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Abstract

Finite-state model predictive control (FS-MPC) has been widely used for con-
trolling power converters and electric drives. Predictive torque control strategy
(PTC) evaluates flux and torque in a cost function to generate an optimal
inverter switching state in a sampling period. However, the existing PTC
method relies on a traditional proportional-integral (PI) controller in the exter-
nal loop for speed regulation. Consequently, the torque reference may not be
generated properly, especially when a sudden variation of load or inertia takes
place. This paper proposes an enhanced predictive torque control scheme. A
Takagi-Sugeno fuzzy logic controller replaces PI in the external loop for speed
regulation. Besides, the proposed controller generates a proper torque refer-
ence since it plays an important role in cost function design. This improvement
ensures accurate tracking and robust control against different uncertainties.
The effectiveness of the presented algorithms is investigated by simulation
and experimental validation using MATLAB/Simulink with dSpace 1104 real-

time interface.

KEYWORDS
direct torque control (DTC), dSpace 1104, induction motor (IM), predictive torque control (PTC),
Takagi-Sugeno fuzzy logic controller (TS-FLC)

dynamic model of the controlled process within the con-

The development of direct torque control (DTC) has
offered many advantages, such as simple structure and
fast response [1]. However, the presence of high ripples
and current harmonics due to the use of hysteresis com-
parators diminishes the performance of a controlled
machine, especially at low-speed. Several methods have
been introduced recently to overcome the drawbacks of
the traditional DTC. Nowadays, model predictive control
(MPC) has attracted the attention of researchers in power
electronics and electrical drives field [2]. MPC uses the

troller to anticipate in real-time the future behavior of
the process [3]. The model predictive control in the elec-
trical drives field can be divided into continuous state and
finite-state model predictive control. The continuous
MPC can achieve good performance, but it has a compli-
cated structure and requires a pulse width modulator unit
(PWM) to control the power converter [4]. Whilst, the
finite-state MPC does not need a modulation unit, it
incorporates instead the converters model in the control
design with respect to its discrete nature [5]. Then, the
switching states are considered to minimize a predefined
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cost function in order to select the optimal voltage vector
for the next sampling period.

In the context of AC machines drive, several model
predictive-based strategies have arisen [2,6]. Predictive
torque control (PTC) has a similar basic structure as
DTC, where the hysteresis controllers and the switching
table are replaced by an online optimization procedure
[7]. In this strategy, the torque and the stator flux are pre-
dicted for the finite number of possible switching states of
the voltage source inverter. Then, the selected states by
actuating the cost function will be applied directly to
the inverter in the next sampling instant. The optimal
choice of switching states can reduce torque and flux rip-
ples and improve the current quality, which overcomes
the main DTC drawback [8].

In spite of the breakthrough advancement in the
finite-state model predictive control, the proportional-
integral controller is still commonly used for speed con-
trol in the outer loop [9]. However, the PI may not oper-
ate well and degrades dynamic performance in the
presence of disturbances and uncertainties. In addition,
PI controller gains are usually designed using a poles
placement approach, which requires the exact knowledge
of the mathematical model and its parameters. Therefore,
this issue raises concerns about robustness and distur-
bance rejection ability. Since a high-performance control-
ler like FS-MPC is used in the main control scheme, it is
highly recommended to join it with a robust controller
in the outer speed loop to achieve comprehensive
enhancement, [10].

Several control methods have been proposed to
improve the robustness of the speed loop. Those men-
tioned in the literature include nonlinear control
approaches and artificial intelligence techniques [11,12].
Artificial intelligence methodologies have emerged
recently as promising ways to solve nonlinear, uncertain,
and complex systems [13]. In particular, fuzzy logic (FLC)
can offer a fast response and accurate tracking in the
speed loop without requiring knowledge of the mathe-
matical model. The Mamdani type based-FLC has been
applied widely in electrical drives, giving satisfactory
results [14]. However, its main shortcoming is the need
for a big number of fuzzy sets to achieve an acceptable
level of performance. On the other hand, Takagi-Sugeno
type based fuzzy logic offers an easier structure and sim-
pler design [15]. Besides, it is very suitable for use in non-
linear systems and gives good performance with fewer
inference rules.

