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ABSTRACT. A sliding mode position control for high-performance real-time applications
of induction motors is developed in this work. The design also incorporates a simple
flux estimator in order to avoid the flux sensors. Then, the proposed control scheme
presents a low computational cost and therefore can be implemented easily in a real-time
applications using a low cost DSP-processor. The stability analysis of the controller under
parameter uncertainties and load disturbances is provided using the Lyapunov stability
theory. Finally, simulated and experimental results show that the proposed controller with
the proposed observer provides a good trajectory tracking and that this scheme is robust
with respect to plant parameter variations and external load disturbances.

Keywords: Position control, Sliding mode control, Robust control, Induction machines,
Lyapunov stability, Nonlinear control

1. Introduction. AC induction motors have been widely used in industrial applications
such as machine tools, steel mills and paper machines owing to their good performance
provided by their solid architecture, low moment of inertia, low ripple of torque and high
initiated torque. Some control techniques have been developed to regulate these induction
motor servo drives in high-performance applications. One of the most popular technique
is the indirect field oriented control method [1, 2].

The field-oriented technique guarantees the decoupling of torque and flux control com-
mands of the induction motor, so that the induction motor can be controlled linearly
as if it were a separated excited D.C. motor. However, the control performance of the
resulting linear system is still influenced by uncertainties, which usually are composed
of unpredictable parameter variations, external load disturbances, and unmodelled and
nonlinear dynamics.

In the last decades the proportional integral derivative (PID) controller has been widely
used in the vector control of induction motors due to its good performance and its simple
structure. However, in some applications the PID controller may not meet the concerned
robustness under parameter variations and external load disturbances. Therefore, many
studies have been made on the motor drives in order to preserve the performance under
these parameter variations and external load disturbances, such as nonlinear control [3, 4],
adaptive control [5], robust control, fuzzy control and neural control. However, usually
these controllers present a high computational cost and cannot be implemented over a
low cost DSP processor to perform a real time control.
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The sliding-mode control can offer many good properties, such as good performance
against unmodelled dynamics, insensitivity to parameter variations, external disturbance
rejection and fast dynamic response. These advantages of the sliding-mode control may
be employed in the position and speed control of an AC servo system [6]. In [7] an integral
sliding mode position control for induction motor based on field oriented control theory
is proposed. In the work of [8], an integrated sliding mode controller (SMC) based on
space vector pulse width modulation method is proposed to achieve high-performance
speed control of an induction motor. In this work using a field-oriented control principle,
a flux SMC is first established to achieve fast direct flux control and then a speed SMC is
presented to enhance speed control by the direct torque method. However, in this work
the performance of the proposed controller is not validated over a real induction motor.
In recent literatures, the integral sliding mode control (ISMC) method is introduced in
the control design of speed loop in order to improve the disturbance rejection property of
speed control system for a permanent magnet synchronous motor.

Position control is often used in some applications of electrical drives like robotic sys-
tems, conveyor belts. In these applications uncertainty and external disturbances are
present and therefore a robust control system that maintains the desired control perfor-
mance under this situations is frequently required [9, 10]. In the work of [11] the neural
networks are employed to approximate the nonlinearities and an adaptive backstepping
technique is used to construct the controller for the position tracking control of induction
motors with parameter uncertainties and load torque disturbance. The H,, control design
problem for a high performance hard disk drive servo controller is solved by Genetic Algo-
rithm in the work of [12]. The proposed technique does not only solve the problem of high
order controller in the conventional design, but also still retains the robust performance
of conventional H,, control technique. The variable structure control strategy using the
sliding-mode has also been focused on many studies and research for the position control
of the induction motors [13, 14].

The induction motor position control problem has been recently studied in [15] using a
discrete time sliding mode control. The field oriented control theory is also used in order
to decouple the flux and the electromagnetic torque. In this paper the authors calculate
the rotor flux vector angular position using the slip estimates which is very sensitive to
the rotor resistance variation.

