Sliding Mode Observer for Induction
Motor Control
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Abstract The control of induction motor drives constitutes a vast subject, and the
technology has further advanced in recent years. In control algorithms, continuous
rotor position is mandatory. But the presence of encoder increases cost, reduces
reliability. Therefore, elimination of this sensor is desirable. A sensorless of the
vector controlled induction motor means the vector control without using any speed
sensor. In the paper, a sliding mode observer and its applications in the sensorless
control of the induction motor drive are proposed. The mathematical equations of
induction motor, sliding mode observer and vector control are described in the
paper. The stability of observer is proved base on Lyapunov theory. Simulation
results are also presented in the paper.

Keywords Sliding mode observer - Induction motor + AC drive - Lyapunov -
Vector control - Sensorless control

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 [8]. However, the control and estimation of important quantities
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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 [6]. In many decades, induction motor control methods are developed. The
control methods of induction machines can be listed as scalar controlling, field
oriented control (FOC) and direct torque and flux control (DTC) [4, 6]. Scalar
control is simple, easy to implement in practice but it disregards the coupling effect.
So it has inferior performance, especially in low speed applications and now scalar
control diminished in real world. The DTC, an advanced scalar control method, is
introduced in the mid-1980s. The torque and stator flux are controlled by inverter
voltage space vector through look-up table [4]. The disadvantage of DTC is that
DTC is not stable at low speed. The field-oriented control or vector control was
introduced firstly in 1970s. The vector control has been used in industry for high
performance, especially in low speed [7]. This method is complicated. However,
with developing of semiconductor technology, powerful microcontroller or DSP are
used so that FOC overcome its disadvantages and become an industry standard
control for AC drives.

In FOC, a flux control loop has been added for precision control of flux. The
torque component is generated from the speed control loop. So induction motor
control requires accurate flux and motor rotor speed. The flux and rotor speed can
be achieved by using Hall sensor and encoder. However, in recent researches,
sensors are eliminated because of complexity, higher cost and lower reliability [3, 8,
9, 13]. The observers are used instead. Many kinds of observers are proposed, such
as Extended Kalmanm Filter (EKF), Luenberger Observer (LO) and Sliding Mode
Observer (SMO) [3-6, 8-10, 12, 13]. Among the observers, the EKF observers get
high accuracy at medium and high speed range [9, 13]. They can operate well at the
rotor speed above 60 rpm while the SMO and LO observers can work well at very
low speed, about 15 rpm [8, 9, 13]. In case of parameters of induction motor not
known exactly and noise, the SMOs and LOs have superior performance over to the
EKF observers [9, 13]. Among these observers, sliding mode observers have strong
robustness to parameter variations such as stator resistance, mutual inductance, etc.
[13]. They also have superior performance when the noise increases and they can
handle nonlinear systems like IM very well [4, 13]. Moreover, LO and SMO are
more applicable in practical than EKF [13].

Because of their outstanding characteristics in nonlinear systems and parameter
variations, sliding mode observers are focused in this paper. The mathematical
model of induction machines is introduced in Sect. 2. Sliding mode observer and
the current model are used to estimate the rotor flux and speed are presented in
Sect. 3. In this section, the stability of the method based on Lyapunov’s theory is
also analyzed. Next, Sect. 4 introduces vector control of induction motor. Some
simulation results are presented in Sect. 4. At last, the conclusions are in Sect. 5.
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2 Mathematical Model of Induction Machines

Dynamic model of an induction motor in two-phase stationary frame are described
as follows [5, 6, 14]:
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where ig,, ispg—stator current vector components in [, f] stator coordinate system;
Vsy, Vsp—stator voltage vector components in [0, B] stator coordinate system;
Yry> Wrp—rotor magnetic flux in [x, ] stator coordinate system; L,—magnetizing
inductance; Lg—rotor inductance; Lg—stator inductance; Rg—rotor phase resis-
tance; Rg—stator phase resistance; w,—rotor angular speed; c—total leakage factor
(a =1- LLZL ) —the number of poles.

The electrical torque produced by induction motor is:

3pLh

22L (lpRoclSﬂ ‘//R/}iSoc) (2)

e

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, Totor speed
o, are estimated by using sliding mode observer.

According to Eq. (1), the dynamic model of induction motor is rewritten under
state space as follows:

x=A-x+B-v

e 3)

x = [isy isp Wpy ‘//R/f]T; v =[Vsu VS/JT (4)
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The sliding mode observer can be given as:

d n
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Sliding surface is chosen:
S=y-y )

The time derivation of sliding mode observer is:

S=y—3y=Ci—Cx (10)

§=C-(A-x+B-v—A-%—B-v—G-sign[y—3J])
—C-((A—A) - x+A -%— G sign[y —3))

where X = x — x—the error between the real value and estimated value.

Ly
000 o
A-A=10 0 =7 0 146 —wa, (12)
00 0 -1
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where @, = w, — &,—speed difference between actual rotor speed and estimated
rotor speed.



