Av|[¢eal — [$sa(k+1)| +

Yeg| — |¢sq(k+1)|‘+)\2(|if§3—id3(k+1)|+ ij;3—iq3(k+1)D ®)

where T,", 54", and ¢5," are the torque and stator flux commands, respectively.

3.3. Model Predictive Speed Control

In addition to current control, and torque control, the MPC of the multi-phase machine
can also be utilized for speed control. MPSC of multi-phase machines is aimed at controlling
motor speed and stator currents [26]. To predict the rotor mechanical angular velocity in
the future, the prediction model is expressed as

Ty
J

The CF of the MPSC scheme mainly contains two control variables, namely rotor
mechanical angular velocity, and stator current. The optimal switching state is selected by
optimizing the CF, which is defined as

(k4 1) = @an(K) + 22(Tom () = To(K) — Bao(K)) ©)

g =iy —in(k+1)|+

iz — it (k+1)|
1 (Jifs — sk + 1) + [iz — gk + 1)) (10)
+Az|wy, — wm(k+1)|

where w;," is the rotor mechanical angular velocity command.

To intuitively analyze the MPC of the multi-phase machine, the general flow chart is
shown in Figure 4. First, the switching state of the multi-phase inverter is discretized into a
finite control set. Then, the future behavior of different control variables is predicted by
using the prediction model. After that, the switching state with a minimum value of CF is

selected as the optimal solution for the next control period.
Predictive
Models
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Figure 4. The general flow chart of the conventional MPC method for the multi-phase machine.
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4. Advanced Control Schemes of MPC in the Multi-Phase Machine

MPC methods can straightforwardly handle different constraints while providing
fast dynamic responses. However, when MPC methods are applied to multi-phase drive
systems, they face a variety of challenges. Some of the major technical challenges are listed
in Figure 5.

Major technical challenges of MPC
for multi-phase machine

Weighting factor calculation
Large harmonic current
High computational complexity
Accurate system model
Fault-tolerant control operation
CMV reduction

ZSC reduction

Figure 5. Major technical challenges of MPC for the multi-phase machine.

Ins recent decades, several improved MPC methods have been investigated in multi-
phase drive systems to address these challenges [27-65]. These advanced control methods
will be analyzed and summarized in the following text.

4.1. MPC of the Multi-Phase Machine with Simplified Cost Function

For the CF that has multiple control objectives and cannot be normalized, the tuning
of WF is tedious work, especially for the multi-phase machine, where the CF may con-
tain multiple weighting factors compared to three-phase machines and is therefore more
complex. To alleviate this challenge, several solutions have been proposed [27-44].

In [27], a simplified MPTC method is proposed, in which the VVs that can reduce the
harmonic stator flux are pre-selected to reduce the harmonic current. In this method, the
control variables in the harmonic subspace are not required to be constrained in the CF,
thus simplifying the CF, as shown in (14)

8 = |Tem = Tem (k + 1)[ + Aa 5] — [¢s (kK + 1)]| (11)

Compared with the conventional CF shown in (11), the simplified CF eliminates the
weighting factor A,. However, it is still necessary to adjust A; to balance the control of
torque and stator flux.

The optimization of WF is a challenging task because the objectives to be optimized
are often in conflict [13]. Therefore, a more attractive approach is to eliminate the WE. In
recent years, many techniques for eliminating WF have been investigated. In [28], a CF
based on a stator flux vector is proposed, which can be expressed as

8= s = ¢s(k+1)] (12)

This kind of CF transforms the control variables of torque and stator flux amplitude
into the stator flux vector, thus eliminating the WE.
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In addition, a simplified CF based on the VV error is proposed in [29], which can di-
rectly obtain the reference voltage vector (RVV) based on the deadbeat control principle [30].
Then, the VV closest to the RVV is selected as the optimal vector. The CF is defined as

8 = |ug —us(k+1)] (13)

where 1" is the RVV.

However, the harmonic current cannot be adjusted by using the VV-error-based CF.
Therefore, in [34], a reduced-dimension CF is proposed for the six-phase machine. To
ensure proper tracking of torque and flux in the fundamental subspace, the appropriate
VVs are pre-selected through the location of RVV in the fundamental subspace. Then a
simplified CF only containing harmonic constraints is utilized to evaluate the candidate
VVs to suppress the harmonic currents. The reduced-dimension CF is defined.

8 = |iz(k+1)| (14)

where

i.(k+1) = \/igx(k+1)+igy(k+1) (15)

Furthermore, in [31], a virtual voltage vector (V3s)-based MPC method is proposed
to eliminate the harmonic voltage. The principle of Vs is shown in Figure 6, which is
synthesized from the VVs of groups L; and L, with the same direction in the a- subspace,
and the opposite direction in the x-y subspace. Therefore, the harmonic current can be
eliminated by reasonably distributing the duty cycle of the two VVs in groups L; and L;.
The general form of the V3s is expressed as

VVi=dy- Vi1 +dy Vi (16)
where V}1 and V} are the large and medium VYV, respectively; d; and d; are the duty cycles

of the two VVs with the value of 0.618 and 0.382, respectively. All the synthesized V3s are
shown in Figure 7.

B Y
) d,=0.618 A
, 4,=0.382 :
I |
I vy | ,Zero-mean
¢ »— > 0 - ——> X
Vi Vi iV 0 bV
@) (b)
Figure 6. Principle of Virtual voltage vectors (V3s). (a) a-B subspace. (b) x-y subspace.
B
Vv, Aoy
230 ! s )
2 ' v A
(14,4) : (24,29) I
I
| |
: Vo '
V7,
619 0.3 e 2 L -
) \ B
(7,12) a7.27)
Vv, Vs

(3,23) (19, 1)

Figure 7. V3s in the two subspaces for a five-phase machine.
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Since the x-y current has been eliminated to zero by the application of V3s, a simplified
CF can be obtained, which excludes the consideration of the x-y current

g =lit, —isa(k+ 1)+ i;*ﬁ—isﬁ(k—i-l) (17)

With the V3s method, there is no need to constrain the harmonic components in the
CF [32]. Unfortunately, this method cannot compensate for the harmonic current due to the
dead-time of the inverter, and the distortion of the back electromotive force of the multi-
phase machine [33]. Therefore, ref. [35] proposed a modulation scheme for synthesizing
the control voltage in the harmonic subspace to suppress the harmonic current. According
to the deadbeat control, the dwell time range of two large VVs and two medium VVs
is determined to ensure the accurate control of the fundamental subspace. Then, the
harmonic voltage is optimized by the CF that only contains the x-y subspace. The CF is
defined as follows
8§ = |ugy —usx(k+1)| +

uly — gy (k + 1)‘ (18)

where ug, and usy* are the RVVs in the x-y subspace. In this method, the modulation
scheme realizes the decoupling control of fundamental and harmonic subspaces.

