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1. INTRODUCTION

The squirrel cage induction motor (IM) is the most widely used electromechanical energy converter
in various fields such as industry and transport. The advantage of the IM is its high robustness and low cost.
Moreover, the growth in the use of variable speed drives has greatly increased their application in various fields
[1-3].

Earlier IM control technique is known as File Oriented Control (FOC), its algorithm provides good
dynamic torque control and better performance over a wide speed range [4-10]. It performs independent flux
and torque control like DC machines[11-15]. The FOC technique, unfortunately requires a lot of mathematical
processing. There are other types of control techniques such as Direct Torque Control (DTC). This control
technique was proposed in the mid-1980s by Takahashi and Depenbrock. It becomes a concurrent control to
conventional control techniques (FOC and Scalar control). The DTC technique is also less sensitive to
parametric variations of the machine compared to the FOC technique. Note that the DTC technique has a fast
dynamic torque response. In addition, the DTC technique does not require either Park transformation or voltage
decoupling blocks. Its control algorithm is simple due to the absence of the pulse width modulation (PWM)
strategy. DTC technique has drawbacks, such as sensitivity to stator resistance and the need to obtain stator
flux and torque estimates. These drawbacks lead us to seek other solutions. Therefore, the advantages and
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disadvantages of these two control techniques are demonstrated. Therefore, it is proposed in this paper a
contribution based on a better implementation of a DTC-SVM torque control of the IM. To verify the
performances of the DTC-SVM technique, a MATLAB simulation of the IM powered by a two-level space
vector modulation (SVM) voltage source inverter (VSI) is performed [15-25]. The characteristics of the
proposed study are simple to implement, give high dynamic performance compared to FOC and classical DTC
control of IM, without complex coordinate transformation, without current regulators, without speed sensors,
not depending on parameters of the motors, decreases the current and the ripple torque and imposes constant
frequency.

2. IMDYNAMIC MODEL
Note that in a reference system based on the rotating field, the equations of the stator and rotor voltages

of the IM are written as follows:
d‘/)sd

Vsd = Rsisd + ac Wslpsq
. ay
Vsq = Rslsq + d:q + Wsgq
. ayPr,
0= Ryirqg + Td - Wslqu (1)

. dy
0= errq + TTq + Wsll»brd

Where Vg, is stator voltage, Rs, R, are stator and rotor resistances respectively, Y4, Ygq , Wrq, Prq are stator
and rotor flux in dq axis, is; and iy, are stator current in dq axis, i,4 and i,, are rotor current in dq axis, w;
is stator pulsation and wy; is slip pulsation.

Rotor flux vector control is based on the Park dg-axis reference frame orientation, whereby the d-axis
is aligned with the flux direction (3,.).

3. IM CONTROL TECHNIQUES
In the following, the three types of control models, namely FOC, DTC and DTC-SVM, are introduced and
discussed.

3.1. FOC Strategy Model
Principle of FOC

The orientation of the magnetic flux along the direct axis leads to the suppression of its quadrature
component:

Yrg = Pr
lprq =0 2
We thus obtain the components of the stator voltages:
. disa | Lmdra )
Vsa = Rgigq + 0Lg ;t f d; — Ws0Lgigq
, d; L .
Vg = Rslsq +oLs ;q + w; flprd + Ws0Lsisq (©))

Where ¢ is dispersion coefficient, Lg and L, are stator and rotor inductance and L,,, is mutual inductance.
Writing the state equation ¥,, = 0 as a system, we find:

disg 1 ( RrLm 2\ . . 1 (Rylm 1
— = —— (R is WiS, +— —V
dt oL s + er da + s2q + oL er + ll}rd + oL sd
digg . 1 ( RTLmZ). 1 (Lm) 1
= +wsisy —— (R is,——|—)wX —VW 4
dt + stod oL s + L-,-Z q oLs \ Ly ll}rd + oL sq ( )
dlprd _ Rer . Rr

LS

dt LT [ E lp‘f‘d

The expression of the electromagnetic torque is given as:
M .
T, = p; Yra lsq (5)

Where T, is the electromagnetic torque, p is the pole pair number.
It can be noticed that this torque expression is similar to the expression of the torque of the DC motor
where the flux and torque quantities are decoupled.
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3.2. DTC Strategy Model

Figure 1 shows the basic block diagram used to implement the DTC technique for an IM. The principle
of DTC is based on the direct application of a command sequence to the voltage inverter switches. This
sequence is selected by applying a switching table and two hysteresis regulators. Their task is to control and
regulate the electromagnetic torque and the flux of the machine in order to decouple the mechanical quantities.

