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Abstract: The direct torque control (DTC) was proposed as an alternative to the vector control in the middle of
1980s. This strategy is based on the direct determination of inverter switching states and offers a simpler scheme
and less sensitivity to machine parameters. However, the variable switching frequency of DTC causes high flux and
torque ripples which lead to an acoustical noise and degrade the performance of the control scheme, especially at
low-speed regions. In the objective of improving the performance of DTC for the induction motor, a fuzzy logic
based non-linear speed controller is inserted to ensure a robust control against different uncertainties and external
disturbances. Moreover, the sensorless control can increase the reliability and decrease the cost of the control
system.Therefore,afuzzyadaptiveLuenbergerobserverisusedtoimprovethespeedandthefluxestimation.
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1 Introduction suffers from high flux and torque ripples owing to
the use of hysteresis controllers. Many modified
DTC schemes have been proposed in order to reduce
ripples [5].

Nowadays, the AC machines have replaced the DC
machines in industry applications because of their
advantages, such as, the reliability and the lack of
commutator and brushes which make them able to
work under unfriendly conditions. The most popular
AC machines are the induction motors (IMs) and the ’ ) i
permanent magnet synchronous motors (PMSMs). schemes using aflvanced strategies such as non-linear
They are used in various industrial applications, techniques require an accurate speed and flux mea-
electric vehicles (EV), tools and drives etc. The surement or estimation for closed loop c.ontro.l des1gn.
squirrel cage induction motor in particular, is widely The use of sensors has several downsides like high

used due to its reduced cost and lower maintenance cost, fragility and low reliability [6]. Furthermore,
requirement [1]. the physical environment sometimes, does not allow

to use sensors. Due to the multiple variables and non-

The Direct Torque Control (DTC) guarantees a linearity of induction motor dynamics, the estimation
separated flux and torque control. It was introduced of the speed and the flux without the measurement is
by Takahashi and Nagochi in the middle of 1980s still a very challenging subject. Yarlous se':nsorless
in Japan [2], and also in Germany by Depenbrock approaches have been proposed in the literature.

under the name of Direct Self-Control (DSC) [3]. We mentioned among of them, the deterministic
In contrast to FOC, this control is completely done adaptive observers [7], stochastic extendqd Kalman
in stationary frame (stator fixed coordinates). Fur- filter (EKF) [8] and model reference adaptive system

thermore, DTC generates the inverter gating signals (MRAS) [9].  Aside from the control design, the

directly through a look up switching table and the use sliding mode theory proves its worth in estimation
of modulator is not necessary. It offers an excellent also in diverse structures of sliding mode observers

Moreover, the sensorless control is another major
issue in control domain. The developed control

torque response using less model’s parameters than [10].

FOC. Due to its simplicity and very fast response

it can be so applicable for high performance drive Generally, the control and estimation of induction
applications [4]. However, the standard DTC method machines in variable speed operation is more compli-
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cate than DC machines. The main reasons that they
have more complex dynamic and they more request
of complicated calculations.

2 Induction motor drive modelling

The mathematical model of a three-phase squirrel

cage IM drive in o — (3 reference frame is:
= Ax+ Bu
{y:C$ (1)

Where x, v and y are the state, the input and the
output vector respectively.
t.

x:[isa 'L.s,B ¢ra ¢T,B]t 5 u:[usa US,B] 5 y:[isa isﬂ]t

[ -x 0 £ Kuw
Al O -\ —Kuw, £
Lm _ 1 —w
. T, 1r
R o
-1
oL ?
0 1 000
= oLs =
B 0 0 C [0 10 0}
| O 0
With L2
Rs 1-— . _ 1- . — m__ . L’r‘
)‘:o.Ls""aT::’K—a.Lfn’ _1_L3.L ’TT—RT

Figure 1 shows the state space mathematical
model of the induction motor drive.

Figure 1: State space mathematical model of the IM

3 DTC principle

The DTC achieves a decoupled control of the stator
flux and the torque in the stationary frame (o, ). It
uses a switching table for the selection of an appro-
priate voltage vector. The selection of the switching
states is related directly to the variation of the stator
flux and the torque of the machine. Hence, the selec-
tion is made by restricting the flux and torque magni-
tudes within two hysteresis bands. Those controllers
ensure a separated regulation of both of these quanti-
ties. The inputs of hysteresis controllers are the flux
and the torque errors as well as their outputs determine
the appropriate voltage vector for each commutation
period [11].
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3.1 Stator flux and torque control
3.1.1 Stator flux control

Basing on the IM model in stationary frame, the stator
flux equation can be expressed as follows:

(bs = Vs - Rsis (2)

So: -
@w=/<%—&mﬁ+%@ 3)
0

¢5(0) is the flux vector at instant ¢ = 0 and 77, is the
sampling period.

