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Abstract: Predictive torque control (PTC) is a promising control method for electric machines due to its simplicity,
fast dynamics, ability to handle nonlinearities, and easy inclusion of additional control objectives. The main challenge
in conventional PTC design is to determine the weighting factors in the cost function. These weighting factors are
generally chosen by the trial-and-error method or metaheuristic optimization algorithms, but these methods may not
apply the optimum voltage vectors according to changing operating conditions. There are also several studies on
the elimination of the weighting factors. This paper proposes two weighting factorless PTC strategies with lower
computational complexities than the current literature. To demonstrate the superiority of the proposed methods,
their performances are experimentally compared to those of the existing methods through a test bed equipped with
an induction motor. Finally, two PTC strategies with a simple design and improved performance are introduced to the

literature.
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1. Introduction

Induction motor (IM) constitutes a crucial part of electric drive systems in the industry thanks to its ruggedness,
simple structure, and low-cost. However, its highly nonlinear structure with time-varying parameters and
unknown disturbances makes its control difficult. For a long time, two mature control techniques, field-oriented
control (FOC) and direct torque control (DTC), have been widely applied for their high-performance control.
As stated in the literature, FOC and DTC have their limitations [1-3] and more advanced control techniques are
required for their high-performance control. Over the past decade, model predictive control (MPC) strategies
have filled this gap, with the advantages of handling nonlinearities, easy inclusion of additional control objectives,
and fast dynamic response [4].

The most attractive MPC strategy for IM control is predictive torque control (PTC) as it does not require
an external modulator. PTC directly uses the discrete nature of power converters, resulting in complexity
reduction. However, this superiority causes other problems: current harmonics, torque ripples, and variable
switching frequency. Two effective ways to deal with these problems are to use an external modulator [5-7] and
higher-level inverter topologies [7-9].

The PTC strategy combines all control objectives into a single cost function through weight factors and

uses this cost function to select the optimal voltage vector for the next sampling time. The choice of these
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weighting factors is key to designing a high-performance PTC. Many researchers in the literature have focused
on solving the specified design problem and different solutions have been proposed which can be divided into
two main parts: studies focusing on the selection of weighting factors [8-15] and studies focusing on eliminating
weighting factors [16-25].

Considering the first group of studies, various methods such as the trial-and-error method [8-10],
optimization-based methods [11-14], and analytical methods [15] have been used in the selection of weight-
ing factors. These approaches assume that the weighting factors are constant for all operating conditions,
resulting in a decrease in control performance. A recent trend is the elimination of weighting factors in order

to ensure a higher control performance for all operating conditions.

In the second group of studies, multiobjective ranking (MR) [16, 17], multiobjective fuzzy-decision-
making (MFDM) [18], online optimization [19], sequential [20], parallel [21], predictive flux control (PFC) [22],
amplitude-phase motion equation (APME) [23], technique for order of preference by similarity to ideal solution
(TOPSIS) [24], and grey relational analysis (GRA) [25]-based methods have been proposed. A comparison study
was conducted by Mamdouh et al. [26] between conventional, MR, MFDM, TOPSIS, and PFC. The authors
state that MR has the worst performance, while MFDM, TOPSIS, and PFC have higher control performance
than the conventional PTC. Furthermore, the MR method suffers from the computational complexity that
increases significantly with the number of voltage vectors, objectives, and prediction horizons [16]. To overcome
this problem, a hybrid sorting algorithm has been proposed in [17]. Although the MFDM method [18] provides a
higher control performance, its design is complicated and requires expert knowledge. The simulated annealing-
based online optimization proposed by Davari et al. [19] is not suitable for such an application due to the low
convergence speed and high computational complexity of the metaheuristic algorithms. The sequential [20] and
parallel [21] PTC methods provide an effective solution, but their design is getting more and more difficult
with the increase in voltage vectors, objectives, and prediction horizons. The PFC method is another effective
solution to eliminate the weighting factors and therefore has become the focus of interest. However, it uses
weighting factors for additional control objectives [27]. A few attempts have been made in the literature for the
weighting factorless PFC [28, 29]. APME [23] is based on independent control of flux and torque components as
in FOC. Due to the new formulation, it needs an additional linear controller that complicates the tuning process.
The last two approaches, TOPSIS [24] and GRA [25], provide a flexible design and are available to extend for

an increasing number of voltage vectors, objectives, and prediction horizons with a slight computational load.

