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ABSTRACT
Sliding mode observer with its salient features is considered one of the robust observers for flux and
speed estimation of sensorless induction motor drives. However, the discontinuous switching function
of the sliding mode observer causes a significant chattering which is considered a serious drawback. In
this paper, a modified robust chatter-free sliding mode observer for sensorless induction motor drives is
presented. The discontinuous switching function is replaced by a continuous one to eliminate chattering.
The accuracy and robustness of the proposed sliding mode observer are examined at motor starting and
load torque variations. A floating-point Digitai Signal Processor (DSP) TMS320C31 control board with
a hardware/software interface is used to implement the proposed sliding mode observer for speed
estimation. Simulation and experimental results are presented and discussed.
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1. INTRODUCTION

Accurate speed information is always necessary to
realize high performance and high-precision speed
control of induction motor drives. Speed feedback can
be achieved by using mechanical sensors such as
resolvers or pulse encoders. The use of such direct
sensors besides being bulky, adds an extra cost and the
drive system becomes expensive. For this reason, the
development of altemative indirect methods became an
interesting research topic. Many advantages are
expected from speed-sensorless induction motor drives
such as reduced hardware complexity and lower cost,
reduced size of the drive machine, elimination of the
sensor cable, better noise inununity, increased
reliability and less maintenance requirements.
Operation in hostile environments mostly requires a
motor without speed sensor [1].

Recently, serious attempts to eliminate direct speed
sensor of induction motor drives are reported [2-9]. All
these attempts employ motor terminal variables and its
parameters, in some way or another, to estimate the

speed. The question always anises is fo which extent the
method is successful without degrading the dynamic
performance.

Some speed estimation methods like Model
Reference Adaptive System (MRAS) methods [2],
Extended Kalman Filter (EKF) algorithms [3] and
adaptive flux observers [4] have been proposed in
literature. These methods exhibit accurate and robust
speed estimation performance; however, they are
highly dependent on the machine parameters. The
induction motor is a highly coupled, nonlinear dynamic
plant, and its parameters vary with time and operating
conditions. Therefore, it is very difficult to obtain good
performance for an entire speed range and transient
states using the previous methods.

The aforementioned methods are less accurate at
low speed and completely fail at standstill. For this
range of operation, magnetic saliency-based speed
estimation approaches are more suitable. These
approaches are independent of motor parameters,
however, they need a high precision measurernent and
increase the hardware/software complexity [1].
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Alternative spéed’ estimation methods based on
artificial intelligence techniques are proposed for
sensorless induction motor drives [5]. These methods
may achieve robustness and high performance with
parameler variations; however ‘they are relatively
complicated and require large computational time.

Recently, there is a growing interest of speed
estimation methods using-. Sliding Mede Observer
(SMO) technique based on Variable Structure Conirol
(VSC) theory. This speed estimation technique is one
of the effective methods to overcome the short comings
of the previous methods. It offers many good
properties, such as good performance against un-
modeled dynami@s;n insensitivity to parameters
variations, extemaf “disturbance rejection and fast
dynamic response [6-9].

The design procedure of a VSC consists of two
steps. First, a sliding surface is selected such that the
desired gystem dynamics aré achieved. Second, a
discontinuous 'switching control law is defined such

" that any states outside the surface are driven to reach

the surface in finite time (reaching mode). Once the
states reach the switching surface, they are supposed to
remain on this surface and slide towards the desired
position (shdmg mode). However, the discontinuous
pature of the switching function alters the real

trajectory such that it oscillates around the switching .

surface as shown in Fig.1.
X%
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: Mode
Fig. 1 Chattering phenomenon in variable structure
control (VSC)

Principally, VSC systems assume ‘an instantaneous
switching from one value o another. However, it is
practically impossible to achieve such instantaneous
switching necessary for VSC designs. The main reason
is the existence of-a:finite time delay due to many
factors such as control computatlon limitations of
physical actuators afid measuring sensors, and idle
times of power electronic switches. Since it is
impé'ssiblc to switch the control at an infinite rate,
oscillation or chattering always occurs in the sliding
mode of a VSC system [10-11].

