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Abstract

Predictive torque control (PTC) is a high-performance
control method of induction motors (IMs), which is still
open to research. It provides many advantages over mature
control techniques, such as straightforward imple-
mentation, the ability to handle nonlinearities, easy
inclusion of additional control objectives, and modulator-
free structure. However, it has problems with the selection
of weighting factors (WFs) involved in the cost function in
PTC. In conventional PTC, these WFs are generally
selected by the trial-and-error method. Also, a few studies
optimize these WFs with a multi-objective optimization
algorithm using both torque and flux errors. In this paper,
the WF associated with the flux component is optimized by
a genetic algorithm over the speed errors only. The
optimized PTC s verified by simulation studies
considering different operating conditions. Finally, good
control performance has been achieved.

Keywords: Induction motor, Predictive torque control,
Metaheuristic optimization

1 Introduction

Nowadays, the importance of electrical machines is
increasing day by day due to the increase in electrification
and induction motor (IM) is one of the most widely used
energy conversion equipment. Therefore, high-performance
control of IMs is a key point for the quality of energy
conversion. However, highly nonlinear structure of IM with
time-varying parameters and unknown inputs complicates
the control of these motors; hence, advanced control
techniques are needed [1, 2]. Predictive torque control
(PTC), which is a model predictive control strategy, is a
powerful candidate due to its advantages such as
straightforward implementation, the ability to handle
nonlinearities, easy inclusion of additional control
objectives, modulator free structure, etc [3, 4].

Despite all the advantages mentioned above, PTC has
problems with the weighting factors (WFs) selection,
variable switching frequency, torque ripples, parameter
dependency; therefore, it is still open to research [1]. The
most effective is strictly related to the choice of the WFs as

Ozet

Ongoriilii moment kontrolii (OMK), asenkron motorlarin
(ASM’lerin) hala arastirmaya agik olan yiiksek bagariml
kontrol yontemlerinden biridir. Olgun kontrol tekniklerine
kiyasla basit uygulama, dogrusal olmayan durumlarla basa
¢itkma yetenegi, ek kontrol hedeflerinin kolay dahil
edilmesi ve modiilator igermeyen yap1 vb. birgok tistiinliik
saglamaktadir. Ancak, OMK maliyet fonksiyonunda yer
alan agirliklandirma faktorlerinin (AF'lerin) se¢imi ile ilgili
sorunlara sahiptir. Geleneksel OMK’de bu AF’ler
genellikle deneme-yanilma yontemiyle secilmektedir.
Ayrica, birkag ¢alisma bu AF’leri hem moment hem de aki
hatalarint ~ kullanarak ¢ok-amacgli bir optimizasyon
algoritmasi ile optimize eder. Bu calismada, aki bileseniyle
iligkili AF, yalmizca hiz hatalar1 {izerinden bir genetik
algoritma ile optimize edilmistir. Optimize edilmis OMK,
farkli c¢alisma kosullar1 dikkate alinarak benzetim
caligsmalari ile dogrulanmigtir. Son olarak, iyi bir kontrol
performansi elde edilmistir.

Anahtar kelimeler: Asenkron motor, Ongdriilii moment
kontrolii, Metasezgisel optimizasyon

it directly affects its control performance [5]. In conventional
PTC, these WFs are determined by a time-consuming trial-
and-error method. To deal with this problem, different
methods have been reported in the literature. The solutions
can be divided into two main categories: WF selection
methods [6-8] and WEF elimination methods [9-15].
Considering the WF selection methods, one is meta-heuristic
optimization of the WFs and a very limited number of studies
optimizing the weighting factors have been addressed [6-8].
A multiobjective genetic algorithm (GA) is used by
Guazzelli et al. [6] for the optimization of WFs and the
results obtained are discussed comparatively. However, no
selection method is proposed to choose one of the Pareto
front solutions. To select one, Arshad et al. [7] use the
TOPSIS algorithm. Unlike the other offline optimization
methods, Davari at al. [8] use a simulated annealing (SA)
algorithm online to optimize the WF associated with flux
error. In the cost function of the SA, both torque and flux
errors are used to create a single cost function called the
scalarization method. This method has its drawback as stated
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by [16]. All previous papers manage this optimization
problem from a multi-objective perspective so far.

In this paper, the WF associated with the flux component
is optimized by a GA over speed errors only. Contrary to the
current literature that treats WF optimization as a multi-
objective optimization problem, only the use of speed errors
allows the optimization problem to be simplified. The reason
for using a GA is that it is a mature method used in the
optimization of different engineering problems and allows
comparison with previous WF optimization studies in [6]
and [7]. To show the effectiveness of the proposed method,
the control performance of optimized PTC has been verified
by simulation studies.