The main contribution of this paper is to design two novel weighting factorless PTC strategies based
on Euclidean distance selection (EDS) and absolute distance selection (ADS). The superiority of the proposed
PTC strategies over the existing methods is to have a simple mechanism and lower computational complexity.
In addition, their computational complexities slightly increase in the use of higher-order inverter topologies,
additional control objectives, and long prediction horizons, which are a major challenge for existing methods
in practice. To clearly show their effectiveness, conventional PTCs with different weighting factors [8] and
TOPSIS-based PTC [24] are also considered and their control performances are compared to those of the
proposed EDS-based PTC (EDS-PTC) and ADS-based PTC (ADS-PTC) strategies.

The remainder of this paper is divided into four sections. Section 2 presents the conventional PTC
strategy of IM fed by a two-level voltage source inverter (2L-VSI) and addresses the challenges. Section 3
introduces the proposed PTC strategies without weighting factors. Section 4 presents the experimental results

and observations. Finally, Section 5 gives the conclusion.
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2. Conventional PTC strategy

In this section, the conventional PTC strategy for IM control is presented and is evaluated in terms of the cost

function and weighting factors.

2.1. IM Model Fed by 2L-VSI

The IM model in the stator stationary axis can be expressed in the following compact form:

x; = f(x¢,up) + wy (1a)
z; = h(x;) + vy (1b)
where
%0 = [isa iop Ura Urs W]
= [ ves] s B(x) = [isa dsp wm]
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Here, vsa3, isap, and ro3 are the stator stationary axis components of stator voltages, stator currents,
and rotor fluxes, respectively; p, is the pole-pairs; wy,, and w, (= ppwy,) are the mechanical and electrical

angular rotor speed; 7; is the load torque; Rs and R, are the stator and rotor resistances, respectively; Lg

2

and L, are the stator and rotor inductances, respectively; L,, and L, (= Ly — Lz,

/L,) are the mutual and
leakage inductances, respectively; B; and J; are the total viscous friction and inertia of both load and motor,
respectively; k. (= L,,/L,) is the rotor coupling factor; R, (= Rs+ k2R,) is the equivalent resistance referred
to the stator side; T, (= L,/R,) is the transient time constant of stator; and 7, (= L,/R,) is the rotor time
constant.

Using first-order forward Euler approximation

. X — Xk
%, ~ %7 (2)
the discretized IM model can be obtained as follows:
X1 = Isxs - xp + f(x¢,up) - T, (3)

where T is the sampling time and I5y5 is the identity matrix with the dimension of 5 x 5.

When a 2L-VSI in Figure 1a is applied, the inverter output voltage vs can be expressed as:

2
v, = gvdc(sa + a8y + a?S.), (4)
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where a is the phase shift of 120 electrical degree, Vg, is the dc-link voltage, and S, € {S,, Sp, S¢} indicates
ON/OFF states of upper switches on each leg.
Seven different voltage vectors, called finite control set, can be generated by (4) for eight switching

combinations. These voltage vectors are shown in Figure 1b.

SL'G SL'G %G 1;3(310) ’Uz(fllo)

= Vac b T €v4(011) v, (100 Re
< < < "\ %0(000), v7(111)
2 ﬂ ﬂ woof] S
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(a) (b)

Figure 1. 2L-VSI (a) Circuit topology, (b) possible voltage vectors.

2.2. Conventional PTC strategy
The overall block diagram of the PTC-controlled IM drive is presented in Figure 2, and the PTC strategy consists

of two blocks: torque/flux prediction and cost function optimization. Because PTC requires flux information,
the drive system also has a flux estimation block. Considering the flux estimation block first, rotor flux can be

estimated using the current model of IM given in (5).

e e Lm . 1 . e
Y1 =V + 1 {Tls,k - (T - Jwr,k) ¢r,k] (5)

Next, stator flux can be calculated using the measured stator current vector i i (= isa,x+7iss,x) and estimated

rotor flux vector ;. (=5, , +Jv¥5s,) as follows:

e Lm e .
Yor =7 Yrat Lotsk (6)

As for the second block, the stator flux and stator current at the time of k£ + 1 can be predicted as:

VYorpr = You T Tosr — TRt (7)

and

. T . T k- .
Zg,k-‘rl = <]- - ,I,U) Ts,k + m . <(,I,T - krjwr,k) ¢7€",k, + 'Us,k) . (8)

In real-time applications of PTC strategy, the time delay resulting from the calculation of the control
algorithm has a significant effect on the control performance. For this purpose, the two-step-ahead prediction
algorithm [8, 30], a well-known delay compensation method, is included in all PTC strategies. The compensated

stator flux ¢? . , and stator current i%,  , are as follows:

Chre = Vo s T TVs k1 — TRyds ki 9)
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and
. T . T ke ,
e (e R = N (L E et ] .
Consequently, the electromagnetic torque can be calculated using the compensated stator flux w?k 12

and stator current ig pio @S follows:

3 . "
T£k+2 = §pp%m{(l§,k+2)(¢€,k+2) } . (11)

In the conventional PTC strategy, the optimum voltage vector is selected through the predefined multiob-
jective cost function that includes different control objectives. As in (12), there are two main control objectives
that are needed to control torque and flux. Besides, additional control objectives can be included through
weighting factors.

