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Abstract: This article presents a multiple-vector finite-control-set model predictive control (MV-
FCS-MPC) scheme with fuzzy logic for permanent-magnet synchronous motors (PMSMs) used in
electric drive systems. The proposed technique is based on discrete space vector modulation (DSVM).
The converter’s real voltage vectors are utilized along with new virtual voltage vectors to form
switching sequences for each sampling period in order to improve the steady-state performance.
Furthermore, to obtain the reference voltage vector (VV) directly from the reference current and to
reduce the calculation load of the proposed MV-FCS-MPC technique, a deadbeat function (DB) is
added. Subsequently, the best real or virtual voltage vector to be applied in the next sampling instant
is selected based on a certain cost function. Moreover, a fuzzy logic controller is employed in the
outer loop for controlling the speed of the rotor. Accordingly, the dynamic response of the speed
is improved and the difficulty of the proportional-integral (PI) controller tuning is avoided. The
response of the suggested technique is verified by simulation results and compared with that of the
conventional FCS-MPC.

Keywords: model predictive control; fuzzy logic controller; multiple-vector; deadbeat function

1. Introduction

The growing phenomenon of global warming and transportation-induced air emis-
sions in urban areas has accelerated the introduction of several alternative mobility so-
lutions such as electric vehicles, car sharing, and e-bikes [1]. This electric mobility has
several advantages: Electric energy is cheaper and less polluting than oil, the efficiency
of an electric motor is higher than an internal combustion engine, the electric vehicle is
less noisy, and is rechargeable at home [2,3]. Therefore, it is necessary for the research
community to conduct research focused on clean, renewable, and green energy sources
and to put pressure on political /economic decision-makers in order to take meaningful
action to resolve this challenge and to support the energy transition [4]. In this context,
the gradual arrival of electric and hybrid vehicles on a more competitive market than ever,
leads car manufacturers to develop ever more efficient vehicles while having lower costs.
The performance criteria for electric vehicles are reliability, robustness, power management,
speed of charge of the batteries, and especially the electric drive system [5]. To ensure the
drive of the electric vehicle, several categories of electric machines exist such as: Direct
current machines, asynchronous machines, and synchronous machines. Many researches
on electric vehicles have been carried out to enhance its performance [6]. Most of this work
has been done on their power sources and structures, and on its electric drive system. Work
on the electric drive system was of great interest to car manufacturers and researchers [7].
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Permanent magnet synchronous motors (PMSMs) are increasingly becoming strong
candidates in several electrical drive systems because of their particular features of hav-
ing a higher power factor, very good efficiency, excellent torque density, no slip rings
(i.e., lower maintenance time and effort), very low rate of failure, and excellent reliabil-
ity [8,9]. These features and other advantages like fast dynamic performance, developed
field weakening techniques, and excellent controllability make the PMSMs the right tool for
traction systems such as in electrical /hybrid vehicles [10,11]. Many strategies for PMSM
drive control have been suggested including direct torque control (DTC) [12], direct flux
control (DFC) technique [13], and field oriented control (FOC) [14]. The FOC system
typically uses cascade control loops for speed, position, and torque control with several
proportional-integral (PI) controllers [15,16]. The FOC solution was widely used in PMSM
control, owing to the benefits of a straightforward technique and good reliability. Nev-
ertheless, the FOC’s disadvantages are the cascade mechanism, which reduce the speed
of the dynamic performance of the controller [17-20]. The DFC method can be applied
to the three-phase synchronous machine with an accessible star-point, which are usually
for low power applications. DTC is characterized by a fast dynamic response but it is
influenced by a substantial ripple of torque which could then be compensated by other
methods [21]. Therefore, these classic methods ignore these facts, affecting the high perfor-
mance of the PMSM and the whole electrical drive system [22-24]. Currently, thanks to the
great development of digital signal processors (DSPs), which enables the application of
numerous advanced /non-linear control techniques such as adaptive control, sliding mode
control (SMC), predictive control, neuron network control (NNC), and fuzzy logic [23,24]
on PMSM drive systems [25].