By applying a non-zero vector during 7, we can ne-
glect the stator resistance voltage drop Ris compared
to V; for high speed regions. Then Equation (3) can
be written as:

¢s(t) = VST + ¢5(0) “)

The relation between the stator voltage and the stator
flux change can be established as:

A¢s = ¢s(t) - ¢s(0) = VT, )

The Equation (5) means that the stator flux can be
changed by the application of stator voltage during a
time 7,. The stator flux vector’s extremity moves in
a direction given by the voltage vector and making a
circular trajectory as shown in Figure 2 [12].

a7

Flux components

Figure 2: Evolution of stator flux vector in the com-
plex plan

3.1.2 Torque control

During one sampling period, the rotor flux vector is
supposed invariant. The torque of induction motor can
be expressed in terms of stator and rotor flux vectors
as follows:

Msr
Te =PI L bs X Pp (6)
Msr .
T = pop oo sin@) @)
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Where p is the number of pole pairs and ¢g, ¢, are
stator and rotor flux vectors, J is the angle between
the stator and rotor flux vectors.

From expression (7), it is clear that the torque is con-
trolled by the stator and rotor flux amplitudes. If those
quantities are maintaining constant, the torque can be
controlled by adjusting the load angle ¢.

3.2 Stator flux estimation

The estimation of the stator flux is usually done by
the integration of the back-emf (Electromotive force).
The stator flux components can be expressed using
stator voltages and currents in the stationary reference
frame («, ) by:

Qbsa = fg(‘/;a - Rsisa)dt
) (3
¢sp = Jo(Vog — Rsisp)dt

The stator flux magnitude and flux angle can then be
computed as:

|¢S| =/ ga + ¢§ﬁ &)
6, tanl(zzi) (10)

4 Twelve sectors DTC strategy
4.1 Methods

Due to the limits of the conventional DTC strategy,
especially the high torque and flux ripples problem,
various control structures are presented to improve
the performances of DTC. The twelve sectors DTC
based on an extended switching table and the constant
switching frequency is a well discussed solution [13].
In the conventional six sectors DTC, two switching
states per sector are not considered which presents an
ambiguity in torque control. A sector shifting takes
the first sector from 0 to 5 instead of 11% to & that
provides a new switching table. However, in a simi-
lar way, it has two unused vectors per sector also (i.e.
Vi+2 and V;_1) which present an ambiguity in flux in-
stead of torque. Another strategy divides the circular
flux locus into 12 sectors instead of 6 as shown in Fig-
ure 3 [13]. This makes all the six states used per sec-
tor. In twelve sectors DTC, the vector 1 produces a
large increase in flux and a small increase in torque for
the sector 12. On the contrary, V5 produces a large in-
crease in torque and small in flux. We can deduce that
it is necessary to define now small and large torque
variations. This requires to divide the hysteresis band
of the torque into four parts. Then, a twelve-sectors
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Figure 3: Voltage space vector in twelve sectors case

look-up table is provided as shown in Table 1 below.
Considerable studies in literature mentioned that the
increasing of the number of the sectors have a slight
effect on reducing the high ripples and current har-
monics. In addition, the twelve sectors DTC provides
good dynamic in high and low speed regions [12][13].

4.2 Speed regulation in 12-sectors DTC
strategy

DTC strategy has the ability to operate even with-
out a speed regulation loop, so it does not require
any information about rotor speed. This can classify
DTC as a speed sensorless strategy for many indus-
trial applications. Otherwise, to achieve an adjustable
speed control, a speed controller is necessary to have
a speed regulation and to generate the reference of
electromagnetic torque. Commonly, the proportional-
integral (PI) controllers are used for the regulation.
The fuzzy controller is performed by comparing the
speed reference signal to the actual measured speed
value. Then the comparison error becomes the input
of the PI [14]. Generally, the design of a fuzzy regu-
lator requires the choice of the following parameters:
linguistic variables, membership functions, inference
method and defuzzification strategy. With:

Fuzzy du, du 1 T°

Controller

Figure 4: Speed fuzzy controller structure

Enowledge base

Data Fnle
base base

E —»
CE —»

Fuzmtication lnfetence engme Deffuzzification —* CIJ

Figure 5: Block diagram of a fuzzy logic controller
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Table 1: Look up switching table with twelve sectors