On the other hand, changing the structure of the CF also provides a breakthrough for
the elimination of WF, namely parallel MPC [36], and sequential MPC (SMPC) [37]. The
CF of parallel MPTC is implemented by a parallel structure, and the candidate vectors are
optimized to ensure that the error of the control variables is within a predefined boundary.
In SMPC, the CF is cascaded, which can realize the control of multi-control variables
by sorting the multiple CFs. However, towing to the characteristics of the sequential
structure, the evaluation sequence will affect the control performance [39,40]. In [38],
a SMPCC scheme for a five-phase PMSM is proposed for the first time. According to the
control priority of control variables, two sequential CFs based on maximum torque control
and minimum harmonic current control are designed. The fundamental current CF and
harmonic current CF are expressed as

&= |121 _idl(k+1)| +

i — i (k4 1)| (19)

8 = lif — i (k+1)| + |ifs — iga (k+1)| (20)

In the maximum torque control scheme, the fundamental current CF g; has the highest
priority. Firstly, two large vectors that minimize g; are selected from 10 large candidate
vectors. Then, the harmonic current CF g3 is utilized to select the optimal vector from the
two large vectors and one zero vector. In the minimum harmonic current control scheme,
the harmonic current suppression is taken as the control priority. Firstly, g3 is used to select
one optimal large vector, one optimal medium vector, and one zero vector as the candidate
vectors. Then, g1 is minimized to select the optimal vector from the three candidate vectors.

It should be pointed out that artificial intelligence (AI) for WF optimization is a feasible
solution. A study by [14] proposes a WF optimization method by combining the multi-
objective particle swarm optimization method with the Pareto Optimality method for the
six-phase machine. Compared with the trial-and-error method, this kind of method can
find a more suitable WF to track the current better. In [41], an artificial neural network
(ANN) is introduced to automatically select the optimal WE. In [42], an ANN model
based on a genetic algorithm is proposed to fast and explicitly determine the optimal
weighting factor. However, the training of ANN inevitably requires a large number of
experimental or simulation data to ensure optimization accuracy, which will add additional
computational burden to the control system and limit the promotion of this technology
in industrial applications. A weighting factor design method based on a reinforcement
learning algorithm is proposed. The deep deterministic policy gradient agent is used to
optimize the design of the optimal weighting factor [43]. In [44], an ANN-based method is
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proposed, which applies a genetic algorithm as the backpropagation algorithm. Since this
method is offline training, it does not increase the computational complexity.

4.2. MPC of the Multi-Phase Machine with Harmonic Current Suppression

The extension of MPC methods to multi-phase machines poses an additional challenge
in terms of the regulation of harmonic current caused by the increase in control degrees
of freedom [45], especially in the case of a multi-phase machine with low values of stator
resistance and leakage inductance, where the MPC method exhibits unacceptable current
harmonic distortions [46]. This unsatisfactory performance is mainly caused by the appli-
cation of only one switching state of the inverter for the entire control period [47] since the
single-vector-based MPC cannot satisfy the control requirements of both fundamental and
harmonic subspaces.

The V3s-based method can not only simplify the CF but also is proven to be an effective
solution for reducing harmonic currents in multi-phase drive systems [48]. Essentially,
V3s is the combination of two switching states that make the average x-y voltage equal
to zero [49,50]. However, since the amplitude and direction of a virtual vector are fixed
in the a-p subspace, the regulation of the a-8 subspace is not flexible. To mitigate this
drawback, two sets of V3s with different amplitudes are employed [51], which expands
the number of candidate V3s to 25. Compared with conventional V3s-based MPC, the
distortion of a-B current at low speed is improved. A study by [52] proposed a V3s-based
MPC method with duty cycle regulation, where the candidate VV is composed of one
V3s and one zero VV. Nevertheless, the improvement of the control performance is still
limited because of the constant direction of the synthesized vector. Another study [53]
proposes a MPC method based on two V3s to improve the control performance in the
fundamental and harmonic subspaces since the combination of two V3s can provide better
voltage tracking accuracy. However, the V3s used above have static properties because
they are determined off-line, that is, the duty ratio of the large vector to medium vector is
fixed. Although the V3s make the average voltage in the x-y subspace equal to zero, the
low-frequency current harmonics that maps to the x-y subspace will appear towing to the
asymmetric windings of the machine, the non-linearity of the inverter, etc. In response
to this challenge, a Bi-subspace MPC method based on V3s is proposed in [54], which
uses dual V3s to achieve independent control of the fundamental and harmonic currents.
Moreover, to further reduce the current tracking error, a predictive current control scheme
based on space vector modulation (SVM) and V3s is proposed in [57]. In this scheme,
two vectors are combined with zero vectors to enhance the control accuracy in the two
subspaces. Experimental results indicate that this scheme can achieve better a- current
tracking and x-y current reduction.

On the other hand, the multi-vector-based MPC is another effective method to reduce
the current harmonics [60-65]. In [58], a double-vector-based MPCC scheme is proposed
to improve the tracking accuracy and DC-link voltage utilization for a five-phase drive
system. In the conventional scheme, enumerating all possible double-vector combinations
(C3; = 21!/[2! % (21 — 2)!] = 210) requires a large amount of computation. This scheme
proposed a simplified approach, which first selects five VVs (four active VVs and one zero
VV) as the candidate VVs according to the sector where the RVV is located and reduces the
possible vector combinations C2 = 5!/[2! ¥ (5 — 2)!] = 10, as shown in Figure 8. Then, the
duty cycle of each VV is optimized online to reduce the deviation between the synthesized
vector and the RVV. Finally, the optimal vector combination is selected by minimizing the
CF. However, the control accuracy is limited because only two vectors are applied in one
control period. To better improve the control performance, the concept of the dynamic
vector is proposed in [55], and the current quality is improved by optimizing the dwell
time of two active vectors and one zero vector online according to the tracking error of each
sampling period. In [57], the concept of the smart vector is introduced, which adopts three
active vectors to form the smart vector through the online smart search. Compared with the
previous strategy, the smart vector can cover a larger area, thus providing more accurate
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control effect. In [61], a modified control scheme named modulated model predictive
control (M2PC) is proposed. M2PC is a combination scheme based on SVM and MPC [62],
which can generate any fundamental VV in the a-p subspace by using two adjacent large
vectors and one zero vector in a certain sector, as shown in Figure 9a. However, the
disadvantage of M2PC is the low tracking accuracy in the a-f subspace, since three vectors
cannot simultaneously ensure the tracking accuracy of the two subspaces. Further, a multi-
vector-based novel-M2PC (NM2PC) is proposed in [63], which extends the concept of M2PC
to medium vectors in the a-f subspace. Since NM2PC uses more vectors, as shown in
Figure 9b, the control effect of the synthesized vector is more accurate, and the steady-state
errors are better reduced. In [58], a multi-vector MPC based on three adjacent large vectors
and a specific zero vector is proposed. The three adjacent large vectors can achieve zero
average voltage in the x-y subspace to minimize the harmonic current. On the other hand,
the insertion of a specific zero vector can not only reduce the fundamental current ripple but
also reduce the switching frequency loss. In [60], a predictive torque control scheme based
on the deadbeat principle and discrete space vector modulation (DSVM) is proposed to
improve the control accuracy. Compared with the traditional method, DSVM can provide
more vectors with different amplitudes and directions, as shown in Figure 10, where the
color dots represent the generated vectors. It should be noted that the multi-vector scheme
including a zero vector improves the control accuracy, but reduces the utilization rate of
DC-link, whereas using a large VV alone ensures a high utilization rate of DC-link, but at
the cost of poor control performance at low speed. Therefore, a hybrid solution is proposed
in [64], which combines multi-vectors and large vectors to form a hybrid control set to
obtain higher current quality, and satisfactory DC-link utilization. Furthermore, to achieve
independent control of fundamental and harmonic currents, a decoupled control scheme of
a-B and x-y subspaces is proposed in [35]. In this scheme, five vectors are applied during
the whole control period, namely, two large vectors, two medium vectors, and one zero
vector. Firstly, the dwell time range of the four active vectors is determined according to the
RVV of the fundamental subspace. Then, the final dwell time is determined based on the
RVV of the x-y subspace. Similarly, ref. [65] introduces a direct harmonic control scheme
for the six-phase machine. It also firstly determines the dwell time range of the multiple
active vectors according to the control requirement in the a-f subspace. Different from [35],
the final dwell time is determined by cost function optimization.

