Received: January 12, 2020 124

International Journal of
Intelligent Engineering & Systems

INASS

http://www.inass.org/

Robust Nonlinear Controller of the Speed for Double Star Induction Machine in
the Presence of a Sensor Fault

Aichetoune Oumar'* Rachid Chakib? Moussa Labbadi?® Mohamed Cherkaoui*

134Engineering for Smart and Sustainable Systems Research Center, Mohammadia School of Engineers,
Mohammed V University in Rabat, Morocco
2L aboratory of Innovation in Management and Engineering for Enterprise (LIMITE), ISGA, Rabat, Morocco
* Corresponding author’s Email: aichetouna.mahmoud@gmail.com

Abstract: This paper is dedicated to controlling the speed of the double star induction machine (DSIM) by a robust
controller. The model of DSIM has been presented by using a vector representation. To control this machine, three
robust nonlinear controllers have been used: an active disturbance rejection control (ADRC) regulator is presented in
the first place, after a sliding mode control (SMC) is studied in second place, to achieve some performance for the
machine, and then followed by the proposed robust controller based on the Backstepping (BSC) technique, this
technique is based on the stability of the Lyapunov function. A comparative study between these controllers (ADRC,
SMC and BSC) has been presented. The performance of three regulators or three techniques is evaluated under the
normal operating condition of the machine and in the presence of one current sensor fault. The simulation of these
techniques is presented, the results showed that the proposed controller based on BSC is more robust than that of

ADRC Controller and SMC controller.

Keywords: DSIM, Robust controllers, ADRC, SMC, Backstepping, Sensor fault.

1. Introduction

In the fields of industrial applications that require
reliability and high power, the multiphase machine
occupies an important place, this machine generally
has advantages over the three-phase machine such
as power segmentation, minimization of torque
ripples and rotor losses and also improved reliability
[1].

The double star induction machine is the most
widely used multiphase machine, it contains six
phases in stator subdivided into two windings. It is
used in high power applications such as compressors,
locomotive traction and in the wind power
production system, etc [1, 2].

The control of the DSIM has long been a very
broad field of research. One of the first known
control is vector control, which is a classical control.
The rotor field-oriented control is one of vector
control, its principle is to control the DSIM in such a
way that the rotor flux is constant on one of the axes
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of the PARK reference frame [3]. In general, the PI
type controller is the one used in this control. The
use of the PI regulator for speed control is very
sensitive to parameter variation of the machine and
the load variation [3]. For this reason, the PI
controller has lost its performance, so it is often
replaced with a non-linear controller. In addition to
this problem, the defect of the currents sensors is
also a huge problem that can destroy the
performance of the DSIM control system. For this
reason, it is very important to develop a controller
that can keep a good system performance.

Our aim in this paper is to develop a robust
controller based on the backstepping approach which
takes into account the parameter variation and the
sensor failure. The study consists of regulating the
speed of the DSIM by a BSC controller while
keeping the regulation of currents and flux by PI
controllers, which considered a mixed control. This
regulator will be compared to two other nonlinear
controllers based on the active disturbance rejection
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control (ADRC) technique and the sliding mode
control (SMC).

The ADRC is a command introduced by Han [4].

It is a robust non-linear controller, it allows us to
estimate and compensate all the disturbances of the
system. The main element of this technique is called
the ESO which provides the disturbance estimation.
The ADRC allows decoupling between the DSIM
magnitudes [4]. This control has been applied to the
three-phase induction machine in [5] and the
doubly- fed induction machine in the reference [6]

and has shown its efficiency in these research works.

Other references have compared the ADRC
controller with the Pl controller [6, 7], in this
comparison, it has proved that it can replace the PI
with good tracking and insensitivity to variation
load.

The SMC is a technique for controlling the
nonlinear systems and the systems with imprecise
models. It is a robust control against the magnitudes
variations of the machine and the load variation.
This control guarantees the good stability of the
machine and fast dynamic response. The SMC has a
famous disadvantage called the phenomenon of
chattering [8], the chattering causes heat loss and the
wear of mechanical systems. This control has
demonstrated its performance for the control of the
Permanent Magnetic Synchronous Motors [8],
doubly fed induction Generator [9].

The Backstepping (BSC) is also a non-linear
control method, based on the decomposition of the
high-order system into the first-order subsystem. It is
a technique that allows in a sequential way to build a
Lyapunov function [10]. It is a control that offers
good performance in the transient and steady-state
even in the presence of parameter variations or load
variation. The Backstepping technique has been
shown their effectiveness in simulation and
experimental research of the control of the three-
phase induction machine [10], to the five-phase
induction machine [11] and six-phase induction
machine [12], it has shown its robustness and
efficiency in controlling these types of machines.