The chattenng exists in the SMO as’ an inherent

problem associated with VSC theory. The negative side
effect of chattering is that it involves high gain control
action and may excite un-modeled dynamics. Thus,
chatter-free becomes essential for a good performance
SMO. Many research works are devoted to alleviate or
remove undesirable chattering [£0-13]. Chattering
elimination philosophy is based on converting the
discontinuous switching function to a continuous one.
This is usually done by different approaches, like
introducing a thin boundary layer neighboring the
switching surface, using a saturation switching function
to replace the discontinuous one, or using equivalent
control approach.

In this paper, a robust chatter-free SMO is applied
for speed estimation of sensorless induction motor
drive. The speed estimation algorithm which is based
on Lyapunov theory is derived and implemented. The
discontinuous switching furction of SMO is replaced
by a continuous one using sigmoid switching function.
The performances of the proposed sigmoid, chatter-free
SMO, as well as the original discontinuous one, are
investigated by simulation and experimentation. The
resufts show the robustness and superiority of the
proposed system.

2. INDUCTION MOTOR MODEL

The induction motor can be represented by its
dynamic model expressed in the stationary reference
frame in tetms of the stator cwrrent and rotor flux as

follows;

4, _ 1 u— R, JLndA ). (1)
dt oL, L, dt

D L (L g |a @
de T, T,

By considering the rotor speed as a system parameter;
the dynamic model can be described by the following -
state equation;

%[iz}{ali ::][ s] [ }[u] Ax+Bu, @

where a;1, 413, 431, 4 and by are given in the Appendix
The electromechanicat equation is given by;

189 1 1, -Bo, @
dt
where the electromagneti_c torque is expressed as;
-c Iildr qs ?t'squtsls:l ] (5)

3. DESIGN OF SLIDING MODE OBSERVER

With reference to the induction motor model and
considering the stator currents as the system outputs,
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the SMO for rotor flux estimation can be constructed as
A3H

pk = AX+Bu, +K, sgn(i: —ii)
Where K, is a gain matrix which can be arranged in the
following general form;

K =[K —K]T, K =K and kis the switching gain.
The error equation which takes into account the
parameter variation can be expressed by subtracting
Eqn. (3} from Eqn. (6):

(6)

pe= Ae+ AAR+K, sgn (1 —i}) 7
where;
e=%-x=[e eA]T, e =P i, e =A -
and AA= A, Aay
Aay Ay
Defining the switching surface § of SMO as:
S@)=e; =i ~iF =0 ®)

The sliding mode occurs when the following sliding
condition is satisfied;

el pe, < 0 &)
Since the sliding mode condition is satisfied with a
small switching gain k, then

e =pe =0 (10)
From which,

0=a,e, +Aa i +Aa,A] -L (1)
pe, =a,e, +Aa, i +Aa, Al + L (12)

where, L = —K sgn (i: ~1i; )

From Egns. (11) and (12), the error equation for the
rotor flux in sliding mode condition is cbtained as;

ey =(an +a, ), +(A0, 0, )¢ +(Bay, + 83, )A; (13)

3.1. Rotor Speed Estimation Algorithm
If the rotor speed is considered as a variable parameter
assuming no other parameter variations, the matrix AA
is expressed as follows:
~& .

o3 , Aay =0, Az,, =Am ], Aw, =0 —®,

Aa, =0, Az, =
From Eqn. (13}, the error equation of the rotor flux
observer in sliding mode condition becomes:
pe, = (a, +a,,)e, + (I-1/e)JAw A}
"The Lyapunov function candidate is chosen as;

(14)

V =ele, a0, p> 0 (15)
HE

where |tis a positive constant.
The Lyapunov function must be determined in order to
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assure the convergence of parameter estimation
according to the Lyapunov stability theory.
The time derivative of V can be expressed as;

pV =pV, + pV, (16)
where,
pV,=L'ATa;L (17
~ 2 N
oV, = UTATa A% g 2 ap Sy (8)
: g ue

and A =1-—¢l

The condition of (16) being negative definite will be
satisfied if pV, <0 and pV, = 0.