Predictive control has emerged in recent years as a powerful controller, which applied
for numerous applications such as inverters, rectifiers, converters, motors, and others.
The basic idea of predictive control is using the system model to anticipate for the control
variables the future performance and then achieve optimum action by employing a certain
optimization criteria [26]. Predictive control (PC) schemes are classified to five types:
(1) Deadbeat PC, (2) hysteresis-based PC, (3) trajectory-based PC, (4) model PC (MPC),
and (5) many other PC techniques which vary in optimal decision-making criterias [27].
The deadbeat predictive technique utilizes the system model to determine the appropri-
ate control variable, which will cancel the error between the reference value and actual
value of the control variables [28,29]. By the help of space-vector modulation (SVM), the
switching signals are applied to the converter. The deadbeat PC produces an excellent
dynamic response, however, the performance obtained from the system degrades following
variations and disturbances. Furthermore, it is difficult to integrate the non-linearities and
the constraints of the system [28,29]. Predictive control strategies focused on hysteresis and
trajectory do not involve a modulation block and explicitly add the switching states to the
converter [27,28].

Currently, the MPC is known as an easy and effective control technique for the
operation of power converters and electric motors, thanks to its advantages such as simple
implementation in multivariate systems, recognition of non-linearities/constraints, and
excellent dynamics. The model predictive control employs a mathematical model for
predicting the behavior of the system, then minimize the predefined cost function to
accomplish the required control objectives [30]. The MPC schemes can be devided into
two main groups: Continuous control set MPC (CCS-MPC) and finite-control-set model
predictive control (FCS-MPC). The advantages of CCS-MPC is its ability for easily including
of non linearities/constraints and the switching frequency is constant [31]. However, it
is not possible to implement the whole control system online using a simple hardware
platform. In the FCS-MPC, the question of computational optimization time is minimized
by the use of the limited number of switching states. Therefore, the FCS-MPC can be
implemented easily employing simple hardware [32-34].

The FCS-MPC offer high performance, quick response, and ability to handle multiple
variables and constraints to achieve an optimized behavior of the system [35-38] . In spite
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of the power of the FCS-MPC, it also has some drawbacks that make its utilization in drive
systems very complicated [39]. The FCS-MPC is characterized by the application of only
one voltage vector (VV) during one control period, which produces a high steady state
ripple [40-42]. The solution to achieve a high steady state control performance in FCS-MPC
is using a high sampling frequency. However, this solution entails a high computational
burden [43] and an expensive digital signal processor (DSP) or FPGA (Field Programmable
Gates Array) hardware. Therefore, improving the steady state performance without rising
the sampling frequency of FCS-MPC algorithm is necessary and desirable. Finally, FCS-
MPC takes the discrete nature of the converter into consideration. As a result, FCS-MPC
does not use the entire converter control area, just the real states of the converter (Figure 1).
For this purpose, with this possibility, the cost function can choose several times the same
discrete real state as the optimal state, which implies that the FCS-MPC has a non-constant
switching frequency [44].
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Figure 1. PMSM drive system: (a) Two-Level voltage source inverter. (b) Voltage vectors.

To solve the problem due to the uncertainty of the selection of the voltage vector
(VV) and the variable switching frequency in the conventional FCS-MPC, a considerable
amount of research has been proposed in this context. As in [39], the author proposed
a FCS-MPC applied to a PMSM where he combined two voltage vectors (VV) based on
the optimization of the duty cycle. For example if a vector is selected, there will be three
other candidates of the second vector, which leads to 18 combinations to be calculated (18
iterations). Another scheme studying the use of two voltage vectors in a single control
period was proposed by [45], where a universal multiple-vector-based MPC (UMV-MPC)
was applied on an induction motor. The optimal voltage vector and its corresponding duty
ratio is calculated directly by deadbeat control based on space-vector modulation (SVM).
However, the introduction of duty cycle control in FCS-MPC increases the complexity
of the control. The cost function is evaluating by only three vectors, considering the
sign of torque or flux deviation in [46]. The author in [47] preselected just a part of
available voltage vectors and the others are prohibited in the prediction process. In [48],
a generalized multiple-vector-based model predictive control for PMSM drives is proposed.
The proposed method demonstrates good steady state performance, however the control
complexity is relatively high. To reduce the computational load, the deadbeat principles
are integrated with the conventional FCS-MPC in [49]. However, only one voltage vector is
applied in the whole sample, i.e., poor steady-state response.

