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Abstract: Induction machines have of late become the most popular workhorses in the industry replacing DC machines because of their
advantages, such as reduced cost, reliability and the absence of commutators, which make them adapt to unfavourable conditions
with lower maintenance requirement. However, higher-order models of AC machines, nonlinearities in model equations, uncertainties
in parameters and load disturbances make induction motors difficult to control than that of DC motors. In this paper, a robust control
strategy considering the recent advances in technology is proposed employing input-output feedback linearization for the exact
decoupling of electromagnetic torque and rotor flux using fractional-order sliding mode controller (SMC) for the outer speed loop.
The sliding mode observer is also designed to extract the rotor flux from the DC input voltage of the inverter and stator current
measurements. Finally, a comparison between the commonly used proportional integral and derivative (PID) controller and the
proposed fractional-order SMCs is made and the conclusion is reached.
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1. Introduction

Induction motors have of late become the primary choice to drive industrial loads, especially where the applications
require variable speed operations, easy to operate, physically robust, more efficient than DC motor and cost-
efficient. The trend nowadays is to substitute DC machines with induction machines. Controlling the induction motor
is not as easy as the DC motors because it is a multiple-input multiple-output (MIMO), nonlinear problem, and its
operating conditions are away from the equilibrium points whereby linear approximation methods are not applicable
(Riccardo and Cristiano, 2009; Vas, 1998). To get better performance of induction motor drives for variable speed
drive applications various researches have been conducted by various scholars around the world. The control of
AC machines can be classified in general in to two classes. The first and the oldest one is the scalar control. Even
though this control scheme of AC machines is easy to implement and can offer a better steady-state response, it
is found to have a less robust dynamical response, and its response for parameter variation is awkward. Further
research to achieve better variable speed performance on those machines has led to another control scheme called
the Vector control. Vector control is a collective name given to field-oriented control (FOC), direct torque control
(DTC), nonlinear control and predictive control of machines (Haitham Abu-Rub and Atif Igbal, 2012).

An overview of researches being conducted on the control of induction motors shows that mostly the focus is on
improving the DTC scheme of these motors. This is because of their superior performance over FOC scheme. To
improve the conventional DTC, which was utilising hysteresis controllers as in Tibor et al. (2019), various research
studies were proposed by several researchers. In Saber et al. (2017), the hysteresis controllers are replaced by
proportional-integral (Pl) controllers to generate the reference voltages. Even though this controller improves the
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conventional direct torque controllers considering ripples, the application of these controllers needs an exact model
of the system, which is ideal for practical considerations. Besides, selecting the controller gains for this controller
is not an easy task, and the PI controllers are highly sensitive to disturbances, model uncertainties and parameter
variations. In papers by Fu and Li (2015), Mesloub et al. (2016) and Uddin and Hafeez (2012), fuzzy logic, artificial
neural network and model predictive control techniques are presented. The disadvantage of these techniques is
their complex nature in solving tough and complex problems.

As a solution to the above-mentioned, the researchers started to focus on the nonlinear control of induction
motors, especially the input-output feedback linearization (IOFL), which was preferred for its ultimate performance
on robustness to varying parameters, simpler structure and quick reference tracking functionality (Lazreg and
Bentaallah, 2018). IOFL is a technique that permits the designer/user to apply linear control strategies for nonlinear
systems such as the induction motor (IM). This linearization method transforms the nonlinear system model into a
linear equivalent one so that the linear control strategy can be utilised. This paper (Lascu et al., 2016) presents a
design methodology in applying IOFL with PI flux controllers. However, this Pl controller is still seen as a shortcoming
for this technique. The solution to this problem is found by opting to use the robust type of controller family called the
sliding mode controller (SMC). But, for fast tracking and better robustness, fractional order sliding mode controller
(FOSMC) has opted in the speed controlling loop. Fractional counterparts of conventional controllers are nowadays
a major concern for various scholars. The works of Tang et al. (2013) helped in the implementation of the antilock
braking system, and Huang et al. (2012) detailed the way the position control of permanent magnet synchronous
motor (PMSM) is applied and signifies how FOSMCs are effective over conventional integer order SMC.