Therefore, the main objective of this work is to
improve the external speed loop of the finite-state pre-
dictive control for induction motor drive using a
Takagi-Sugeno fuzzy logic controller (TS-FLC). The lat-
ter can drive the rotor speed accurately and shows high

robustness against parameter variations and different
uncertainties. Besides, TS-FLC generates faster and more
precise torque reference for cost function optimization,
which can be very helpful to ensure comprehensive
PTC performance enhancement, especially in the pres-
ence of load disturbance. The presented methods will
be investigated through simulation and experimental
verification using MATLAB/Simulink with dSpace 1104
board.

2 | FINITE-STATE PREDICTIVE
TORQUE CONTROL

2.1 | IM model

The dynamic model of the induction machine is
expressed in the stationary reference frame. (1), (2), and
(3) present voltage and flux equations and torque expres-
sion respectively:

_ do

Vs = Ryl + ¥

dt
i €))

0 :Rrir +d7[r—_]a)rlpr
b= Lsisf M, @
Y, = Mgi, + Lyi,
T, = p-Im{¥,-is | 3)
With
i and i, are stator and rotor current vectors
respectively.

¥ is stator voltage vector.
Y, and ¢, are stator and rotor flux vectors

respectively.

R, and R, are stator and rotor phase resistances
respectively.

L a.nq L, are stator and rotor phase inductances
respectively.

M, is stator-rotor mutual inductance.

w, is angular velocity.

p is number of pole pairs.

2.2 | Stator current, flux, and
electromagnetic prediction

After the estimation of flux and torque using the machine
model, the next step in the predictive torque control



algorithm is the prediction of the next-instant of current

is(k + 1), flux, is(k +1), and torque T,(k + 1).
The stator current and the stator flux can be described

as follows:

d.(lbs R a

:T)S_

dt SlS

,, 1 di, 1 . \= _
Iy = _R_G<Lo' ar k- <Fr - ]CO) ¢r> — Vs (5)

“)

where:

M,

k; = Mg /Ly, Ro =R+ k2R,, 0=1——" L, =0.L;
LL,

To predict the next instants of currents, flux and
torque, the Euler forward discretization is used:

dc x(k+1) = x(k)
dr T, ©)

After the discretization with the sampling time T,, the
stator flux prediction can be obtained as:

Dol +1) = §y(K) + Teb(k) — Ry Tehy(k)  (7)

The stator current prediction can be obtained as:

g

(k+1) = (1—;}) 10 e ®)

(ke (7=t )5 -+ 5200

r
with
Ty = oLs/R,

By the predictions of the stator flux and current, the
torque can be predicted as follows:

To(k +1) = p- Im{is(m Dik+1} O

2.3 | Voltage vector selection

Eight possible vectors can be obtained from the combina-
tions of two-level inverter switching states, six are active
vectors (V1, V2 ... V6) and two are zero vectors (V0, V7).

The third step in the PTC algorithm is voltage vector
selection through the cost function optimization. The cost
function compares the reference values of the torque and

the flux with the predicted values. The considered cost
function in this work is expressed as follows:

is —Py(k+1)| + Iiim

(10)

1. = A
— T T, (k+1)| + =
g=gg|Te-Tee 0] g

where

T, and @: are the reference values of torque and flux
respectively.

T., and 1y, are the rated values of the torque and flux
respectively.

A is the weighting factor.

Lin, is a current limitation term added in order to pro-
tect the system from the overcurrent. This term is
designed according to the maximum supportable current
Imax by the machine [16].

00, iflis(k + 1)| > imax
Iﬁm:{ f Jis(k + 1)[ > ima )

0, if[is(k + 1)| < imax

3 | TAKAGI-SUGENO FUZZY
LOGIC-SPEED CONTROLLER
DESIGN

Fuzzy logic control is mostly used for high uncertainty
nonlinear systems. In this section, a Takagi-Sugeno fuzzy
logic controller is designed for speed regulation and refer-
ence torque generation to improve the performance of a
PTC control scheme. The T-S method requires the least
computation effort compared to other fuzzy inference
methods [17]. The zero-order TS-FLC is composed of
three basic processes as shown in Figure 1: fuzzification,
rules base, and defuzzification [18].

K,, K5, and K,, are the normalization factors.

The selection of input and output normalization fac-
tors is made based on the knowledge about the process.

e(k)is the rotor speed tracking error.