In [44], a method was proposed based on FCS-MPC using a discrete space vector
modulation (DSVM) with virtual switching vectors, the author takes into consideration
the complete region of control of the converter unlike FCS-MPC, which just takes the
real voltage vector states. The idea is to add virtual vectors to real discrete vectors using
the concept of DSVM, and this technique presents good dynamic, but the computation
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time is high due to the high number of virtual vectors (up to 4922 virtual vector), which
requires powerful computing equipment, in addition an external modulator utilized to
produce the switching signals. A multiple-vector direct-MPC for electrical machines and
grid tied power converters with a reduced calculation burden was proposed in [50-53].
The reference voltage is calculated by a deadbeat function from the reference current
in order to reduce the computational burden. Then, according to the location of this
VYV, real voltage vectors are employed with new virtual voltage vectors to improve the
performance of the proposed controller. However, a PI controller is employed in the outer
loop. Accordingly, the dynamic performance of the system is slow due to the limited
bandwidth of the outer loop.

In this paper, a new multiple-vector model predictive control with fuzzy logic for
PMSM drive systems has been proposed. This new technique is based on discrete space
vector modulation (DSVM) employed together with conventional FCS-MPC in order to use
the complete control region of the converter. The idea of this control strategy is to use the
converter discrete real states with other vectors of the control region, called virtual vectors.
In order to reduce the calculation burden, the reference voltage vector is computed directly
from the reference current. Then, according to the selection of the sector the candidates of
voltage vectors (real and virtual) are drastically diminished and the best selecting voltage
vector via a cost function is applied to forming switching sequences for the next sampling
period. Moreover, a fuzzy logic controller is used in the speed loop to control the rotor
speed and to improve the robustness of the control strategy. The performance of the
proposed method has been proved via simulation results for all operation conditions.

The remainder of this article is arranged according to the following: Section 2 reviews the
mathematical modeling of PMSM. Section 3 shows the conventional FCS-MPC. Section 4
is dedicated to multiple vector FCS-MPC. In Section 5, the principle of fuzzy logic speed
control is presented. The simulation results is illustrated in Section 6. Finally, Section 7
present the conclusion.

2. Drive Model

The proposed multiple vector finite-set MPC technique is implemented for a PMSM
driven by a power electronics circuit, i.e., two level voltage-source-inverter (2L-VSI). In this
part, the mathematical models of the PMSM and 2L-VSI are described. Figure 1a illustrates
a description of the drive system topology under consideration. The dynamic equations of
the stator currents, electromagnetic torque and speed in the rotating dg reference frame are
expressed as follows [54]:

d: _ Ry: Ly . uy
ditd = _fjld + fdwrlq + I
di = R g Lagy W,
attq T T Ly T Ly T L T LY
1
_3 -
Te = 3mpippiq
T, T,
Ly =8 — 2 — vwy

where ug4, ug, iz, and i, are stator voltages [in V], and stator currents [in A], in the dq
reference frame, respectively. R is the stator resistance [in Q]. L and L, is the direct and
quadrature axis inductance respectively [in H], and we could assume L; = L (for surface
mounted PMSM). w, = nywy, is the rotor electrical speed [in rad/s] (1, is the pole-pair
number and wy, is the rotor mechanical speed). T, [in N m] is the electromagnetic torque
and Ty, is the mechanical load torque applied. ® and v are the rotor inertia [in kg/m?] and
the viscous friction coefficient [in N m s], respectively.

3. Traditional Finite-Control-Set Model Predictive Control (FCS-MPC)

In this work, a common used three phase source inverter is coupled to the permanent
magnet synchronous motor as shown in Figure la. This inverter has eight different



Energies 2021, 14, 1727

50f23

switching vectors and, accordingly, eight voltage vectors 1y — u7 are produced. There are
six nonzero vectors and two zero vectors. Figure 1b and Table 1 show the amplitude of the
active voltage vectors in the stationary reference frame . To design the traditional FCS-
MPC a discrete time model is required to predict the currents at the future sample period.
Therefore, the forward Euler method is applied to the time continuous model (1) with a
sampling time period T; [in s]. For small Ty < 1, the following holds x (k) := x(kTs) ~ x(t)
and %x(t) = %s_x(k) forallt € [kTs, (k+1)T;] and k € NU {o}. Hence, the discrete-
time of the PMSM in the rotating dg-reference frame can be expressed as follows [23]:

(k1) = (1= B5)iy(k) + Tecwr (kg (k) + g (k) }

iq(k+1) = (1= B)ig (k) — Teaon (0)ia (k) + g (k) — 200, (k)

=

2

b
y\]&

The stator voltage 14, of the PMSM can be represented as a function of the switching
vector s¢[k] € {0,1}3 of the inverter as follows [24]:

| cos¢  singy 21 —% _%
udq(k) _{—simpr cosgb,](;[o @ _?
::TP(¢r)7l =Tc
2 1l ®)
%udC[k] —1 2 -1 Sabc[k]
-1 -1 2
=Ugpe

where, Tp(¢,) ! and T¢ are inverse Park and Clarke transformations, respectively. u, is
the DC-Bus voltage [in V] and 1, is the stator voltage in the abc frame [in V]. ¢, = ny¢y, is
the electrical rotor position of the PMSM [in rad]. s, = (54, 5p,5¢)" represent the switching
states of each leg of the voltage source inverter as shown in Table 1.