In this paper, we have discussed nonlinear control of induction motor based on input-output feedback linearizing
technique utilising space vector pulse width modulator (SVPWM). The advantage of this technique is obtained
by compensating the nonlinearities present in the machine, and therefore, ensuring perfect decoupling between
flux and electromagnetic torque. We utilised a model of the motor in (a B) frame. This model does not require
further conversion to the direct and quadrature axis as this conversion will result in a delay for the controller to be
designed. The major disadvantage of this controller scheme is that it requires all the states. As it is a challenging
task to measure rotor flux and load torque disturbance, we have also designed a sliding mode flux observer from
stator current and voltage information and Pl type load observer. Another aspect that we are going to study in this
paper is the speed controller. Speed has been controlled using conventional controllers such as PID, which is the
most popular controller in electrical drives. However, such controllers could not guarantee the variations present in
the system. The better option could be the FOSMC, which is a well-known controller that robustly controls systems
with uncertainties. The application of FOSMC not only deals with robustness but also tracks the desired trajectory
faster. The major drawback of using SMC families is the chattering (undesirable oscillations) present. This problem
is alleviated by employing smooth continuous approximation of signum function.

2. Mathematical model of induction motor in the stationary frame

In control system engineering, before going to details of the controller designing step, the most important stage is
in understanding the system and representing its dynamics nearly similar to as if it would be in the actual case. For
our induction motor system, we used a mathematical model as it is found in Zaidi et al. (2014).

[ di 1%
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Where variable notations are summarised as in Table 1.
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Table 1. Assignment for the variables

Variable  Stands for Variable Stands for
pL ML, B L /oL,

a RIL, Y RJjo+opfl,

c La-i2 /L) p wk,

K Pl ko,

3. Design of space vector pulse width modulation

AC motor control is mostly done by controlling the output voltage of DC/AC inverter, which in turn is fed to the stator
of the machine by generating an appropriate switching gate pulse driving each power electronics switch. The first
step is to determine the reference voltage and to find the sector where it is found. A step by step design procedure
of SVPWM is presented in Panchal et al. (2013) for induction motor in (d, q) reference frame.

V.
= JV2+V3, 9=tan‘l[v—sﬁ] )

so

V. =VtiVi s |Vor

The sector S is decided by the value of 6 and is categorised in one of the six regions illustrated in Figure 1.
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Fig. 1. Voltage space vector locations corresponding to different switching states
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After Dwell times or application times are determined, the next task is to calculate the duty cycle that is going
to be modulated with a ramp signal of frequency equal to the frequency of the power electronic switching device.
Ideal phase voltages outputs of the inverter can be computed from the DC input of the inverter and its basic gate
pulses as follows:

Vie
Va :Td(zpa_pb _pc)

Ve
V, = ; (2p,—p.—p.) 4)

V[
V. =Td(2pc—pb—pa)

4. Design of IOFL and FOSMC for speed controlling

Nonlinear controllers are nowadays gaining popularity as digital technology going far away. Here in this paper, we
applied nonlinear IOFL to exactly decouple electromagnetic torque and rotor flux. We also incorporate FOSMC from
its integer counterpart for fast reference tracking. The general block diagram representation of the proposed system
is presented in Figure 2.

4.1. Design of IOFL

For a nonlinear system, the following is a generalised form (Marquez, 2003; Slotine and Jean-Jacques, 1991):

i= f(x)+g(x)u
{y=h(x> ©)

D, >
ﬁwf Inverter

S >
IOFL > SVPWM
w—’ FOSMC L.
mref =
A

liysAr T em.T1]

SMO flux v
Observer < de

Fig. 2. Block diagram of FOSMC of feedback linearized induction motor
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To linearize a nonlinear system, one may use the input-state linearization technique. But, this linearization
technique will not always result in a linearized output, and hence the IOFL is applied to get a linearized output
equation too.

