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Abstract— Model predictive controls (MPCs) with the merits of
non-linear multi-variable control can achieve better performance
than other commonly used control methods for permanent
magnet synchronous motor (PMSM) drives. However, the
conventional MPCs have various issues, including unsatisfactory
steady-state performance, variable switching frequency, and
difficult selection of appropriate weighting factors. This paper
proposes two different improved MPC methods to deal with these
issues. One method is the two-vector dimensionless model
predictive torque control (MPTC). Two cost functions (torque
and flux) and fuzzy decision-making are used to eliminate the
weighting factor and select the first optimum vector. The torque
cost function selects a second vector whose duty cycle is
determined based on the torque error. The other method is the
two-vector dimensionless model predictive current control
(MPCC). The first vector is selected the same as in the
conventional MPC method. Two separate current cost functions
and fuzzy decision-making are used to select the second vector
whose duty cycle is determined based on the current error. Both
proposed methods utilize the space vector PWM modulator to
regulate the switching frequency. Numerical simulation results
show that the proposed methods have better steady-state and
transient performances than the conventional MPCs and other
existing improved MPCs.

Index  Terms—electrical  drives, permanent
synchronous motors, model predictive control.
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. INTRODUCTION

ERMANENT magnet synchronous machines (PMSMs)

with high power density, high efficiency, higher torque, and
less electrical losses are widely used in various applications. To
meet different application requirements, electrical machine
controls or drives have been introduced [1]. For decades,
field-oriented control and direct torque control have been the
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two popular high-performance control schemes for PMSM
drives [2-4]. Recently, model predictive control (MPC)
methods have been proposed as a better control method for
electrical drives with the merits of conceptual simplicity, easy
implementation, non-linearity, and multi-variable control [5, 6].
In the last decade, MPC has received extensive interest in the
field of electrical drives with various MPC methods developed
for induction motors [7, 8], PMSMs [9, 10], switched
reluctance motors [11], and other types of electrical machines
[12].

Based on the control variables, the most common MPCs are
the model predictive torque & flux control (MPTC), which uses
the torque and flux as the control variables, and the model
predictive current control (MPCC), which uses the stator
currents as the control variables [13, 14]. They predict their
future behaviors and select an optimum switching vector by
minimizing their cost functions based on their control variables
[15]. The conventional MPCs apply the vector chosen for the
whole control cycle, which is inadequate to regulate the torque
and may result in an unsatisfactory steady-state performance
[16]. The finite control set MPC (FCS-MPC) generates the
switching pulses directly, and the switching frequency of the
power electronic converter is variable, a significant concern in
MPC. Variable switching frequency results in high current and
voltage ripples, creating an audible noise and degrading the
drive system's steady-state performance [17, 18].

On the other hand, MPC with different control variables in
magnitude and unit (i.e., torque and flux) requires selecting a
proper weighting factor to balance them [19]. The weighting
factor selection is ambiguous due to the lack of systemic
selection guidance. An inappropriate weighting factor can
result in high torque ripples in MPTC [20].

Various improvements have been proposed to deal with
these issues of conventional MPCs; for instance, additional
vectors are applied along with the optimum vector during a
control cycle. More than one vector-based MPCs have been
reported to increase the stability of the motor drives, improve
the steady-state performance, and reduce the torque and current
ripples [21]. Two-vector-based MPCC for PMSM drives with
vector duration control was proposed in [16]. The first vector is
selected in a similar way to the conventional MPC. The second
vector is among the adjacent vectors to the first optimum vector
to ensure only one change of switching state at each control
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cycle to avoid high switching frequency. In [22], a three-vector
MPCC for PMSM drives based on the space vector modulation
(SVM) technique was proposed. This method evaluates the cost
function for three voltage vectors, calculates their durations,
and then applies them in one control cycle. Unlike [16], this
method first evaluates the cost function to obtain the optimal
vector and calculate its duration. Then, it selects the second
vector from a combination of two adjacent active vectors to the
first vector and zero vector and applies it for the rest of the
duration.