Table 1. Different switching modes and corresponding voltage vector of the voltage source converter.

Conducting Modes Switching States Output Voltage
Sa Sp Sc U, Ug

Up 0 0 0 0 0
Uy 1 0 0 e 0
U 1 1 0 Vee Y3Vie
U 0 1 0 —Vie Y3Vae
Uy 0 1 1 Ve 0
Us 0 0 1 Ve =YV
Us 1 0 1 Vee =V3Vae
uy 1 1 1 0 0

Figure 2 shows the control scheme of the traditional finite-set-control MPC, seven
vectors are predicted by the discrete-time predictive model according to (2). Then, the seven
predicted vectors are evaluated during the whole sampling period in order to choose the
states that minimizes the cost function and achieve the minimum absolute error between
the predictive current (iy[k + 1],i;[k 4 1]) and the reference ones [42]. The cost function
formula is defined as:

8= |id,ref[k + 1] - id[k + 1]Mo,m,7| + |iq,ref[k + 1] - iq [k + 1]ll(),,”,7|
0 if \/id[k F1J2 4 gk + 112 < dpuax )
o if \/z’d[k F 12+ ig[k + 112 > i

+
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where, the first part indicates the reduction of the reactive power, the second part is
for the tracking of the torque producing current, and the last part is for the maximum
allowable stator current of the PMSM. iy, is the maximum current allowed for the direct
and quadrature axis d and g, respectively. ig.¢[k + 1] and ij ¢k + 1] are the future
reference currents predicted from the previous sampling instants [k],[k — 1], and [k — 2]
using Lagrange extrapolation as [27]:

idq,ref [k + 1] = 3idq,ref [k] - 3idq,ref [k - 1] + idq,ref [k - 2]' (5)

The main drawbacks of the traditional FCS-MPC technique are: (1) High compu-
tational load, (2) high steady state ripple due to using only one voltage vector during
one control period, and (3) an expensive compute platform. These disadvantages have a
negative impact on the drive system (electric motor, inverter, transmission, etc.).

Vdc

iq,ref[k] iq,ref[k 4 ] Cost

®m, refl k] [r—
—&— “/ _E4.5)—Function
g PI ‘dreflk] U,ref[k”] =3 v\
3 &
8 U [k] Wilk] & S
Vdc ) 7 Voltage B 7 Prediction
Vectors || /dq For dq Model
U k] Uglkl] —
gl ==
N k)
]
fipl
omlk]
———/dt

Figure 2. Conventional FCS-MPC (finite-control-set model predictive control) for a permanent-
magnet synchronous motor (PMSM) drive system.

4. Proposed Multiple-Vector FCS-MPC

Following the drawbacks of traditional FCS-MPC, a discrete space vector modulation
(DSVM) is employed to avoid these disadvantages. The concept of DSVM was implemented
to reduce the ripples in the waveforms of the torque and current [55].

The major concept of using DSVM in FCS-MPC is for using additional virtual voltage
vectors (VVs) besides the real VVs in order to scan the entire control region of the converter.
In Figure 3a, the converter has three discrete real states (rounds marks) and three additional
virtual VVs (square marks) in each sector. Then, two VVs will be applied for each sample
instead of one VV, i.e., the switching period will be divided into two parts, for example “00”
voltage vector (VV) will be applied in the first part of the period and “11” in the second
part, and to achieve better results, three voltage vectors will be applied per period (3 VVs)
as shown in Figure 3b. The determination of these virtual vectors V;, is given by this linear
combination of the real vectors, where each real vector is applied with a quantity at a given
time in a commutation sequence V,,,; [44]:

Voir = tj V:eul
j=123 (6)

Vr]eul € {uor"'r7}'



Energies 2021, 14, 1727 7 of 23

The schematic diagram of the proposed multiple-vector FCS-MPC technique is illus-
trated in Figure 4. In order to reduce computational burden, the reference voltage vectors