On the other hand, in the last decade remarkable efforts have been made to reduce the
number of sensors in the control systems [16, 17]. The sensors increase the cost and also
reduce the reliability of the control system because these elements are generally expensive,
delicate and difficult to instal.

In this paper, a robust approach for induction motor position control is presented. The
proposed sliding mode control may overcome the system uncertainties and load distur-
bances that usually are present in the real systems. In the controller design, the field
oriented control theory is used to simplify the system dynamical equations. Moreover,
the proposed controller does not present a high computational cost and therefore can be
implemented easily in a real-time applications using a low cost DSP-processor.

In this work, a flux estimation algorithm, based on a Luenberger observer, is also
proposed in order to avoid the flux sensors. This observer presents a low computational
cost and therefore is adequate as well to be implemented in real time applications using
a low cost DSP-processor. The proposed observer uses a state space plant model and
incorporates a feedback loop using the difference between the measured stator currents and
the state space model stator currents in order to overcome the system model uncertainties.
The estimated rotor flux is used to calculate the rotor flux vector angular position whose
value is essential in order to apply the field oriented control principle.
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Moreover, the control scheme presented in this paper is validated in a real test using a
commercial induction motor of 7.5 kW in order to demonstrate the real performance of this
controller. The experimental validation has been implemented using a control platform
based on a DS1103 PPC Controller Board that has been designed and constructed in
order to carry out the experimental validation of the proposed controller.

This manuscript is organized as follows. The flux observer is introduced in Section
2. Then, the proposed variable structure robust position control is presented in Section
3. In Section 4, the experimental control platform is presented and some simulation and
experimental results are carried out. Finally, concluding remarks are stated in Section 5.

2. Rotor Flux Estimator. Many schemes based on simplified motor models have been
devised to estimate some internal variables of the induction motor from measured terminal
quantities [22]. This procedure is frequently used in order to avoid the presence of some
sensors in the control scheme. In order to obtain an accurate dynamic representation of
the motor, it is necessary to base the calculation on the coupled circuit equations of the
motor.

Since the motor voltages and currents are measured in a stationary frame of reference,
it is also convenient to express the induction motor dynamical equations in this stationary
frame.

The system state space equations in the stationary reference frame can be written in
the form [22]:

& = Az + By (1)
where
r = [ids Z.qs wdr T/qu]T
Vs = ['Uds 'qu]T
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Considering the stator currents as the system output, the output equation for this
system is:
y=Cx (2)

where
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Then, the states observer, which estimates the system states (stator current and rotor
flux), is defined by means of the following equation (Luenberger observer):

& = Az + Bu,+ G (y — C1) (3)
= A% + Bu, + GC(x — &) (4)

where the symbol (A) represents the estimated values and G is the observer gain matrix.

Therefore, if the observer gain G is chosen such that the characteristic equation of
the matrix A GC has all its roots with a negative real part, then the estimation error
converges to zero. Consequently the estimated states Lds, igs) wds, qu converges to the
real states igs, g5, Yds, Ygs as t tends to infinity. Hence, the rotor flux may be obtained
from the state observer given by Equation (3).

3. Variable Structure Robust Position Control. The mechanical equation of an
induction motor can be written as:

JO,, + B, + T =T, (5)

where J and B are the inertia constant and the viscous friction coefficient of the induction
motor respectively; 77, is the external load; 6,, is the rotor mechanical position, which is
related to the rotor electrical position, 6,, by 6, = 2 6, /p where p is the pole numbers
and T, denotes the generated torque of an induction motor, defined as [22]:

3p m e e
Te— 4 L (d}dr lgs — quds) (6)

where g, and g, are the rotor-flux linkages, with the subscript ‘e’ denoting that the
quantity is refereed to the synchronously rotating reference frame; ¢, and i, are the
stator currents, and p is the pole numbers.