A two-vector-based MPCC of PMSM drives was proposed
in [23] to improve the steady-state performance. Firstly, a
reference vector is calculated based on deadbeat current control,
and the first optimum vector is selected as the nearest active to
the reference vector. The second vector is chosen among the
three candidates to be two adjacent active vectors to the first
vector or a zero vector, such that a candidate with minimal
distance from the reference vector is selected. Unlike other
two-vector MPCs, this method does not require the calculation
of the current slope to obtain the vector duration.

The selection of the weighting factor can significantly
impact the drive performance, and a fixed value weighting
factor might not be adequate for a wide operation range. The
weighting factor can be optimized manually (offline) through
an empirical trial and error procedure [24] or some other
methods, such as parameter sweep [25] and Genetic algorithm
[26]. However, these methods are time-consuming and prone to
the influences of parameters and operating conditions [27].
Many different approaches have been attempted to obtain an
appropriate weighting factor. In [28], an MPTC with no
weighting factor was proposed for PMSM drives. The cost
function is based on the voltage vector tracking error instead of
the torque and flux errors. The principle of deadbeat-direct
torque&flux control was employed to obtain the reference
voltage vector to ensure that the torque and flux errors converge
to zero. Based on a similar principle, [29] proposed an MPTC
with a voltage vector cost function for PMSM drives. In [30],
the weighting factor was eliminated from the predictive torque
control for PMSM drives using a lookup table of direct torque
control. Only three voltage vectors are predicted and evaluated
in the cost function.

Variable switching frequency is a significant concern in
MPC, which generates high current and voltage ripples,
resulting in audible noise and deteriorating the system's
steady-state performance [17, 18, 31]. Switching frequency
regulation techniques have been introduced in MPC to
overcome the issue of the variable switching frequency.
Common-mode voltage (CMV) suppression is one of the
techniques used to regulate the switching frequency of
conventional MPC methods for PMSM drives. CMV is the
voltage between the midpoint DC-link capacitor and the neutral
point of the load. A high-frequency CMV can increase the
leakage current and electromagnetic interface, damaging the
motor shaft. [33] proposed an MPC with constant switching
frequency to suppress the CMV in PMSM drives. Compared to
the conventional MPC, where only one active vector is applied,
this method applies four active vectors in the next control cycle.

The switching sequence model is developed to keep the
switching frequency fixed and equal to the control frequency.
This method applies the principle of 4 active voltage vectors
where the zero vector is avoided to restrict the amplitude of
CMV, and two non-adjacent vectors are used to create the
equivalent zero vector. With a total prohibition of zero vector,
the CMV and switching frequency can be decreased, but the
current signal quality is significantly affected.

All of the issues associated with conventional MPC
significantly impact the overall drive performances. Thus, an
effective MPC should realize the trade-off between these
different issues because focusing on one issue and neglecting
the others can degrade the performance over a wide range of
operations and various operating conditions. For instance,
suppressing the CMV by eliminating the zero vector can
regulate the switching frequency but lead to high current
distortions and torque ripple. Similarly, two- or
three-vector-based MPC can improve torque performance but
generate high variable switching frequencies without properly
regulating the switching sequence.

This paper proposes two improved MPC methods to deal
with different issues of the conventional MPC while
maintaining a trade-off between these issues. The first method
is based on MPTC, which implements two-vector and two cost
functions (torque and flux). The fuzzy decision-making can
eliminate the weighting factor and select the first optimum
vector. The torque cost function is used to select the second
vector whose duty cycle is determined based on torque error to
decrease torque ripples further. The second method is based on
MPCC with two voltage vectors. The first vector is selected in
the same way as in the traditional method. Two separate current
cost functions and fuzzy decision-making are used to select the
second vector, whose duty cycle is determined based on the
current error. Both proposed methods utilize the space vector
PWM modulator to regulate the switching frequency.

The rest of the paper is organized as follows. Section Il
discusses the mathematical modelling of PMSM drive systems
with MPC. Section |1l discusses the proposed MPC methods.
Section 1V presents the simulation studies and performance
comparison of the proposed methods with other methods.
Section V summarizes the findings and outcomes of the paper.

