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Abstract

This paper deals with the direct torque control (DTC) of an induction motor. This control allows torque flux to be decoupled without
the need for coordinate transformations. It has the advantage of being robust to parametric variations of the machine in tracking
mode, and to load disturbances in regulation mode. However, in addition to torque and flux ripples, this control in its conventional
version proves insufficient at low speeds due to the demagnetizing effect of the stator flux caused by the ohmic drop across the stator
resistor. This demagnetization considerably increases torque and flux ripples and causes current distortions. To alleviate this problem,
it is necessary to shift back the flux positions in the (a, §) plane by an appropriate angle. The main objective of this study is to find this
offset angle without affecting the entire order in its original version. In speed loop, the parameters of the Pl controller are optimized

using the Particle Swarm Optimization (PSO) algorithm.
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1 Introduction

In view of its simple construction, robustness and easy
maintenance, the induction machine is the most frequently
used machine in all industrial sectors, particularly in vari-
able-speed drives. On the other hand, his model is non-lin-
ear. Torque is strongly coupled to flux. Flux Orientation
Control (FOC), introduced in mid-1972, is able to linearize
its model, but is sensitive to parametric and non-parametric
variations in the machine [1]. Contrary to flux orientation
control, direct torque control (DTC) is robust to variations
in machine and load parameters. This control offers rapid
speed and torque dynamics [2, 3] The DTC introduced by
Depenbrock [4], and Takahashi and Kanmachi [5] is based
on the torque imposed on the machine and the mainte-
nance of the stator flux at its reference value through direct
action on the state of the converter switches. Depending
on the position of the flux in the (a, £) plane, in one of its
six positions, a selection table is used to choose the voltage
vector to be applied. At each sampling instant, the flux is
calculated by neglecting the stator resistance, which is not
valid for low speeds, as this causes demagnetization. This
demagnetization is due to the voltage drop across the sta-
tor resistor. The flux is nowhere near its reference value,

causing torque and current ripples. To compensate for this
demagnetization, research has been carried out to improve
control at low speeds, while retaining the full functional-
ity of the DTC in its classic version, without resorting to
more complex techniques [2, 6, 7].

2 Motor and converter vector models
The model of the machine in reference frame (a, f) in
dynamic regime is expressed by [8, 9]:

v -RT+L, (1)
dt

§=RT+%jod, ®
dt

T, = k¢,¢, sind, )

By solving the system of Egs. (3) and (4), we obtain:
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T, = k¢,p, sind, (7)
with:

k=p and 0 :(@ ),

-1 =% o ®)
dt

with:

o = pQ.

The voltage vector is delivered by a three-phase volt-
age inverter whose two switches on the same arm oper-
ate in complementarily. These switches are controlled by
3 Boolean control quantities S, S,, S . The voltage vector
is thus written:

K:./2/3E(Sa+sbe S48 ) ©)

The combinations of the three quantities generate 8
positions of the vector ¥, two of which are zero vectors
(17[,,!77) as shown in Fig. 1.

3 Direct torque control (DTC)

3.1 Structure control

The principle of direct torque control is based on the selec-
tion of an appropriate sequence of inverter control switches,
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Fig. 1 Voltage vector evolution in space

which allows both stator and rotor fluxes to be maintained
at their references, and torque to be modified according to
its set value [10]. The control structure is presented in Fig. 2.

3.2 Flux control

Flux is estimated using Eq. (1) by measuring the stator
current and voltage and estimating the stator resistance R .
The integration during the application time T of a vector
V.=V, between the two instants 7, and ¢, , = ¢, + T :

el

s(k+1) [
dg, = [ (V,di-R7 ). (10)
a.\(k) I

At high speeds, the voltage drop across the stator resis-
tor is negligible compared to the voltage applied to the
machine, and the flux has the following expression:

¢, (k+1)=¢, (k) =V,T.. (11

The end of the flux vector moves along a straight line
in the direction of the vector V, as shown in Fig. 3 and its
displacement velocity is giiven by

Its displacement velocity is given by:

4§, dt =V, = 2J3E.
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Fig. 2 Direct torque control structure



Fig. 3 Stator flux in reference frame (a, )

3.3 Torque control

By applying a suitable voltage vector sequence for a time
At, the stator flux retains its modulus and its rotational
speed is increased or decreased by a pulsation value Aw ,
while the rotor flux retains its modulus and rotational
speed. This variation in position between the two fluxes
is given by Eq. (11):

AS =Aw At. (12)
Referring to Eq. (11), the torque is written:
T, = k¢ $, sin(5, +AS). (13)

Torque increases or decreases as stator flux accelerates
or decelerates [11].

