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Abstract. The control of induction motor drives constitutes a vast subject, and
the technology has further advanced in recent years. Sliding mode controller is
control method which is robust to noise and parameter variations. But the sliding
mode control is discontinuous control, causing the chattering problem. In this
paper, to eliminating above phenomenon, a sigmoid function and gain adapta-
tion for sliding mode controller is developed. Moreover, a sliding mode observer
and its applications in the sensor-less control of the induction motor drive are
proposed. The mathematical equations of induction motor, sliding mode
observer and sling mode control are described in the paper. The stability of
observer and controller are proved by Lyapunov’s theory. Simulation results are
also presented in the paper.
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1 Introduction

Induction machines, a type of AC drives, are used widely in practice for variable speed
applications in wide power ranges. These machines are very economical, rugged and
reliable [1, 2, 4-6, 9]. However, the control and estimation of important quantities of AC
drives with induction motors is difficult because of variable frequency of a supply stator
phase voltages realized by frequency converters, complex dynamics of AC machines,
machine parameters variations, and signal processing of feedback signals [1]. In many
decades, induction motor control methods, listed as scalar controlling, vector control,
direct torque and flux control (DTC), intelligent control such as fuzzy logic, artificial
neural network, are developed [3, 5, 8, 12, 13]. Among above mentioned control
methods, vector control is the most popular control method of AC induction motor [10].
Vector control consists of controlling stator currents represented by a vector. By that
way, the three phases are transformed into two coordinate (x and y coordinate) invariant
time system, leading to a structure similarly to that of DC control. So, the control method
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includes two control loops: torque control loop and flux control loop. In traditional
control, above control loops are usually PI controllers and therefore, it is very sensitivity
to external noises, inaccuracy of mathematical model or inaccuracy measurements, etc.
In this paper, the sliding mode control is proposed instead. Sliding mode control theory
is published firstly in 1970s by V. Utkin. In the years after, sliding mode researches
expand rapidly because of its robustness to the noise and parameter variations [2, 6, 11].
Moreover, sliding mode observer is used to estimate the rotor speed. This reduces the
complexity of hardware, cost, increase reliability, etc. For enhancement of the robust-
ness of sliding mode controllers and observers, online parameter identification methods
are also proposed [8]. In this paper, a new choosing sliding gain together with sigmoid
sliding function is proposed to eliminate the chattering problem.

The paper consists of five parts. The first is the mathematical model of induction
machines. Then, sliding mode observer and the current model, used to estimate the
rotor flux and speed, as well as the stability of the observer based on Lyapunov’s theory
are analyzed in part III. Next, Sect. 4 introduces vector control with sliding mode
controller of induction motor. To evaluate the performance of proposed algorithms,
some simulation results are presented in Sect. 5. Finally, all conclusions are in Sect. 6.

2 Mathematical Model of Induction Machines

Dynamic model of an induction motor in two - phase stationary frame are described as
follows [4-6]:
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Where ig,, isp - stator current vector components in [o, 5] stator coordinate system;
Vsu, Vsp - stator voltage vector components in [a, ] stator coordinate system; /g, Yrp -
rotor magnetic flux in [o, ff] stator coordinate system; L,, - magnetizing inductance; Lg -
rotor inductance; Lg - stator inductance; Ry - rotor phase resistance; Ry - stator phase

2
resistance; wg - rotor angular speed; ¢ - total leakage factor (a =1- ﬁ), p - the

number of poles.
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The electrical torque produced by induction motor is:
Te = KTlpRiSy (5>

Where T, - electrical torque, ig, - torque current component in field oriented
coordinate system [x,y]. By maintaining the amplitude of the rotor flux yr, at the fixed
value, there is a linear relationship between torque 7, and the torque component ig,.

3 Sliding Mode Observer

3.1 Sliding Mode Observer for Speed Estimation

Depending on field oriented control of induction motor, the stator currents, rotor fluxes
and rotor speed need to be estimated. The stator currents ig,, isg, rotor speed wg are
estimated by using sliding mode observer.