Il. CONVENTIONAL MPC oF PMSM DRIVES

In order to design an efficient control strategy for PMSM, an
accurate mathematical model of the machine is to be developed.
A three-phase PMSM can be transformed into the d-q
equivalent model, and the voltage flux linkage equations of
PMSM in the d-g frame can be expressed as:

vy = Riig + L 201, )
dt
. dig .
Vg = Riig + 1L E+w|—d iy + OV o 2
Vo = Ldid +¥om (3)
¥q = Lylg )

where V, and Vv, are the voltages, i, ?%, , Ly .andL, are
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the currents and the inductances of the d- and g-axes,
respectively.
The dynamic mechanical equation can be expressed as:

Tem:TL+JZ—:)+Ba) (5)
where

T ZED(Wdi -y id) (6)

em =5 g~ ¥q

is the electromagnetic torque, T, the load torque, J the

momentum of inertia, and B the vicious friction coefficient.
Substituting (3) and (4) into (6), one can have

3 . .
Tem :E p[l//pmlq +(Ld - Lq)'q'd:| (7
Based on (1)-(6), different MPC control methods can be
constructed for PMSM drives. They can be categorized into

two common types based on the controlled variables, MPCC
and MPTC. Fig. 1 shows a general block diagram of MPC for

PMSM drive, which includes measurement (i, ;) , and
estimation (,T,) , cost function minimization, and outer
speed control loop.

Predictive controller

Speed Controller | Cost function. | 3-phase Inverter
B “ — 5
E e e Eq(10) or (14) | va
-_ ids ¥ Sc Vsl
—I—p 1N Vo
T
lmqu-i_11 ?m-mT trm—j]
ar |
] Current or Torque . flux
I Prediction ,equations (S-13). [ PMSM

Flux estimation

Fig.1. A general block diagram of MPC for PMSM drives.

MPCC obtains the dg currents and machine position at
sampling instant (k). The dq voltages are estimated and used to
predict the dg currents for the next sampling interval (k+1).
From the PMSM equations (1) and (2), using Euler derivative
approximation at sampling time T,, one can obtain the dg

currents at time instant (k+1) as the following:

iy (k+1) :(1—RE—:Sjid (k)+%TS2oiq (k)+I—ZVd ®

. RT, |. L .
02~ 15y () 70 ) T
‘ 9)
+—=yy
Then, the MPCC cost function to select the optimum voltage
vector from eight voltage vectors ( (Vo —V;) of a 2-level

three-phase inverter can be expressed as:
Oupce =[ig” ~ia (k+1)|+[ig" ~ig (k-+1)| (10)
MPTC predicts future torque and flux values based on the
measured stator currents and rotor speed. From the PMSM flux
linkage in (3) and (4), torque in (7), and using the predicted
currents in (8) and (9), the predicted flux and torque at the next
sampling instant (k+1) can be expressed as:

wa (K+1) = Lyig (k+1)+wpn (11)
wq (k+1) = Lyig (k+1) (12)
i (k+1
T (k+1) =2 p Vo' (K 1)+ (13)

27| Ly — Ly )idg (kK +2):
The cost function of MPTC to be yielded by an optimum
voltage can be expressed as:

Ton = Tem (K+2)|+7

ve-ws(k+1)|  (19)
where ys =y + jyq is the stator flux and y the weighting

Ovprc =

factor.
The cost function in (10) or (14) is to be minimized based on

eight voltage vectors (V,—V;) of a 2-level three-phase
inverter to obtain the optimum voltage vector for the next
control cycle as the following:

Vopt = ir:rg)ig (Ivpce @ Gyprc ) (15)

I1l. PROPOSED MPC METHODS

The proposed methods aim to improve the steady-state
performance, regulate the switching frequency and eliminate
the weighting factor while maintaining an overall performance
trade-off.