(VV) (g, ref (k) ug e (k) are computed directly by replacing ig, (k + 1) with ig, ¢ (k + 1)
in (2):

) g ver (k+1)—ig(k )
g pep (K) = Reig(k) + L0700 o i (k)

(7)
) i er (k1) —ig (k .
grep(k) = Reig(k) + Ly 2LV o o () [Lia (k) + ).

o Real State 33 BA
mVirtual State

555 .I 666

Figure 3. Control region of the two level voltage-source-inverter (2L-VSI) in af reference frame with:

(a) Three additional virtual voltage vectors (VVs)/sector, and (b) seven additional virtual voltage
vectors /sector.

V¥ Virtual & Real Vac
(XN Voltage Vectors
NN >H g

]

Cost
SectorSeIectwn Function

A A

Fuzzy Logic
®m,ref[k]  Controller

Ureflkl |u,, refik]

S| g o —da | —ork
N g iqreflk+1] iy refth] [ reflh]
g = Eq.(5) eference Voltage [Tk
8 Y Vector Eq.(7)
id,reflk] reflk+1 iqIk]
< |2
[ B
3 I

PMSM

Figure 4. Proposed FCS-MPC with multiple-vector for PMSM drive system.
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Then, using Park transformation, this reference voltage computed in (7) u4,re f(k) based
on the rotating frame is converted into the & stationary reference frame (i, ., f(k),u Bre f(k))T.
The location of this voltage is determined by its angle as illustrated in Figur 3b.

(P(k) = amnz(”ﬁ,ref(k)'utx,ref(k)) (8)

According to this angle, only one sector is selected. Consequently, the cost function
turns into this form:

8= ‘uzx,ref(k) - utx(k)‘ + |M,B,ref(k) - uﬁ(k)| 9)

The quality function (9) is iterated 6 and 10 times, respectively, for (2VV)-MV-FCS-
MPC and (3VV)-FCS-MPC, which implies that the computational burden of the suggested
MV-FCS-MPC is smaller than that of the system proposed in [44].

The algorithm of the proposed MV-FCS-MPC with the improvement of the steady
state performance is given by the flow chart in Figure 5, where Nyy is the number of
voltage vectors (real and virtual virtual VVs) for each sector.

Measure idqlk], wr[k], Ys[k]

l
[Calculate Uigreflk] from Eq.(7)]
]

[Calculateus, reffki=Tp@r ) g reflK]]
|

[Calculate @LkT= atan2(, rerlk],Y, reflk])]

| Identify the sector

*

[onew = [UreflkI-UilkI[+] 0, rertii-Ugk]]

Jopt = Snew

Jopt= )
¢ No
[Apply U ?,Jopt[k]l

Figure 5. Flowchart of the Proposed Finite-Control-Set Model Predictive Control with Multiple-vector.

é

6

i
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5. Fuzzy Logic Speed Control

Conventional PI type controllers are widely used. They are subject to deterioration in
performance in the presence of load disturbances and parametric variations. To compensate
for these degradation, the use of modern and intelligent controls is more than necessary [54].
A number of these commands have already been applied to the PMSM such as fuzzy
control, adaptive control, and neural networks. In our work fuzzy logic constitutes an
interesting alternative considering several advantages such as: Reasoning close to the
natural reasoning of the operator, independence from modeling, the capacity to control
a non linear system, frequent enhancement of dynamic performance, and its intrinsic
qualities of robustness (i.e., no dependency of the parameters of the system under control).
In fuzzy logic control, the linguistic description of human expertise is represented in the
form of fuzzy rules in order to control the system [56].

5.1. Architecture of Fuzzy Logic Control System

A fuzzy system is formed of three steps as shown in Figure 6. First, the fuzzification
step transforms the numerical values into degrees of belonging to the different fuzzy sets
of the partition [56,57]. The second step concerns the inference module, which consists of
two blocks, the inference engine and the base of the rules. Finally, the defuzzification step
allows to infer a (precise) net value, usable in command for example, from the result of the
aggregation of the rules [56,57].

. Input Ouput
Digital Linguistic Linguistic Digital
:;'a'::t el - ariable: Variables Output
Fuzzification Inference Defuzzification | Data
¥ Inference Unit ?  Engine ™} Inference Unit ==
Inference
Rule
Data
B Rules’
Knowledge Base

Figure 6. Block diagram of the fuzzy system.

