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ABSTRACT

The main aim of this paper is to present a novel control approach of an induction
machine (IM) using an improved space vector modulation based direct torque control
(SVM-DTC) on the basis of imaginary swapping instant technique. The improved
control strategy is presented to surmount the drawbacks of the classical direct torque
control (DTC) and to enhance the dynamic performance of the induction motor. This
method requires neither angle identification nor sector determination; the imaginary
swapping instant vector is used to fix the effective period in which the power is trans-
ferred to the IM. Both the classical DTC method and the suggested adaptive DTC
techniques have been carried out in MATLAB/SimulinkTM . Simulation results shows
the effectiveness of the enhanced control strategy and demonstrate that torque and flux
ripples are massively diminished compared to the conventional DTC (CDTC) which
gives a better performance. Finally, the system will also be tested for its robustness
against variations in the IM parameters.
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1. INTRODUCTION
In the last decade, a peak of 68-70% of the total energy provided to the industry is absorbed by

electric motors. In addition, sensorless induction motor drive control has aquired an extensive attention in the
industrial applications [1], this is because of the different benefits of the induction machine (IM) essentially,
reduced repairs, obvious and robust architecture [2], [3].

Generally, the most methods commonly used to drive the induction motor are scalar control (V/F),
direct torque control (DTC) and field oriented control (FOC) [4]. The direct torque and flux control were intro-
duced in 1986 in order to surmount the problems of the antecedent traditional control techniques. Moreover,
the basic principle operation of the traditional DTC is the regulation of the torque and flux errors through two
hysteresis comparators. The classical DTC technique is distinguished by its high dynamic performance and
durability. However, the hysteresis controllers generate undesired ripples in torque and flux response which
directly cause a disagreeable acoustic noise and provoke mechanical vibrations [5], [6]. Different studies have
established a significant improvement to the conventional DTC (CDTC) in order to surmount the CDTC draw-
backs [7]. DTC with space vector modulation strategy (DTC-SVM) is one of the techniques used to enhance
the CDTC [8]. In [9], an improved DTC technique dedicated to B6-Inverter with 2 phase IM drive, consider-
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ing a bus clamping strategy in combination with the vector selection table. Moreover, low ripples can also be
supported by the multilevel converters [10], [11]. An improved approach is presented using five-level cascaded
H-bridge (CHB) inverters based DTC control drive in order to reduce torque ripples. In addition, an efficient
DTC control strategy based on adaptive artificial neural network (ANN) for electrical motor was presented in
[12], [13]. An optimized strategy based on fuzzy logic controller was performed in [14]. The model predictive
strategy has a part in the literature in many areas of research and development [15]-[17]. In this context, this
paper mainly focuses on a novel advanced DTC-SVM based on the concept of imaginary swapping instants in
order to dismiss the significant drawbacks of the CDTC, which are vibrations and acoustics noise due to high
torque ripples [18].

2. SYSTEM MODELING AND STRUCTURE
The basic architecture of the control system [19] is presented in Figure 1. It consists of an induction

motor pursuant to the proposed SVM-DTC method powered by a VSI and a centrifugal pump as a load. The
parameter of the used induction motor are shown in the Table 1.
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Figure 1. The system’s architecture

Table 1. Induction motor parameters
Variable Value

Rated power P [Kw] 1500
Rated line voltage [V] 220/380

Rated seed [RPM] 1435
Stator and rotor resistance [Ω] [4,82-4,82]

Stator and rotor inductances [H] [0,195-0,195]
Moment of inertia Jmn [Kg.m2] 0.0171

Pole pairs P 2

2.1. IM modeling
The mathematical model of three-phases IM [20], [21] is given in two-dimensional reference frame

d-q by (1): 
Vs,d = RsIs,d +

dψs,d

dt

Vs,q = RsIs,q +
dψs,q

dt

Vr,d = 0 = RrIr,d +
dψs,d

dt + dθ
dtψr,d

Vr,q = 0 = RrIr,q +
dψs,q

dt + dθ
dtψr,q

(1)

as shown in (2), the electromagnetic torque Te of the three-phase induction motor is expressed as (2):

Te =
3P

4

Lm
L′LrLs

|ψs| |ψr| sin (θψ) (2)
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where, P is the number of poles, θψ is the angle between the stator flux vector and rotor flux vector, Ls, Lr, Lm

are mutual inductances for both stator and rotor, L′ = 1 −
(
L2

m

LsLr

)
is Blondel’s leakage factor [22], (ψs, ψr)

are the stator and rotor flux. Thus, from the (2) we can deduce that the control of the expressed electromagnetic
torque depends into the rate of change of θψ . The following formula (3) presents the reference stator flux vector
as polar to rectangular conversion [23]. Where θr present rotor flux angle.