The estimated angular position of the rotor flux vector (¢,) related to the d-axis of the
stationary reference frame may be calculated by means of the rotor flux components in
this reference frame (g, 1/A)qr) as follows:

0, = arctan <T/qu> (7)
wdr

where 6, is the estimated angular position of the rotor flux vector.

Using the field-orientation control principle, the current component i, is aligned in
the direction of the rotor flux vector v, and the current component igs 1s aligned in the
perpendicular direction to it. At this condition, it is satisfied that:

o =0, ¥ = ¢y (8)

Taking into account the results presented in Equation (8), the equation of induction
motor torque (6) is simplified to:

3p L,,
T, = wdr gs — KTqu (9)
where K is the torque constant, defined as follows:

3pL

Ky = wdr (10)

where 1§ denotes the command rotor flux.
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With the above mentioned proper field orientation, the dynamics of the rotor flux is
given by:

dupe e Lm
77bd7" _i_wdr _ e

= 11
dt Tr Tr Lds ( )
Then, the mechanical Equation (5) becomes:
O + by, + f = bil, (12)
where the parameters are defined as:
B Kr 17,
=— ph=_—" == 13
a J b J ’ f J ( )
Now, the previous mechanical Equation (12) is considered with uncertainties as follows:
O = —(a + 2a)0, — (f + AF) + (b+ Ab)iE, (14)

where the terms Aa, Ab and Af represent the uncertainties of the terms a, b and f
respectively.
Let us define the position tracking error as follows:

e(t) = Om(t) = 0,,(1) (15)

where 07 is the rotor position command.
Taking the second derivative of the previous equation with respect to time yields:

E(t) = On, — 05, = u(t) + d(t) (16)

where the following terms have been collected in the signal u(t),
u(t) = big,(t) — abu(t) — f(t) = 63, (1) (17)

and the uncertainty terms have been collected in the signal d(t),
d(t) = —Aawy,(t) — Af(t) + Abig (t) (18)

Now, the sliding variable S(t) is defined as:
S(t) = é(t) + ke(t) + ki/e(t)dt (19)

where k£ and k; are a positive constant gains.
Then, the sliding surface is defined as:

S(t) = é(t) + ke(t) + k; / e(t)dt = 0 (20)

The sliding mode controller is designed as:
u(t) = —ké — ke — Bsgn(S) (21)

where k and k; are the previously defined positive constant gains, 3 is the switching gain,
S is the sliding variable defined in Equation (19) and sgn(-) is the sign function.

Assumption. In order to obtain the position trajectory tracking, the gain § must be
chosen so that 3 > d where d > sup,c po+ |d(t)|. Note that this condition only implies that
the system uncertainties are bounded magnitudes.

Theorem 3.1. Consider the induction motor given by Equation (14), the control law
(21) leads the rotor mechanical position 0,,(t) so that the position tracking error e(t) =
O () — 07, (t) tends to zero as the time tends to infinity.
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Proof: Define the Lyapunov function candidate:
1
V(1) = 55()5() (22)

Its time derivative is calculated as:

V(t) = 5(8)5(t)

= S5 -[€+ ké + kie]

=S-[u+d+ ké+ ke

=S [—ké — kie — Bsgn(S) + d + ké + k;e]

= §-[d— Bsgn(S)]

< —(B—[d])|S]

<0 (23)

It should be noted that Equations (19), (16) and (21) have been used in the proof.

Using the Lyapunov’s direct method, since V(t) is clearly positive-definite, V(t) is
negative definite and V' (¢) tends to infinity as S(¢) tends to infinity, then the equilibrium
at the origin S(¢) = 0 is globally asymptotically stable. Therefore, S(¢) tends to zero
as the time ¢ tends to infinity. Moreover, all trajectories starting off the sliding surface
S = 0 must reach it in finite time and then they will remain on this surface. This system’s
behavior, once on the sliding surface is usually called sliding mode.