L

Wy 5 Flux Controller
—>]
r Switching > vsi 30
_ Table > > M
> Torque >
Controller
0, Vac L
Os, Flux &
Torque

. . =1
Estimation [¥

Figure 1. Schematic diagram of the DTC (VSI) applied to the IM

3.2.1 Model for DTC:

dwg
dt

= Vs — Rl (6)
And

Tz

lps(t) = fO (175 - Rsis)dtL + lps(o) (7)

Where 1 is a flux vector at the instantt = 0
By introducing a non-zero vector in the sampling period Tz, the voltage drop over the stator resistance
can be neglected, hence equation (8) can be written as:

Ys(8) = VT, +1o(0) 8

The relationship between stator voltage and stator flux variation can be determined as follows:
A5 = Ps(t) =P (0) = VT, 9)
Equation (9) shows that the stator flux can be changed by supplying a stator voltage during a time Tz.

The extreme side of the stator flux vector moves in the direction given by the voltage vector and carries out a
circular trajectory as depicted by figure 2.

Figure 2. Evolution of the stator flux vector in the complex plane

The estimation of the stator flux is mainly done by integrating the back emf. The stator flux
components can be expressed using stator voltages and currents in the stationary reference frame (a, p):
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t .

Ysa = fo (Vsq — Ryisq)dt
t .

¢sb’ = fg (vsﬂ - Rslsﬂ)dt

The stator flux angle is determined by:

0s; = Arctg (

The output voltages of the inverter, which are the input voltages of the IM stator, are given by:

_ Vac

Vsa_ 3 (ZSa—Sb

)

- Sc)

Vdc
Vsp = i(zsb =S¢ — Sa)

T3

Vdc
Vs zi(ZSC_Sa_Sb)

a 3

The electromagnetic torque is estimated from the flux and current information as follows:

T, = p(zl}sa isﬁ - zl}s[? isa)

3.3. DTC- SVM Strategy Model

Figure 3 shows a conversion chain made of a three phase AC power supply, a three-phase rectifier, a
DC link and an IGBT voltage source inverter with a frequency (2 Khz to 16 Khz) to achieve the geometric
construction of three AC signals of equal amplitude in given time 120 degrees out of phase with each other and

similar in shape to a sinusoidal signal.
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Figure 3. Inverter fed three-phase IM (star connected)

The inverter control is based on the logical values Si with:

S;=1,T;is onandT,iso

ff

S;=0, T; isoff and T, is on

Withi =a,b,c

The voltage vector is generated by the following equation

2 2T P
Vs = ngC[sa+sbe 3 +s.e 3]

Where V. is the DC voltage, s, s, , S are switching states.
There are eight possible positions from the state combinations of the switches. Six are active vectors

(V1, V2 ... V6) and two vectors are null (VO0, V7).
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Figure 4. Voltage vectors Vi representation

3.3.1. Architecture Of The Proposed DTC- SVM Technique
The control scheme is formed by seven (07) blocks as given in figure 5 and are listed as follows:
Pl speed Control, PI torque Control, PI Flux Control, Park Transformation, SVI Inverter, SVM,Torque and

flux Estimators[25,29].
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Figure 5. Global structure of the DTC-SVM control technique

3.3.2. SVM Strategy Algorithm
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Figure 6. Reference vector as a combination of vectors adjacent to sector 1

VT, = W, Ty + Vo Ty + VT, (16)

=V,
TZ:T1+T2+T0

Where T1, T and Ty are the corresponding operating times of the voltage vectors respectively and Tz is the
sampling time.
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The computation of the switching times is given as follows:

T,-T,-T,

aon —
2

Tbon = Taon + Tl

Tcon = Tbon + T2

4,
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Figure 7. Switching time of sector 1

The following table illustrates the switching times for each sector

Table 1. Switching times for each sector

Sector 1 2 3 4 5 6
Sa Thon Taon Taon Tcon Thon Tcon
Sh Taon Tcon Thon Thon Tcon Taon
Sc Tcon Thon Tcon Taon Taon Thon

RESULTS AND DISCUSSION
The motor powered by a two-level VSI and controlled by vector modulation strategy is simulated. The

(17

(18)

IM has a torque load at time t = 1 s. The simulations are performed using MATLAB Simulink. The simulation
results are shown below for the FOC, DTC, and DTC-SVM cases. The parameters of the IM are summarised
in Table 2 below.

Table 2. Parameters of the IM

Power supply 380
Coupling A

Rated power 3kW
Nominal current A

Rated speed 1440tr/min
Stator resistance 6Q

Rotor resistance 2.8Q
Stator cyclic inductance  0.5668Q
Rotor cyclic inductance  0.5142Q
Mutual inductance 0.5142Q
poles pairs number 2

Moment of inertia 0.058kg.m2

Coefficient of viscous
friction

0.005 N.m.rad-1.s

Optimal Control Technique of an Induction Motor (Cheikh Oudaa et al)



616 a ISSN: 2089-3272

4.1. FOC Simulation Results and Discussion

The results of the simulation of the indirect vector control of the IM for the case of a healthy inverter
are given in the figure (8,9,10). The vector control is tested with a reference speed of 1500 rpm and a resistive
torque of 20 N.m applied after one second (1s).