Prior to discussing the proposed method, it is essential to
consider the step delay compensation. In the conventional MPC,
the machine variables are measured at time instant (k) and then
predicted at time instant (k+1). However, the actuating signals
(voltage vector) are only available at time instant (k+2). This
creates a step time delay [32]. To compensate for this delay, the
variables are predicted at time instant (k+2). Thus, the cost
function of the conventional MPCC and MPTC in (10) and (14)
are rewritten as [33]:

To —To(k+2)+7 (16)

'/’g —VYs (k +2)‘
iy i (ke 2)| +fig" =g (k+2)

Imprc =

Ompcc = a7

A. Method I: Two-Vector dimensionless FDM-MPTC

The most common issue in MPTC is the selection of the
weighting factor. The cost function of MPTC in (16) contains
two objective functions based on torque and flux. Each
objective function has a different degree of importance, and
torque and flux have different magnitudes and units. Thus, a

weighting factor (y) must be included to balance the

performance. The selection of the weighting factor is an
ambiguous process, and a significant performance effect can be
experienced if an inappropriate value is selected. MPTC with a
cost function based on voltages or evaluating torque and flux
cost functions separately are some methods used to eliminate
the weighting factor. Our proposed two-vector MPTC can
eliminate the weighting factor using fuzzy decision-making
(FDM) to select the optimum switching vector.

Generally, choosing the weighting factor (;/) requires the

absolute importance of both torque and flux objective functions.
However, FDM depends on the relative importance of each
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objective function over another and can be chosen based on the
decision maker's subjective and qualitative experience and
judgment. Torque and flux objective functions in (16) can be
rewritten individually as:

Or =

To T (k+2)

gy/ = '//s*_'//s (k+2)‘ (19)

The proposed method utilizes two switching vectors over
one control cycle. The torque objective function in (18) is
evaluated separately based on eight voltage vectors ((V, —V;)

of a 2-level three-phase inverter and minimized to obtain an
optimum first voltage vector V, . The second optimum voltage

(18)

vector V, is obtained based on FDM using the torque and flux
objective function in (18) and (19).

The torque and flux objective functions in (18) and (19) are
evaluated based on eight voltage vectors (V, —V; )of a 2-level

three-phase inverter, and then the final optimum voltage vector
is determined using FDM. FDM is used where insufficient and
incomplete data exist for the solution [34]. It is a bit different
from the traditional fuzzy approach and has been introduced for
MPC in [35] but not for the aim of eliminating the weighting
factor and was applied for MPC in power converters [36] and
induction motors [37]. To apply FDM in MPC, the
specification of membership and decision functions are
required. The linear membership function is the common form
used in MPC. Therefore, a cost function is evaluated at

different voltage vectors g;(V;).(Vs=0-7), the linear

membership function m; (V; ) can be stated as follows:

o [e e )
(%) {g{"*‘x ]

_ g_min
i

(20)

where Ri is a priority weight factor and can be determined

based on the relative importance of each objective function. In
[38], the numbers for various relative importance cases are
listed and assigned depending on the priority importance of an
objective function over the other. For the proposed method, an
intermediate value of 2 is selected as the priority weight for
both torque and flux objective functions. Hence, the

membership function of the torque objective function m+ (V)

and flux objective function m,, (Vs) can be represented as:

m, (VJ{%] (21)
O — Ot
2
max _ o (y/
v v

The cost functions of torque gy (Vs ) and flux g,, (V) are

evaluated based on eight different voltage vectors (VS = 0—7) .

Then, using the obtained values, their maximum (g{“a" g,;fax) ,

and minimum values (g?‘i”,g;‘i") as in (21) and (22), the
torque and flux membership functions (my,m,, ) in the range

of [0 1] are obtained. Thus, an optimum voltage vector can be
selected by minimizing and maximizing a decision function as:

mp, (Vs) = min{my (V;),m, (V5)} (23)
The optimum voltage vector V,; is selected as:
Vopt = Qg’%(mD (Vs )) * (24)

With the previously obtained vector V; by minimizing the

torque cost function and making the optimum vector obtained
in (24) as Vo, =V,, this will result in two different voltage

vectors (V,,V, ). By computing the dg voltages components of
each of these two vectors as:

udql = udq (Vl)

Uggz = Ugq (Vz)
ref

The final dq

combinations of the dq voltages components of two vectors
with different duty cycles as:
t, xu (T -t )xu
f 1 dql s 1 dqg2
R (7)

S S

where T is the sampling time, and t, (0<t, <T) is the time

(25)
(26)

reference voltage u is obtained as the

assigned for the first vector (V;). The duty cycle d, of V, is

determined based on the torque error as:

T, T, (k+2)
C;

where C; isa positive constant value to be chosen to minimize
the torque ripple.