When the sliding mode occurs on the sliding surface (20), then S(t) = S(t) = 0, and
therefore the dynamic behavior of the tracking problem (16) is equivalently governed by
the following equation:

St)=0 = &(t)+ké(t) + kie(t) =0 (24)

Then, like k and k; are a positive constants, the tracking error e(¢) and its derivatives
é(t) and é(t) converges to zero exponentially.

It should be noted that, a typical motion under sliding mode control consists of a
reaching phase during which trajectories starting off the sliding surface S = 0 move
toward it and reach it in finite time, followed by sliding phase during which the motion
will be confined to this surface and the system tracking error will be represented by the
reduced-order model (24), where the tracking error tends to zero.

Finally, the torque current command, i¢;(#), can be obtained directly substituting Equa-
tion (21) in Equation (17):

(1) = % _ké — ke — Bsan(S) + aby + 0% + £(2) (25)

It should be noted that the current command is a bounded signal because all its com-
ponents are bounded.

Therefore, the proposed variable structure position control resolves the position track-
ing problem for the induction motor in presence of some uncertainties in mechanical
parameters and load torque.

It should be pointed out that, as it is well known, the variable structure control sig-
nals may produce the so-called chattering phenomenon, caused by the discontinuity that
appear in Equation (25) across the sliding surface. Chattering is undesirable in practice,
since it involves high control activity and further may excite high-frequency dynamics.
Fortunately, in the induction motor system, this high frequency changes in the electro-
magnetic torque will be filtered by the mechanical system inertia. Nevertheless, in order
to reduce the chattering effect, the control law can also be smoothed out. In this case
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a simple and easy solution (proposed in [23]) could be to replace the sign function by a
tansigmoid function in order to avoid the discontinuity in the control signal.

4. Simulation and Experimental Results. In this section the position regulation
performance of the proposed sliding-mode field oriented control versus reference and load
torque variations is analyzed by means of different simulation examples and real test using
a commercial induction motor.

The block diagram of the proposed robust position control scheme is presented in Figure
1, and the function of the blocks that appear in this figure are explained below:

The block ‘VSC Controller’ represents the proposed sliding-mode controller, and it is
implemented by Equations (19) and (25). The block ‘limiter’ limits the current applied to
the motor windings so that it remains within the limit value, being implemented by a sat-
uration function. The block ‘dg® — abc’ makes the conversion between the synchronously
rotating and stationary reference frames (Park’s Transformation). The block ‘Current
Controller’ consists of an SVPWM current control. The block ‘SVPWM Inverter’ is a six
IGBT-diode bridge inverter with 540 V DC voltage source. The block ‘Field Weakening’
gives the flux command based on rotor speed, so that the PWM controller does not sat-
urate. The block ‘7% Calculation’ provides the current reference 73 from the rotor flux
reference through Equation (11). The block ‘Flux Estimator’ represents the proposed Fux
estimator, and it is implemented by Equation (3). The block ‘9, Calculation’ provides the
angular position of the rotor flux vector. Finally, the block ‘IM’ represents the induction
motor.

In order to carry out the real experimental validation of the proposed control scheme,
the control platform shown in Figure 2 is used. The block diagram of this experimental
platform is shown in Figure 3.

This control platform allows to verify the real time performance of the induction motor
controls in a real induction motor. The platform is formed by a PC with Windows XP in
which it is installed MatLab7/Simulink R14 and ControlDesk 2.7 and the DS1103 Con-
troller Board real time interface of dSpace. The power block is formed of a three-phase
rectifier connected to 380 V/50 Hz AC electrical net and a capacitor bank of 27.200 uF
in order to get a DC bus of 540 V. The platform also includes a three-phase IGBT/Diode