9= |72 = 7o + A0 |02 = Wl (12)

where )y is the weighting factor of flux error.
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Figure 2. Block diagram of the PTC-based IM drive.

The definition of the multiobjective cost function in the conventional PTC strategy is based on the scalar-
ization method in which all objectives are defined as weighted sums. This definition requires the determination
of weighting factors and there is no analytical or systematic way in determining these factors. They are generally
determined by the trial-and-error method or metaheuristic optimization methods. To overcome the mentioned

difficulty, different PTC strategies without weighting factors have been proposed.

3. PTC strategies without weighting factors
In this paper, two PTC strategies without weighting factors, EDS-PTC and ADS-PTC, are proposed. Both

strategies eliminate weighting factors by considering each control objective separately without using the scalar-

ization method. The two main control objectives in the conventional PTC strategy can be defined as separate
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cost functions as follows:

9 =|Td — T£k+2 ) (13)
92 = |[92] = 92 ol (14)

Consequently, it is possible to design different weighting factorless PTC strategies through these cost functions.

The flowchart of the two proposed strategies in this paper is presented in Figure 3.

Step 1: —M Measurement: @s.k: Vs ks Wik
v

Step 2: Apply: v
v

Step 3: Estimate: %7k %5k
v

Step 4: Predict: %% 11 (Vo). 78 1 (v35)

<>

Predict: ¥ j2(vi): T2 i2(v5)

Step 5: $

Evaluate and store: 91(v;), 92(v;)

<>

Normalize dataset: y; ; (16)

v

Calculate: d; (17) or (19)

v

Optimize: v, (18)

Step 6:

Figure 3. Flowchart of the proposed PTC strategies without weighting factors.

3.1. Euclidean distance selection-based PTC
The EDS-based strategy consists of the following steps:

1. Generation of dataset:

g1(vo)  g2(vo) ... gn(vo)
g1(v1)  g2(v1) ... gn(v1)
GOm) 9(0n) - gn(vm)
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where i € {0,1,...,n} and j € {1,2,...,m} indicate the number of control objectives and voltage vectors,

respectively.

2. Normalization of the dataset:

(16)

3. Next, the Euclidean distances between the origin and the set of cost values for each voltage vector are

calculated (see Figure 4):

4(05,0) = /(03002 + (W3 2)2 + -+ (y30)? (17)

4. Finally, the jth voltage vector that minimizes the d; is selected:

Vopt = arg mind; (18)
J
f1
A dy(ps,0) = \/(y4,1 —0)2+ys2 —0)?
P3
([ Ds
De o
([
Pa 12
Y41 @
N
QY D1
w\ ; [ ] o
0,0) °
( e > f2

Figure 4. Representation of Euclidean distance in two-dimensional space.

3.2. Absolute distance selection-based PTC
To prevent the computational load caused by taking the square and square root in the EDS-PTC strategy, the
ADS-PTC strategy is also proposed. The only difference between both methods is in the calculation of distances

in (17) and the following expression is used instead of the Euclidean distance:
d;j(p;,0) = Yj1 + Yj2 + -+ Yin (19)

The main advantage of EDS and ADS based strategies is that they can be extended with additional control
objectives with a slight difference in computational complexity. For example, the computational complexities
of multiobjective ranking, parallel, and serial-based strategies rise extremely with increasing prediction horizon,
the number of cost functions, and the number of possible switching combinations. This feature makes the
proposed strategies more suitable for higher-level inverter topologies and PTC strategies having additional
control objectives. This case will be addressed in detail in Section 4.4.
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4. Experimental results and observations

In this section, firstly, the features of the testbed are introduced and then real-time experiments are presented.
Execution times for all strategies are also given to compare computational complexities. Finally, observations

are presented.

4.1. Experimental setup

Experimental tests have been carried out in the testbed shown in Figure 5. This setup consists of a three-phase
squirrel-cage IM, a Foucault brake as load machine, and a motor drive unit. The rated values and parameters
of three-phase IM used in experimental studies are given in Table 1. A lab-made motor drive unit is used in
which phase currents and dc-link voltage are measured by LEM CAS 6-NP current transducers and a lab-made
voltage transducer, respectively. A 1024 p/r encoder is used for speed measurement. All PTC strategies are
implemented on an STM32F407VGT6 microcontroller featuring 32-bit Arm Cortex®-M4 with FPU core.