Hence, the proposed FDM-MPTC can eliminate the
weighting factor by transforming the torque and flux terms into
dimensionless quantities using FDM and obtaining the
optimum voltage vector with the factorless MPTC. To improve
the steady-state performance and reduce torque ripple, a second
vector obtained by evaluating the torque cost function is
applied along with the optimum vector for each control cycle.
This will improve the torque performance and reduce torque
ripple because the second vector is obtained by evaluating the
torque cost function and its duty cycle based on the torque error.
If the torque ripple is high, the vector obtained from the torque

cost function (Vl) will be applied for a longer time to reduce

dy = (28)

torque ripple. Finally, to regulate the switching frequency and
account for a trade-off between the steady-state performance,
weighting  factor, and switching frequency, PWM

modulator-based space vector is used. The reference uggf

(27) is fed to the SVM PWM modulator; thus, the inverter's
switching pulses with a regulated switching frequency are
generated. Fig. 2 shows a block diagram of the proposed
FDM-MPTC.

in
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Fig.2. Proposed FDM-MPTC for PMSM drives.

B. Method Il: Two-vector FDM-MPCC

The conventional MPCC evaluates the cost function in (17)
based on the current difference to obtain the optimum switching
vector for the next control cycle. Most improvement of MPCC
applies one or more vectors along with the optimum vector over
one control cycle. Usually, the weighting factor is not required
in MPCC. However, weighting factors are used to render the
cost functions comparable in magnitude and units. Clearly, the
MPCC cost function terms have the same unit but may have
different magnitudes. Thus, the weighting factor can be used,
like in [39], which presented an MPCC cost function with a
weighting factor computed using a fuzzy logic controller based
on current errors. In the proposed MPCC (P-MPCC), two
vectors with duty cycle control are applied over one control
cycle. The first vector selected using FDM presented in method
I by rewriting the cost function in (17) into two separate

objective functions. The iy current difference as the
d-objective function and the i, current difference as the

g-objective function as follows:
9a (V)= ‘id* ~ig (K +2)‘

dq (Vs) :‘iq I (k+2)‘
The membership functions M, for the current cost functions

(29)
(30)

9q (V) and g, (V) can be expressed in the general form with
different priority weights as:

m; (Vs ) = [—gimax 6 (V) JRi

g - g™

(1)

The priority weight R; in (31) is determined based on the

relative importance of each objective function. First, a
pairwise comparison matrix I" is constructed by comparing
the objective function with each other. Since the current ig
directly influences the torque and current performance, the
g-objective function is given moderate importance over the
d-objective function to improve the torque performance. The
comparison matrix I' between the two objective functions

((gd : gq) can be obtained :

r= (32)

Wl -

By computing the eigenvector y corresponding to the
maximum value of the eigenvalues of T", the priority weight
R; can be expressed as:

Yimax?

i
i:IYimax?

R=[R..%WR]= (33)
In our case, the priority weight R; =[Rq Rd], which has
been obtained as R, =0.75 and Ry =0.25. More details on

obtaining the comparison matrix and computing the priority
weight can be found in [38]. The membership function of the

g-objective function m, (V) , and the d-objective function

my (V) can be represented as:

R
g —=9q(V5) |
mQ(VS):[ qmax _q(mir?)J (34)
99 ~Yq
00" g4 (%) )
M (Vs ) = [max—m.:J (35)
9¢ —9q

The d-objective function g, (V) and g-objective function
94 (Vs ) are evaluated based on eight different voltage vectors
(Vs =0-7). Then, using the obtained values, their maximum

