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Real Time Implementation of Adaptive Sliding
Mode Observer Based Speed Sensorless
Vector Control of Induction Motor
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Abstract: Sensorless induction motor drives are widely used in industry for
their reliability and flexibility. However, rotor flux and speed sensors are
required for vector control of induction motor. These sensors are sources of
trouble, mainly in hostile environments, and their application reduces the drive
robustness. The cost of the sensors is not also negligible. All the reasons lead to
development of different sensorless methods for rotor flux and mechanical
speed estimation in electrical drives. The paper deals with the speed estimators
for applications in sensorless induction motor drive with vector control, which
are based on application of model adaptive, based sliding mode observer
methods. This paper presents the development and DSP implementation of the
speed estimators for applications in sensorless drives with induction motor.
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1 Introduction

Induction motor drives have been thoroughly studied in the past few
decades and many vector control strategies have been proposed, ranging from
low cost to high performance applications. In order to increase the reliability
and reduce the cost of the drive, a great effort has been made to eliminate the
shaft speed sensor in most high performance induction motor drive applications
[1]. Speed estimation is an issue of particular interest with induction motor
drives where the mechanical speed of the rotor is generally different from the
speed of the revolving magnetic field. The advantages of speed sensorless
induction motor drives are reduced hardware complexity and lower cost,
reduced size of the drive motor, better immunity, elimination of the sensor
cable, increased reliability and less maintenance requirements. The induction
motor is however relatively difficult to control compared to other types of
electrical motors. For high performance control, field oriented control is the
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most widely used control strategy [2]. This strategy requires information of the
flux in motor; however the voltage and current model observers are normally
used to obtain this information. Generally, using the induction motor state
equations, the flux and speed can be calculated from the stator voltage and
current values. This paper presents model adaptive based sliding mode observer
for the proposed control.

2 Motor Model and Vector Control Strategy

The induction motor mathematical model in d-q coordinates established in
a rotor flux oriented reference frame can be written as [3]:

. d\Psd
vsd = Rslsa' + dt - me\Psq (1)
. dY¥Y,
Vsq :Rxlsq +T+weqjxd (2)
. d\Prd
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where the stator and rotor flux linkages are given by:
lde = Lsixd + Lmird (5)
Y, =Li, +L,i, (6)
lPrd = Lrird + Lmi.vd (7)
¥, =Li, +L,i, ®)

The state space representation of the induction motor with the stator
currents and the rotor flux linkages components as state variables can be written
as [4]:
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T. is the rotor time constant and is given by 7. =L./R. and o is the leakage
2

coefficient given by c=1-

res

The electromagnetic torque and the rotor speed are given by:
3

T;m = EpL_(\Prd sq \Prqisd) > (10)
where:

R and R are the stator and rotor winding resistances;

L , L and L are the stator, mutual and rotor inductances;

p is the number of pole pairs;

o,, o, and o, are the synchronous, rotor and slip speed in electrical rad/s;

v

sd > v

o b by» Y,,and W, are stator voltage, stator current and rotor

flux d-q components in the rotor flux oriented reference frame;
T, and 7, are the electromagnetic torque and the load torque respectively;
J and f are the motor inertia and viscous friction coefficient respectively.

Under the rotor flux orientation conditions the rotor flux is aligned on the
d-axis of the d-q rotor flux oriented frame and the rotor flux equations can be
written as:

¥, =0 (11)

\P Lmlsd (12)

The electromagnetic torque equation can be written as:
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3 L . .
Tem ZEPL_M\Prlsq = Ktlsq ’ (13)

»

where K, is the torque constant given by:

3 L
=—p—Y . 14
t 2le r ( )

3 Model Reference Adaptive Systems (MRAS)

The basic concept of MRAS is the presence of a reference model which
determines the desired states and an adaptive (adjustable) model which
generates the estimated values of the states. The error between these states is fed
to an adaptation mechanism to generate an estimated value of the rotor speed
which is used to adjust the adaptive model. This process continues till the error
between two outputs tends to zero [4, 5]. Basic equations of rotor flux based-
MRAS can be written as:

v, =(Lr )U(vx ~Rji)de- L |, (15)

L

m

¥ =(%jj‘(Lmix ¥ —er¥))dr. (16)

The reference model (15) is based on stator equations and is therefore
independent of the motor speed, while the adaptive model (16) is speed-
dependant since it is derived from the rotor equation in the stationary reference
frame. To obtain a stable nonlinear feedback system, a speed tuning signal (€,)
and a PI controller [6] are used in the adaptation mechanism to generate the

estimated speed. The speed tuning signal and the estimated speed expressions
can be written as:

8(» = \Prq\Prd _\Prlerq ’ (17)
A K
(D:{Kp +T}8w, (18)

where K, and K, are the proportional and integral constants, respectively.