The sliding mode observer can be given as:

d ~
SE=AZ+Bv+Gsignly -] (6)
y=C-X
gl —g2 0 0
" . N g2 gl 0 0
A= A((uR:(7JR)’ G= g —g 00 (7)
g & 00

We can derive the following equations for the calculation of G matrix elements:

81 = )»(k — 1)(R3LR +RRL5),g = —(k — 1)(2)R

gSZ_U‘_IWeRLL%RB'LR);gAl:%@R (8)
b=t
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The proof of convergence of sliding mode observer is based on Lyapunov, pre-
sented in previous paper of authors [14]. Also from [14], the rotor speed is estimated by
the following equations:

(i) Lm . A - Lm . o 7
-£ (lSac - lSoc)‘//Rﬂ - m (lsﬁ - lsﬂ)lﬁm =0 9)

ag O'LRLS

m:m/m (10)

where 2o = (l'S“ — ;Sm) . lpRﬁ — (is/; — ;Sﬁ) . !//Ro:'
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According to the (10), the rotor speed of induction motor can be estimated by a PI
controller:

d)R:KPU)'Z(u+KI(u/Zw'dt (11)

3.2 Flux Estimator

After estimating the stator currents is,, isp, the rotor fluxes Yg,, Ypy are observed by

using current model.
The current model is as follows:

gy _ L ; 1
TM_T_RIS“ _T_RlpR“ _waRB (12)
dgp L,

. 1
G = Thisp+ OrRVR, — 7o Wip

where T = ILQ—’[‘; is the rotor time constant. The stator currents ig,, isg, and rotor speed wg
are the output of sliding mode observer mentioned above.

3.3 Stator Resistance Estimator

The most important disturbances that affect accuracy of sliding mode observer are
parameter changes, modeling errors and measuring noise [7, 12]. Some parameters, like
resistances, are variable in a rather wide range. In Eq. 8, clearly, sliding mode observer
for speed estimation is sensitivity to stator resistance. To improve the robustness and
the accuracy of SMO, the stator resistance estimator employs two models, the current
model described by (12) and the observer described by (6). The difference between
output quantities of the models is evaluated by adaptation mechanism.
The adaptation signal is defined as:

IR = sy {&Raz - l//Rx} +isp [‘LR/} - ‘//R/s] (13)
The stator resistance is online estimated by:
RS:RSO+KPR'ZR+KIR/ZR'dt (14)

Where R - nominal stator resistance, provided by the manufacturer. By using the
nominal stator resistance, the trajectory goes to steady state rapidly.
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4 Sliding Mode Control

4.1 Sliding Mode Control

In the traditional SMC, the feedback signals need the high order derivatives of the
outputs. To reduce these high order derivatives, an integral sliding mode control should
be used where it is defined by:

Sx = / (imrEf - i;rl)dt+CX1 (imref o lm) (15)

Sy = / (wmref - w'")dt"’_cyl (a)mmf - w”’) (16)

In above equations, constants ¢y, ¢,; are chosen to satisfy transient responses of the
sliding surfaces.
Then the first derivation of Eq. (15) is in following equation.

: . . diy, . . . . .
Sx = (lmref - lm) — Cx1 E = (lmref - lm) — Cx1 T_R (le - lm) = _KxSlgn(Sx) (17)
T T,
i;‘x - _R (imref - im) + lm + _RKVSlgn(Sx) (18)
Cx1 Cx1

Similarly, the first derivation of Eq. (16) is:

. 1
Sy = (wmref - wm) — Gyl 7 (Te - TL)

1/ ..
= (wmref - wm) — Gyl j (KTlSy - TL) (19)

= (Wmrer — Om) — Wiisy +dr, = —K,sign(Sy)

where K|, - positive constant. By maintaining the amplitude of the rotor flux at a fix

value, let K’T = Kryp and w; = C“JKT, dr, = 6)7‘ T;.In Eq. (19), dr, known as noise, the
desired ig, is written by:

" Dmref — Wm K, .
ig, = o + W—Tszgn(Sy) (20)

To proof that this theorem complies with the Lyapunov stability theory, the Lya-
punov function is chosen:

1
V:E(S§+S§) (21)
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The Lyapunov function (21) is positive definite. In practice, the operation param-
eters of the induction motor drives could be changed in working, such as the load
torque (T + ATy), etc. The derivation of Lyapunov function is:

V =58, +5,8S,

:&wa_mﬁ—qwiuﬁ—mﬂ (22)

+ Sy [(a)mref - wm) - (Wl + AWI)iSy +dTL]

Replace ig,, i§y in Egs. (18) and (20) in Eq. (22), we have:
V=538, +85,8,

1

=S, |:(imref - lm) - TRT_ (imref +KXSlgn(SA) - im):|
! (23)

wmn{f — Wy

K
+ —ysign(Sy)) + dTL]

wi wi

+ Sy |:(wmref - (Um) — W (

= —K,|S| + S, [dr, — Kysign(S,)]

Assume that Ady, is bounded as |dy, | < Dy,. If K,; K, are positive constants and
chosen in the limits of:

K, > Dy, (24)

Therefore, Eq. (23) can be written as:

V =—KS|+ (Dr, — K,)|S,| <0 (25)

According to Lyapunov stability theory, trajectories of the induction motor with the
stator current components will reach to the sliding surface at the infinitive time. As a
result, the rotor speed and the magnetizing current component i,, will reach to the
reference signals.

To overcome chattering problem, in this paper, sign function is replaced by sigmoid
function:

S

A+ S| (26)

sigmoi(S) =

This function eliminates the chattering problems. However, the error will be
increased, depending on parameter a. The choice of a becomes an interested issue.
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4.2 Gain Adaption Method

In Eq. (25), K, is chosen large to overcomes the affection of load torque but if K, is too
large, the control will occurs oscillation. One of methods of K, adapting is to change it
with the load torque:

C
Ky = Ko+ 213 (27)

where K is a small positive value.
The sliding mode control with sliding mode observer diagram is shown in Fig. 1.
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Fig. 1. Schematic of induction motor control

5 Simulations

All simulations were carried out in MATLAB - SIMULINK, on the three phase two
pole machine. The motor parameters used are listed as follows.

e P,=22KkW, T, =19 Nm, w,,, = 1420 rpm, p =2, Is, =7.51 A, Iz, =17 A,
Issn = 6.8 A, Iy, = 8.16 A, Us, = 400/230 V, g, = 0.877 Wb
o Rey=128Q,Rp=152Q,Ls=0.137H,Lg =0.137H, L,, = 0.129H, T = 0.09 s

First of all, simulation is developed with nominal stator resistance. The first figure
(Fig. 2a) is the estimator stator current components is,, isz. The error between the
estimated and real value is about 0.02. The next figure is rotor flux vector components
Ygas Wrp (Fig. 2b). The figure Fig. 2c is estimated speed compared to reference speed.
By using the sigmoid function and gain adaptation, the speed characteristic is very
good. The speed difference is about 0.3 rpm.
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Fig. 2. Simulation results at nominal stator resistance
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Fig. 3. Simulation results when stator resistance increasing 20%
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The simulation results are repeated respectively on the Fig. 3 when the stator
resistance increases 20 percentages. As we can see, the response of the induction motor
is the same. The response is different at the first 0.05 s because of stator resistance
estimation. The algorithm can work well when the stator increase up to 50 percentages.

6 Conclusions

A sliding mode control was proposed in this paper. Instead of using a sign function, a
kind of sigmoid function is used. This eliminate the chattering problem however it
leads error increasing. In this case, the sliding mode gain is larger. One method of
choosing gain adaptation to torque is proposed. Moreover, the sliding mode observer
was used to estimate the speed of induction motor. With stator resistance estimation,
the speed estimator gives good dynamic responses and the estimation of the mechanical
speed is good in steady state and also in transient state, even with the presence of
torque load and the change of stator resistance.
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