Foucault Brake Induction Motor
= 3 DC Power i |
-+ Suppl ==
Computer \ Y — R \ 1=
/.: ==
e =

Figure 5. Experimental setup.

Table 1. The rated values and parameters of the IM.

Parameter | Value Parameter | Value

P 1.5 kW Dp 2

1% 380 V R 5.22 Q

I 3.7TA R, 3.67 Q

f 50 Hz L., 0.2478 H
Nm 1390 r/min | Ly 0.01363 H
T 10 Nm L, 0.01363 H

4.2. Experimental results

This section firstly shows the effect of different weighting factors on traditional PTC performance. For this
purpose, conventional PTCs with weighting factors of 20, 30, and 40 are considered. Subsequently, experimental
results are presented for TOPSIS-PTC, EDS-PTC, and ADS-PTC, respectively, to confirm the effectiveness of
the proposed methods. In the implementation of TOPSIS-PTC, the weighting factors for torque and stator flux
are used as 0.5, so both are of equal importance. The sampling frequency for all control methods is 16 kHz and

a PI-type speed controller with the same gains is used in all tests.
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The performance of conventional PTCs with different weighting factors is studied under load variations
of 6 Nm at 750 r/min. Considering the control performances in Figure 6, there is a nonlinear relationship
between the weighting factor and control performance. An increase in the value of the weighting factor results
in a significant reduction in flux fluctuations. Because the flux error term has a higher effect on the cost
function. Besides, lower flux fluctuations also lead to reduction in torque fluctuations. Contrary to this effect,
the increasing effect of the flux error term in the cost function degrades the torque control performance. For
this reason, a detailed analysis should be made to obtain the optimum weighting factor, taking into account the
changing operating conditions. On the other hand, there is no significant difference in speed control performance
for the given scenario. However, the assumption of fixed weighting factors in conventional PTC strategies causes
degradation in their control performances due to the changing optimal weighting factors according to operating
conditions. To deal with this problem, the weighting factors should be updated online or eliminated to achieve

higher control performance.
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Figure 6. Experimental results: Control performance of conventional PTC strategies under load changes at
750 r/min (a) PTC with Ay = 20, (b) PTC with Ay = 30, (¢) PTC with A, = 40.

In testing of TOPSIS-PTC, EDS-PTC, and ADS-PTC strategies, two different tests are performed in
which load change and speed changes are made. In the first test, all PTCs without weighting factors are tested
under load changes of 6 Nm at 750 r/min, similar to the test for conventional PTCs with different weighting
factors. In the second test, their performance is examined for a speed reversal from 41000 r/min to —1000
r/min under a 6.5 Nm load.

The results for the first test presented in Figure 7 demonstrate that TOPSIS-PTC has similar speed
control performance (see Figure 7a) to conventional PTC but provides lower flux fluctuations for different
operating conditions than conventional PTC with a poorly tuned weighting factor. Compared to previous
strategies, both EDS-PTC and ADS-PTC provide better speed control performance (see Figures 7b and 7c)
with reduced overshoot and settling time despite using the same speed controller in all tests. It is clear that
among the EDS-PTC and ADS-PTC strategies, the best control performance belongs to EDS-PTC.

The results for the second test in Figure 8 demonstrate that control performance can be improved using
weighting factorless design strategies in all operating conditions. In addition, the proposed weighting factorless

PTC strategies, EDS-PTC and ADS-PTC, have superior control performance in terms of dynamic response and
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torque control over the TOPSIS-PTC proposed in [24].

i u.m'.w.m "J'.“u"\“"“w\”p\“"\‘H‘”\uM'.“w’\”UL"\W‘d‘f‘f‘u\”ﬂu’ﬁ'u'.Mn\"\W‘J‘ Il ”."4’\"WM."."M"N'M 3 ‘nh’”‘"'\‘”‘4v"”}"‘”}”‘”‘m"“wﬂhwﬂ‘W"WW"WWWMUInlW WWW‘vJu\”.'uﬁvu’u“b"ﬂ\\"\‘mNv‘\“ "Mu“’ﬂ"u”.’ﬁuﬂ 1l W h'u"w"ww’w"wm“"M\W\‘V'W”Wu Ju"".'u' I WJ‘ﬂ\‘J"4"d‘.”|”J'i"x".”\“v'h”ﬂ"f'u"ﬂ"d"fh"uW I M\h@
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(a) (b) (c)