Z’E’* 3*
bt e [ vsC Lim e —
mt € s . 1 Current
P , Limiter | je* | dg° — abe .
- Controller ds — Controller
0, T ée ‘ Pulses
i Oe SVPWM
/ - -, oA PR
5 | Caleulation (;*“kmft‘l‘—’n Inverter
. l'dT‘ ?.' qr g
Wy, Field | abe
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F1GURE 1. Block diagram of the proposed sliding-mode field oriented control
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FIGURE 2. Induction motor experimental platform
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F1GURE 3. Block diagram of the induction motor experimental platform

bridge of 50 A, and the M2AA 132M4 ABB induction motor of 7.5 kW of die-cast alu-
minium squirrel-cage type and 1440 rpm, with the following parameters given by the
manufacturer:

e IR, stator resistance, 0.81 €2

R,, rotor resistance, 0.57 €2

L,,, magnetizing inductance, 0.117774 mH
L, stator inductance, 0.120416 mH

L,, rotor inductance, 0.121498 mH
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e p, pair of poles, 2

e .J, moment of inertia, 0.057 kg m?

e B, viscous friction coefficient, 0.015 N m/(rad/s)

e oy, temperature coefficient of Aluminium, 0.0039 K—!

The rotor position of this motor is measured using the GIBWGLDBI LTN incremental
rotary encoder of 4096 square impulses per revolution. This pulses are quadruplicated in
a decoder, giving a resolution of 16384 ppr which gives an angle resolution of 0.000385
rad (0.022 deg).

The platform also includes a 190U2 Unimotor synchronous AC servo motor of 10.6 kW
connected to the induction motor to generate the load torque (controlled in torque). This
servo motor is controlled by its VSI Unidrive inverter module.

The sample time used to realize the real implementation of the position control is 100 us,
and the processor used for the real tests is a floating point PowerPC at 1 MHz, located in
the real time DS1103 hardware of dSpace. This target incorporates the TMS320F240 DSP
working as slave to generate the SVPWM pulses for the inverter. Finally, the position and
currents control algorithms, the 6, angle and flux estimator, the SVPWM calculations,
and the Park’s transformations have been realized in C programming language in a unique
S-Builder module of Simulink, in order to obtain a compact and portable code.

In the experimental validation it is assumed that there is an uncertainty around 50%
in the system mechanical parameters, which will be overcome by the proposed variable
structure control. The rotor flux of the induction motor has been set to its nominal value
of 1.01 Wb, keeping the flux current command, i},, to a constant value of 8.61 A. On the
other hand, the electromagnetic torque current command, 4}, has been limited to 20 A,
in order to provide a protection against overcurrents in the induction motor’s stator fed.
Finally, the frequency of commutation of VSI module of the platform is limited to 8 kHz.

In this example a square wave position reference (similar to the reference proposed
in [15]) is chosen. The square wave position reference is a good reference for a testing
purposes and is widely used; however, a real system can not track this reference with a
zero error in the steeps, because the reference value changes in a zero time period.

In the experimental validation the motor starts from a standstill state and it is required
that the rotor position follows a square wave position command, whose amplitude varies
between 0 and 15 rad and whose frequency is 0.125 Hz. The system starts with an initial
load torque T, = 0 N.m, and at time ¢t = 1 s, the load torque steps from 77, = 0 N.m to
T;, = 20 N.m, which is a 50% of the nominal torque value.

In this example the following values have been chosen for the controller parameters,
k =44, k; = 460 and g = 200.

Finally, in order to reduce the chattering, the current command is passed through a
low pass filter of 200 rad/s.

Figure 4 shows the simulation test of the proposed variable structure position control
for the induction motor. The first graph shows the reference and the real rotor position.
As it can be seen, the rotor position tracks the reference position in spite of system un-
certainties. Obviously, when the reference steps from the 0 to 15 rad instantaneously, the
rotor position cannot track this reference instantaneously due to the system mechanical
inertia. Moreover, the position tracking is not affected by the load torque change at time
t = 1 s, because when the sliding surface is reached (sliding mode) the system becomes
insensitive to the boundary external disturbances. In this figure a small overshoot can be
observed, this overshoot can be eliminated reducing the controller gains; however, in this
case the system response will be slower and then time employed to reach the reference
position value will be higher.