3.4 Choice of vector

The choice of the vector ¥, depends on the position of the

stator flux vector ¢ in the reference frame (a, f) and the

desired variation in torque and flux, as well as the direc-

tion of rotation of @ .

Indeed, the stator flux evolution space ¢, in reference
frame (e, f) is divided in six zones i = 1 to 6 as shown in
Fig. 4. Ifflux ¢, is in zone 7, flux and torque control is ensured
by selecting one of these six following voltage vectors, if:

V.., is selected, the magnitude of the flux increases
and undergoes an acceleration, resulting in an
increase in torque.

« V,_, is selected, the magnitude of the flux increases
and undergoes a deceleration, leading to a decrease
in torque.

* V,, is selected, the magnitude of the flux decreases
and undergoes an acceleration, hence the increase
in torque.

Sahraoui and Nait Said | 3
Period. Polytech. Elec. Eng. Comp. Sci.

Fig. 4 Choice of vector V,

* V., isselected, the magnitude of the flux decreases and
undergoes a deceleration, hence the decrease in torque.

« ¥, and V, are selected, the magnitude of the flux
remains constant and stops rotating, hence the
decrease in torque.

* The vectors ¥, and V,,, are never selected.

» The effect of the selected voltage vectors depends on
the position of the flux ¢ within zone .

At the beginning of the zone, the voltage vectors V.,
and V, , are perpendicular to the flux ¢, and cause it to
vary slowly, while the torque undergoes a rapid change.
At the end of the zone, the effect is reversed.

The voltage vectors V,,, and V,, are perpendicular to
the flux q?s at the end of the zone and cause it to vary rap-
idly, while the torque changes slowly. At the beginning of
the zone, the effect is reversed.

Regardless of the direction of flux and torque evolution
within zone i, the vectors ¥, and V,,, are never selected
because they rapidly increase the flux magnitude to its
maximum. However, their effect on the torque depends on
the position of the flux within zone 7, where the effect is
null at the middle of the zone.

4 Selection table

The selection table is built according to the binary vari-
ables of the two controllers and the stator flux position in
zone i (Table 1) [12].

5 Low-speed direct torque control
If we disregard the resistance R , the end of the stator flux
qg is held practically by the control in a circular ring. This
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Table 1 Selection table

C 1 0

C, 1 0 -1 1 0 -1
! v v v Y 4 2
2 7, Z 4 4 7, £
3 Vi 7, 7, v 2 4
4 v Z 7, Z 7, 7,
5 £ 7, v 4 2 7,
6 4 V, v v, V, 4

is not valid at low speeds and during start-up, as the volt-
age drop across this resistor alters the evolution of the end
of flux dz . In fact, calculating the flux while taking into
account the voltage drop across the resistor R_modifies the
evolution of the end of the flux by deviating from its theo-
retical trajectory and follows that of the electromotive force
e, which in advance on the voltage as shown in Fig. 5 [13].
As an example, at the beginning of the zone (i = 1),
the flux does not follow the direction of the voltage ¥, that
is applied to increase its modulus. The end of the flow devi-
ates from the circle and undergoes a slight decay which
requires selection of the vector 172 over several sampling
periods. This phenomenon acts on the currents in the sta-
tor phases, affecting their orientation and modifying their
modulus, leading to their deformation and inevitably to

torque ripple. In fact, current is expressed as:
1 - M

i=—4¢

M 14
olLs” oLL, 4 (14

The rotor flux 5} is not affected by this phenomenon,
resulting in the direct impact of the stator flux qz on the
current .

These effects can be corrected by shifting the stator flux
zones backwards, while maintaining Table 1 unchanged.
In this case, the voltage vector ¥, is selected, providing
effective flux control [14, 15].

BA

Fig. 5 Stator flux at low speed in reference frame (a, )

In speed loop, the parameters of the PI controller are ini-
tially calculated using pole placement and then optimized
using the Particle Swarm Optimization (PSO) algorithm.