Figure 7. Experimental results: Control performance of weighting factorless PTC strategies under load changes
of 6 Nm at 750 r/min (a) TOPSIS-PTC in [24], (b) EDS-PTC, (¢) ADS-PTC.
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Figure 8. Experimental results: Control performance of weighting factorless PTC strategies for a speed
reversal from +1000 r/min to —1000 r/min under a load of 6.5 Nm. (a) TOPSIS-PTC in [24] (b) EDS-PTC
(c) ADS-PTC

To quantitatively support the results in Figures 7 and 8, flux ripples (t/rip ), torque ripples (7p ), total
harmonic distortions (THDs) of stator currents (itup ), and average switching frequencies ( favg) at 750 r/min

and 1000 r/min are presented in Figure 9, respectively. These statistics are calculated as follows:

Torip = —$ma); —:Zmean x 100, (20)

where x is a dummy variable that corresponds to flux or torque and Zmax, Tmean, and Trateqa denote its
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maximum value, mean value, and rated value, respectively.

I 2
iTHD = 100 x <ﬂ> — 1, (21)

lrms
where I,,s and I, are root mean square values for phase current and its fundamental component, respectively.

N

R 22
o d (22)

favg =

where N is the total changes in switching states during a time interval of d seconds. mng, is the number of
switches in a power converter and equals six for a 2L-VSI.

Given the overall control performance in Figure 9, flux and torque ripples can be reduced using EDS-PTC

and ADS-PTC strategies with a slight increase in average switching frequency. In addition to improvement in

control performance at 750 r/min, it is also possible to reduce the THD of stator current with the proposed

weighting factorless PTC strategies.

B TOPSIS-PTC mEDS-PTC ADS-PTC mTOPSIS-PTC ®EDS-PTC ADS-PTC
35 586 25 225
3 . 2.74
= 25 2.37 265267 20 18.2 1577 17.75 17.5318.39
< = 2,01 = :
=7 = s
(=1
=15 £
2 & 10
05 5
0 0
750 rpm 1000 rpm 750 rpm 1000 rpm
(a) (b)
ETOPSIS-PTC ®EDS-PTC ADS-PTC B TOPSIS-PTC mEDS-PTC ADS-PTC
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" 13.08 14.14 1333 6 523 542 537
s 441 462 459
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< 10 756 564 =
o 8 3
Jas] o
= 6 2 2
<, 2
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Figure 9. Results at 750 r/min under 6 Nm load and 1000 r/min under 6.5 Nm load (a) ¢nip (%), (b) Tip (%),
(C) Z.THD (%) ) (d) favg .

4.3. Computational complexity

So far, PTC strategies without weighting factors have been compared considering only their control perfor-
mances, but another important consideration in practice is computational complexity. Therefore, a method
should be chosen considering the trade-off between control performance and computational complexity. To this
end, the measured execution times of the three weighting factorless PTC strategies are given in Table 2 to
compare computational complexities. It is clear that the PTC strategies without weighting factors increase the
computational burden. However, both EDS-PTC and ADS-PTC strategies reduce the computational burden
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compared to TOPSIS-PTC. The ADS-PTC strategy, created by eliminating the square root calculation in the
EDS-PTC strategy, reduces the computational load by about 10%.
Table 2. Execution times for TOPSIS-PTC, EDS-PTC, and ADS-PTC.

TOPSIS-PTC | EDS-PTC | ADS-PTC
34.8 ps 28.5 ps 25.8 ps

4.4. Observations

Compared to the MR-PTC strategy [16, 17], both EDS-PTC and ADS-PTC do not need a ranking algorithm that
excessively raises the computational load with increasing prediction horizon and additional control objectives.
Moreover, both methods eliminate the difficulty in selecting candidate voltage vectors in sequential [20] and
parallel [21] PTC strategies in case of additional control objectives. Considering all these advantages, it is
possible to extend them with a slight increase in computational load. Indeed, both PTC strategies are advanced
versions of TOPSIS-PTC [24] with improved control performance and reduced computational complexity.
Despite the additional computational loads caused by the proposed weighting factorless designs, both PTC

strategies clearly improve control performance, especially in transients.

5. Conclusion

The two weighting factorless PTC strategies proposed in this paper eliminate the problem of determining
weighting factors in conventional PTCs and offer an effective and flexible solution. Experimental results
demonstrate that both have better control performance than the conventional PTC strategy. Compared to
the existing PTC strategies without weighting factors, they have a straightforward structure and can be easily
extended with a slight increase in computational load for higher-level inverter topologies, additional control
objectives, and long prediction horizons. Future studies will focus on comprehensively evaluating these PTC

strategies in the presence of additional control objectives.
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