2750 0. BARAMBONES, P. ALKORTA AND J. M. GONZALEZ DE DURANA

The second graph shows the rotor position error and the third graph shows an enlarged
scale of the rotor position error. This graph shows that after a small time the system
tracks the reference with a zero error.

The four graph shows rotor speed and the fifth graph shows the motor torque and the
load torque, as it can be seen in this graph, the motor torque steps from zero to 20 Nm
at time 1 s because the load torque has been increased to 20 Nm.

The sixth graph shows the stator current 74, and the seventh graph shows the sliding
variable S.

Figure 5 shows the real test of the proposed variable structure position control for the
induction motor using the experimental platform. The first graph shows the reference
and the real rotor position. Like in the previous case (simulation test), the rotor position
tracks the reference position in spite of system uncertainties. In this figures, a little can
be observed due to the sensors used to make the system real measurements. As before,
the position tracking is not affected by the load torque change at time ¢ = 1 s, and a
small overshoot can be observed.

The second graph shows the rotor position error and the third graph shows an enlarged
scale of the rotor position error. This figure presents a small position error but the value
of this error is similar to the encoder resolution, and therefore this is the minimal error
value that can be measured in this experimental platform. It should be noted that a very
small position error is obtained in the presence of a load torque, which is a difficult task
to achieve for an induction motor.

The fourth graph shows rotor speed and the fifth graph shows the motor torque and
the load torque; as in the previous case, the motor torque steps from zero to 20 Nm at
time 1 s because the load torque has been increased to 20 Nm.

The sixth graph shows the stator current 74, and the seventh graph shows the sliding
variable S.

This experimental results can be compared with the experimental results presented in
the paper [15]. In this sense, the performance of our control scheme presents a better
performance that the control scheme of [15]. The position accuracy and the speed of the
response are similar in both cases but the response of our controller is more quick than
the response of the controller proposed in [15]. In this point it should be noted that in
the real text are using a bigger induction motor whose inertia constant (J = 5.7 - 1072
Kgm?) is greater than the motor inertia constant used in [15] (J = 3.5-10~% Kgm?),
which implies a major difficulty in order to accelerate the induction motor, and therefore
in order to obtain a good speed response.

Moreover, our proposed algorithm is more straightforward than the algorithm presented
in [15] and therefore presents a less computational cost, that is similar to the computa-
tional cost of the PID controller. This would be an interesting advantage in order to
implement the controller in a low cost DSP-processor.

5. Conclusion. In this paper an induction motor position regulation using a sliding
mode control for a real-time applications has been presented. In the design a field oriented
vector control theory is employed in order to simplify the system dynamic equations.

In order to overcome the flux sensors, a flux estimator is also proposed, because the
flux sensors increase the cost and reduce the reliability. The flux estimation algorithm is
based on a Luenberger observer and employs the measured stator voltages and currents
in the stationary reference frame.

The flux observer and the controller do not present a high computational cost and there-
fore the proposed control scheme can be implemented easily in a real-time applications
using a low cost DSP-processor.
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Due to the nature of the sliding mode control this control scheme is robust under
uncertainties caused by parameter error or by changes in the load torque. The closed
loop stability of the presented design has been proved through Lyapunov stability theory.

In order to demonstrate the performance of the proposed design over a commercial
induction motor of 7.5 kW, a new experimental platform had to be designed and con-
structed to text the proposed robust controller in a real time application over a high power
comercial induction motor.

Finally, by means of simulation and real examples, it has been confirmed that the
proposed position control scheme presents a good performance in practice, and that the
position tracking objective is achieved under parameter uncertainties and under load
torque variations.
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