For 0 < t < 1s: During the transient statee, Figure 8 shows the behavior of the IM for a speed setpoint during
an no-load start. It can be seen that the speed curve perfectly follows its set point, without which it is reached
very quickly. It is clear that the performances of the speed control loop are satisfactory with an acceptable rise
time and even the rejection of disturbances is ensured.

For t > 1s: When applying the disturbance, it can be observed a decrease in the rotor speed, which is
an obvious result.

1500 . : .
P AN N N N
R T S —
S S T R S
o

; S

0000 05 1 - 2

Time (s)

Figure 8. IM rotor speed response

Figure 9 depicts the electromagnetic torque where torque peaks are observed. In transient mode, the
torque increases slightly to reach a maximum value of 150 N.m for a response time of 0.2s. If a load is applied
at time t = 1s, the torque will be 20 N.m.

For 0 <t < 1s: During the transient state, the torque is strongly pulsating. In the first moments of
starting, it presents significant oscillations, which explains the noise generated by the mechanical part. In steady
state, the electromagnetic torque practically cancels out.

For t > 1s: In the second step, a resistive torque disturbance, Cr = 20 Nm is applied to the machine
shaft (operation under load). The electromagnetic torque stabilizes at the value of the resistive torque with an
almost instantaneous response.

Time ()
Figure 9. Electromagnetic torque with load application of 20N.m at t=1s

It can be seen in figure 10, that the stator current waveform has some ripples, which has a direct impact
on the torque quality. Therefore, the torque is the product of flux and the torque producing current. Motor

IJEEI, Vol. 11, No. 2, June 2023: 610 - 620
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current increases in proportion to load torque reaching its maximum value, when the rotational speed becomes
zero as well.

ForO<t<I1s:
During the transient regime no-load start-up, we immediately notice the importance of the current which can
cause the destruction of the SAM by overheating in the event of excessive repetitions, but which rapidly
disappears after a few alternations to give rise to a sinusoidal shape of constant amplitude sinusoidal shape
with a constant amplitude.

Fort>1s:
It can also be seen that the stator current changes according to the load applied to the machine shaft.

Current

40

o
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Current(A)
(=)

[nS)
o

S
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0 02 04 06 08 1 12 14 16 18 2
Time(s)
Figure 10. Stator current response

4.2. DTC Simulation Results and Discussion

Figure 11 shows the behaviour of speed, torque, and stator current. It is observed that the rotor speed
perfectly follows its set point and reaches a maximum value of 1500 rpm at a response time t = 1.25 s. Peaks
of the electromagnetic torque are also observed. During the transient mode, the torque increases slightly to
reach a value of 500 N.m and then decreases. For the current response, Ripples are observed at transient mode
and the current reaches 2000 A.

Stator currents [A]
T T

2000 t ! ' .
0 Pg“'&‘?'&"a‘&‘a‘mﬂwmwmmm” et N
~2000 - I L I 1 1
0 0.5 1 15 2 25
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-1000
1 1 1 1
0 0.5 1 15 2 25
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T T T T
1500 — B
1000 / ]
500} /_,,/ i
0 47 1 Il 1 .
0 0.5 1 15 2 25

Figure 11. Torque, speed, and current response

4.3. DTC-SVM Simulation Results and Discussion

In figure 12 and 13, it is observed that the rotor speed perfectly follows its set-point and achieves a
maximum value of 1000 rpm at a response time t= 0.55 s. We also observed small peaks of the electromagnetic
torque. During the transient mode, the torque increases slightly to reach a value of 750 N.m and then decreases.
For the response of the current, we observe at the transient mode, the ripples and the current attained 1500 A.

Optimal Control Technique of an Induction Motor (Cheikh Oudaa et al)
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5

5. CONCLUSION

In this paper, a comparison of three different technique, namely, vector-oriented control (FOC),
classical direct torque control (DTC) and direct torque control with space vector modulation (DTC-SVM)
applied on the motor three-phase induction powered by a two-level inverter is presented. The simulation results
obtained show that the DTC- SVM technique is superior to the two others as it corrects the constraints of vector
control and DTC control. Moreover, the DTC-SVM is a technique to reduce the ripple. SVM techniques have
several advantages that are offering better DC bus utilization, lower torque ripple, lower total harmonic
distortion in the AC motor current, lower switching loss, and easier to implement in the digital systems.This
technique will apply in our case to the moving of the PV panel according to the position of maximum sunshine
to extract a high efficiency from the system and the pumping of water at the level of the rivers using induction
motors.
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