Generally the MRAS observer gives satisfactory speed estimation in the
high and medium speed regions. When working at low speed the observer
performance deteriorates due to integrator drift and initial condition problems
and sensitivity to current measurement noise. Therefore a sliding mode observer
is proposed to replace the conventional adaptive model (16) (Fig. 1) to improve
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the MRAS scheme performance at load condition, reversal speed and low speed
region [7].

—> Reference Model
—P

—»|  Sliding Mode Observer

o / Adaptation Mechanism

with PI Controller

Fig. 1 — MRAS with sliding mode observer.

4 The Propose Sliding Mode Observer
Considering only the four first equations of the induction motor model and
noting X,,X,,%,,%, the observation of x,,x,,x,,x,respectively. The observer

model is a copy of the original system, where added correctors are gains with
switching terms [8]. Let, A,,A,,Ajand A,, are the observer gains with

A, :[Ajl Aﬂ]for je{l,2,3,4}
; _|Sien(s)] (19)
| Sign(S,)

with:

S A —pokK 2
X, — X,

S=| =] T, :l r . B= K + pPe’K?
S, Xy =X, p K T,

”

The choice of I' is made to get a simple observer gain synthesis. Setting
e,=x,—%, for je{1,2,3,4}, the estimation error dynamics is given by

K
é =Fe3 + pwKe, — Ai (20)

r

K
é, =Fe4 — pwKe, — A, 21)

r
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1
é, 2763 — pwe, — A, (22)

é, =Tie4 + poe, — A, i, (23)
One has the following result.

Assume that the state variables x,and x, are bounded, and consider system
(20) at (24) with the following observer gain matrices [9]:

|:AI] A21 :| — F—l |:6] 0 :|
A12 A22 O 62 ’

[ABI A32 ) — 6] 62
Ay Ay b
P q, T
5, 5,
where
8]:p3—i_|)}2"3|—i_amax el|+bmax e2|
82=p4_|-|')’€l4|_|-bmax el|+amax e2|

1
amax = 2T,szn1nz > bmax = p]-l*zn2 (E + 2’p2n12\] >

and m,, n, are two known positive parameters.
Since

|x3|Sp3, |x4|$p4 and ¢,,q, >0.

then [e, e, e, e] converge to zero.
It should be noted that our observer is robust in face of modeling
uncertainty and error in the measurements [10].

The implementation of the nonlinear sliding mode observer is easy using
the Embedded MATLAB function block is based on an M-file written in the
MATLAB language because it can be supported by RTI (Real Time Interface).

The convergence of the algorithm is assured with simple time 7, =1.5-107s,
use Euler method.
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S Description of Laboratory Setup

The adaptive sliding mode speed observer has been tested experimentally

on a suitable test setup (Fig. 2). The test setup consists of the following:

e Three-phase induction motor with rated values shown in appendix;

e Synchronous machine for loading the induction motor;

e Electronic power converter: three-phase diode rectifier and VSI
composed of three IGBT modules without any control system;

o Electronic card with voltage sensors (model LEM LV 25-P) and current
sensors (model LEM LA 55-P) for monitoring the instantaneous values of
the stator phase voltages and currents;

e Voltage sensor (model LEM CV3-1000) for monitoring the instantaneous
value of the dc-link voltage;

e Incremental encoder (model RS 256-499, 2500 pulses per round), only
for comparison measurements;

o dSPACE card (model DS1104) with a PowerPC 604¢ at 400 MHz and a

fixed-point digital signal processor (DSP) TMS320F240.

Fig. 2 — Experimental setup.

During the real-time operation of the control algorithm, the supervision and
capturing of the signals can be done by the Control Desk software provided
with the DSP board.
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6 Experimental Results and Discussion

The application of proposed reconstruction technique and estimation of
feedback signals is illustrated by a computer simulation. Flux reference is set to
its rated value and the dc link voltage is 500 V. Some experimental results were
provided to demonstrate the effectiveness of the proposed observer technique.

Scenario 1: First experiment, the target speed is changed from 0 rpm to
1490 rpm at 1.5 s at no load applied. Fig. 3 shows the experimental result of a
speed at free acceleration using the estimation of speed. Additionally, the real
speed is measured and compared. It can be seen that there is a very good
accordance between real and estimated speed without any steady state error.