B y
A
Va9
Uy
Vie
V25 < \ > » X
Vs
(a) (b)

Figure 8. Possible VV combination. (a) a- subspace. (b) x-y subspace.
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Figure 10. Candidate vectors of DSVM in a certain sector.

4.3. MPC of the Multi-Phase Machine with Computational Complexity Reduction

Essentially, MPC is an optimization control method, in which the optimization algo-
rithm is utilized to solve the optimization issues based on the prediction model and CF.
The complex prediction model and a large number of VVs in a multi-phase inverter require
a lot of calculation amounts and are therefore very time-consuming [66]. For this reason,
different solutions have been proposed to mitigate this challenge [67-80].

The first class of methods is the V3s-based strategy [67]. Since the average voltage
in the harmonic subspace is zero, there is no need to predict the harmonic variables, and
the evaluation of the harmonic variables by the CF is also eliminated. This is one of
the commonly used methods to reduce the computational complexity in the MPC of the
multi-phase machine [68]. It should be noted that the V3s-based MPC cannot achieve the
standard PWM switching sequence, which makes the hardware implementation difficult.
For easy hardware implementation, the V3s of the nonstandard switching sequence are in-
geniously replaced by the corresponding equivalent virtual vector in [69], which simplifies
the modulation process.

The second common method is to reduce the number of prediction vectors based
on the location of the RVV [70]. The RVV can be derived in different ways, such as the
deadbeat current control [71], which is derived as

i = ig(k+1)
{ = ik +1) @)

where i;” and i;" are the reference current of the d-g axes.
Based on the mathematical model of the machine, the RVV can be deduced as

Vig(k+1) — weLy - ig(k+1) -
) ig(k+ 1) + @ (Ly - ig(k+ 1) + Ypm)

where u;" and u‘fe are the RVV of the d-g axes.
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Then, the RVV in the a- subspace can be expressed with Park transformation

Uy = cosf - uy—sinf - ug 23
uzzsin9~u2+cos9-u:; (23)

Subsequently, the position of the RVV in a- subspace is calculated as

byef = arctan <uf:> (24)
"

In [72], a multi-vector-based MPC for a five-phase machine with a geometry solution
is proposed, in which the suitable candidate VVs are pre-selected according to the position
of the RVV, and then a simple geometric method is utilized to calculate the duty cycle. This
method can not only quickly determine the optimal VV, but also simplify the calculation
of the duty cycle. A study by [73] proposes a MPTC scheme based on double V3s for
five-phase PMSM. The optimal V3s are directly selected according to the position of the
RVYV, which avoids the prediction of all candidate V3s. In addition, the WF is eliminated,
thus reducing the calculation workload. In addition, in view of the complicated derivation
of the RVV in the deadbeat-direct torque and flux control, ref. [74] proposes a simplified
algorithm based on load angle control. This algorithm directly deduces the change of
the load angle from the torque error, and only needs to be implemented in the stationary
frame without complex coordinate transformation. Another study by [75] proposes two
simplified methods for calculating RVV in the synchronous rotating frame. The first method
is based on the stator flux differential. By reducing the order of the calculation equation,
the calculation process of the RVV only includes basic arithmetic operations and does
not involve the square root. The other simplified algorithm is based on complex power
derivation, which introduces a novel reactive torque parameter to reduce the complexity.

The third feasible method to reduce the computational cost is to pre-eliminate the
undesired VVs according to the errors of torque and stator flux [76], which can be achieved
by a switching table, as shown in Figure 11. However, this kind of method usually only
uses one VV for the whole control period, and the control performance is not satisfactory.
A common improvement method is to adjust the duty cycle of the applied VV by inserting
a zero vector [77]. However, the complexity of the algorithm inevitably increases towing to
the duty cycle calculated by the derivative method. In [78], a simplified MPC method for
the six-phase machine is proposed to reduce the steady-state ripple without calculating the
duty cycle, in which the optimal VV is determined by a two-step switching table. Compared
with the conventional MPTC, the prediction times of VV are reduced. Moreover, to avoid
the tedious calculation of the duty cycle, the discrete duty ratio is directly assigned to the
selected vectors to establish a candidate control set of vectors with different amplitudes.
It is worth noting that the two-step switching table is relatively complex, as it involves
the consideration of fundamental and harmonic variables. Therefore, ref. [68] proposes a
computationally efficient MPC for the five-phase machine. Through analysis, the RVV of the
adjacent control periods is unchanged. To simplify the enumeration optimization process,
four candidate vectors are directly selected according to the RVV of the previous control
period, which eliminates the deadbeat calculation process. In addition, in [79], a simplified
DTC strategy based on the predictive control principle is proposed for two series-connected
drive systems. The optimal VV is directly selected according to the principle of minimum
zero sequence current, minimum torque, and flux errors. In [80], a hybrid control scheme
of MPC and DTC is proposed. Different from the deadbeat solution, this method first
determines the direction vector according to the DTC principle, and then the VV located in
the same sector as the direction vector is selected as the candidate vector, which avoids the
enumeration predictions of all vectors.

The advantages and disadvantages of the above three kinds of methods are compared,
as shown in Table 1.
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Figure 11. The control diagram of switching-table-based MPC scheme for the multi-phase machine.

Table 1. Comparison of control methods for complexity reduction.

Control Methods Advantages Disadvantages
V3s-based method [67-69] Simplified CF and prediction Non-standard switching
model sequence

Good performance and
accurate vector selection
Torque and flux error-based Simple structure and good

methods [76-80] robustness

Deadbeat solution [70-75] Poor robustness

Rough vector selection

4.4. MPC of the Multi-Phase Machine with Robustness Improvement

The control performance of MPC is highly dependent on the accuracy of the parame-
ters of the control system. The initial model parameters may not match the actual system
parameters, and the disturbance caused by the inaccurate model restricts the develop-
ment of MPC. In addition, compared to a three-phase machine, the prediction model of a
multi-phase machine is more complicated, which not only contains fundamental variables,
but also harmonic variables are also involved, which increases the parameter sensitivity
accordingly. Therefore, the heavy reliance on the system model in the multi-phase machine
is more challenging than that of the three-phase machine. To improve the performance
of MPC under parameter mismatches or other unmodeled dynamics, relevant studies are
mainly divided into five categories.