Gs | Ts | S1| S2| 83| 84| S5 |86 |57 | 58| S9 | Sio| S11 | Sz
2 (Vo | V| Vs |V [ V| V5| Vs | V6| Ve| Vi | V1| Vo
L1 | Vo | Vo | Va | Va | Vu|Va|Vs| Vs | V6| Ve | Vi | Wh
ANV | Vi [ Vo Vo | VB | Ve | V| V| V5| Vs | Vs | Vs
2\ Ve | Vi | Vi | Va| Vol | Vs | Va | Vy|Vy| Vs | V5| Vs
2 1 | Vu | Vu | V5| V5| V| Vs | Vi|Vi| Vol| Va]| V3
O 1 | Va|Va | Vs | Vs | V| Ve|Vi|Vi|Va| Vo | V3| V3
Vs Vs | Ve | V| Vi | Vi|Va| Vo| V| Va3 | Vi| Vg
2 Vs | Ve | Ve | Vi | Vi|Val| Vo | Vs | V| Vi | Vi| Vs
e = Qf — Qs (11
€L — €L._
dey, = % (12)
Te*k = T:k—1 — dUy (13) o6l

eon = Keaeq ; degn = Kieadeq ; dUp = KyodU
Symmetrical triangular membership functions with 7
fuzzy sets are used for the input and output variables
as shown in Figures 6, 7 and 8. The linguistic vari-
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Figure 8: Output membership function dU,,

ables are defined as follows: NB (Negative Big), NM
(Negative Medium), NS (Negative Small), Z (Zero),
PS (Positive Small), PM (Positive Medium), PB (Posi-
tive Big). The fuzzy rules, used to determine the regu-
lator’s output variable, are deduced from a table called
the inference table. In this case, 7 x 7 = 49 rules as
shown in table 2. This inference matrix is established

Table 2: Inference matrices

elce | NB | NM | NS A PS | PM | PB
PB A pPS | PM | PB | PB | PB | PB
PM | NS A pPS | PM | PB | PB | PB
PS | NM | NS VA PS | PM | PB | PB
VA NB | NM | NS VA pPS | PM | PB
NS | NB | NB | NM | NS Z PS | PM
NM | NB | NB | NB | NM | NS YA PS
NB | NB| NB | NB | NB | NM | NS A

on the basis of a perfect knowledge of the behaviour of
the system to be adjusted, as well as knowledge of the
objective of the control to be achieved. The method
of inference used in this work is Mamdani’s method
whose fuzzy rule which connects the output with the
inputs is of the kind:
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if e, is NS and de,, is NM so dU,, is NB

Once the fuzzy output is calculated, it must be trans-
formed into a physical value, this is the role of the
defuzzification interface. In this work, we take as a
defuzzification criterion the method of the center of
gravity which allows to express analytically the out-
put of the fuzzy regulator, to simplify its implementa-
tion and to reduce the calculation time. In this case,
the abscissa of the center of gravity corresponding to
the output of the fuzzy regulator of the Mamdani type
is given by the following relation:

_ Japp(z)de

S PELE

(14)

S Fuzzy adaptive Luenberger ob-
server for flux and speed estima-
tion

The adaptive flux observer is a deterministic type of
observers based on a deterministic model of the sys-
tem [15]. In this work, the adaptive Luenberger state
observer (ALO) is used to estimate the flux compo-
nents and the rotor speed by including an adaptive
mechanism based on the Lyapunov theory and fuzzy
regulation. In general, the equations of the ALO can
be expressed as follow:

{:;r:Aﬂ:c—i—BujLL(y—g) (15)

y=Cz

The symbol"denotes the estimated value and L is
the observer gain matrix. The mechanism of adapta-
tion speed is deduced by Lyapunov theory. The esti-
mation error of the stator current and rotor flux, which
is the difference between the observer and the model
of the motor, is given by:

¢=(A—-LC)e+ AAz (16)
Wheree = x —
0 0 0 K.Aw,
~ 0 0 —K.Aw, 0
AA=A-A=1, 0 —Aw,
00 Aw, 0
(17)
Aw, = w, — W,

Definition 1 We consider the following Lyapunov
function:
(Aw,)?

ot
V=c.e+ X

(18)
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Where ) is a positive coefficient, its derivative is
given as follow:

V =¢€[(A-LC) + (A -LC)e
. . 2 .19
_2KAWT (eisa ¢rﬁ — Cig ¢TO¢) + XAWT’O‘)T
With @, is the estimated rotor speed. The adap-
tation law for the estimation of the rotor speed can be
deduced by the equality between the second and third
terms of Equation (19):