(g{,"ax, g{,“aX) and minimum values (g™, g™ ) as in (34) and

(35), the membership functions (my, my ) in the range of [0 1]

can be obtained. Thus, an optimum voltage vector can be
selected by minimizing and maximizing a decision function as:

mp (Vs ) = min {md (Vs ), mg (Vs )} (36)

Then, the first optimum vector is determined by maximizing
the decision function in (36) as:
V, = Q(?z(?(m[, (V)
The second vector is determined by minimizing the cost
function in (17) as:

@7

V, = min .
2 5:0_7(gMPCC)

By computing the dq voltage components of two vectors
(V1,V,), the final reference voltage ugy, is obtained as the
combinations of the dq voltages components of the two vectors
with different duty cycles as:

e _ 1 XUgg  (Ts —t) X Uggo

= + 38
d T, T, (38)
The duty cycle d, of V; is determined based on iy current error

as:

iq*—iq(k+2)
Cq

where C is a positive constant value to be chosen to optimize

d, = (39)

the torque and current ripples.
Similar to method I, a PWM modulator based SVM is used to

regulate the switching frequency, where the u(;:f in (38) is fed
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into the PWM modulator to generate the switching pulses. The
block diagram of the proposed P-MPCC is shown in Fig.3.

Predictive controller
Reference voltage

clolion  pyy phase bverter

|7 cmtsn |

+ @
'( “ Eq(2930), (3233) and | 12

- id @3

Prediction and one step
» compensation

Fig.3.Proposed FDM-MPCC for PMSM drives

IV. SIMULATION STUDIES AND PERFORMANCE ANALYSIS

In this section, the proposed two MPC methods
(FDM-MPTC and FDM-MPCC) are designed and simulated
using Matlab/Simulink based on a 1kW PMSM. To verify the
effectiveness of these two methods, the conventional MPCs and
two different existing MPC methods with similar approaches
are also applied to the PMSM and compared with the proposed
methods considering different characteristics. The proposed
FDM-MPTC is to be compared with the conventional MPTC
and an existing double vectors MPTC without weighing factor
and based on voltage cost functions presented in [28]. The
proposed FDM-MPCC is to be compared with the conventional
MPCC and an existing two-vector MPCC presented in [23].
The PMSM parameters are kept the same for all simulations as
in Table I, where the sampling frequency is set to 20 kHz, and
the DC-link voltage is set to 200 V.

TABLE |
PMSM DRIVE PARAMETERS
Parameter Symbol Value and unit
Stator Resistance Rs 047 Q
d-Axis Inductance Ly 14.2mH
g-Axis Inductance Lq 15.9mH
Permanent magnet Flux ¥pm 0.1057 Wb
Number of Pole Pairs P 3
Rated Speed wp 1000 rpm
Rated Torque T, 2Nm
dc-Link voltage Vpe 200V
Inertia J 0.002 kg/m”2
viscous Friction B 0.0006 Nm/s
Sampling Time T, 5018

A. Proposed FDM-MPTC

The proposed FDM-MPTC and MPTC in [42] aim to
eliminate the issues associated with the conventional MPTC by
eliminating the weighting factor and using two vectors instead
of one vector for one control cycle. Therefore, it is essential to
carry out a comparative analysis of the conventional MPTC and
the improved MPTC [28] to show the superiority of the
proposed FDM-MPTC. For simplicity, the conventional MPTC
and the existing MPTC in [28] will be referred to as MPTC- |
and MPTC- Il, respectively.

Fig. 4 shows the dynamic responses at 1000 rev/min (the
rated speed) with an external load of 2 Nm applied att =0.1 s
for MPTC- I, MPTC- 1l and the proposed FDM-MPTC. From
top to bottom, the waveforms are the rotor speed, stator current,
torque, and stator flux, respectively. As can be seen from the
curves, the proposed FDM-MPTC shows an excellent dynamic
response with lower overshoot and faster settling time
compared to MPTC- | and MPTC- Il In addition, it has smaller
flux and torque ripples and smoother stator current response
than MPTC- Il. MPTC- | with a fixed value weighting factor
and one switching vector for the whole control cycle shows the
highest torque and flux ripples.