This present work is organized as follows: A
mathematical model of the machine is presented in
section 2. In section 3 a controller based on the
ADRC approach is developed. A sliding mode
regulator is then presented in section 4. In section 5,
a robust controller based on the BSC technique is
designed. The system regulation scheme is presented
in section 6. In section 7 the performance of the
proposed controller, the ADRC and SM controllers
are evaluated. Finally, section 8 is reserved for the
conclusion.
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2. Machine model

The double star induction machine is an electric
machine composed of two main elements: the rotor
and the stator, the latter consisting of two windings
offset by an angle a = 30 [13]. Fig.1 shows the
DSIM windings.

The voltages equations of the DSIM in (d, q)
axes are expressed by the following system [14]:

. d

Vas1 = Rs1lgs1 + Elpdsl - wsqul
. d

Vasz = Rsalgsz + Elpdsz - wsquz

. d
Vqsl = Rsllqsl + Elpqsl + w51

. d @
Vgs2 = Rsalgs2 + Elpqsz + wsPas2
. d
0 =Ryigr + Elpdr - wgll/)qr
. d
. 0=Rpig + El/)qr + wgiPar
With wg; = ws — w,
The flux equations [14]:
(Vas1 = Lsilgsr + Lin(igs1 + lasz + iar)
VYasz2 = Lsalasy + Ln(lgs1 + fasz + lar)
lpqsl = leiqsl + Lm(iqsl + iqsz + iqr) @)

quz = LSZiQSZ + Lm(iqﬂ + iqSZ + iqr)
Yar = Lpigr + Lp(igs1 + sz + igr)
\ Wgr = Lyigr + Lin(igs1 + igs2 + igr)

The electromagnetic torque [14]:

L . .
C.=P mL (wdr(lqsl + lqsz)
r

_lpqr(idsl + idsz)) (3)

Ly, +

]

Se>

Figure. 1 DSIM windings [9]
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The rotor field-oriented control is the one applied
in the present study of this paper. The principle of
this control is to decouple the torque and the flux in
such a way that the flux in the PARK frame is
expressed as follows: Y4, = 5 Ygr = 0 [14].

The electromagnetic torque by applying the
principle of vector control becomes:

Ce = PL—m (wr(iqsl + iqsz)) (4)

Ly+Ly

The mechanical equation of the machine is
illustrated by Eq. (5).

d
]&wr:Cem_Cr_war ®)
By using equations 4 and 5, the speed of the

machine is expressed as follows:

Loy = %[PZ =ty (igs1 + gs2) — PCr — Kpavy |

Ly+Ly
(6)

In this part the model of the system has been
presented, in the future section, speed controllers will
be presented.

3. ADRC speed regulation
3.1 Principle of the ADRC command

The principle of ADRC command is to estimate
all disturbances, whether internal or external to the
system and instantly cancel them [15]. An extended
state observer (ESO) is the one responsible for
estimating disturbances. It treats all unknown system
dynamics as a disturbance f(t) [15].

The ADRC principle for a system of n order with
a single output y(t) is represented by Eq. (7).

y™(@®) = () + boU(®) ()

Where U (t) represents the input of the system; f(t)
it is the set of disturbances; b, is the known
parameter of the system. The strategy of the
command consists of using the command U(t) to
estimate and compensate for f(t).

3.2 ADRC speed regulator

The Fig.2 illustrates the speed regulation diagram.

It is clear from the Eq. (5) that the system is first-
order so we use a first-order ADRC. The control
scheme of the first order and its representation as a
state variable is well detailed in the reference [16].
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Figure. 2 Speed regulation scheme

We can express Eq. (5) in this form:
yP () = f(£) + boU (L) (8)
With:  £(¢) = %wr - C7 + (} — bg)Com , U(t) =

Cem and by = %

4. Speed control by SMC
4.1 Principle of the SMC control

It is a control designed to solve the control
problems of nonlinear systems. The principle of this
control is to define a switching surface and ensure a
convergence of the system trajectory to the sliding
surface. The sliding mode control is applied in two
steps [17, 18-19]. The first step is to define the
sliding surface s (t):

s()=x"—x ©)

Such that x is the state vector of a system and x*
represents, its reference.

The second step consists of determining the
control law u(t), this control vector is composed of
two terms:

U(t) = Ugg + Uy (10)
u., - Represents the equivalent control, it is

obtained by imposing $(t) = 0 and u,, : Represents
the switching control.