Sliding Mode Observer for Induction Motor Control 317

Choosing the positive definite Lyapunov function as follows [7]:

V= ; (52 + :) (13)

The time derivation of Lyapunov function is derived:

. . 1. R 1:
V=S"-S——w0, =8 -C-(A-X+W-0, x—G-signly —]) ——w,0,
o a
=S".C-A-x—8".C-G-signly—3]

~ CLor Ly . s Ln / 7
+ o, <—7 + oLgLs (lSoc - lSoc)lpR/z’ - cLgLs (lsﬁ o lSﬁ)l/jR“)

(14)

For global asymptotic stability, the time derivation of Lyapunov function V must
be negative definite function. We obtain:

(15)
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We can derive the following equations for the calculation of G matrix elements
[17]:
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Moreover, the rotor speed of induction motor satisfies:
o, Ly Ly \
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where 7 = (iS“ — ?Sa) “Yrp— (iSﬁ - 25/1) YRy
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According to the (18), the rotor speed of induction motor can be estimated
depending on the following update law:

d)r:KP'Z+K1/Z~dl (19)

3.2 Flux Estimator

After estimating the stator currents ig,, isp, the rotor fluxes Y, Y4 are observed by

using current model.
The current model is as follows:

dYr, L. 1
Re — sy — gy — wrWR/s
dt Tr Tr (20)
dYgp _ Ly .

1
—isp+ O Wpy = Wrp

dt TR TR

where T = 115_2 is the rotor circuit time constant. The stator currents is,, isg, and
rotor speed @, are the output of sliding mode observer mentioned above.

4 Simulations

The vector control with sliding mode observer diagram is shown in Fig. 1.
All simulations were carried out in MATLAB—SIMULINK, on the three phase
two pole machine. The motor parameters used are listed as follows.

P, =27kW, T, = 19 Nm, @, = 1360 rpm, p = 2

Iy =751 A, Iy = 17 A, Ig,, = 6.8 A, I, = 8.16

Us, = 400/230 V, /, = 0.877 Wb

Rs=1.83Q, Rg =2.19Q, Ly = 0.137 H, Lz = 0.137 H, L,, = 0.129H,
Tr = 0.0546 s

In controlling induction machine, the flux is needed to get the reference flux as
fast as possible. In this application, the time response of flux is chosen 10 ms so in
flux loop control, PI parameters are chosen T_R_Im = 10ms, K_Rm = 10. In
torque loop control, the time respone is chosen about 50 ms, so PI parameters of
this loop are T_R_omega = 50ms, K_Romega =2 The simulation results are
shown in following figures.
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Fig. 1 Schematic of induction motor control

The estimated stator current vector components is, ey, isg_esr are shown in
Fig. 2. Figure 3 shows the error between the real and the estimated of stator current
VECtOr isy s, Isp_esr- The error between the real stator current vector components
and the estimated stator current vector components is small, the maximum is just
only 0.04 and oscilations are around —0.02 and 0.02 in average.

In Fig. 4, firstly, the reference speed is zero, the magnetizing current component
isy 1s maximum (8A) so that the flux goes to the reference flux. The rising time of
magnetizing current component is about 10 ms. After that, the flux reach to ref-
erence flux so the magnetizing current component is, is unchanged, the torque
current component changes depending on the reference torque. The time response
of torque current component is about 50 ms. Figure 5 is the estimated rotor flux
VeCtor COmpONents Yp, oo, Yrp eg-

is alfa est
—is beta est

Current [A]
o

0 02 04 06 08 1 1.2 1.4 1.6 1.8 2
Time [s]

Fig. 2 Estimated stator current vector Components is, e, isp_est
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Fig. 4 Magnetizing current component ig, and torque current component ig,

Figures 6 and 7 show estimated speed compared to reference speed and the
speed difference between the actual speed and the estimated speed. The charac-
teristics of speed are very good. The time response is about 0.1 s, the overshoot is
about 10 %, the static error between the actual speed and reference speed is zero.

4 ] ! — psiR ralra est
—psiR beta est

Rotor flux [Wb]

Time [s]

Fig. 5 Estimated rotor flux vector components g, oq» Wrp_es
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Fig. 6 Reference rotor speed w,,_, and estimated rotor speed w;,_cg
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Fig. 7 Speed difference between actual rotor speed w,, and estimated rotor speed w,, s

The maximum speed difference between the actual speed and the estimated speed is
1 rpm (1 %) in Fig. 7.

5 Conclusions

The estimation technique for sensorless induction motor drive with vector control
was presented in the paper. The sliding mode observer was used to estimate the
speed of induction motor. The induction motor drive with the presented 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. The disadvantage of this paper is that the speed estimator does not work well
when the errors between the real parameters of the induction motor and the nominal
parameters occur. In the next research, a sliding mode controller will be proposed
together with the sliding mode observer to improve the control characteristics, even
with the noise and parameter variations.
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