The first type method applied to improve the robustness of MPC is to improve the
prediction model [81]. With the increase of machine speed, the sampling points during
the single current cycle are continuously reduced, and the prediction equation based on
Euler’s method will inevitably cause a large error. For the sake of reducing the prediction
error, the sampling period T is divided into n sub-periods, and the VV corresponding to
each sub-period can be calculated as

L . i+1
uc(i) = Ts/n (lc(k+

)—z‘c(k+%))+Ric(k+%)+ec(k+%) (25)

where u.(i) is the VV at k + (i/n)-th sampling period, i=1{0,1,2... n — 1}, c € {a, B, x, y}.
By accumulating both sides of (25), the VV during one sampling period is

11 1 1i=1 i
Euc( zc(t—i—l)—zc EZ cht+ L) Teclt+2))  (26)

According to (26), the discretization accuracy increases with the increase of n. When n
goes to infinity, the cumulative part in (26) can be transformed into an integral form

(k+l)Ts

uc(k):T%(ic(tJrl)—ic(t))Jr [ (Ricle) + ec(e))de 27)
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Therefore, through the improved prediction model shown in (27), the discretization
error can be reduced, thereby improving the prediction accuracy.

It should be noted that the stator current prediction model in the conventional MPC is
an open-loop structure, as shown in (5). If there is a prediction error, it cannot be corrected
in real-time. To achieve accurate prediction of stator current, ref. [82] proposed a stator
current prediction model based on a closed-loop structure. According to (5), the stator
current equation could be rewritten in the complex field

, 1 1 . .
igg(s) = R (W) {qu(s) — JWe (leq(s) + I/Jf)} (28)
where s is the Laplace operator.
Using the step response technique, the accurate stator current prediction model can
be obtained

ing K+ 1) = igy (K)e™ + Vaun(K) 5 (1 — ¢~ ) 29)

where T = L/R, and Vgum (k + 1) represents the compensation part, which can be calculated as

Vsum (k) = Vsum (k - 1) + (kp + Tskz‘)is—error (k) + kpis—error (k)

. . . . 30
+Vig (k) + welqig(k) — jweLaig(k) — jweps (30)

where k, and k; are the proportional and integral coefficients, which will affect the prediction
accuracy and system stability. The stator current prediction model based on the closed-loop
structure is shown in Figure 12.
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Figure 12. Schematic of the stator current prediction model based on a closed-loop structure.

In addition, to reduce the prediction error of stator flux, ref. [82] proposes a hybrid
closed-loop stator flux prediction model based on the current model and voltage model.
The hybrid prediction model can be expressed as

lpdqs (k + 1) = le—error (k) + lpdqs (k> - TsRidq (k> - Tswelpq (k) +jTswepq (k> + Tsqu (k) (1)

where Vi error(k) is the compensation part, which can be calculated as

Vi—error (K) = (kp + Toki) ($age (K + 1) = Puags(k + 1)) + kp ($utge (k) = $utge(K) ) + Vip—errar (k = 1) (32)

where ,5(k + 1) and ¥4, (k + 1) represent the stator flux prediction values of the voltage
model and current model, respectively.

Figure 13 shows the hybrid stator flux prediction model, where the regulator is
designed to achieve a smooth transition between the voltage and current models.

In [83], a novel MPCC scheme with flux parameter eliminating is proposed to reduce
the computational burden of multiple parameter estimation. In this scheme, the flux
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parameter can be replaced by the inductance information, since the flux information is only
included in the expression of the g-axis current, as shown in (33)

ug (k) — Riq (k) ig (k) —iq(k —1)

ky=—"——+——">-—L(k — L(k)iz(k
1Pf( ) (Ue(k) ( ) T(Ug(k) ( )1d( ) (33)
r———————————— |
_________ i I o I
: I dq (k) R IT‘z _ |
| ly, @ L2 |
) I Vs . Y e ) ol l n
i, (k) I L - . + + VW'(’rrur‘( ) % IT\'zj‘ + V/,{q\ (k l)l
LI ¥ | + —z |
i (k) ! T [ J | |
2 ): »{2] | L8 o, - jow,®) ,
|
- ) ] |

Figure 13. Schematic of the hybrid prediction model.

Then, according to (33), the flux information at the instant of k, k — 1, and k — 2 can be
rewritten as
ug (k) —Rig (k)

iq (k) —iq(k— .
py(k) = Twk) L(k)% — L(k)ia(k)

prlke—1) = WD KD g o) AU e 1)ig(k—1)  (34)
k—2)—Riz (k-2 ip(k—2)—iz(k—3 .
Prlk—2) = WD RAED _p (o WD RIS g (k- 2)iy(k - 2)

To improve the accuracy of flux prediction, it is necessary to average the flux informa-
tion at the instant of k, k — 1, and k — 2 to obtain the final flux replacement expression

Flyy) = [0 + 9= 1) + s (k—2)] /3 (35)

According to (34) and (35), the flux information can be represented by the inductance
information. Therefore, the flux parameter in the prediction model can be replaced by the
inductance parameter, which eliminates the influence of flux mismatch.

In addition, refs. [84,85] propose an improved MPC that considers error compensation
in the prediction model. In [84], the measured current information is added to the current
prediction model to improve the prediction accuracy. In [85], a weighted discrete-time
integral action is added to the calculation of the RVV to compensate for the error caused by
parameter variation. In [86], to realize the accurate prediction of stator current, a feedback
mechanism is added to the open-loop stator current prediction model. By introducing a
correction factor, the stator current error of the previous period is compensated for the stator
current prediction of the next control period. For the inductance mismatch problem, ref. [87]
proposes a torque and flux slope-based predictive model, which eliminates the involvement
of inductance parameters, and thus reduces the sensitivity to inductance mismatch.

On the other hand, machine parameter identification and real-time parameter update
are other ways to improve parameter robustness. The common online parameter estimation
strategies include projection algorithm [88], extended Kalman filter (EKF) [89], neural net-
work [90], fuzzy control method [91], Particle swarm optimization (PSO) [92], sliding mode
observer (SMO) [93], recursive prediction error method (RPEM) [94], and model reference
adaptive system (MRAS) [95]. In addition, there are several other methods available for
the online identification of system parameters, such as Recursive least squares (RLS) [96],
the gradient descent algorithm [97], and the Gauss—Newton method [98]. A study by [96]
proposes a parameter estimation strategy based on RLS, which can accurately estimate the
overall parameters to attenuate the sensitivity of the drive system to parameters. In [99], a
data-driven RLS method is proposed, which does not require a pre-defined model with
the machine parameters, and thus has greater flexibility than the traditional RLS method.
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In [97], an improved gradient method is proposed to identify multiple machine parameters
with low complexity, since no complex observer and tedious tuning work is needed. In [98],
a deadbeat predictive current control based on the Gauss-Newton method is proposed,
which can automatically correct the resistance and inductance parameters. Another study
by [100] proposes a robust MPCC based on a d-q axes current error to extract the induc-
tance and flux parameters r. However, it requires two control loops to extract the flux
and inductance, and this structure is relatively complicated. Therefore, ref. [83] proposes
an improved method to extract the error between the actual inductance and the model
inductance by a simple integral controller. Moreover, the flux information can be replaced
by the inductance information. In addition, ref. [101] proposes an updating mechanism
that can calculate the compensation factors to eliminate the current errors caused by model
parameter mismatch. In [102], a MPCC method for real-time updating of parameters is
proposed, which is realized by measuring the stator current and applying VVs of two adja-
cent control moments. In addition, to improve the reliability of the system, the predicted
current is corrected by EKF.