The rest of this paper is as follows. Section 2 gives the
details of the PTC strategy for IM control. Section 3
introduces the optimization of the PTC. Section 4 presents
the simulation results, followed by the conclusion in Section
5.

2 Predictive torque control of induction motor

In this section, firstly, the mathematical model of an IM
fed by a two-level voltage source inverter (2L-VSI) is given.
Next, the PTC strategy for IM control is addressed in detail.
2.1 Mathematical model of induction motor

The mathematical model of IM can be defined as follows:

. dy
v, = Ryig + d_ts 1
d
0=R,i, + ﬂ —jw Py (2)
det
Y = Lsls + Ly 3)
Y, = Lyis + Ly, (4)
3 DS )
Te = Eppdm(lpsls)
dw,, 1
—Mm_ (7 — 6
dt ]t (Te Tl) ( )

where v = v, + jvgp is the voltage vector; is = ig, + jigg
and i, = i, + ji,p are the stator and rotor current vectors,
respectively; g = g, +j1/)s,8 and ¢, = g +jll}rﬁ‘ are
the stator and rotor flux vectors; R, and R, are the stator and
rotor resistances, respectively; Lg, L,, and L, are the stator,
rotor, and mutual inductances, respectively; w, and w,, are
the rotor electrical and mechanical speeds, respectively; t,
and t; are the electromagnetic torque and load torque,
respectively; p,, is the pole pairs; J; is the total inertia of the
mechanical system. Im refers to the imaginary part of a
complex number.

In case the stator terminals of an IM are connected to a
2L-VSI shown in Figure 1a, stator voltage vectors can be
calculated as

Figure 1. 2L-VSI (a) Inverter topology (b) Possible
voltage vectors

2
vs = 2 Vac(Sa + aSp + a*S;) ()

where V4. is the dc-link voltage, S, € {S,, Sp, S} is the
switching state of the upper switch on each leg, a = e/27/3,
Considering the eight possible switching combinations,
seven different voltage vectors shown in Figure 1b can be
generated.

2.2 PTC-based IM drive

The block diagram of the PTC-based IM drive is shown
in Figure 2. In this control technique, the optimal voltage
vector for the next time step k + 1 is chosen by using
discrete-time IM model and a predefined cost function. For
this purpose, the stator fluxes (3?) and currents (i¥) can be
predicted with the help of the discrete IM model for each
voltage vector shown in Figure 1b. Next, the predicted
electromagnetic torque (z¥) can be calculated using these
predicted quantities. Finally, optimal voltage vector is
selected that minimizes the predefined cost function.

In order to predict the ¥? and iZ, rotor (,.) and stator
() fluxes are needed. The ¥, can be estimated by the rotor
current model of IM and then ¥ can be calculated by using
estimated .. as given below.

- —~ . 1 ) ~ 8
d)r,k = lpr,k—l +T (Rrkrls,k - (T_ _]wr,k) wr,k—1> ®)

T

1’i)s,k = kr{l)r,k + Lyisy 9)

where k, = L,/L,, T, = L, /R, and L, = Lg — L2,/ L,.
To this end, the expression of the ¥? and i¥ in discrete
form can be defined as follows:

E,k+1 = {l)s.k + T(vs,k - Rsis,k) (10)

P Ty.
Lokl = <1 - T )ls,k + 1
o
. (11)

1 ~
o (5 = s s+ )
TO'RO' < T T, ]wr,k 1I)r,k + vs,k

where R, = R, + k2R, and 7, = L, /R,.
Using predicted % and i, t¥ can be calculated as

follows:

3 -
Torrr = 5 Pp MWL k1 L) (12)
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Figure 2. Optimized PTC-based IM drive

The cost function of the PTC given in Equation (13)
consists of two components: torque error component and
flux error component. In traditional PTC, the weighting
factor of the torque component is assumed as one, whereas
the weighting factor of the flux component (4,,) is higher
than one. Also, one additional component (I,,,) protecting the
IM from overcurrents can be included as in Equation (13).
The definition of the I,,, is given in Equation (14).

9i = |T; - Ts,k+1| + 4y ||¢;| - |¢§,k+1|| + Ikt (13)

I _ {0' if|i§,k+1| = |is,maX| (14)
e, || > ismas]

Table 1. GA Parameters

to use in simulation studies. In this way, it is possible to show
the effect of different WFs.

