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Abstract—This work addresses the problems inherent in the
disturbances affected to the operation of electrical motor
drives, a modified direct torque control which is among the
excellent method of torque control of an induction motor
that provide a decoupled control of flux and torque is
implemented with a novel controller of active disturbance
rejection controller to cancel the drawbacks of flux ripples,
high torque at start-up and also variable switching
frequency associated in the classical DTC. In the other side,
an advanced estimator for rotor speed is used in order to
rectify the problem of sensors. The proposed control
strategy, implementation data, and simulations with MDTC
are presented and discussed. It is concluded that MDTC-
SVM proposed control topology offers high performance in
steady-state operation despite the existence of the internal
and external disturbances.

Index Terms—Induction motor, modified direct torque
control, fuzzy logic control, active disturbance dejection
control.

NOMENCLATURE
Wy Rotor speed
p Number of pole pairs
n Inverse of rotor time constant
M,Ls, L,  Magnetizing, stator and rotor inductance
Rg, R, Stator and rotor resistance
X, X Real and estimated value of x
ig,ig Currents in stationary reference frame
Va, Vq Voltages in stationary reference frame
g, Urq  Rotor fluxes in stationary reference frame
Usa, Usq  Stator fluxes in stationary reference frame
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I.  INTRODUCTION

In the last decade, it found birth a new control
topologies of the torque control mostly the Direct Torque
Control (DTC) that was presented by Takahashi and T.
Noguchi, this approach has been introduced in order to
control the induction motor, more precisely for
decoupling the torque and flux.

Direct torque control is composed of a lookup table,
torque and flux calculators, a voltage-source inverter
(VSI), and a pair of hysteresis comparators, and presents
some influential problems on the induction motor
operation, such as high torque and flux ripples with
current distortion, the changes of switching frequency
owing to operating conditions [2].

Recently, In the first years of the new decade the

authors of the new command strategy have been
incessantly developed and enhanced the control because
of many disadvantages faced in the classical DTC. To
make the control more suitable, cancelling the drawbacks
which are aforementioned, keeping the simplicity of the
classical DTC and certainly improve the steady state
performance of an induction motor, this work presents an
advanced technique of modified direct torque control
using active disturbance rejection controller [11].
Thence, the space vector modulation (SVM) strategy was
implemented with DTC scheme (DTC-SVM) because it
produces less total harmonic distortion THD during
operation. Multiple SVM strategy were introduced in the
literature, such as highest current non-switched sequence,
right aligned sequence, alternating zero vector sequence
and symmetrical sequence [3].

Since the induction motor drives are imposed with
nonlinear characteristics, the researchers developed a new
command to deal with these problems called Active
Disturbance Rejection Control (ADRC) that was
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introduced by Han in 1998 and created for nonlinear
system, its significant advantage is it may estimate and
compensate the parameter variations as the external
disturbances. accordingly, it does not require the accurate
model of the plant. In other words, the design of ADRC
is independent of the controlled system model and its
parameters [9].

In this work, the MRAS estimator is presented, the
implementation of both flux and rotor speed in closed-
loop becomes easy. This paper is organized as follows:
Section 2 describes the proposed Modified Direct Torque
Control. Section 3 presents the Active Disturbance
Rejection Control. Section 4 introduces the proposed
Model Reference Adaptive System for speed estimation.
Section 5 deals with the simulation results. Finally,
conclusions are given in Section 6.

Il.  PROPOSED DIRECT TORQUE CONTROL

In general, an engine with symmetric induction in three
phases, the instantaneous electromagnetic torque is based
on the product of the rotor flux linkage space vector and
the stator flux linkage space vector and presented as
follows:

Te = Bp/2) sl siné M)

Whereabouts, |ys,’| presents the rotor flux linkage
space vector referred to stator, ysis the stator flux linkage
space vector, p is the number of pole pairs and finally J is
the angle between the stator and rotor flux linkage space
vector [8].
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Figure 1. Block diagram of proposed MDTC.

Fig. 1 shown above introduces the structure of
proposed MDTC applied on induction motor. So, instead
of using voltage-switching table and the hysteresis
comparators of conventional DTC, we implement a
SVPWM technique and calculation of the reference of
voltage space vector. By dint of this strategy and
maintaining the constant amplitude of reference stator
flux, the torque control is achieved.