5.2. Fuzzy Logic Controller

The PI speed controller in the traditional FCS-MPC method is replaced by a fuzzy
controller in the proposed method MV-FCS-MPC presented in Figure 7. In the case of a
fuzzy speed control, the error is usually needed, e, and the error derivative, de. The output
signal is determined according to the input signals via the fuzzy rules [56-58].

€= wref(k) — Wm (k) (10)

de=-e(k) —e(k—1) (11)

where wy, is the desired speed and wy (k) is the measured or actual speed.

Fuzzy Logic Controller

( Evaluation of

)
control rules | I | :
l-
[ Evaluation of Defuzzification f Vig,reflk]
B o
°°““°f rules Inference Unit )

Evaluation of
control rules

Figure 7. Fuzzy logic controller.
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The fuzzy inference (fuzzification) is done employing Memdani’s method [59-61],
and the defuzzification is realized by using the center of gravity method to calculate this
controller’s output. The control rules that required to change the numerical variables into
linguistic ones are indicated in Table 2, where the abbreviations in this table is defined
as follows: Negative big (NB), negative medium (NM), negative small (NS), zero (ZE),
positive small (PS), positive medium (PM), and positive big (PB) [59-61].

Table 2. Rule base for speed control. Negative big (NB), negative medium (NM), negative small (NS),
zero (ZE), positive small (PS), positive medium (PM), and positive big (PB).

e

de NB NM NS ZE PS PM PB
NB NS NS NS NB NM NS ZE
NM NS NS NB NM NS ZE PS
NS NS NB NM NS ZE PS PM
ZE NB NM NS ZE PS PM PB
PS NM NS ZE PS PM PB PS
PM NS ZE PS PM PB PS PB
PB ZE PS PM PB PS PB PB

Based on Table 2, 7 x 7 = 49 rules are defined based on the signals e and de. In order
to declare the working principles of this fuzzy controller, the following rules are described.

1. If the values of e (k) and de (k) are NB, the value of the output will be NS;
2. If the values of e (k) and de (k) are PB and NM, respectively, the value of the output

will be PS;

3. If the values of e (k) and de (k) are ZE and NS, respectively, the value of the output
will be NS;

4.  If the values of e (k) and de (k) are NS and NB, respectively, the value of the output
will be NS.

6. Simulation Results and Discussion

In this section, the proposed multiple vector FCS-MPC with fuzzy logic controller
applied on a PMSM drive system is simulated using Matlab /Simulink software. The perfor-
mance of a traditional FCS-MPC, two voltage vector FCS-MPC, and three voltage FCS-MPC
will be discussed and compared in detail. The nominal parameters of the PMSM are defined
in Table 3. The proposed multiple vector FCS-MPC method uses the model presented in
Figure 4.

Table 3. PMSM drive parameters.

Variable Symbol Value
d axis inductance [mH] Ly 15
g axis inductance [mH] L, 15
Flux induced by magnets [Wb] Py 0.85
Number of poles np 3
Rotor inertia [kg/ m?2] © 0.002
viscous friction [N m s] v 0.0015
Stator resistance [Q] R; 0.2
Rated power [kw] P 16
DC-link [V] Vie 560

Sampling time for all methods [us] Ts 40
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After presenting the theory of the traditional FCS-MPC, we will analyze the behavior
of the electric drive system by this technique. Figure 2 shows a diagram of the traditional
FCS-MPC command, with PI parameters of k, = 0.28 and k; = 1 obtained based on the
symmetrical optimum method, the goal is to check if our technique is implantable in real
time and to observe the behavior of the system through various studied modes, which
improves the performance of the electric drive system. The ability to change speed of the
system with robustness is a primary concern, as the system response for this property is
used extensively to verify the driving quality of the electric drive system.