This algorithm, proposed by Kennedy and Eberhart [15],
is inspired by the collective behavior observed in flocking
birds and schooling fish.

Particle Swarm Optimization (PSO) is a stochastic,
self-adaptive, population-based optimization method
inspired by the collective behavior observed in natural
swarms. The algorithm begins by generating an initial set
of N particles, each characterized by a position x (k) and
a velocity v (k) at iteration step &.

At each iteration, the objective function is evaluated at
the current position of every particle, allowing the identi-
fication of the individual best position p (k) (p,.,) and the
global best position g(k) (g,..) discovered by the swarm
up to that point.

The dynamics of the swarm are governed by the stan-
dard PSO update equations:

V,(k+1)= oV, (k)+Cp (p, - X, (k))
+C,r, (g(k)—Xi(k)),

X, (k+1)= X, (k)+V, (k+1), (16)

(15)

where w denotes the inertia weight, C, and C, represent the
cognitive and social acceleration coefficients, and 7, and 7, are
random variables uniformly distributed over [0, 1]. To ensure
that the particles remain within the valid search space.

Bound constraints are imposed on particle positions
and velocities to ensure that they remain within the pre-
defined search domain:

Xmin < Xi (k) < Xmax and Vmin

<V (k)< X -

In the present study, the cost function is defined as:
c=[o, (r)-0()dr, (17)

where wa denotes the reference speed and Q the actual
motor speed. This function is specifically designed to
minimize the tracking error over time, thereby improving
the dynamic performance of the system. The PSO algo-
rithm was executed for a total of k__iterations, used here
as the stopping criterion [15, 16].

The optimal controlling parameters of the classical and
proposed optimal PI controller are shown in Table 2 at the
end of the test period.

The convergence process of the proposed algorithm is
demonstrated in Fig. 6, and the optimized PI parameters
are obtained after 90 iterations (see Table 3).
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Table 4 Machine rating plate and parameters

Name Symbol Value Name Values
Swarm size N 50 Nominal power (P,) 7.5 kW
Inertia weight ® 0.7 Pairs poles number (p) 2
Cognitive coefficient C 1.5 Frequency (f) 50 Hz
Social coefficient C, 1.5 Nominal speed (Q,) 150 rad/s
Maximum iterations ko 120 Nominal tension (U)) 220/380 V
R, 0.63Q
052 Best Function Value: 0.215449 R 0.40 Q1
resese L 0.097 H
03f  w L 0.091 H
%o M 0.091 H
g 028; J 0.22 kg M2
S B 0 SI
§ 026
:f:) the control loop. This shift angle 6, is the result of
0247 a series of simulation tests such that (0 <8, < z/6).
-  The last step is to carry out robustness tests.
o2 . . ‘ . . K . . ’ The shift of the stator flux vector is clearly illustrated in
c 1 20 3 40 5 60 70 80 90 Fig. 7 by the presentation of the instantaneous flux along
Stop Pause Iteration
the alpha axis.
Fig. 6 lteration curves for PSO algorithm Indeed, as shown in Fig. 8, the stator flux standard
Table 3 Optimized PI parameters quickly returns to its reference after correction. The stator
Tuning method K, K, flux standard reaches its reference after 0.06 s after correc-
Pole placement 23.7390 107.811 tion, but without correction, it reaches its reference after
PSO 20.7248 471.500

6 Simulation results

In Simulink in a MATLAB [17] environment, simulation
tests were carried out on the machine under the following
conditions:

¢, =1.00 Wb, A¢ =+0.01 Wb, AT, =+2.5 Nm,
T,=T, =50 Nm, Q =20 rad/s,

where:
* ¢, reference stator flux;
* A¢: regulator stator flux band;
¢ AT :regulator load torque band;
* T load torque;
+ Q:reference rotor speed.

The machine to be simulated is shown in Table 4.

The simulation is carried out in three steps:

» This first step involves carrying out a simulation of
the classic DTC with and without a control loop.