The instantaneous electromagnetic torque presented in
equation (5) is achieved by controlling torque angle
change and keeping the rotor and stator flux vectors at
constant amplitude. Then, with same principle applied in
[5] and [6], (1) torque equation is replaced by the
following equation of (2) [5]:
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3 M? 5 _t )
Te(t) = [Epmh/)s |] [1 —e T] (w5 — wy)

The time constant t is given as: t = oL./R;

The term of (wg— w,) presents the slip angular
frequency wyg;p, the slip between rotor angular frequency
w, and the stator flux angular frequency wg and can be
presented as:

Wglip = Ws — Wr 3)

Then, by substituting Equation (3) into (2), we obtain
the following equation of electromagnetic torque:

1@ = [2p 2z 2] [1 - ¢ 77] @) )

Afterward, it’s clear that the instantaneous
electromagnetic torque is proportional to slip angular
frequency, which can be rewritten as:

= deslip — Aeslip (5)

Dstip = "¢ At
Where the sampling time g, is the angle between
stator flux vector axis and rotor axis. Finally, the

modified instantaneous electromagnetic torque is given
by substituting equation (5) into (4):

T = EpRM—LZZ stzl] [1-e|(F2)  ®

At

A. Direct Stator Flux Control Method

Applying a direct stator flux control technique, the
changing value of slip angle ABg;; is controlled and can
be performed in the instantaneous electromagnetic torque
[4]. The main objective in stator flux control technique is
decoupling the amplitude and angle of stator flux vector.
From the above block diagram Fig.1, reference torque is
generated from speed ADRC controller [7].

In order to compensate the torque error AT, between
the estimated real torque and reference torque, the angle
of stator flux linkage must be increased from 6 to
05 + AB; as presented in phase diagram in Fig. 2, and
ABg = ABg, thus:

0 = 05 + Aby (1)

where ABg is the change in slip angle, it is found
as(0g = [ wg dt), and generated from torque ADRC
regulator.

Afterwards, the required reference stator flux vector in
polar form is given by:

Y5 = 51465

0; is the angle of the reference stator flux and
calculated from equation (7), |Ws"| keep constant at rated
value. Therefore, required slip angel is written by:

(9)

(8)

Agsl = wsh-pAt



International Journal of Mechanical Engineering and Robotics Research Vol. 9, No. 1, January 2020

q —axis .
W,
[ e
|
A
Ve VIAT
q
|
¥ 1
,,,,,,,,,,,,,,,,,,, 1
oA
{
A, o
|
pa
ro,_\y ol
: ol
a;.\ 6. | !
(s I !
ro
[
[
[
! 1

d — axis

Figure 2. Control of stator flux linkage.

The reference flux vector is given by:
Ysa = Y5 cos(6s)

(10)
Ysq = Ps sin(6s) (11)

Estimated actual flux magnitude is:
Voa = [ Vea = isaRs) e 12)
lpsq = f(‘/;q - iqus) dt (13)

The flux error is given by:

Mg = P5q — Ysa (14)
Al»l}sq = ws*q - lpsq (15)

For both cases, Ay is the flux error between reference
flux and estimated actual flux.
The reference space voltage vector is given by:
s*d = Alpsd/At + ists
Vs:z = Al/)sq/At +isqRs

With At is the sampling time.
Time signals are calculated and generate the pulses to
control the voltage source inverter as explained in [6].

(16)
(17)

I1l.  PROPOSED CONTROL STRATEGY

Owing to the nonlinearity and complexity of the
electrical power system, the researchers have tried to find
a way to design a powerful controller in order to obtain
better control performance. Therefore, the active
disturbance rejection control (ADRC) strategy which is
presented and implemented in this work, is designed to
remedies the disadvantages of nonlinear PID control and
inherits its advantages simultaneously. Additionally, the
control becomes a more robust and effective for uncertain
systems and equally presents a high precision in terms of
the influence of external and internal disturbance due to
the extended state observer, the basic element and a
powerful anti-disturbance of ADRC. The third-order
LADRC structure is presented in Figure 4 and the
controlled process is followed by (18) [1] [9]:

y=bu+f(yyud (18)
where u and y are respectively the input and the output of
the system, f denotes the total disturbance including
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external disturbance and internal disturbance, b is a

constant and denotes the process parameter [12].
a |

Gp(s)

LESO

Figure 3. The linear ADRC structure.