Taking successive differentiation of the output equation above leads to the following:

, =4

dt [f(0)+g(x)u]=L;h(x) ©
- d(L:h
7= ey g = B 1,1, o) "

Where the following are the generalised context.
¥ =Lih(x)+L, L7 h(x)u ®)

If u does not appear in the equations of y, y,..., y™' and appears in the equation of y" with a non-zero coefficient,
the system is input-output feedback linearizable and the state feedback control is

1 r
H—W[V—th(x)] )
oLk
where L’}h(x)szL"flh(x)z%f(x) V=Y

In this case r, the maximum number of derivations until inputs appear is called the relative degree of the system.
To ensure perfect tracking and to get the required behaviour, the auxiliary inputs can be defined as

V=i —ke—ke'—.—ke™, Where €= Yi—Yinf (10)

In Eq. (10), k is a positive coefficient that should be chosen to guarantee the system convergence.
The input-output linearization control is based on the model of the asynchronous machine in the (o, B) reference
frame linked to the stator.

LN Non Linear Plant
N > u
% > I — Xx=f(x)+gx)u — )
1
L h(x —
/() LI h(x)
A

Fig. 3. General block diagram of IOFL
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Applying the above linearization concepts to our induction motor model presented in the modelling section of
Eq. (1)

_yisrx + OCﬁ }“rat + ﬁ ,, /lrﬁ
_/yisﬂ _ﬂwmﬂ’ra-{_aﬂ/’{’rﬁ i 0 00O
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’ 0 L 000 (11)
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Here, the outputs are considered as the motor’s developed electromagnetic torque and the square of rotor
flux. This can simplify the further derivation of the controller. Looking from the developed model, the system is
considered as MIMO as it has two inputs namely V_ and Vsﬁ and two outputs, namely, y, and y,

Successive differentiation of the output until at least one of the inputs appear in the result gives us the following:

Tem =p (z'r(xisﬂ _Arﬂisa ) (12)

The derivative of electromagnetic torque is calculated as

yl = thl (x) = p(a+}/)(isa)“sﬁ _isﬁ/lsa)_pwm (isa)“sot +isﬁ/ls/3) (13)
—ppo, (A +25) - LAV + LA,V
o o

Performing a similar procedure for the second output, inputs appear in the second derivation

¥ =Ly (%) =2 Arat 22,5 Arp (14)

Since one of the outputs does not appear in the result we proceed to the second derivative as

};Z = szhz (.X') = _ZaLm (V+ 30!) (isaﬂ’m + isB /lrﬁ )_ ZaLm @, (isaﬂ’rﬂ - isﬁ ﬁ'ra )

(15)
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(o) o
Finally, the control law for IOFL of IM is designed as
71 = e =k Ty =T )+ Tope
1 1 ef of (16)

. 2 2 2
¥, =V ==Ky (A} =A% ) =Ky (A = Aoref )+ A

The dynamics above will be stable if the roots of polynomials lie on the left side of the complex plane. This
requires for the characteristic equation involving constants k_,, k., and k,, to satisfy the Hutwith criterion.
4.2. Proportional, integral and derivative speed controller
Earlier we designed a nonlinear controller to independently control electromagnetic torque and flux based on the
external references using IOFL. Flux reference is set by the user but torque reference is obtained from the speed
controller block. Speed has been controlled using the PI controller, which is the most popular controller in electrical
drives. But, the type of speed controller used matters.
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The governing differential equation for PID controller is defined as

dw, 1 f,
m_ T _—T\=2r
dt ( em l)

eq eq

o, (17

The gains of PID controllers should be tuned using an appropriate tuning mechanism. In this paper, we tuned it
using the root locus tuning method as it is discussed in Bill and Dawn (2017).

4.3. Design FOSMC for speed loop
From the model equations derived earlier, the dynamics of the speed loop can be rearranged for simplifying our
design approach without changing the dynamical structure.