W, = / AK (€5,,0rp — €iy0ra)dt  (20)
The feedback gain matrix L is chosen to ensure

the fast and robust dynamic performance of the closed
loop observer.

i =l
ek

L=|;} O Q1)
ly I3

With [y, I3, I3 and [4 are given by:
h=k =D+ 7)sle=—(k —1)wr

2_ —
Iy = By - Ko) + Bl 4 )

Iy =-E=1

Remark 2 k; is a positive coefficient obtained by
pole placement approach; a wise choice was made
for its value which is 1.06 in order to guarantee a
fast response. Fuzzy logic control (FLC) in adapta-
tion mechanism replaces conventional control and it
gives robust performance against parameter variation
and machine saturation [16].

The state space mathematical model of the adaptive
observer is illustrated by Figure 9.

U ol +- X IT\ X |
AR [N AN LC AT
i Motor A i
\ |[ob b
i server 'T‘ & i
Ll FX L% )
)
! _ %)
! Estimator !

______________________________________________

Figure 9: State space model of the observer

Figure 10 shows the overall structure of the pro-
posed DTC strategy.
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Figure 10: Proposed control scheme

6 Results and discussion

A series of simulation tests were carried out on the
proposed system. During all the tests, the reference of
the stator flux is set to 1 Wb. In the first test, The step
reference is chosen because it is the hardest for most
control processes, and it allows to determine the sys-
tem exact response time. A sudden load of 10 N.m is
applied at instant 0.2s and removed at 1.8s in order to
test the system stability. In the second test, the system
will be operated at very low speed region.

Figure 11 shows the torque THD coefficient for the
proposed and conventional DTC. It is reduced from
64.21% to 54.03% which means that the torque rip-
ples are much lower with the proposed DTC. Fig-
ure 12 shows the stator flux THD coefficient for the
proposed and conventional DTC. It has been reduced
from 63.56% to 56.00% which also means that the
flux ripples are much lower with the 12-sectors DTC.
The switching frequency of the proposed DTC is con-
stant, the reason is that each inverter’s interrupter has
a rest moment (switching off) which can reduce the
commutation losses even in steady state or in transient
operation.

Figure 13 (a) shows that the steady state is reached
quickly and the starting torque and currents reach
maximum values and are stabilized at the same time,
the starting torque is high in order to overcome the in-
ertia and friction and the dynamics of speed are very
fast with a short response time. This means the high
performance of the flux and torque estimators, espe-
cially the speed fuzzy regulator. The response time is
very little 0.02s and there is no overshoot of the refer-
ence speed. The system rejects quickly the load per-
turbation even it is applied for almost the entire simu-
lation interval.

Figure 13 (e) shows that the torque is reacting quickly
to the speed transition and to the load. It does not ex-
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ceed 25 N.m even in the rotation sense inversion. The
applied load is clearly shown between 0.2s and 1.8s.

The speed error does not exceed 0.25 rad/s, the flux
error is very little and does not exceed 1.5 Wb. That
means the high performance of the observer in speed
and flux tracking. The fuzzy adaptation mechanism
rejects any external perturbation very quickly.

Figure 13 (g) shows the 12-sectors DTC zone selec-
tion high performance, and the flux crown does not
exceed 1 in radius, Figure 13 (h). That also demon-
strates the system high performance.

In the second test of Figure 14, the control system kept
the same good performance even the speed region is
very low this time. The speed error is very little and
the stator flux is tracking the reference very well. The
3-phase stator currents magnitude is high at the start-
ing, and then it decreases quickly to reach a constant
value. The zone selection is quick and the flux crown
is perfect.

7 Conclusion

12-sectors DTC for a 3-phase induction motor drive
is designed and simulated in MATLAB/Simulink, and
it’s dynamic performance is studied too. The start-
ing current, fuzzy speed regulation, flux distortion and
torque pulsation are much better with the proposed
technique. The simulated responses show that the sys-
tem performance is good during the instant load, the
simulated current and torque during the steady state
are improved, with faster dynamic characteristic.

The modified DTC showed a reducer flux ripples,
faster magnitude tracking at the starting up and bet-
ter components waveform than the conventional DTC.
In conclusion, 12-sectors technique has proved good
performance dynamic especially at very low speed.
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Fundamental (50Hz) = 37.38 , THD= 64.21%
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Fundamental (50Hz) = 35.35 , THD= 54.03%
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(d) Flux error
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Figure 14: Very low speed region
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