Finally, d denotes the system external disturbance. The
state space equation is presented in the following:

X{ =X,
{xé=x3+bou
| x3=f

y=x

(19)

The linear extended state observer (LESO) in the
following (25) in order to estimate the value of y, y and

f 9]
721 =2+ p1(y — 21)
7y =23+ B (¥ — 71) + bou
73 = B3(y — 1)
Then, the parameters of observer gain are presented in [9]
as follows:

[B1, B2, B5] = [Bwo, 3w§, 3wi] (21)
where w, is the observer bandwidth. In the duration of
parameters tuning process, Z;, Z,, Z3 should track y, y, f
respectively and the disturbance compensation is as
follows:

(20)

Ug — Z3
by
So, the control system is converted into an integral

cascade as shown below in (23):

u= (22)

.. 23
V=Ff+u—z3=u (23)

At that time, the Proportional derivative control law is
given as:

Uy = kp(r —z;) —kqz, (24)

With:
(25)

where w, is the PD bandwidth, the equation (6) presented
in the previous section can be achieved as:

BM Aeslip
= 26
1+7s *( At ) (26)

k, = w¢ and kg = 2w,

Te

2
Where B,, = %p% |1h5?] is constant.
s

The expression of the electromagnetic torque can be
given into the form:
m * A@slip - ; * Te (27)
Then, we can deduce the following equation according
to ADRC form:

T, =
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(28)
2 = f(T,,d, t) + bou(t)
Where
! T, + (—BM b ) A8
= ——x — * ;
f T ¢ \1.At ; stip (29)
u=AM0g, by= T.—Xt

f represents the total disturbance affecting the
electromagnetic torque T, , by is the parameter gain to
approximate, u = Afg;;, is the control input of the torque
loop T,. Finally, choosing a suitable response time, we
can obviously determine the parameters kand kg of the
ADRC controller.

IV. PROPOSED MRAS OBSERVER

In this subsection, the model reference adaptive
method (MRAS) is presented. Depending on the principle
of direct torque controlling of sensorless induction motor,
getting the angle and amplitude of the rotor flux is one of
the most influential factors affecting the performance of
the system control.

A. Reference Model

The reference model generates the reference value of
the rotor flux components in the stationary reference
frame (o, PB). The reference rotor flux components
obtained from the reference model are given by:

d L, .

Ed)ar = M (Vas — Rslgs — 0Ls dt —lgs) (30)
d L d

T Mr Vgs = Rsips = OLs - igs) (31)

B. Adaptive Model

The adjustable model is designed using the rotor
equations, this observer estimates both the fluxes and the
speed. The equations of the observer are formed as
follows:

d . " g .
d_fllpa =N — pwrlpﬁ +nMi, (32)
alﬁﬁ = p@, Py —MPp +NMig
&, = M.sign(s)
{S = lp[z’lﬁa - l/)alﬁ[z’ (33)

The equation (33) represents the discontinuous
estimated speed, manifold s is differentiated, constructed
as a combination of the reference fluxes Y, ,ig and the

estimated fluxes i, ITJBand is presented in the following
form :

s= pwr(lpalﬁa + 1/’31,53) + Zn(lpalz)\ﬁ -

lpalp[a’) + nM[(lpci_ lpa)i[i - (lpB -
lpﬁ)ioz] - p(lpalpa + lpﬁlpﬁ)&)\r

With the assumption of that the adjustable model

converges and (i, = g, lTJB - g, the coefficient of

&, becomes as following p(PePq + LT’B"’B) = py? >
0 and the equation (34) can be rewritten as:

(34)
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$=f —pyY*M.sign(s) (35)

If s =0, it can equally be assumed that § = 0 and the
equivalent control of &, represents the low frequency
component of the switching term M. sign(s) [5]-[6] and
given as:

Wreq =
Wy t+
nM[(Pa—ba)ig—(Yp=p)ial+2n(Ppa—bap)
17’:11/}41‘“7)[31/)[3

The numerator of the second term shown in (36)
becomes equal to zero when the adjustable model
observer converges. Thus, it is obvious that wpeq = Wy
and is obtained by low pass filtering the switching term
M.sign(s) and represents the estimated speed of the
observer.

Using a second-order sliding mode technique, the
switching term @, is redesigned as:

Is| sign(s) + B [ (sign(s))

(36)

@37
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Figure 4. Block diagram of proposed MRAS.

The simulation, o« = 1352; f =561. A compromise
value of o should be found, neither too small nor too
higher to get an improved quality of the speed with
accurate estimate during transients.