Figures 2-3 represent the proposed normalized input
and output membership functions in terms of linguistic
variables, NB (Negative Big), NM (Negative Medium),

e(k) b N
25

FIGURE 1 Block diagram of the proposed FLC [Color figure can
be viewed at wileyonlinelibrary.com|

B

Fuzzification
Fuzzy inference
Defuzzification
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NB NS |ZE PS PB

-1 -1/2 -1/8 0 1/8 172 1

FIGURE 2 TS-FLC inputs membership functions [Color figure
can be viewed at wileyonlinelibrary.com|

NB NM NS ZEPS PM PB

>
-1 -12 -1/4 0 1/4 112 1

FIGURE 3 TS-FLC output membership functions [Color figure
can be viewed at wileyonlinelibrary.com|

NS (Negative Small), ZE (Zero), PS (Positive Small), PM
(Positive Medium), and PB (Positive Big). In the last step,
a center weighted average algorithm is used in the
defuzzification process.

The fuzzy rules used in the proposed FLC can be rep-
resented in a symmetric form, as illustrated in Table 1.

Figure 4 shows the global diagram of predictive direct
torque control associated to TS fuzzy logic speed
controller.

4 | SIMULATION RESULTS

The simulation results were obtained using
MATLAB/Simulink software, and the characteristics of
the induction motor are given in the appendix. The simula-
tion results are presented in three sections: a comparative
study between the finite state predictive torque control
(FS-PTC) and the conventional direct torque control using
switching table (ST-DTC), then, a robustness test of resis-
tance variation. The last section presents the comparative
analysis of the speed controllers in the external loop (i.e.,
PI and Takagi-Sugeno fuzzy logic controller TS-FLC).

TABLE 1 Fuzzy rules base

e(k)
Ae(k) NB NS ZE PS PB
NB NB NB NM NS ZE
NS NB NM NS ZE PS
ZE NM NS ZE PS PM
PS NS ZE PS PM PB
PB ZE PS PM PB PB

Vd c

s, HH
o ([— T
TS-F. Y
+®_ ls LCJ Cost function >
W, ]'I’sl' —> Sc
To(k +2) sk +2)|
Current, Fluxand |[¢—— s

Torque Prediction | w,

Stator & Rotor
Flux Estimation

FIGURE 4 Block diagram of predictive torque control with T-S
fuzzy logic speed controller for IM drive [Color figure can be
viewed at wileyonlinelibrary.com]|

4.1 | Conventional DTC and PTC
comparative analysis

Different operation conditions have been performed to
check the effectiveness of control schemes, such as:
steady state, speed sense reversal, and load application.
The following Figures are specified (a) for switching
table-based DTC (ST-DTC) and (b) for predictive torque
control (PTC).

In order to check control performance in different
operation points, Figure 5 (a)—-(b) presents the rotor speed
and torque during speed reversal maneuver without load.
Both control algorithms have a good dynamic in the
steady state, however, DTC shows high torque ripples in
Figure 5(a) contrary to the PTC in Figure 5(b), which
has a reduced ripple level. Then, Figure 6(a)-(b) presents
flux magnitude and components. Figure 6 shows that
PTC has a lower flux ripple and good waveform com-
pared to ST-DTC. Therefore, it can be deduced that PTC
solves the main drawbacks of DTC.

Next, Figure 7 illustrates the load application test.
Despite both control strategies showing a good loading
ability, it can be observed that PTC in Figure 7(b) has bet-
ter current quality and reduced harmonics due to the
optimal selection of voltage vectors. Next, the current
spectrum of total harmonics distortion (THD) has been
displayed in Figure 8. It can be observed that PTC pro-
vided better current quality and lower current THD
(7.94%), unlike DTC, which shows an important current
THD (13.84%). Finally, in Figure 9, a low-speed operation
test of 200 rpm (20.93 rad/s) has been conducted. The fig-
ures show, from top to bottom, rotor speed, torque, and
stator current. In Figure 9(a), DTC shows some speed
fluctuations and high torque ripples (=1 N.m) and cur-
rent harmonics. In contrast, PTC has reducer torque rip-
ples (£0.4 N.m) and a smoother current waveform.
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low speed (20 rpm =~ 2.09 rad/s). Ry increases by 50%

starting from 0.1 s.