* In the second step, the simulation is carried out on the
DTC in the zone shifted by 6, = 7/12 with and without

almost 0.12 s. This is equivalent to a 50% gain. We can
therefore say that the stator flux offset, which constitutes the
low-speed control correction, has been successful in terms
of the time taken for the flux to stabilize at its reference.
With regard to current, it is interesting to note, as shown
in Fig. 9, that after correction, the stator current approaches
a sinusoidal waveform, whereas before correction, the cur-
rent exhibits distortions. The closed-loop speed and torque,
as shown in Figs. 10 and 11, are not significantly affected by
the correction, except that it should be noted that at the start

1.5

Before correction|

After correction

Instantaeous flux alpha (Wb)

_1 5 1 I 1 1
0 0.1 0.2 0.3 0.4 0.5
Time (s)

Fig. 7 Instantaneous flux alpha evolution in closed-loop
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Fig. 8 Stator norm flux evolution in closed-loop: (a) Before correction; (b) After correction
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Fig. 9 Stator phase current evolution in closed-loop: (a) Before correction; (b) After correction
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Fig. 10 Speed evolution in closed-loop: (a) Before correction; (b) After correction

of the start-up, the load attempted to drive the motor, which
quickly resumed its role thanks to the good performance
of the controllers. However, in open loop, Fig. 12 clearly
shows that the improvement in torque ripple. This rep-

resents 5.96% compared to the reference torque, whereas

before the correction the rate was 8.5%.

The correction has indeed brought a clear improvement

in the rapid convergence of the stator flux within its circu-

lar

trajectory, as shown in Fig. 13.
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Fig. 11 Torque evolution in closed-loop: (a) Before correction; (b) After correction
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Fig. 12 Torque electromagnetic evolution in open-loop: (a) Before correction; (b) After correction
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Fig. 13 Stator flux evolution in (0, B) reference frame in open-loop: (a) Before correction; (b) After correction
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Applying this low-speed correction, also known as the
shifted zones method, robustness tests with respect to
parametric and non-parametric variations were conducted.

A speed reversal test was carried out in closed-loop
mode, clearly demonstrating normal two-quadrant oper-
ation, as shown in Fig. 14 (a).

A second test involving variation of the rotor resistance
clearly shows that the direct torque control at low speeds,
after correction, is effective, as illustrated in Fig. 15.

For the load wvariation test, which is considered
a non-parametric variation, it is very clear, as shown in
Fig. 16, that at the moment of the load torque change,
the speed experiences a slight drop due to its increase.
However, this drop lasts only a few seconds, and the speed
quickly returns to stability, which demonstrates the good
performance of this control strategy.

For all open-loop simulations, a filter was inserted after
the speed reference in order to smooth it.

30

----- Reference speed
Speed

20—

10t

Speed(Rad/s)
o

The stator flux does not depend on the variation of the
load torque, which explains that the latter is decoupled
from the flux. As a result, the system model including the
machine and the control becomes linearized.

7 Conclusion

Conventional direct torque control at low speeds leads to
flux demagnetization due to the voltage drop across the
stator resistor, which affects control performance. To cor-
rect this demagnetization, an alternative is to shift the flux
zones to the back at an appropriate angle. This shift in flux
has given good results.

As a result, flux dynamics have improved consider-
ably, and flux, torque and current ripples have improved.
In addition, the machine model is linear zed and there is
perfect decoupling between flux and torque.

This flux shifting method is simple, unlike other com-
plex methods such as fuzzy logic and neural networks.

100

Electromagnetic torque(Nm)

-100

_20- _______
-3 i i i i i i i -150 ; ; i i i i i
0 0.2 0.4 0.6 0.8 1 1.2 14 1.6 0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
Time(s) Time (s)
(a) (b)
Fig. 14 Speed inversion test: (a) Evolution speed; (b) Evolution torque
1 25 4 3
""" Reference speed
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0.8t 20 C\
T /
< ~
Q o6t R L1
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% \'c/ [ syt |
? 0.4 1 é 10 m -
o w2
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0.2 | 5
| S 0 il
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
Time(s) Time(s)
(@ (b)

Fig. 15 Robustness test with respect to rotor resistance variation: (a) Evolution rotor resistor; (b) Evolution speed
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Fig. 16 Robustness test with respect to load torque

In the future, this work can be completed by another
equally simple method, shifting the flux zones by —30°,
which leads to direct control of the modified torque while
modifying Table 1. It is also possible to divide the flow
space into twelve sectors and modify Table 1 accordingly.

Nomenclature

R : stator resistance

R : rotor resistance

L, L, M: self and mutual inductances
w: rotor pulsation

Q: rotor speed
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