Fig.5 presents the waveforms of switching frequency, the
harmonic spectra of stator currents, and the selected voltage
vectors at the steady-state of 1000 rev/min (the rated speed)
with a load torque of 2 Nm. It is seen that the proposed
FDM-MPTC shows an almost fixed switching frequency with
an average value of 4.8 kHz, which is better and more regulated
than MPTC- Il with an average switching frequency of 5.1 kHz.
On the other hand, MPTC-I has an unregulated switching
frequency with an average value of 7.4 kHz. This is because the
switching pulses are directly generated in MPTC- | without a
PWM modulator. In addition, the total harmonic distortion
(THD) of the stator current is calculated up to 6 kHz maximum
frequency. The THD of the proposed FDM-MPTC is only
4.61%, less than 5.12% of MPTC- II. MPTC- | has a broad
harmonic spectrum, and the stator current THD is up to 6.31%,
much higher than the other two MPTC methods.

In addition to the good performance obtained by
FDM-MPTC, its switching frequency is lower than the MPTC-
Il and MPTC-1 methods. The quantitative comparison between
them during the transient response and at the steady-state of
1000 rev/min with a load of 2 Nm is listed in Table Il, including
the settling time t, , average switching frequency fa\,g , torque

ripple Ty, , flux ripple y;, , and stator current THD. The

average switching frequency f is

avg

fag = 20N /6, where Vis the total switching instants of the six

computed  as

legs of a two-level inverter during a fixed period of 0.05 s. It
can be concluded that the proposed FDM-MPTC has a superior
performance in terms of torque and flux ripples and stator
current THD, while its average switching frequency fay is 94%
and 64.8% of that of MPTC-Il and MPTC- I, respectively. This
emphasizes its superiority in reducing torque and stator flux
ripples with less switching frequency and lower stator current
THD. In conclusion, MPTC-II has better performance over the
MPTC-I, and the proposed FDM-MPTC is capable of
producing better performance than both MPTC-I and MPTC-II
when tested under similar operating conditions and using the
same parameters.

TABLE II
NUMERICAL COMPARISONS OF MPTC- I, MPTC- Il [28], AND THE PROPOSED
FDM-MPTC
Property ts Tripp Yripp favg TfH_D
0
Method (s) (Nm) (Wb) (H2) 'a
MPTC- | 0.0441  0.1953 0.0062 74k 6.31%
MPTC-1 [ 0.0325 0.1435 0.0044 51k  5.12%
FDM-MPTC  0.0305 0.1241 0.0038 48k  4.61%
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Fig.4. Responses of rotor speed, stator current, torque, and stator flux at 1000
r/min with sudden load change for (a) MPTC-I, (b) MPTC- 11 [28], (c) proposed

FDM-MPTC.
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selected switching vectors for (a) MPTC- |, (b) MPTC-I1 [28], (c) proposed
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B. Proposed FDM-MPCC

Similar to the proposed FDM-MPTC, in order to validate the
effectiveness and superiority of the proposed FDM-MPCC,
performance comparisons are carried out with the conventional
MPCC (MPCC-I) and an existing two-vector MPCC in [23]
(MPCC-II), including dynamics and steady-state performance
in terms of the settling time, torque and flux ripples, stator
current THD, and switching frequency.

Fig.6 shows the dynamic response from standstill to 1000
rev/m (the rated speed) and the steady-state response with a
sudden 2 Nm load applied at 0.1 s for MPCC-I, MPCC-II, and
proposed FDM-MPCC. The waveforms from top to bottom are
the rotor speed response, stator current, torque, and flux. Based
on the rotor speed response, the proposed FDM-MPCC has a
faster settling time and lower overshoot than the other two
methods. The stator current of FDM-MPCC is more sinusoidal
and less distorted. The torque and flux ripples are much reduced
for FDM-MPCC compared to MPCC-1 and MPCC-II.