Parameters variation robustness test

4.2

Figure 10 illustrates flux magnitude and rotor speed. It
is observed that the flux estimation accuracy and the
speed responses of DTC and PTC have been influenced
owing to the large influence of the stator resistance in

This test has been conducted as a simulation study in

order to check the ability of both control techniques with
the variation of parameters. It consists of increasing the

stator resistance Ry when the machine operates with very
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Frequency [Hz]

Frequency [Hz]

FIGURE 8 Spectrum of total harmonics distortion (THD) for stator phase current ig,. A, for DTC. B, for PTC [Color figure can be viewed at

wileyonlinelibrary.com]
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FIGURE 9 Low speed operation: Rotor speed [rpm], torque [N.m], Stator phase current [a]. A, for DTC. B, for PTC [Color figure can be

viewed at wileyonlinelibrary.com]
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the low-speed range, even though they show good robust-
ness in high and medium speed ranges. However, in the
case of PTC strategy, the effect on flux magnitude was
lower due to the optimization process.

4.3 | PI and TS-FLC speed controller
performance analysis

This section exhibits the comparison of the performance
of the predictive torque control strategy with the PI and

the proposed Takagi-Sugeno speed controllers. The PI
controller gains have been designed using the traditional
method (poles placement), while the TS-FLC normaliza-
tion are selected based on expert knowledge. The Figures
are specified by (a) for PI and (b) for TS-FLC.

Figures 11-13 present comparative analysis of the PI
and TS-FLC for the speed control in PTC scheme.
Figure 11 shows the starting up and load application
of 5 N.m. It can be observed that TS-FLC shows faster
speed and torque responding. Moreover, TS-FLC has
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introduction test in order to check the robustness of PI

and TS-FLC speed controllers. This test consists of sud-
the speed response in the case of the PI controller,
where the speed shows a huge undershoot before the

(a), a significant effect of inertia variation appears on

den inertia moment variation by 100% at 0.5 s in the
low-speed region of 50 rpm (5.23 rad/s). In Figure 13

0.2 0.3 0.4 0.6 0.7 0.8 0.9
13 presents a perturbation

0.1

Inertia variation test: Inertia moment [kg.m?], rotor speed [rpm]. A, for PI-PTC. B, for FLC-PTC [Color figure can be viewed
Figure

not been affected by load disturbance, which reflects its
high robustness. In contrast, the PI shows a vulnerable
response in which speed dropping is noticeable. Next, in
Figure 12, a speed sense reversing test has been done,
and it can be seen that TS-FLC in Figure 12(b) provides
a shorter responding time during reversing than PI in
Figure 12(a).

at wileyonlinelibrary.com]

FIGURE 13
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FIGURE 14 Presentation of the experimental setup [Color figure
can be viewed at wileyonlinelibrary.com]

PI starts recovering from speed dropping. However, in
Figure 13(b), the TS-FLC has not shown a considerable
influence, where the speed dropping has been recovered

quickly, which confirm the high robustness and distur-
bance rejection ability of TS-FLC.

5 | EXPERIMENTAL VALIDATION
The experimental results are obtained with the aid of the
software/hardware interface dSpace 1104. The experi-
mental test bench of IM drive is composed as presented in
(Figure 14) of: (i) a squirrel-cage IM; (ii) power electron-
ics Semikron IGBT inverter; (iii) incremental encoder;
(iv) dSpace 1104; with (v) MATLAB/Simulink software;
(vi) magnetic powder brake with the load control unit;
(vii) Hall effect current sensors; (viii) DC-bus voltage sen-
sor; and (ix) digital oscilloscope.

5.1 | ST-DTC and PTC comparative
analysis

This section presents the same operation tests as
displayed in the simulation section. The Figures are
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FIGURE 15 Rotor speed and torque responses as a reversal maneuver. A, for DTC. B, for PTC [Color figure can be viewed at

wileyonlinelibrary.com]
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FIGURE 16 Stator flux magnitude and position during the reversal maneuver. A, for DTC. B, for PTC [Color figure can be viewed at
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specified by (a) for switching table-based DTC (ST-DTC)
and (b) for predictive torque control (PTC).