140 ——<—Point 1 (A, = 140.02)
I
130 Point 2 (A, = 131.37)

110 ¢ 1
<— Point 3 (A, = 106.09)

60 - n
+<—— Point 4 (A, = 54.63)

1
Number of parameters

Figure 3. Boxplot representation of ten optimization

Parameter Value Parameter Value results

Population Size 30 Crossover Rate 0.8

Maximum Gen. 20 Crossover Func. Single Point 4 Results

Lower Bound 0.1 Mutation Rate 0.05 In simulation studies, a 3-phase squirrel cage type IM
Upper Bound 200 Mutation Func. Uniform with the specifications in Table 2 is used. The speed

3 Metaheuristic optimization of predictive torque
control

In this section, the 4, is optimized by a GA through
speed errors only. For this purpose, both PTC and GA have
been implemented in Matlab R2016b. The parameters for the
GA used in optimization are given in Table 1. The cost
function of the GA is as follows:

controller is of Pl-type and the sampling time is 50 us. To
test the optimized PTC, different operating conditions have
been considered in simulation studies. To this end, the first
test focuses on performance evaluation at low speeds, while
the second test evaluates optimized PTCs at higher speeds.
Both tests include the operations with and without load so
that the proposed selection method can be evaluated in
different operating conditions. The resulting control
performances for both tests are shown in Figure 4 and 5,

n .
1 ) respectively.
feost = ;Z(w;u - wm,i) (15)
i=1 Table 2. The specifications of the IM

To eliminate the adverse effect of random behavior of Para;neter \3/6:('35 Par;mewr 2\2‘2; eQ
meta-heuristic optimization algorithms, the optimization v 380V R 21330
process has been repeated ten times. The statistics of the I 69 A L; 022 H
optimized parameter for all runs is shown as a boxplot in f 50 Hz L, 02311 H
Figure 3. Among these optimized parameters, four different Py 2 L, 0.2311 H
values (i.e., maximum value, median value, minimum value, Ny, 1430 r/min I 0.0183 kg.m?
and an outlier value) marked in Figure 3 have been selected 7, 20 Nm B, 0.001 N.m.s
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Figure 4. Control performance of the optimized PTC at 10 rad/s for a) Point 1 b) Point 2 ¢) Point 3 d) Point 4
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Figure 5. Control performance of the optimized PTC at 100 rad/s for a) Point 1 b) Point 2 c¢) Point 3 d) Point 4
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Table 3. Statistics for Figure 4 and 5

Speed Load Condition  Point  Tyi5(%)  ¥yip(%)  THD(%) fave
1 9.93 1.25 801  138kHz
NoLoad 2 9.53 131 802  142kHz
3 9.07 1.40 804  150kHz
4 712 1.97 880 189 kHz
10 radrs 1 8.85 1.20 411 136 kHz
0N 2 858 125 409 349KHz
3 753 1.36 411 365KkHz
4 6.24 182 453 458KHz
1 8.79 131 889  9.25kHz
o Load 2 8.77 134 895  933kHz
3 7.03 145 889  9.68kHz
4 6.82 2.05 957  10.85KHz
100 rads 1 8.62 121 422 894KHz
0N 2 8.50 127 419 894KHz
3 757 140 422 917kHz
4 6.71 1.90 468 969 kHz

The percentage torque () and flux (¥.;,) ripples, total
harmonic distortions (THDSs) of the stator currents (phase—a
only), and average switching frequencies (f,,g) have been
calculated for the time intervalsof 1.5 <t < 2.5sand 3.5 <
t < 4.5 s of Figure 3 and 4. These values can be found in
Table 3.

Considering the control performances in Figure 3 and 4
and the statistics in Table 3, the following comments can be
made:

e All optimized 4, values lead to adequate control
performance as seen in Figure 3 and 4. The question is
which one is better?

e  Forall test points considered, larger 4,, values result in
a reduction in flux ripples, total harmonic distortions
and average switching frequency but an increase in
torque ripples. In this respect, the selection is
application-dependent. Larger values should be
selected to reduce torque ripples while lower values
should be chosen to reduce the flux ripples, average
switching frequency, total current distortions.

e  Point 3 provides a trade-off between torque ripples and
flux ripples/average switching frequency/total current
distortions.

5 Conclusion

In this paper, the WF in PTC has been optimized by a GA
through speed errors only and the optimized PTC has been
tested by simulation studies. To show the effectiveness of the
optimized PTC, different operating conditions have been
considered in simulation studies. The results demonstrate
that the proposed method is an effective solution in
determining WFs with a simplification of the optimization
problem. It also reveals the relationships between the WF
and torque ripples/flux  ripples/average  switching
frequency/total harmonics distortions. However, the number
of WFs has been limited to one in this paper. Future studies
will focus on the optimization of more WFs associated with
additional control objectives.
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