Fig.7 illustrates the switching frequency, harmonics spectra,
and the selected switching vectors for three methods. Generally,
MPCC-I has a very high variable switching frequency due to
the direct generation of switching pulses and the absence of any
regulation technique. MPCC-Il has a better switching
frequency with an average value of 5.68 kHz. The proposed
FDM-MPCC shows a regulated frequency with a lower average
value of 4.26 kHz, which is only 75% of that of MPCC-II with
the same sampling frequency. Moreover, the stator current
THD is calculated up to 6 kHz maximum frequency, and the
proposed FDM-MPCC recorded the lowest THD of 4.12%
compared to 4.71% and 5.51% for MPCC-Il and MPCC-I,
respectively.

The numerical comparison of FDM-MPCC with the other
two methods is listed in Table 111, which shows the superiority
of the proposed method with low torque and flux ripples, less
THD, low switching frequency, and faster dynamic response.

Apart from this, comparing MPCC methods in this section
with the MPTC methods from the previous section shows that
MPCC methods record better stator current performance with

: TWO-VECTOR DIMENSIONLESS MODEL PREDICTIVE CONTROL OF PMSM DRIVES BASED ON FUZZY DECISION MAKING

less THD, and torque ripple increased for MPCC-l and
MPCC-I1I compared to those MPTC methods. This is because
the cost function in MPCC is evaluated based on current, while
in MPTC, it is evaluated based on torque and flux. However,
the proposed FDM-MPCC has produced high quality current
response and maintained a good torque response with less
ripples comparable to the proposed FDM-MPTC. This is
because the second vector is selected based on FDM with high
priority given to the g-objective function in FDM-MPCC. Also
the iy error is used to calculate the duty cycle of the second

vector to minimize the torque ripple.

Finally, the proposed FDM-MPCC has shown superior
performance over the other MPCC methods and can maintain a
good balance for optimal overall performance, including good
current quality, regulated switching frequency, and reduced
torque ripple.
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Fig.6. Response of rotor speed, stator current, and torque and stator flux at
1000 r/min with sudden load change for (a) MPCC-I, (b) MPCC- Il [23], (c)
proposed FDM-MPCC.

TABLE 11
NUMERICAL COMPARISONS OF MPCC- I, MPCC- 11 [23], AND THE PROPOSED
FDM-MPTC
P THD
roperty ts Tripp ‘//ripp 1:avg fi
0

Method ()  (Nm)  (Wb)  (Hyg a
MPCC- [ 0.0427  0.2026 0.0052 6.13k  5.51%
MPCC-1 1 0.0421 0.1510 0.0043 568k 4.71%
FDM-MPCC  0.0393 0.1283 0.0028 426k 4.12%

V. CONCLUSION

The unsatisfactory steady-state performance, unregulated
switching frequency, and ambiguous process of weighting
factor selection made conventional MPC methods less effective
than traditional control methods for AC machine drives. Thus,
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Fig.7. Switching frequency, the harmonic spectrum of stator current, and
selected switching vectors for () MPCC- 1, (b) MPCC- 11 [23], (c) proposed
FDM-MPCC.
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various improvements, such as two or more vectors during one
control cycle, weighting factor eliminations, and switching
frequency regulation techniques, were implemented to
maintain the effectiveness of MPCs. This paper proposed two
MPC methods based on predictive torque &flux and current
controls to reduce the torque ripple, regulate switching
frequency, and maintain good current quality. The proposed
methods utilize two vectors for one control cycle and eliminate
the issue of weighing factors using FDM. Compared with the
conventional MPCs and similar existing improved MPCs, the
proposed methods have shown superiority in terms of different
characteristics under transient and steady-state conditions. The
proposed FDM-MPCC has shown better current response and
maintained reduced current ripples compared to the proposed
FDM-MPTC. The conventional and existing MPCCs have
shown slight improvement in the current responses, but their
torque ripples are higher than those of MPTC-based methods,
emphasizing the proposed method's superiority and ability to
balance for optimal overall performance.
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