The first conducted test in Figure 15 shows speed and
torque responses during rotation sense reversing. It can
be seen in Figure 15(b) that the predictive torque control
(PTC) provides a considerable reduction in torque ripples
compared to ST-DTC. Next, in Figure 16, the stator flux
magnitude and position are illustrated. The experimental
results show that PTC reduces the flux ripples also. The
depicted results in Figure 17 illustrate the flux compo-
nents and the stator phase current, where it can be seen
that the traditional DTC in Figure 17(a) presents a
distorted form of flux and current. In contrast the PTC in
Figure 17(b) presents a smoother waveform and lower
current harmonics. Then in Figure 18, the load applica-
tion of 5 N.m has been done. It can be seen that PTC pro-
vides a better current waveform and an important
reduction in torque ripples. In Figure 19, the low-speed
operation test has been performed. The motor operates

with a rotor speed of 200 rpm without load. The Figures
show from top to bottom, speed, torque, and current. In
Figure 19(a), the rotor speed shows some fluctuations
while the torque ripples of DTC have been increased
(2 N.m) and its waveform has been deformed. On the
other hand, the model predictive control-based technique
in Figure 19(b) preserves a good behavior, better current
quality, and reduced torque ripples level (+0.5 N.m) at
the low-speed region.

5.2 | PI and FLC speed controller
performance analysis

This section exhibits a comparison of PI and TS-FLC in
the external speed loop of PTC strategy as presented in
the simulation section. The Figures are specified by (a)
for PI and (b) for FLC.
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FIGURE 17 Stator flux components and stator current during the sense reversal. A, for DTC. B, for PTC [Color figure can be viewed at

wileyonlinelibrary.com]
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FIGURE 18 Electromagnetic torque and stator current during load application. A, for DTC. B, for PTC [Color figure can be viewed at
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FIGURE 19 Low speed operation: Rotor speed [rpm], torque [N.m], Stator phase current [a]. A, for DTC. B, for PTC [Color figure can be

viewed at wileyonlinelibrary.com|

Figure 20 illustrates the rotor speed and torque in both
cases (i.e., PI and TS-FLC). The TS-FLC in Figure 20(b) is
much faster and is not particularly affected due to load
disturbance contrary to the PI controller, which provides
an important speed dropping. Furthermore, the torque
response of TS-FLC is faster and has less overshoot. Then,

Rotor speed
i il I Ly Ll
fl L AR L i 7 T

500 rpmt

S5N.m 1s

o
Torque

in Figure 21 a reversal maneuver has been conducted.
This test shows rotor speed and torque response with
time determination. The revising time in case of PI is
320 ms compared to 116 ms in case of FLC, this difference
reflects the significant rapidity of the Takagi-Sugeno
fuzzy logic controller in the speed loop.
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FIGURE 20 Rotor speed and torque at starting up and load application [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 21 Rotor speed and torque during the reversal maneuver [Color figure can be viewed at wileyonlinelibrary.com]
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6 | CONCLUSIONS

This paper presents a performance enhancement of
finite-state predictive torque control (FS-PTC) for induc-
tion motor drive. PTC control scheme has been associated
with T-S fuzzy logic controller for speed regulation
instead of the traditional PI controller. TS-FLC can offer
good dynamic an accurate reference tracking without
the need of a predefined model. Furthermore, it generates
faster and precise torque reference torque for cost func-
tion design.

The presented control methods have been verified
through simulation and experimental implementation
using dSpace 1104 under different operation conditions.
Despite its variable switching frequency, PTC offers
reduced ripples and good current quality which can solve
the main DTC drawbacks. Besides, the results indicate
that the disturbance rejection ability has been improved
when TS-FLC has been injected in the external loop of
the PTC scheme. Conclusively, the high flexibility of the
model predictive control design and the combination
with artificial intelligence techniques as a complement
make it able to handle different system constraints and
overcome the shortcomings.
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APBENDIX A

The parameters of the squirrel-cage induction motor,
employed for the simulation and the experimental imple-
mentation, in SI units are:

1.1 KW, 50 HZ, P = 2, Rg = 6.75 Q, Rg = 6.21 Q,
Lg = Ly = 0.5192 H, Mgg = 0.4957 H, F = 0.002 N-M-S/

RAD, J = 0.01240 KG-M?>

The sampling frequency:10 kHz.

The average inverter's switching frequency: 5 kHz.
DC link voltage: Vdc = 537 V.

The different control gains of simulation and experi-

mental implementation:

Controller

Flux hysteresis controller
bandwidth

Torque hysteresis controller
bandwidth

PI speed controller

TS-FLC normalization factors

Gains values

+ 0.005 Wb
+0. 05 N-m
K, = 0.1; K; = 0.234

K, = 0.005; K, = 0.001;
K, = 50
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