T e 7
‘ ‘ ‘ H\‘ i “‘\‘ ‘ | w\‘ ‘ H
““ | w\wHHH \H

o \HH“ il “ H\ “
| vmn\lnl!l\l;llm I ‘;‘,‘Ju‘.‘m‘J‘n Ll /H MIHW

Tume (s)

Alpha-axis Rotor Flux (wb)

3

(a)
giin UIH/“'\H(' 'U: ( m w\ N ‘]; | “ "'HUI‘I' 7‘, ”\ I
\ il |
;\ “ ‘:“ HHH‘ \H‘
£l (AR I HHH
Mi Hu.n‘ \M ‘J\“u ! J‘J‘.‘m.‘il”\?“‘ll\l ‘HJHIM\
(b)

Figure 5. A comparison between the actual rotor fluxes of IM and the
estimated of MRAS (a), Alpha-axis rotor flux (b), Beta-axis rotor flux.
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Fig.5 and Fig.6 present the fluxes results in alpha-beta
reference frame of the proposed MRAS. As shown in
above figures, the actual fluxes track the reference with a N\
little overshoot at start-up, it concluded that the proposed ! ' | —— ' '
MRAS introduces an acceptable result in order to wl
generate the desired rotation speed. ,

Figure 9. Electromagnetic torque of IM.
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V. SIMULATION RESULTS AND DISCUSSIONS

Stator flux (wb)
s o o

The  performance  of the  both  system
"Command+Estimator " in perturbation rejection and
trajectory tracking shown in these figures, is evaluated
under a variety of operating conditions such as the W I
changes of motor drive parameters, an abrupt variation in Figure 10. Stator flux of induction mator.
speed control and for step change in load.

In order to study the robustness limit of the proposed
command, the responses are obtained under rotor
resistance variation R,. that varies until 60%.
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Figure 11. D-q axis stator flux of induction motor.

Figure 7. Rotor speed of IM.
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Figure 12. D-q axis stator currents of induction motor.
Figure 8. The error of the estimated and reference speed.
Fig.12 demonstrates the capability of the proposed
system is verified when the stator currents are obviously
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circular and its trajectory is almost sinusoidal. As shown
in Fig. 7, a sudden speed change from -50 to 27 rad/s,
varying load torque to the following values (2, 6, 4.2)
N.m, and the motor speed tracks the reference with a little
overshoot. Fig. 8 introduces the error speed between the
estimated and the reference speed. Fig. 10 presents the
stator flux of the induction motor that tracks the reference
at 0.95 wb and Fig. 11 shows the stator flux in the d-q
axis reference frame. Fig. 9 presents the electromagnetic
torque comparing the reference and the actual torque of
induction motor.

In terms of perturbation rejection, we notice that
proposed ADRC control rejects rapidly the load
disturbance with a negligible steady state error except at
the time when the load is suddenly changed, the previous
figures show the efficiency of the control system. In
terms of trajectory tracking, the validity of the speed
estimator structure assured by MATLAB/Simulink
simulations is used as feedback in the closed loop, then in
some figures that introduce the estimated, actual and
reference values and errors are presented, and we notice
that the actual and estimated motor speed converge to the
reference speed. In spite of that, it appears a small static
error when the motor speed varies.

Comparing the waveforms, using the proposed
technique produces the reduction of the ripple and
overshoot is obtained related to conventional switching
table technique of DTC. Finally, high tracking accuracy
is observed at all speed, rejection of external and internal
disturbances could be realized and the response time is
enhanced.

VI. CONCLUSION

This paper has introduced an advanced modified Direct
Torque Control with space vector modulation based on
active disturbance rejection control(ADRC), Using
MDTC-SVM strategy, the real switching frequency
becomes constant and controllable, Afterward, the total
harmonic disturbance of the flux, torque and currents is
minimized by the implementation of extended state
observer (ESO) which is the significant element of
ADRC. Then, it concluded that the performance of the
proposed scheme is superior in terms of robustness to
parameters variation as rotor and stator resistances and
consequently, the system presents less ripples. On the
other hand, an enhanced MRAS speed estimator based on
the rotor flux estimation was presented and implemented
at low and high speeds.

APPENDIX

ADRC controller parameters:
The direct current gains of stator:

Bia = 620; Brq =231
The quadrature current gains of stator:
Big = 250; Bpg = 4.1073

Stator currents controller gain k,,_s= 170
Stator currents parameter bg,= 113
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TABLE I. IM DRIVE PARAMETERS

[1].

[21.

[31.

(4]

[5].

[6].

(71

(8].

9.

[10].

[11].

[12].

Numerical
Symbol Quantity application
f Current stator frequency 50 Hz
p Number of pole pairs 2
J Moment of inertia 0.029 Kg.m=
Rs Stator resistance 485Q
Rr Rotor resistance 37Q
M Mutual inductance 0.265H
Ls Stator inductance 0.315H
Lr Rotor inductance 0.315H
Nn rated speed 27 rad/sec
U Power supply voltage 380 V
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