4.2 SMC speed regulator
We must define the sliding surface of the speed:
s(t) = w," = w, (11)
The derivative of Eq. (11) is expressed by Eq. (12):
50 =6,"— & (12)
By replacing Eqg. (6) in Eq. (12), we obtain Eq. (13).
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. P | Ly

$S(H) = o, — 7[P L. +L, wrlsq - war]
(13)

Wlth isq* = iqsl + iqsz

We note that i," is the control law, it is composed
of two terms: an equivalent control term i;sq and
a switching control term iy, illustrated by Eq. (14).

isq* = isqeq + isqn (14)

During steady-state and sliding mode: s(t) =0,
$(t) = 0and igq, = 0, we obtain from Eq. (13) the
expression of iggeq :

JEm+Ly)

lsqeq = Pszll)T[ r + C + r] (15)

From reference [19], isqn is calculated by the
following equations:

. _ s(t)
lsqeq - *w Is(D)|+¢ (16)
Where k, and & are positive constants. That

stabilizes the closed-loop system and obtained by
adjustment.

5. Speed control by BSC
5.1 Principle of the BSC control

The principle of this control is based on the use
of the defined positive Lyapunov function, which
guarantees an always negative derivative. The
Lyapunov calculation is performed after the system
has decomposed. The method consists of dividing
the system into subsystems of decreasing order. The
aim of this strategy is to determine the control of
each step while guaranteeing stability [19, 20].

5.2 BSC speed regulator

The purpose of this step is to calculate the
difference between the speed w, and its reference
w,", so the error e is defined by Eq. (17) to referred
[19, 20-21].

e= w,” — w, (17)

The derivative of Eq. (17) is expressed by Eqg. (18).

=" — o, (18)
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By replacing in Eq. (18) the derivative of speed
represented by (Eqg. (6)), we obtain Eq. (19).

6=,
1

- 7[P Lm +L l/)r(lqsl + lqsz) PC - war] (19)

The Lyapunov function of the speed error is
represented by Eqg. (20).

The derivative of Eq. (20) is expressed by Eq. (21).
V=eé (21)

To get a negative derivative of the function of
Lyapunov, it is necessary to choose: ¢ = — G.e,
where G is a positive gain, which implies that the
derivative of the function of Lyapunov is strictly
negative, therefore the conditions of stability are
checked.

From Eq. (19) we get this equality:

. * 1 L
—G.e=w, — 7 [P ﬁlpr(lqsl + lqsz)
—PC, — Krw,] (22)

From Eq. (22), we get Eq. (23).

. J(Lm+Ly)
isq" ——PZ’L"mw [®, + C + X

a)r + G.e] (23)
With: is," = igs1 + igs2

The third method presented in this part is the
backstepping controller, this method guarantees the
stability of the DSIM according to the Lyapunov
theory.

6. System regulation scheme

The DSIM control block diagram is illustrated in
fig. 3. This scheme consists of a double star
induction machine powered by two voltage inverters
controlled by the PWM technique, the control
scheme is based on vector control. The current and
the flux regulation is provided by PI regulators, the
speed regulation is provided by an ADRC regulator
in a first test, a SMC regulator in the second test and
a BSC regulator in the third test. The amplitude of
the rotor flux and its phase shift is calculated by an
estimator. The flux estimator is based on the
following mathematical equation [22]:
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Figure. 3 Control of DSIM

Pr = = (igey + igsy) (24)

T 14Trs

With Tr = 2o
Its phase shift is calculated by Eq. (25).

0, = I(MM + w,)dt (25)

Lr+Lm w?"

7. Comparison between ADRC & SMC and
BSC

To verify the robustness of the proposed
controller based on the Backstepping technique, we
compare it with an ADRC controller and SMC
controller. To compare the three controllers, one
current sensor fault was introduced on each control
structure. Two simulation tests are presented in this
section. The first consists of operating the DSIM in a
normal state without any fault, the second consists of
creating a sensor fault in phase a.

The DSIM studied in this simulation is powered
by two voltage inverters controlled by the PWM
technigque. The parameters of the machine are given
in an appendix. In both simulation tests, The DSIM
runs empty until we introduce a load torque of 15
N.m at the instant t = 1s also the reference speed is
fixed at 100 rad / s. At the level of the second test,
we introduce the defect at time t = 3s, where we
multiply the amplitude of the measured signal of isa

by a gain of 1.6 (offset defect) for the first time and
in the second time by 0.4 (gain defect).

7.1 Tracking test: Healthy operating

Figs. 4 - 6 illustrate the curves of the speed, the
torque and the stator currents of phase a respectively
of three controllers. It can be seen from fig. 4 that the
torque of each approach follows its desired values.
We note that the dynamics response of the torque of
the BSC is the fastest.