ψ∗s = |ψ∗s | cos (γ + θr) + j |ψ∗s | sin (γ + [θr]) (3)

3. CONTROL METHODOLOGIES FOR THE STUDIED SYSTEM
The control of the induction motors is crucial with a view to ensure the precision and optimum per-

formance of the system [24]. The following section describes the proposed controller for the induction motors.

3.1. Principle of classical DTC control
In conventional DTC, the basic working principle of operation of this technique is flux and torque

errors through two hysteresis comparators. Moreover, traditional DTC drive is based on voltage source in-
verter (VSI) with two zero voltage vectors (Vz0 and Vz7) and six nonzero voltage vectors (V1, V2...V6) [25].
The optimum choice of vectors is effected via a switching table. The switching table is made on the basis of
torque error and the stator flux vector position, the schematic representation of the classical DTC is presented in
Figure 2. The fundamental concept of the suggested method is to use the switching instant strategy to gener-
ate the required voltage vector with the purpose of minimizing the amount of torque ripples in the induction
machine.

Figure 2. General diagram of classical-DTC based hysteresis technique

3.2. Imaginary switching instant concept
The modulating voltages functions of three phase inverter are often sinusoidal, thus represent a re-

volving space vector Vs. Vs is located in one sector from the hexagon switching vector diagram as presented
in Figure 3(a), Vs is constructed by the adjacent of the nearest voltage vectors V’n(k) and V’n(k+1) and the
null vectors V0 or V7 for a specified period in any sequence, as shown in the Figure 3(b). Vs is resolved by the
following analysis:

VS∗ sin
(π

3
− γ
)

= V
′

r ∗sin
π

3
(4)

Vs ∗ sin (γ) = V
′

r ∗sin
π

3
(5)

Vs is located in the first sector, so we get:

Vs = V
′

k + V
′

k+1 + V0orV7

Vs = V
′

r + V
′

l = V
′

1

T1
Tsp

+ V
′

2

T2
Tsp

+ (V0 or V7)
T0
Tsp

; (6)
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Or, VsTsp = V
′

1T1 + V
′

1T1 (7)

where, V
′

r and V
′

l are the adjacent component of Vs in the same orientation of V
′

1 and V
′

2 . Tsp is the sampling
time period, T2, T0 and T1 are the time periods for which ( V

′

1 , V
′

2 and V
′

0 ) are enforced, with (V
′

1 = V
′

2 =
2
3VDC). {

T1 = Tsp.Cv. sin
(
π
3 − γ

)
2√
3

T2 = Tsp.Cv. sin (γ) 2√
3

(8)

Where γ is the angle between Vs and d-axis, with Cv =
(
VS

V
′
1

)
=
(
VS

V
′
2

)
. The simplification of (8) in terms of

instantaneous phases gives the following results:

T1 =
V ′as
VDC

Tsp −
V ′bs
VDC

Tsp

T2 =
V ′bs
VDC

Tsp −
V ′cs
VDC

Tsp{
T1 = Tsu − Tsv
T2 = Tsv − Tsw

Tsu =
V ′as
VDC

Tsp , Tsv =
V ′bs
VDC

Tsp & Tsw =
V ′cs
VDC

Tsp (9)

Thus the active vectors swapping instant T1 or T2 can be represented by the imaginary times Tsu, Tsv and

Tsw. These times depends automatically on the stator reference voltages.

(a) (b)

Figure 3. Representation of the voltage space vector location in (a) hexagon sector vector diagram and (b)
construction of Vs

3.3. Proposed DTC strategy based imaginary swapping instant
The sum of slip velocity and real motor speed is the synchronous velocity of the reference flux vec-

tors. The real stator flux space vectors and the electromagnetic torque in a d-q-frame can be generated by the
measurement of any two-phase currents and voltages from the IM itself. The flux vector’s angle is achieved
by integrating the synchronous speed. Besides, the imaginary switching instant is extracted from the error be-
tween estimated and reference flux. Therefore, the improved strategy of control requires neither the switching
table sectors determination, nor angle identification which gives the processor more agility and provide the best
way-out. The following equations calculate the d-q component of the imaginary swapping time:

The stator resistance Rs is too small, so it can be neglected in the analysis.

Vs = [Rs] is +
dψs
dt

(10)
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∆ψs = Vs ·∆t (11)

∆ψs,d + j∆ψs,q = Vs,d + jVs,q (12)

Taking the imaginary and real constituents of (11) and (12) gives:

Vs,d =
∆ψs,d

∆t
=
ψ∗s,d − ψs,d

∆t
and Vs,q =

∆ψs,q
∆t

=
ψ∗s,q − ψs,q

∆t
(13)

where, ∆t is equal to the sampling time Tsp. Hence, in (13) present the calculation of the imaginary swapping
instant in d-q stationary axis frame based on the calculus of (9).