The third type applied to improve the robustness of MPC is using the disturbance
observer to estimate the disturbance and adds the observed disturbance to the controller
through feed-forward compensation. In [103], a robust MPTC method based on the ac-
tive disturbance rejection control method is proposed, which improves the accuracy and
robustness of torque prediction by using a second-order disturbance observer. In [104],
an improved MPC method based on an extended high-gain state observer is proposed,
which utilizes the disturbance estimation technology instead of an integral controller to
boost the control performance under different loads. Similarly, a disturbance feed-forward
compensation method is proposed in [105] to improve the robustness of MPTC against
load disturbances and parameter mismatches. In [106], a generalized proportional-integral
observer-based MPC is proposed to reduce the influence of load disturbance and motor
parameter variation. For the machines with non-sinusoidal back electromotive force, a
discrete-time disturbance observer is proposed in [107] to mitigate the unmodeled distur-
bances. In [108], the parametric uncertainties and unmodeled disturbances are treated as
concentrated disturbances, and a disturbance observer is utilized to estimate these distur-
bances for reducing steady-state errors. In [109], a robust MPC method with the exogenous
variable model is proposed to boost the current tracking capability of the multi-phase
drive system. In [110], an incremental model is utilized to eliminate the involvement of
the permanent magnet flux parameter in the prediction model. In addition, an ESO is
applied to improve the resistance to inductance interference. In [111], a torque disturbance
observer-based MPC with the generalized proportional integral observer and SMO is pro-
posed for system parameter variation and load torque perturbation. In [112], a disturbance
observer-based MPC method for six-phase PMSM is proposed, which reduces the harmonic
content of low-order current caused by unmodeled dynamics.

The fourth type is model-free predictive control (MPFC) [113]. The control diagram
of MPFC is shown in Figure 14, which does not require the parameters of the system, but
only the current variations information stored in the lookup table (LUT) under different
VVs. The prediction accuracy will be degraded in the multiple continuous control periods
without the utilization of a basic VV. To avoid this problem, a force-update algorithm is
proposed in [114], where if one of the basic VVs is not applied to the predefined control
periods, a basic VV will be force-applied to the following control period. However, the
optimization of CF is not considered, and the steady-state performance is sacrificed. To get
rid of the problem of the current stagnation update, ref. [115] proposes a current prediction
error model to reconstruct the prediction model. On this basis, RLS is used to identify the
machine parameters to improve prediction accuracy. Then, a smart update algorithm is
proposed in [116], which keeps the current variations information up-to-date according
to the current information of the previous three control periods, and then selects the
optimal VV through the CF. In [117], a MFPC method for the three-level inverter-fed PMSM
is proposed, which proposes an improved synchronous update method to increase the
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current difference updating frequency. In addition, to reduce the computational complexity,
a simple selection method of candidate VV is adopted. Moreover, the ultra-local model-
based MFPC has been investigated to improve the control performance [118-120]. However,
these methods require complex tuning efforts, and the control performance depends heavily
on the sampling frequency. In [121], a robust MFPC based on an ultra-local model and ESO
is proposed for a six-phase drive system. By reasonably assigning the dwell time of the
virtual vector and the zero vector during one control period, the coordinated control of
fundamental and harmonic currents is realized with robustness improvement. In addition,
to improve the steady-state performance, the MFPC method is extended to apply multiple
VVs [122].
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Figure 14. The control diagram of MPFC scheme for the multi-phase machine.

The fifth type to improve parameter robustness is to change the structure of the
controller. Studies by [123,124] add the error term of the control variables into the CF
to improve the parameter robustness. In [120], the past prediction errors are added to
the CF, and a WF is also introduced to achieve the reduction of the steady-state errors.
In [124], a novel CF in the form of proportion-integral is designed to replace the traditional
CF to compensate for the prediction errors caused by parameter mismatches. In [125], a
simple and effective method is proposed to improve the robustness of the system against
inductance uncertainty by using current prediction errors. This method utilizes a parallel
compensation structure to compensate for the predicted current, which is easy to implement.
In [126], an online calculation module is proposed to compensate for the voltage deviation
caused by parameter mismatch. In [127], a compensation structure based on d-q axes
current errors is proposed to accurately predict the stator flux. In addition, refs. [128,129]
propose a prediction model based on the measured stator current information for successive
sampling periods to achieve the real-time correction of the stator current. Furthermore,
ref. [130] proposes a closed-loop error compensation scheme with a simple feed-forward
structure, which does not require any observer to estimate the disturbance or identify the
parameters. In [131], a modified scheme of adaptive reference correction current injection
is investigated to compensate for current errors caused by model parameter mismatch. It
is easy to implement because only the integrator is required to obtain the compensation
term of the reference current, as shown in Figure 15. Based on the analysis of the MPC
methods with robustness improvement, the comparison of performance, complexity, and
disadvantages are summarized in Table 2.
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Figure 15. Schematic of the adaptive reference correction current injection method.
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Table 2. Comparison of control methods for improving robustness.

Control Methods Complexity Disadvantages
Improved prediction model [81-87] Low Model dependency
Parameter identification [88-102] Medium Complex tuning work
Disturbance observer [103-112] High Model dep e'ndency
Complex tuning work
Model-free predictive control . . Sensor accuracy dependency
[113-122] Slight high Sampling frequency dependency
Change the structure of the controller
[123-131] Low Model dependency

4.5. MPC of Multi-Phase Machines with Fault-Tolerant Operation

In recent years, the application of MPC has been expanded to fault-tolerant control
of multi-phase machines [132-134]. Different from FOC and DTC, which are cumbersome
to realize fault-tolerant control, MPC technology only needs to select appropriate fun-
damental and harmonic control variables, design corresponding prediction models, and
CF [135]. Figure 16 shows the fault-tolerant MPCC scheme of a five-phase PMSM under
OCEF operation [136].
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Figure 16. The control diagram of fault-tolerant MPCC scheme for a five-phase machine under
OCEF operation.