At the level of the speed curves presented in fig.
5, it is noted that the speed tracks its reference in
each control techniques but the response time for the
ADRC command is 0.3 s greater than the response
time of the SMC that is equal to 0.12 s and BSC
command which is equal to 0.1s. It can be observed,
in the introduction of the load torque, that the drop in
speed amplitude of ADRC control (93 rad/s) is
greater than the drop of SMC control (96.8 rad/s)
which is also greater than the drop of BSC (99 rad/s).
Concerning the curves of the stator currents of each
control illustrated by fig. 6 and by zooming on the
three curves (fig. 7), it is noted that the current is,; of
all techniques are perfectly sinusoidal without ripples.

From these results, we conclude that the BSC
command presents a better performance compared to
the ADRC and the SMC.
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7.2 Current sensor fault test

In this part we will present two cases of current
sensor failure: the first one consists of multiplying
the amplitude of the current of phase a, of stator 1
by a gain of 1.6 and the second one consists of
multiplying the amplitude of phase a by 0.4.

A. Gainequal to 1.6

—Torque
30 —Load torque

20
10

ADRC Torque (N.m)
=

L
=}

@
(=]

20

SM Torque (N.m)
=)

o
e
N
w
S
(3]

BSC Torque (N.m)
>

0 1 2 Time(s) 3 4 5
Figure 8. Electromagnetic Torque when current sensor
occurred in phase a (gain of 1.6)
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Figure 9. Speed when current sensor occurred in phase a

(gain of 1.6)
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Figs. 8 - 13 illustrate the operation of the DSIM
under failure of a current sensor (phase a) at t=3s.
We can see from the fig.8 and fig.11 that the
electromagnetic torque of the BSC always follows
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its reference even when a fault is present, unlike the
ADRC torque and SMC torque where we can see
the presence of strong ripples and oscillations after
the occurrence of a fault.

The speed curves presented in the fig. 9 (gain
equal to 1.6) of three controllers follow their
reference even after the presence of a fault but with
small oscillations of the ADRC speed around its
reference and negligible oscillations of SMC curve
around its reference.

From the speed curve presented in fig. 12 (gain
equal to 0.4), we can see that the speed of the BSC
and SMC always follow their references even when
a fault is present but the ADRC speed curve
presented an important oscillation after the fault has
occurred.

The existence of a fault does not affect the
current of BSC, isa1 curve shown in fig.10 and fig. 13.
It’s still sinusoidal. The ADRC current and the SMC
current are less sinusoidal than the BSC, there are
not perfectly smooth.

It is clear that the BSC control is very robust in
the presence of a current sensor it ensures the best
performance.

8. Conclusion

The purpose of this paper is to design a robust
speed controller that takes into account the presence
of a current sensor fault. This controller is based on
the BSC technique. Other robust controllers based
on the ADRC approach and SMC are presented in
this paper. Each controller is implemented and
simulated in Matlab Simulink. The efficiency of the
proposed BSC regulator is compared to the ADRC
regulator and SMC regulator.

The results of the tracking test (Healthy
operating) and the current sensor fault test have
shown that the BSC command is a fast command
with more precision and robustness against the
default of one current sensor. The ADRC and SMC
control, in turn, have shown that there are unable to
control the machine in default case and have a
slower response time than the BSC.

The contribution of this paper is the design of a
BSC controller that takes into account a sensor fault.
Using the ADRC technique for controlling the
DSIM speed and make for the first time a
comparison between the BSC, ADRC and SMC.

Appendix

Notations

Vasi: Vas2 » | Voltages of Stator 1 and 2 in d-q axis

Vas1: Vasz | respectively.
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lgs1+ las2 » | Current of Stator 1 and 2 in d-q axis

lgs1y lgs2 respectively.

Y, Wy, | Flux of Stator 1 and 2 in d-q axis

W oo Pysp | respectively.

Y, ¥, | Fluxofrotor in d-q axis.

C, Load torque

Rs1, Rsz Stator Resistances (stator 1 and 2)

Rr Rotor Resistance

Lsi, Lsz Stator self-inductances (stator 1, 2)

Lr Rotor self-inductance

Lm Cyclic mutual inductance between stator
1, stator 2 and rotor.

N, N, The number of coil per stator phase,
rotor phase respectively

Ws Stator speed in rad/s

wr Rotor speed in rad/s

g Slip

P Number of pole pairs

Parameters of the DSIM:

Rated power 4.5 KW

Number of pole pairs P = 2

Stator and rotor resistors:

R51: Rsz :0.86Q, Rr =0.36Q.

Stator and rotor inductances:

Ls;= Lsz =0.184H, L, =0.0246H.

Mutual inductance: L, =0.0537H
Moment of inertia: J = 0.025 kg.m2
Coefficient of friction: Ks = 0.001Nms/rad
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