The condition pV, <0 is satisfied by choosing

AT =—va,, v>0 (19)

where Y is a positive constant.
With this assumption, the condition pV, =0 gives

pd, =py LT T A} (20)
This equation can be written for the speed estimation in

the following form:
b, =wk_[[sgn(§d§~—i;)-i‘qr—sgn(§; ——i:s)-i;]dt €2y
Figure 3 shows the block diagram of the proposed
SMO. Tt is composed of two parts; a sliding mode
abserver for rotor flux estimation and a sliding mode
speed estimation algorithm.

4. SIGMOID CHATTER-FREE FUNCTION

As it has been stated earlier, chattering is the main
drawback of the SMO dune to its discontinuous
switching nature, This phenomenon is undesirable
because it may excite the high frequency un-modeled
dynamics of potential unforeseen instability, and ean
also cause serious damage to actuators or the plant.
Chattering elimination is based on converting the
discontinuous switching function to a continuous one.
Different approaches are proposed by literature, like
introducing a thin boundary layer neighboring the
switching surface, using a saturation switching function
to replace the discontinuous one or using equivalent
control approach [10-13). The boundary layer approach
can give a chatter-free system, but a finite steady-state
error would exist. Hence, to eliminate the chattering,
most of approaches use the saturation function to
replace the sign one. The sigmoid function represents
saturation effect; however it is smooth and completely
continuous function. The present work proposes the
sigmoid switching function to represent a more smooth
action that would maintain the state trajectories of the
systern on the sliding surface S. The sigmeoid function

(Fig. 2(a)) is described by;
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(22l)

. 2
tansig = ————-1

8 l+e %"

while, the sign function (Fig. 2(b)) is expressed by,
+1 when § > 0 (23)
B0 = { 1 when 5 <0
tansig sgn
+1F- +1
R

-1

-,

{a) Continuous (sigmoid)

Figs,%,ﬁ;?b'im]ﬁng Tunctions
W

(b) Discontinuous (sign)
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n Speed
C @, Observer fy—
Eqgn. (21)
Flg 3 Shdmg mode observer block diagram
5. SYSTEM IMPLEMENTATION

The 'proposed SMO speed estimation algorithm is
implemented and investigated by simulation. and
experiments. A schematic diagram for the experimental
system is shown in Fig. 4. It consists of an induction
motor interfaced with a Digital Signal Processor (DSP)
{TMS8320C31) board for speed estimation. The induction
motor is coupled with a dc generator for mechanical
'loadmg The rating and parameters of the induction motor
-are given in the Appendix.

- E { Encodear Display

errorevieseresssorsed Ly cn B
N D c““"‘“" Serissar
Paraltel

DIACanvarter | ROM § Ram I

- DSPControlBoard . .
Fig. 4 Block diagram of experimental systcm

. Uscilloscope

The system is investigated under operation in real-time
in which voltage and current signals are obtained by Hall-

effect sensors and sent to the DSP via its A/D input ports.
The SMO estimation procedure is implemented by a
software program developed on Matlab/Simulink and
linked to the DSP using a Real Time Interface (RTI)
procedure designed for this purpose.

6. RESULTS AND DISCUSSION

The main feature intenided by the proposed continuous
SMO is its ability to obtain a chatter-free system. It has
been stated earlier that, the sliding surface is selected to
achieve desired system dynamics. The sujtability of the
chosen sliding surface and the effect of infroducing a
continuous switching function are firstly examined. Figure
5 shows the sliding surface of SMO, defined by Eqn. 8,
with both discontinuous and continuous switching
functions, The chattering is clear with discontinuous
switching function; however it is almost eliminated with
the proposed sigmoid continuous one. This illustrates the
effectiveness of using sigmoid switching fanction to
eliminate chattering problem,

. Figure 6 shows the phase-plane plot representmg the
estimated speed signal and its dervative. The plot
illustrates the convergence of the estimated speed
trafectory with zero speed estimation emmor at steady state,
Thus, the chosen sliding surface exhibits a chatter-free
system with the proposed continuous SMO.

The system response is tested to show the
effectiveness of the proposed SMO speed estimation
algorithm. Both the discontinuous and proposed
continnous switching funetions are used throughout the
study. Results are presented for the conditions of motor
starting and load changes.