Figure 8a,b show the motor speed and the tracking error. According to this figure,
the speed begins from 250 rpm, then changes to 500 rpm at (0.3 s), and 750 rpm at 0.5 (s).
The measured rotational speed varies depending on the reference and we see that there is
good tracking dynamics at the mechanical load torque T); = 1 [Nm], but there is a large
overshoot until 288 rpm at start-up and 526 rpm and 772 rpm when changing the speed. In
addition, we note that the tracking error is almost zero during all simulation time except at
the start and speed change at 0.3 s and 0.5 s. Note that, in Figure 8a, the speed is not strictly
superimposed on its reference, it is slightly lower than its reference (non zero steady-state
error) due to the drawbacks of the PI controller such as sensitivity to controller gains and
sluggish response to sudden disturbances.
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Figure 8d,e shows the results of d- and g-axis currents, as it is mentioned in the
description of the control technique, it can be observed that this strategy keeps the direct
current at zero force the quadratic component to react to the torque disturbance, which
proves the good monitoring performance of the controller (ij,.r = 0). The current i,
and the electromagnetic torque have the same shape which shows the decoupling to
be perfectly carried out. We can also see in Figure 8c the electric motor develops more
electromagnetic torque to reach the different stages of the speed reference, reaching 57 Nm
between 0.3 and 0.5 s to overcome the moment of inertia. The oscillations are all the more
distinguished on the response curve of the stator currents ij;. The phenomenon alters the
functioning of the control, even the currents absorbed by the machine. On these curves we
see that the decoupling is seriously affected by the oscillations. Accordingly, it can be can
concluded that the steady state performance of the traditional method is not prominent.

The performances of the proposed multiple-vector (MV) FCS-MPC method (2VV and
3VV) are presented in Figures 9 and 10, the signal plots from top to bottom are: Actual
speed and its reference (w,wy, r f), the tracking error (A wy,), electromagnetic torque Te,
and the stator currents along the two axes d and q. The dynamic performance of the
proposed method (2VV, 3VV) is better compared to the traditional FCS-MPC method. It is
clear that the method proposed with its two cases (2VV and 3VV) requires a settling time
of (0.011 s), while the traditional method requires a higher settling time (more than 0.05 s).

Note, that in Figures 9a and 10a the speed tracks its reference quickly and without
overshooting, also, the speed is strictly centrally symmetrical with its reference resulting in
a zero static error. These results show a less response time of the fuzzy regulator and high
accuracy without any mathematical calculations. On the other hand, with the conventional
FCS-MPC method, the settling time is sacrificed in order to avoid a large overshoot at
start-up and when changing the speed.

Figures 9d,e and 10d,e represent the shapes of the two current components 4 and g in
both cases (2VV-FCS-MPC and 3VV-FCS-MPC). The two currents are regulated indepen-
dently of each other, and it exhibits a different behavior depending on the control strategy
used, whether in transient or permanent conditions, and more particularly the variable
ig. Concerning the conventional method, the current i; shows a very clear ripple whereas
in the case of the multiple vector strategy FCS-MPC, we observe that the phenomenon is
reduced considerably. The MV-FCS-MPC method (3VV) gives a minimum value of the
ripple in the current along the g axis compared to the MV-FCS-MPC (2VV) method and the
conventional method. In addition, the ripple in the current along the 4 axis is small in the
case of FCS-MPC (3VV). But in the case of FCS-MPC (2VV), the ripple is slightly smaller
compared to the traditional FCS-MPC method. This is thanks to the contribution of virtual
vectors, which reduce this undesirable phenomenon.
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Figure 10. Performances of the proposed multiple-vector 3VV FCS-MPC applied on PMSM drive system (from top):

(a) Speed (Wi, Wi, ref), (b) tracking error (Awp), (c) electromagnetic torque (Te, T, of), (d) direct current (Iy,14 ef), and

(e) quadratic current (Ig, I ref)-
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Figures 9c and 10c show the shape of the electromagnetic torque and its reference.
As the flux is kept constant, the behavior of the electromagnetic torque remains unchanged
and is almost the same as its image, the current ig.

The wave-form of the three-phase currents for the conventional and the proposed
methods are explored in Figure 11. It is clear that the waveform of the three-phase currents
of the stator has a sinusoidal shape and indicates the regular operation of the PMSM motor.
The amplitude of the current is proportional to the torque and changes rapidly with the
load torque. Furthermore, it can be seen that the ripple of the three-phase current is lower in
MV-FCS-MPC (3VV) (Figure 11c) in comparison with MV-FCS-MPC (2VV) (Figure 11b) and
FCS-MPC (Figure 11a). In addition, the total harmonic distortion (THD) of the suggested
method is better than the traditional one such as 1.35%, 1.88%, and 2.39% for MV-FCS-MPC
(3VV), MV-FCS-MPC (2VV), and FCS-MPC respectively. The main reason is due to the use
of virtual voltage vectors which give higher switching frequency and lower total harmonic
distortion (THD).
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Figure 11. Three-phase currents of the PMSM in steady-state (from top): (a) Conventional FCS-MPC,
(b) multiple-vector 2VV FCS-MPC, and (c¢) multiple-vector 3VV FCS-MPC.
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In order to check the robustness of the proposed methods under (unknown) parameter
variations of the PMSM, the stator resistance R; is increased by 150% of its nominal value
(e.g., due to aging or warming). For this scenario, it can be seen in Figure 12 and 13 that the
proposed methods are relatively robust against parameter variation in Rs. No effects in the
control performance occur due to the uncertainty in the stator resistance R;.