Since MPC relies heavily on the accurate prediction model of the control system,
establishing the mathematical model of the multi-phase machine under fault conditions
and deducing the space VV of the inverter is essential for implementing fault-tolerant
MPC algorithms [137]. Taking a five-phase PMSM with the A-phase OCF as an example,
the characteristics of the system are changed from a five-phase symmetric system to a
four-phase asymmetric system, while the control degrees of freedom are reduced [138,139].

Combining with the inverter states after the fault, the phase voltage expression of the
non-faulted phase can be obtained as

Vg 3 -1 -1 —1][ Sg
Ve | Vael-1 3 -1 —1|| sc
Vo | ~ 4 |-1 -1 3 -1|]| Sp (36)
Ve -1 -1 -1 3]]| s

After the single-phase OCF, the number of switching states of the five-phase inverter is
changed from 32 to 16, as shown in Figure 17. By using the reduced-order decoupling trans-
formation in (37), the five-phase variables can be transformed into the two subspaces [140]

cosd—1 cos26—1 cos36—1 cosdd—1
’ . . . .
T2 s.m 0 s%n 20 s%n 36 S}n 46 (37)
5| sin2é sin 446 sin 60 sin 86

1 1 1 1



World Electr. Veh. ]. 2023, 14, 44

19 of 33

where § = 27t/5. Accordingly, the reduced order Park transform can be expressed as

cosff sinf 0 O
T, — |~ sinf cosf® 0 O (38)
P 0 0 1 0
0 0 01
where 6 is the rotor angle.
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Figure 17. Basic VVs under single-phase OCF of the five-phase machine. (a) a-f subspace. (b) x-y
subspace.

According to (37) and (38), the mathematical model under single-phase OCF in the
synchronous rotating coordinate system can be written as

Ug a1 g | Latim —Lain
up | =R| i |+ 2| Loip | +@|Lain + $n (39)
iy iy Ly 3L

where Lj, is leakage inductance.
Then, the prediction model of the five-phase machine under single-phase OCF can be
deduced by using the forward Euler method

. . Ly .

in(k+1) = (1= £ T )in (k) + 0T i (k) +

[ / H e Ts

in(k+1) = (1= &7 )in (k) - 0 T (i (k) + Fug — (40)
iy (k1) = (1= £ )iy (k) + 2y (k)

where iy (k) uy (k) are the stator current and voltage of the y-axis at instant k.

It should be noted that through this transformation, the mathematical model under
single-phase OCF is the same as the normal operation. The loss of degrees of freedom is
reflected as the x-axis component is uncontrollable [141], in which the x-axis current has
equal amplitude but opposite phase-angle to the a-axis current, i.e., isy = —isy. Therefore,
the x-axis current is removed from the prediction model, and the cost function under OCF
is expressed as

g =it —igk+1)| + i;—iq(k—l—l)‘—l—)t

is —iy(k+1) (41)

In the case of single-phase OCEF, the reference harmonic current can be controlled by
different optimization criteria, including the minimum copper loss (MCL) criterion, and



World Electr. Veh. ]. 2023, 14, 44

20 of 33

maximum torque (MT) criterion [142]. For example, the maximum output torque control
can be achieved by controlling is,” = 0.26311'5,5*, and the minimum copper loss control can
be achieved by controlling is," = 0.

After single-phase OCF, the number of candidate VVs for the multi-phase machine
is still large, which leads to a large computational effort to optimize. In [139], a fault-
tolerant MPCC method with a simplified control set is proposed, which takes the VV with
the minimum amplitude in harmonic subspace as the control set to reduce the number
of candidate VVs. In [141], a MPC scheme based on the reference fundamental and
harmonic vectors is proposed to reduce the number of candidate active VVs from 15 to
3. In addition, ref. [138] proposed an improved fault-tolerant MPTC scheme to reduce
the number of predictive VVs by determining the quadrant where the flux error vector
is located. However, the computational cost is still high because of the harmonic current
prediction. In addition, the above schemes are not sufficient to achieve optimal control
performance due caused by only a single switching state being utilized throughout the
control period. In [140], a MPTC scheme based on SVPWM is proposed for the OCF
operation of a five-phase machine, which improved the steady-state performance of the
control system. However, it is difficult to adjust the WF of the harmonic component in the
CF. Therefore, a fault-tolerant MPC scheme based on V3s is proposed in [143], which not
only simplifies the prediction model but also eliminates the turning of the WE. In [144], an
improved V3s- based fault-tolerant MPTC with a deadbeat solution is proposed to quickly
select the optimal vectors. In addition, the steady-state error is reduced by inserting the
zero vector, and the dwell time of each vector is determined by a simple geometric principle.
Moreover, ref. [145] proposes an MPCC method with continued modulation technology,
which reconstructed the distribution of the post-fault VVs and compensated the back-EMF
of the fault phase. A study by [146] proposes an improved fault-tolerant MPC with SVPWM
solution, in which the reconstructed Vs are utilized to synthesize the reference vector, and
the candidate vectors can be selected quickly by the principle of deadbeat control, thus
reducing the computational burden.

Compared with a fault-tolerant MPC based on the order-reduction decoupling transfor-
mation method, some scholars proposed simplified MPC schemes without reconstruction
of the transformation matrix. A study by [147] evaluates the performance of the V3s-based
MPC to achieve fault-tolerant operation without changing the controller topology after OCFE.
The experimental results show that the V3s-based MPC shows good behavior after faults.
However, the spatial position of the V3s has been shifted without proper compensation.
In [148], an improved MPC method based on a health transformation matrix is proposed
to deal with the single-phase OCF. To compensate for the shift of the VVs under OCF,
a disturbance term is added to the candidate vector to accurately predict the machine
states. Although the prediction times are reduced by selecting the outermost vectors as
the control set, the harmonic variables still need to be predicted. Therefore, an improved
MPCC compensation method based on V3s is proposed in [149]. By compensating for the
basic VVs, 24 new V3s are constructed, avoiding the turning of WF.

The comparison of fault-tolerant control schemes with and without changing the
control structure is shown in Table 3. The methods based on reduced-order decoupling
transformation can establish the post-fault model and have better prediction accuracy. In
contrast, the methods without reconstruction of the transformation matrix are easier to
implement, but at the cost of reducing control performance.

Table 3. Comparison of control methods for fault-tolerant operation.

Control Methods Advantages Disadvantages

Reduced-order transformation-based ~ Accurate modeling and good
methods [137-146] performance
Easy to implement and
natural transition before and Poor performance
after the fault

Complex structure

Without changing structure-based
methods [147-149]
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4.6. MPC of Multi-Phase Machines with CMV Reduction

Similar to three-phase machines, multi-phase machines also suffer from CMV, which
is the major source of bearing voltage and current and is detrimental to the reliability of
the drive systems [150]. In a multi-phase control system, CMYV is defined as the voltage
between the midpoint of the DC-bus and the neutral point of the machine. Taking two-level
five-phase PMSM as an example, CMV can be expressed as

VCMZ%(S,Z—FS[,—FSC-FSGI-FSE)—% (42)
According to (42), the zero vectors generate large CMV, the medium vectors generate
medium CMYV, and the small and large vectors generate small CMV, with amplitudes of
+0.5V ., £0.3V ., and £0.1V 4, respectively. The common CMV suppression methods are
shown in Figure 18. Among them, hardware-based methods are more costly because of
the requirement of additional hardware equipment, whereas software-based methods are
more economical and promising. Generally, MPC-based CMV suppression methods can be
divided into two categories, namely, the CF-based optimization methods, and the control
set optimization-based methods [151-153].