Equation (17) can be rewritten as

Cb:¢wm+€(Tem _Tl)
=(9,+A9) @, +(¢,+A0)(T., ~T)) (18)
=¢,0,+(,(T,,—T,)+d

1
where ¢=— /. =0, +AQ, (=—=(,+Al, d=Apw, +Al(T,, -T).
eq eq
‘A’ Presents the parameter uncertainty and the subscript ‘0’ is used to indicate the nominal value of the parameter
and ‘d is assigned for lumped uncertainties. To design the control law we defined the following sliding surface as
Tabatabaei and Heidarpoor (2017) and followed the design approach sliding mode control as Grzegorz (2017) but
here with fractional-order sliding surface.

Swm =ewm +ﬂ’l ODt_aewm

19

where e, =0, —®, and 0<o<l (19)
Taking the time derivatives of the above-mentioned mathematical representations

Som =ewm+ A, D,

. 0+t (20)
:(wmmf—(q)owm +0,(T, —T,)+d)}nll oD,

Now using the exponential reaching law

So =—k,S, — K sign(S,) 1)

Tonref = %[d)mf—@wm +0,T,+A, oD e, +k,S, +K,_sign(S, )] (22)

o

The chattering present in the control input of this controller makes its implementation problematic as it can cause
damages in the shaft and connected loads. Here, the improvement of this controller can be obtained by replacing
the signum function with a smoother sigmoid function.

4.4. Sliding mode rotor flux observer

It is challenging to measure the rotor fluxes and feed them back to the controller. Therefore, we are obliged to
design an observer for rotor flux states. Using our model equation presented in Eq. (1) and the techniques followed
in Ben Regaya et al (2017), we can design a sliding mode estimator as follows.
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We can rewrite our previous model as

S R = _
dls :ﬁU_—bls‘{‘iVs
dt o o
dir __,
dt (23)

where U =[ g aéz” ] |: /l»t’“ ]—aLm[ ;S“ :land terms with arrowhead represents a vector in (a, 8) components.
W B sB

A sliding mode observer can be designed by assuming the function U is defined by the following matrix:

U U _ —kslsz:gn(Sﬂ) ’ here Silzisa_isa o
Usp —kgysign(S;,) Sy =isp—iy

The observer expression is, therefore

7 R = —
ﬂ:ﬁu__sis+iys

dt (o} o

= (25)
dAr _

dt

4.5. Load torque observer
In the SMCs mentioned above, one can notice that the 7, term is present in the control law expression. But, this
mechanical shaft load disturbance is an unknown term or it is difficult to determine its value using measurement
techniques. This necessitates the formulation of a load torque observer that can extract its value from estimates
of flux and current values. In this paper, the method used to get the load torque estimate of PMSM in Benchabane
et al (2010) is applied (Figure 4).

Ti=k, (wm—a)m)+ki1 J(a)m—a)m)dt (26)
i
ﬂ’r i.i‘ wm
A A
T 1 v - k. T
w1 ( Ay = Api,) 2 — — > k, +-1 >
g > JoyS+ 1 T Pl <

Fig. 4. Load torque observer
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(z.-T)) @7

5. Simulation results and discussions

5.1. Simulation with proposed controller and observers

In this section, simulation results with the proposed controller are presented. Simulation results are given for
the tests: first starting with a speed set point of 120 rad/s, starting with a flux set point of 3Wb and second by
applying a load torque (TI) profile indicated later, and then responses of the proposed system for varying speed
and flux reference is presented.

5.1.1. Responses with no application of load disturbance

Figures 5-7 show no-load responses of rotor speed, phase stator currents and the rotor flux trajectory
obtained from PID and the proposed FOSMC, respectively. First, Figure 5 presents a comparative study
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Fig. 7. Rotor flux trajectory

in terms of speed response with 120 rad/s as a reference speed with 3Wb flux magnitude reference.
Referring to this figure, it is shown that both techniques offer a good static and dynamic response when
starting up. It can be noticed that IOFL based on FOSMC has faster speed response and shorter
settling time. From the response plots of Figure 6(i) for PID and Figure 6(ii) for FOSMC, it can be
observed that good sinusoid waveform for stator current are obtained by applying FOSMC and looking
at Figures 7(i) and 7(ii) for PID and FOSMC, respectively, better rotor flux circular trajectory is noticed
for FOSMC.