Tsd =
Vs,d
VDC

Tsp =
∆ψs,d

∆t× VDC
Tsp =

ψ∗s,d − ψs,d
VDC

(14)

Tsq =
Vs,q
VDC

Tsp =
∆ψs,q

∆t× VDC
Tsp =

ψ∗s,q − ψs,q
VDC

(15)

Or,
Ts = Tsd + jTsq (16)

Therefore:
Ts =

Vs
VDC

Ts =
ψ∗s − ψs
VDC

(17)

Hence a novel definition of the imaginary instant vector is presented by (17), which explicitly deter-
mines the defined swapping instants of the voltage source inverter (VSI). The imaginary swapping times are
reached by transforming the imaginary vector time components from two to three phases [26]. The schematic
design of the improved DTC-SVM approach is represented in the Figure 4.

Figure 4. Schematic diagram of the improved-DTC technique
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4. SIMULATION TEST AND ANALYSIS
Using MATLAB/SimulinkTM environment, the simulations have been performed for both CDTC and

the improved DTC-SVM technique to analyze the effectiveness of the developed technique. The simulation is
conducted by a three-phase 1.5 kW induction motor. To improve the effectiveness of the enhanced technique,
two test class were carried out, which are load torque change sensitivity and robustness. Firstly, the implication
of simulation shows the comparative study of the improved and the conventional techniques with a variation
of load torque. As shown in the figures below, the induction motor can be inspected with high performance.
Figures 5 and 6 illustrate the steady state performance of the three phase stator currents of both CDTC and the
developed DTC-SVM, it can be observed that the enhanced control technique has the best sinusoid waveform
and gives a better performance compared to the CDTC.

Figure 5. CDTC abc-stator currents

Figures 7(a) and 7(b) demonstrate the dynamic torque response for the two different methods. Initially,
a load torque step change was applied from 0 to 8 Nm with a reference speed command of 1000 r/min per 1 s,
then the load torque increases suddenly from 8 to 15 Nm after another durable operation the speed was constant
at 1000 r/min. In the other hand, it can be observed that the torque ripples are decreased by using the suggested
DTC-SVM based imaginary swapping instant. Figures 8 (a) and 8(b) the circular stator flux trajectory for the
different methods. Figures 9(a) and 9(b) show the speed and flux responses for the studied control strategies.

Figure 6. Improved DTC abc-stator currents

A comparative analysis is given in Table 2, which explicitly oppresses the dominance of the proposed
strategy relative to the CDTC technique. The robustness of the proposed control strategy is tested and approved
after creating some variation in the IM parameter’s, and it’s arising from skin effect or a weak identification of
the IM. Thus, we multiplied the stator resistance and the motor inertia by two (Jm=200% (Jmn) and Rs=200%
(Rsn)). The Figure 10 shows that the rotor speed follows its reference with a little impact on the response time
due to the variance of IM parameter’s. Also, the stator flux follows its circular trajectory as shown in Figure
11, which demonstrates that the suggested DTC-SVM ensure better outcomes in terms of robustness.
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(a)

(b)

Figure 7. Dynamic torque response for two techniques, (a) CDTC electromagnetic torque and (b)
electromagnetic torque of the improved technique

(a) (b)

Figure 8. Stator flux trajectory of: (a) CDTC and (b) improved DTC-SVM technique
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Figure 9. Simulation results of (a) speed response of the improved technique and (b) flux response of the
studied techniques

Table 2. Performance and comparison analysis for the proposed technique
Parameters Classical-DTC Proposed technique Improv. Ratio(%)

Torque
Ripples (Nm) 2.1 0.75 64.28

Response time (s) 0.533 0.254 52.34

Speed
Overshoot (Rpm) 31 8 74.19
Response time(s) 0.430 0.243 62.2

Flux Ripples(Wb) 0.07 0.02 71.42

Figure 10. Speed response after the variation of IM parameters
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Figure 11. Flux trajectory after the variation of IM parameters

5. CONCLUSION
This paper presents an improved direct torque control applied to an induction machine, the enhanced

technique excludes the calculation of the voltage vector; Also sector and angle determination is not required,
which gives the processor more agility. On the one hand, in contrast with the CDTC, the suggested approach
using DTC-SVM based imaginary swapping instant presents an excellent performance in terms of torque and
flux ripples, in this sense, the torque and flux ripples are massively decreased by 64.28% and 71.42%. In addi-
tion, it can also achieve a fast dynamic speed response as demonstrated in the simulation. On the other hand,
this technique ensures better performance in terms of robustness against parameters and load’s variation in low
and high speed range. Therefore,the simulation results demonstrate that the proposed DTC-SVM technique is
one of the best solutions to mitigate the limitations of the conventional DTC.
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