CMY reduction
methods

Hardware-based Software-based
methods methods
PWM-based MPC-based
methods methods
Cost function optimization Control set optimization
based methods based methods

Figure 18. Common CMYV suppression methods.

For the first type of MPC method, the key is to design a multi-objective CF to control
the multi-subspace variables and CMV by tuning the WF to balance the steady-state
performance and CMYV reduction. In [151], a MPCC method is proposed to reduce the
peak value of CMV by introducing two different WF to adjust the proportion of CMV with
different amplitudes. The CF is defined as

g§= ity — isalc+ )]+ [iZy — isp(k + 1)|
A1 (Jite — don (4 1) + i, — iy (k+ 1)) (43)
+A2 - Vemr + A3 Vemm

where Vepr and Vepy are the CMV of the large and medium VVs, respectively.

A study by [150] proposes a MPTC method with a new CF to reduce CMV. The CF
includes not only torque and flux but also the x-y currents, CMV, and switching frequency,
which is expressed as

8= |Tom = Tem(k+ )| + Aa 3] — |9s(k +1)]|
22 (195 — e+ 1)1+ |95 — y (k+ 1)) (44)
+Az - Vem + As - Csr

where V¢ is the value of CMYV, and Cgr is the switching frequency.
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Although the CMV can be reduced to some extent by CF optimization, it is a time-
consuming task to adjust the WF for multiple control objects, and different WF can lead to
different current distortions and CMV.

In response to these challenges, the second type of MPC method is to reduce the
CMV by eliminating the VVs in the control set that generates large CMV. In [152], an
improved MPC method for CMV suppression is proposed for a five-phase inverter, which
reduces the CMV by 80% with the utilization of large and small VVs with lower CMV
amplitudes. In [153], a simplified control set-based MPCC method involving only five
VVs is proposed. For different voltage/current requirements, the five different VVs are
optimized to achieve the reduction of CMV. Although the prediction of only five vectors
improves the computational efficiency, the current quality seriously deteriorates. In [154], a
novel MPTC method with CMV elimination is proposed for a five-phase machine powered
by a three-level inverter, in which the control set of a total of 243 VVs is simplified to a
control set of 31 VVs with a low amplitude of CMV, and two series and independent CFs are
utilized to select the optimal VVs. To further simplify the CF, a V3s-based MPCC method
is proposed in [155], which uses only the vectors that generate small CMV to synthesize
the new V3s, and the control block diagram is shown in Figure 19. According to the above
analysis, the large VVs generate small CMV; therefore, three adjacent large VVs are selected
in this method to construct the new V3s, and the principle is expressed as follows

{ 0.2472V,c - (dy cos %* + dy cos 7 + d3 cos %)
5

=0 (45)
0.2472V, - (dysin 2 + dp sint — d3sin Z) = 0

where dy, dy, and d3 are the duty cycles of the three adjacent large VVs, which are 0.382,
0.236, and 0.382, respectively.

N

. Switching sequence

Ly COSt V()pt > T
function L —>
-
A
+
ldq(k g — Load
VSI
Predictive | Vs Control set
model | with V’s

Figure 19. Control block diagram of MPCCs for CMV reduction.

The new synthetic V3s are shown in Figure 20. Therefore, the proposed MPCC scheme
enables inherent CMV suppression and harmonic current reduction. Similarly, to suppress
the CMV and current harmonics of a seven-phase VSI, a simple MPCC scheme is proposed
in [156], which takes 14 V3s as the control set. In this method, the Vs are synthesized by
the VVs with the largest amplitude in the fundamental subspace with the lowest CMV, and
the voltage components in the two harmonic subspaces are zero. Therefore, multiple WFs
are eliminated in the CF. In [157], a MPCC method with inherent rejection characteristics
of CMV is proposed for a five-phase VSI, in which four adjacent large VVs are utilized
to synthesize V3s. The dwell time of the V3s is optimized by introducing the duty cycle
optimization technique to reduce the harmonic current. In addition, the zero vector is
replaced by two opposite large VVs, thus further reducing the CMV. However, the Vs-
based MPC methods for suppressing the CMV have the drawback of low DC-link utilization.
To address this problem, an improved MPCC method is proposed in the literature [158],
which improves the utilization of the DC-link while reducing CMV. As mentioned in [159],
the existence of dead-time may lead to a large CMV. Therefore, the effect of dead-time on
CMYV is considered in [160]. However, it requires a field programmable gate array, which
increases the hardware complexity. For the sake of reducing CMV with low hardware cost,
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a novel MPC method for suppressing CMV during dead-time is proposed in [161]. In this
method, the combination of VVs that may generate large CMV in dead-time is pre-excluded.
However, it does not make full use of all possible VVs, resulting in large current ripples.
According to the analysis in [160], not all non-adjacent and non-opposite VV combinations
can generate large CMYV, so there is no need to exclude them all. Therefore, ref. [162]
proposes an improved MPC with hybrid VV pre-selection, which expanded the number
of candidate VVs compared with [160]. However, since only one VV is applied during
the whole sampling period, the steady-state performance is still unsatisfactory. Therefore,
ref. [163] proposes a multi-vector-based MPC for CMV suppression to further improve the
steady-state performance.

(b)

Figure 20. The principle of new synthetic V3s. (a) a-8 subspace. (b) x-y subspace.

Based on the above analysis, the advantages and disadvantages of different methods
for reducing CMV are summarized in Table 4.

Table 4. Comparison of control methods for reducing CMV.

Control Methods Advantages Disadvantages
Cost function optimization-based Easv to implement Time-consumin
methods [150,151] y 1o T &
Control set optimization-based Low complexity Reducing control set

methods [152-163]

4.7. MPC of Multi-Phase Machines with ZS5C Reduction

On the other hand, an open-end winding machine (OEWM) has the advantages of high
DC-bus utilization and good fault tolerance capability. Compared with the isolated DC-bus
structure, the common DC-bus structure owns the advantages of low cost and simple
structure. However, there is a zero-sequence circuit in the common DC-bus structure, and
the system will generate zero-sequence current (ZSC) when the zero-sequence voltage (ZSV)
occurs, which will increase additional loss and torque ripple [164]. Therefore, effective
suppression of ZSC is a necessary condition for the promotion of OEWM.

There have been many studies on the application of MPC for the OEWM drive sys-
tem [165—-172]. Different from the MPC scheme for the conventional machine, the suppres-
sion of ZSC in OEWM is added to the CF [165] as

8 = ITo = Te(k+ )| + Aallgs] — [ihs(k + D] + Azlig — io(k + 1) (46)

where iy is set to 0 for the suppression of the ZSC.