1000 T T T
1 1 1
1 1 1

wm[rpm]

I
1
1
500f—=-=-=-=-=-=-~ lo e e = = = [ L= =
1 1
1 1
1 1

- =L
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Figure 12. Simulation results of multiple vector 2VV FCS-MPC at step change in the PMSM resistance R; (from top):
Speed wy,, resistance R, and rotor angle ¢,.
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Figure 13. Simulation results of multiple vector 3VV FCS-MPC at step change in the PMSM resistance R; (from top):
Speed wy,, resistance R, and rotor angle ¢;.

Figure 14 and 15 shows that the robustness of the proposed methods have been investi-
gated with respect to uncertainties (due to magnetic saturation) in the stator inductance L, of
the PMSM model. Therefore, L, is increased by 10%. Again, the proposed methods (2VV and
3VV) shows a good performance and is relatively robust against parameter uncertainties.
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Figure 14. Simulation results of multiple vector 2VV FCS-MPC at step change in the PMSM inductance L, (from top):
Speed wy,, inductance L, and rotor angle ¢;.

1000 I I [ I I I |
E : : : : : : :
‘g" 500 I ——— | e e - - - - -- Y g — - - - - - - - - Il = = = - [ L
£ : ! : ! ! / :
1 1 1 1 1 1 1
0 1 1 1 1 1 1 1
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
17 | [ [ [ [
—_— 1 1 1 1 1 1
I 16 [ == ====" [ Do 5 T=-====== b =T ====== r=E====== T=-======-7
é 1 1 1 1 1 1
_°15 : e e R e LT pmmm----- LY EEE LT
1 1 1 1 1 1 1
14 1 1 1 1 1 1 1
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 04

Time [s]

Figure 15. Simulation results of multiple vector 3VV FCS-MPC at step change in the PMSM inductance L, (from top):
Speed wyy,, inductance L,, and rotor angle ¢,.

Finally, from Figure 16 the average switching frequency of the traditional FCS-MPC is
2.56 kHz while the 2VV FCS-MPC and 3VV FCS-MPC gives 3 kHz and 4 kHz respectively,
which means that the switching frequency increase by adding virtual vectors. However, the
THD of the currents is reduced and the steady-state performance is improved. Furthermore,
it can be seen from Figure 16 that by using the proposed 2VV FCS-MPC and 3VV FCS-MPC,
the change in the switching frequency (i.e., peak-peak variations) is significantly lower
than in case of using the conventional FCS-MPC.
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Figure 16. Switching frequency for the three methods (from top): Conventional FCS-MPC, 2VV FCS-MPC, and 3VV FCS-MPC.

7. Conclusions

There is always a large current ripple and poor steady-state performance due to the
application of only one voltage vector in conventional FCS-MPC during one control time
period. To overcome this problem, the present paper proposed a multiple-vector finite
control set model predictive control (MV-FCS-MPC) scheme with fuzzy logic control for
permanent-magnet synchronous motor (PMSM) used in an electric drive system. The pro-
posed control technique is based on the Discrete Space Vector Modulation (DSVM), which
combines the virtual voltage vectors with the real ones in order to reduce the ripples
in current waveforms, therefore, improving steady state performance. Furthermore, the
proposed method reduced the calculation burden by computing directly the reference
voltage vector (VV) from the reference current. A simulation was conducted to validate
the feasibility of the new approach and and its performance was compared with the tra-
ditional FCS-MPC. The results show that the proposed method MV-FCS-MPC with 2VV
and 3VV had better dynamic response than the traditional FCS-MPC. The steady state
performance of MV-FCS-MPC with 3VV was better and exhibited a smaller ripple in the
current waveform and lower total harmonic distortion (THD). Furthermore, the steady
state performance of MV-FCS-MPC with 2VV was similar to that of FCS-MPC with the PI
controller, but the dynamic response in speed was better due to the robustness of the fuzzy
logic controller. Finally the experimental validation of the proposed command approach,
in order to determine the validity of our simulation, is a necessary perspective in the work
that follows.
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