Experimental results at start up for the discontinuous
switching function are shown, respectively, in Fig. 7,
while the corresponding results of the continuous
switching function are shown, in Fig. 8. For the
discontinuous switching function, Fig. 7 shows the
experimentally measured and estimated speed signals as
well as. the speed estimation error. The results show a
good agreement between measured and estimated speed
signals, however there is high frequency oscillations in the
estimated speed which is cleardy shown by the speed
estimation eror. These oscillations are termed . as
chattering phenomenon, whlch is undesirable and should
be eliminated.

For the continuous switching function, Fig, 8 shows
the experimentally measured and estimated speed signals
as well as the speed estimation error. The results also
show a good agreement between measured and estimated
speed signals, besides the high frequency oscillations
encountered in the last system disappeared. The estimated
speed and speed estimation error signals are almost
chatter-free, The speed estimation error is quite zero soon
afler 0.05 sec from starting, this illustrates the high
accuracy of proposed speed estimation procedure. The
results show the effectiveness of the proposed continuous
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switching function for eliminating high frequency
oscillations and chattering associated with discontinuous
SMO. }
Robustness is one of the most distinguished properties
of SMQ. This property is examined for the preposed SMO
1o assure that the sigmoid continuous switching function
preserves its robustness property. Load torque variations
are used for this purpose. Figure 9 shows the
experimentally measured and estimated speed signals as
well as the speed estimation error for a 50% increase of
load torque with a discontinuous switching function,
Figure 190 shows the corresponding results with sigmoid
continuous function. The system is tested also under load
decrease. Figure 11 shows the experimentally measured
and estimated speed signals as well as the speed
estimation error for a 50% decrease of load torque with a
discontinuous switching function. Figure 12 shows the
corresponding results with sigmoid continuous function,
Investigating the estimated speed signals and speed
estimation error of SMO under load torque variations with
both types of switching functions shows clear speed
oscillations existing with discontinuous function. Speed
estimation error with this type is around 1 rad/sec (3.2%}.
while it is less than 0.5 rad/sec and decays rapidly to zero
after 0.05 sec with the proposed SMO. Both systems
exhibit a good robustness and speed estimation accuracy
under joad torque variations: however the proposed SMO
with sigmoid function has anether advantage of being a

chatter-free.
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7. CONCLUSION

A modified SMO has been introduced to eliminate
the chattering phenomenon  associated  with
conventional SMQO. The discontinuous switching
function has been replaced by a sigmoid continuous
one. The measured and estimated speed signals have
been in a good convergence at different operating
conditions. The system has been examined to show the
effectiveness of the proposed SMO for eliminating
chattering  phenomenon.  The  analytical and
experimental results show high accuracy and
robustness of speed estimation with a minimum
estimation error that dies out soon after any dynamic
variation. A considerable reduction of switching
osciliations has also been obtained with the proposed
continuous SMO. The proposed SMO speed estimation
system has been realized on a Digital Signal Processor
(DSP) TMS320C31 platform and experimentally tested
in real time.
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APPENDIX
A. List of symbols
Lm Mutual inductance o Leakage coefficient
L, Rotor leakage inductance T. Electromagnetic torque
Ls Stator leakage inductance T Load torque
R; Stator resistance B Friction coeffictent
T, Rotor time constant J  Moment of inertia

% Rotor angular speed
il =ty i T Stator current vector
i =~ b T
i) =l i)

Al ={AL /?'q'r]T Rotor flux vector

Estimated Stator current vector

3
i =14 ,{;r I*  Estimated rotor flux vector

p=luy oug, I’ Stator voltage vector

=

@, Estimated rotor speed
p =d/dt Differential operator
a,=d, a,=cd+dl, a,=e, a,=-ga,, b=5b

SIS

az_[& _Ln

)’ ceamy d=2, ool

d— - —_m_
oL, oLTL, sr,’ € T,
2
6=o’L:L,’ b=——1——-, o=l L, , T,=L’
L, oL, L.L, R,
B. Induction motor parameters:-
Rated power (w) 250 | Ri(p.w) 0.0658

Rated voltage (volt) 380 R: (pu) 0.0485
Rated current (Amp.) 0.5 L; (p.u) 0.6274
Rated frequency (Hz) 30 Le(pu) 0.6274
Number of poles 4 Ln (p.uw) 0.5406
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