2000

1800--------"""""""""b west |----- -

L1 e p——— -

|
1400 | - - - [AGE =)o e e e e ——— ™

1200

1000

800

Speed (rpm)

600

400

wmes
west
— west

200

0 - - 1400} ‘ ‘ ‘ ‘ ‘ T -
2.1 2.2 2.3 | 24 25 26
Time (s) |

|

|

|

1

5 10 15
Time (s)

-200
0

Fig. 3 — The reference, actual and estimated speed at no load condition.

Fig. 4 depicts the trajectories of the electromagnetic torque (a), estimated
and measured stator currents evolution (b). It should be noted that the amplitude
of the torque ripple is slightly higher.

Scenario 2: Fig. 5 shows the speed sensorless control performance where
the load was applied and omitted. The estimated speed coincides exactly with
the real speed even the load torque application instant. From these results, it is
shown that the proposed speed-sensorless control algorithm has good
performances.
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Fig. 4 — a) Response electromagnetic torque; b) Estimated stator currents evolution.
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Fig. 5 — The reference, actual and estimated speed
at speed applied a load at 5-7-13-15 s.

The real and estimated stator currents and the estimated electromagnetic
torque, when the motor is running at high speed with load applied, are given by
Figs. 6a and 6b. these figures show that the real and the estimated stator currents,
the estimates electromagnetic torque are in close agreement.

Scenario 3: The reference speed is set to 1400 rpm at ¢ =2s. Then the set
point is changed to -1400 rpm at  =10s without any load (Fig. 7). It is clear
that the speed response exhibits good performances at both dynamics regimes.
The result clearly shows that the estimated speed follows the actual speed and
the error is not significant.

The results shown in Figs. 8a and 8b illustrate, the electromagnetic torque,
actual and estimated stator currents trajectory. These results made the drive
remain stable and this condition can be maintained indefinitely.

Scenario 4: The controller was tested under with the speed dependent load
produced by the synchronous machine. The reversal speed response of the
motor is shown in Fig. 6 at high speeds without load and in Fig. 7 under
different levels of load torque.

From inspection of Figs. 8a and 8b, it is possible to verify the excellent
behavior of the proposed algorithm. In fact, the error on the estimation both of
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the stator currents and of the electromagnetic torque are always very small
(<2%, by referring to the actual values). Fig. 7 shows too the error between real
and estimated speeds. Figs. 4 and 5 indicate that the estimated value also tracks

its true value very closely in both the forward and reverse directions.
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Fig. 6 — a) Response electromagnetic torque; b) Estimated stator currents evolution.
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Fig. 7 — The reference, actual and estimated speed
at speed reversal with no load condition.

Scenario 5: To test the performance of the control drive at low speed
without load. We applied a changing of the speed reference from 100 rpm to -
100 rpm at ¢ =10s. Speed control performance is shown in Fig. 11.

We can see that the speed follow perfectly the speed reference. However, it
is important to note that the control system demonstrates a good performance
even under those variations. We note that the performance degrades as
approaching the low speed region and fails to provide large oscillations.
Figs. 12a and 12b show torque and stator current estimation in the low speed
operation.

Excellent tracking performance was obtained no study state error and no
overshoot and control performance of the drive is acceptable for load
disturbance. The gotten results show the effectiveness of the proposed control
scheme.
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Fig. 8 — a) Response electromagnetic torque, b) Estimated stator currents evolution.
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Fig. 10a — Response electromagnetic torque.
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Fig. 10b — Estimated stator currents evolution.
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Fig. 12 — a) Response electromagnetic torque; b) Estimated stator currents evolution.
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Conclusion

Both observers presented in the paper can estimate the speed in an

electrical drive system. The values of the speed estimated on-line can be used
by the control of the electrical drive systems in speed range. For both observers
the drive system must be endowed an acquisition system for the electrical
variables, which helps to calculate the electromagnetic torque of the electrical
motor, who is based on the generally equation of motion the same in every drive
system for any kind of electrical motor. The estimation performances of both
observers are comparable. For the observers presented in this paper the drive’s
parameters were considered constant.

The main features are the following:

—The instantaneous speed is estimated by Adaptive sliding mode observer.

—To obtain a high-dynamic current sensorless control, a current to voltage
feed forward decoupling and a dynamic correction are applied.

—Moreover, an accurate dynamic limitation of the real electromagnetic
torque is obtained.

—Extensive experimental results using an induction motor drive prove high-
dynamic performances and robustness of the proposed control structure in
dSPACE environment.

Appendix

R,=11.8Q, R, =11.3085Q, L,=L,=0.5568 H, L,, = 0.6585 H,
J=0.0020 kg'm?, f=3.1165¢-004 Nm/rad/s, p=1.
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