However, the adjustment of the WFs in the CF is a big challenge because of the
different dimensions of torque, stator flux, and the ZSC. In order to alleviate the drawback,
ref. [166] proposes a cascade MPTC scheme without WF to simplify the CFE. Firstly, six
or seven candidate VVs are selected by minimizing the ZSC with the CF, and then the
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optimal VV is selected by evaluating the torque and flux with the cascade CF. This method
avoids the tuning of WF, and takes ZSC suppression as the first objective, which effectively
reduces ZSC. In [167], a full torque MPC method based on instantaneous power theory is
proposed, which designs a novel CF based on the full torque to eliminate the WE. In [168],
a weighting-factor less MPTC scheme converts the control of ZSC, torque, and stator flux
into the control of stator voltage vector, thereby eliminating the WE. In addition, a two-
step optimization approach is employed to effectively reduce the ZSC. A study by [169]
proposes a three-vector-based MPCC scheme to reduce current THD and ZSC. This method
obtains the optimal vector combination by cascade evaluation of the CF, which effectively
suppressed the ZSC and current pulsation.

It should be noted that the number of candidate VVs of OEWN is larger than that of
the conventional structure. For the sake of reducing the computational burden, a simplified
MPCC scheme is proposed in [170], which reduces the 19 candidate vectors to 5 according
to the principle of deadbeat control. However, only the control of the a-8 subspace is
involved, and the optimization of the vectors that generate the zero-sequence voltage
component is not considered. Therefore, an improved MPCC with 3-D space consideration
is proposed in [171,172], which analyzes the different ZSV generated by different switching
states in the 3-D space and eliminates the ZSC by selecting the vector closest to the reference
zero-sequence voltage. Another simplified MPCC scheme applied to OEWM is proposed
in the [173]. In this strategy, the optimal VV is determined by 3-D geometric space theory,
which only needs four-time optimizations. Nevertheless, the above algorithms based on
3-D space require online enumeration and CF evaluation multiple times in each control
period, which is still computationally intensive. A study by [174], therefore, introduces
a low-complexity MPCC algorithm based on a new perspective of 3-D analysis, which
divides the position of each 3-D vector into a separate sector. This scheme can directly
determine the sector where the optimal VV is located based on the deadbeat principle, thus
avoiding the enumeration-based evaluation process.

However, the aforementioned methods do not consider the ill effect of dead-time.
Therefore, ref. [175] proposes an improved MPCC with dead-time consideration, which
designs a new CF as

g = lus —us(k)| +A

Seps () 47)

where Sgg(17) is the sum of the CMV in the dead-time interval when the different switching
states are applied on the dual inverters. This CF converts the control of current into the
control of equivalent voltage, thus eliminating the prediction of stator current. In addition,
the complete elimination of CMV during dead-time at low speed is achieved by adding an
additional term to the CF.

In addition, the suppression of ZSC is closely related to the machine parameters. To
improve the parameter robustness, ref. [176] proposes a dual-vector-based MPCC with
ZSC suppression. This method determines the candidate vectors and duty cycle based
on the geometric theory, which simplifies the complexity of the algorithm. In addition,
by making full use of the switching state redundancy of the dual inverter system, ZSC
suppression is achieved through hysteresis control, which reduces the dependence on
motor parameters. A study by [177] proposes a robust predictive control strategy to
simultaneously eliminate the mismatch of the d-axis, g-axis, and zero-sequence parameters.
To improve the current prediction accuracy, the ESO is utilized to predict stator current and
disturbance, and the predicted disturbance is employed as the feed-forward compensation
of the reference voltage to improve the robustness. In [178], a model-free predictive ZSC
method is proposed, in which the ZSC and the disturbance are estimated by an ESO
and suppressed by an anti-interference control loop. In [179], a zero-sequence parameter
disturbance suppression MPC is presented, and an improved ZSC prediction model is
utilized to enhance robustness as well as reduced the ZSC. In addition to ZSC, the zero-
sequence back electromotive force (EMF) is also one of the main interferences causing
torque ripple in the zero-sequence loop. Therefore, ref. [180] proposes a ZSC and zero-
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sequence back EMF observer to estimate ZSC and zero-sequence back EMF. This observer
is established with the consideration of the ZSV caused by the inverter dead-time.

For multi-phase OEWM, a V3s-based MPC scheme is proposed in [181] to reduce CMV
and harmonic current. Firstly, the V3s of two VSI are utilized to design the control set.
Secondly, only 21 vectors with ZSV are selected as the candidate control set to eliminate
CMV. Finally, the optimal vector is selected with the principle of deadbeat control. Similarly,
ref. [182] proposes a simplified MPCC based on V3s with zero-sequence voltage for nine-
phase OEWM to eliminate the ZSC.

5. Future Trends of MPC for Multi-Phase Machines

Although MPC of multi-phase machines has made great progress in the past few years,
there are still some open research topics that need to be further investigated.

In MPC methods for multi-phase machine, WF is needed to penalize the CF to obtain
the desired control performance. However, WF affects the dynamic and steady-state
performance of the machine, and the stability of the control system. Therefore, research on
novel MPC methods independent of WEF is a hot research topic.

In addition, previous fault diagnosis methods for multi-phase machines mainly focus
on FOC and DTC schemes [183-185]. Although some researchers have proposed several
MPC-based fault diagnosis methods for three-phase machines [186-189], the research on
fault diagnosis of multi-phase machines by using MPC methods is still limited [190], which
is of great significance to the development of MPC for multi-phase electric drives.

Moreover, model-free or parameter-free predictive control is independent of the ma-
chine model, which is a promising method to improve the parameter robustness of the
MPC for multi-phase machines and reduces the dependence on the machine parameters.

Finally, artificial intelligence (AI) has brought a novel research direction to modern
power electronics and microgrids [191,192]. It is hoped that Al can be applied in the driving,
fault diagnosis, and fault-tolerant control for MPC of the multi-phase machine, and further
promote the development of multi-phase electric drives toward a more intelligent direction.

6. Conclusions

Multi-phase electric drives require reliable and efficient control schemes to control
multiple degrees of freedom simultaneously. Among various control strategies, MPC is a
competitive technology to achieve this objective because of its inherent characteristic of
multi-objective control. In the past decades, various types of research on MPC have been
conducted for multi-phase electric drives, mainly in terms of weighting factor design, har-
monic current suppression, computational complexity reduction, fault-tolerant operation,
and CMW and ZSC suppression. In this paper, the research status of the MPC method
for multi-phase electric drives is reviewed and analyzed. Firstly, the mathematical model
of a multi-phase machine is derived, and then three basic MPC strategies are analyzed.
Secondly, the latest and different solutions of MPC applications for the multi-phase ma-
chines are analyzed by presenting the influence of each challenge. Finally, the emerging
technologies and future trends of MPC for multi-phase electric drives are discussed. It is
foreseen that MPC, with its intuitive principle, fast dynamic response, and flexible and
diverse expansion, will be the development trend of multi-phase electric drives. Moreover,
novel weighting factors design, fault diagnosis methods, model-free or parameter-free
predictive control, and Al technologies will be the future trend of MPC for multi-phase
electric drives.
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