5.1.2. Simulation with applied load disturbance

As can be noticed from the first plot of Figure 8, speed droppings are higher in PID, while FOSMC has a
more robust response to this load disturbance. The second plot in this figure presents electromagnetic torque
responses due to the application of load with a profile in the plot of Figure 9 (left). Observation from this
plot informs us that FOSMC leads to minimisation of torque ripples. Figure 9 (left) also shows applied load
torque and estimated torque using the proposed load estimator. Here the best estimate of load disturbance
is obtained. This indicates better performance of the applied load estimation using an implemented
estimator. The final plot in Figure 9 (right end) presents reference, actual and estimated rotor flux modulus.
This plot indicates the implemented sliding mode rotor flux observer that leads to a good estimate of
rotor flux.

5.1.3. Simulation for varying speed and flux references

The tracking performance of the IM is observed under the varying speed reference command in Figure 10 (left)
and the varying flux magnitude reference command is shown in Figure 10 (right). Simulation plots reveal that
the actual speed tracking of commonly used PID speed controller is characterised by its excessive overshoot
during instantaneous changes of speed and flux, but FOSMC shows almost no overshoots. Besides, speed
tracking can be inferred from a zoomed view. In Figure 11, even though the (a, B) sinusoidal waves of rotor
flux seem almost similar to the two-speed controllers, a closer look of trajectories in (iii) and (iv) reveals a well
recognisable circular path for FOSMC.
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Fig. 11. Rotor flux sinusoidal waveform and its trajectory

6. Conclusion

In this paper, the performance of IOFL of squirrel cage induction motor with two controllers namely, PID
and fractional-order speed controller based on sliding mode rotor-flux estimator is presented. The rotor flux
components are obtained from SM observer using measured stator current and stator voltages calculated from
inverter basic switching pulses and measured DC input of the inverter. A load disturbance estimator with a
Pl type controller extracts the applied disturbance well. The stability of the proposed FOSMC algorithm has
been analysed mathematically using the Lyapunov stability theory. Simulation results show a perfect decoupling
between the two subsystems (flux and torque), and it also shows good dynamic behaviour and the control
performances. The designed FOSMC has increased the robustness of the control approach against reference
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speed variation and external load disturbance. Moreover, this controller is found to have interesting tracking
performance of varying reference flux, which is impossible in FOC schemes as it depends on the assumption of

constant flux reference.
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Appendix

A.1. List of variable designations

IM, induction motor
V.. DC voltage fed to the inverter
V.. V_ i

sa’ " sp? s’ ISB’

A, A, rotor fluxes in (a B) plane

ra’ “p?

R, R, stator and rotor resistances
L, L, stator and rotor inductances

L, mutual inductance

stator voltage and currents in (a 8) plane

J,» T, moment of inertia and coefficient of friction

T

em’

p, number of pole pairs

A.2. Value of motor parameters

Table A1. Squirrel cage induction motor parameters

,» electromagnetic torque and applied torque

Motor parameters

Specifications Parameters

Rated power 1.5 kw R, 46W

Rated Voltage 400V R 4.35H

Rated Current 3.45A L,L 0.3382 H

Rated Frequency 50 Hz L, 0.3210 H

Number of pole pairs 2 Jog 0.004 Kg x m~2

Rated speed 1400 rpm f. 0.0.0010 Nm x' s x rad™'

Controller and estimator gains

Controller or estimator block

Involved gains

IOFL

FOSMC and PID
Flux estimator and load estimator

K, =8x10° K, =4 x10° .k, =8 x 10°

b1

A =150 =02K=4K =8x10° k = 0924 k = 8.40, k, = 0.0084
Ky =k,=4x10%k =39k, =664

FOSMC, fractional order sliding mode controller; IOFL, input-output feedback linearization.



