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Sensorless Sliding-Mode Control of Induction Motors
Using Operating Condition Dependent Models
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Abstract—A sensorless torque control system for induction
motors is developed. The system allows for fast and precise torque
tracking over a wide range of speed. The paper also presents the
identification and parameter estimation of an induction motor
model with parameters varying as functions of the operating
conditions encountered in hybrid electric vehicles applications.
An adaptive sliding mode speed-flux observer is developed and a
cascade of discrete time sliding mode controllers is used for flux
and current control. Simulation and experimental results prove
the validity of the approach.

Index Terms—Adaptive, induction motor, modeling, parameter
estimation, sensorless control, sliding mode.

I. NOMENCLATURE

, Stator voltage in stationary reference
frame.

, Stator voltage in synchronous reference
frame.

, Currents in stationary reference frame.
, Currents in synchronous reference frame.

Stator current.

, Rotor fluxes in stationary reference frame.
Rotor flux in synchronous reference frame.
Number of poles pairs.

, Synchronous frequency and mechanical
speed.
Slip frequency (rotor current frequency).

Slip.
, Magnetizing and leakage inductance.
, Stator, rotor resistance.

Electromagnetic torque.
Stator temperature.

, Estimated, reference values.

II. I NTRODUCTION

I N high performance applications, the induction motor is
controlled through field orientation techniques that require

knowledge of the rotor speed. Since speed sensors decrease the
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reliability of a drive system (and increase its price), a common
trend in motor control is to use an observer to estimate speed.

There are five major speed estimation techniques in litera-
ture. Direct calculation methods [2]–[4] use motor equations
to directly compute speed and are therefore prone to numer-
ical errors and steady state errors. MRA observers [5]–[8] de-
fine two models (usually stator and rotor) that yield the same
output (flux, back-emf, reactive power, etc). One model is speed
independent while the other model contains speed terms. The
output error is driven to zero by the speed estimate. An extended
Kalman filter (EKF) method is proposed in [9] for rotor speed
identification. The authors append a fifth state (speed) to the
motor equations and use an EKF to observe it. Signal injec-
tion methods [10]–[14] use high frequency signals and motor
saliency to accurately detect speed over wide ranges. Sliding
mode observers [1], [15]–[18] use the estimated speed to cor-
rect a flux-current observer; the correction is based on a sliding
mode surface that combines the current error with flux estima-
tion. All known speed estimators depend on the induction motor
model. Accurate knowledge of the model parameter is critical
for speed estimation especially in the low speed range.

Considerable research has been done for induction motor pa-
rameter estimation [19]. Offline methods [20]–[22] target the
estimation of all motor parameters with high accuracy. Self-
commissioning methods [23], [24] focus on algorithms that can
be implemented directly on the motor controller and ran as an
initialization routine. Offline testing is not needed. They usu-
ally yield less precise results than offline methods. Online pa-
rameter estimation [25], [26] usually focuses on one or two pa-
rameters only (rotor or stator resistance); its main purpose is the
tracking of the parameters that change while the motor is oper-
ating. There is relatively little research conducted in modeling
the induction machine as a function of operating conditions [20].

The goal of this research is the development of a sensor-
less torque control system for hybrid electric vehicle applica-
tions. Due to the dependency of the control system to param-
eter knowledge, modeling and parameter estimation over a wide
range of operating conditions of induction motors is also devel-
oped. The parameters of the motor are mapped to the operating
conditions and are continuously updated while the motor is op-
erating.

III. HEV REQUIREMENTS FORSENSORLESSOPERATION

The propulsion system of a hybrid electric vehicle (HEV)
comprises both an internal combustion engine (ICE) and an
electric motor (EM) [28]. The most common type of HEV is
the parallel type, in which the both ICE and EM are directly
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connected to the wheels. This structure presents a relative ad-
vantage in control over other induction motor applications, such
as servos. The advantage is that the induction motor will virtu-
ally operate only at speeds above the idle speed of the ICE (cur-
rently 300–600 r/min). The only situation in which the IM will
need to operate at lower speed will be the transient from zero
(stalled) to idle speed. Since it is desired that HEV-s operation
continues even with sensor failure, it is important that sensor-
lesss control algorithms be developed (without the addition of
extra hardware). All known speed sensorless techniques are sen-
sitive to variation of parameters. The induction motor parame-
ters vary with the operating conditions, as is the case with all
electric motors. Furthermore, for a propulsion application, the
operating conditions will vary continuously. Speed (and input
frequency) will change with driving cycles, traffic conditions,
etc. Temperature is influenced by loading but also by ambient,
season, etc. and can have variations as high as from 100C. Op-
erating flux levels will change with loading demands in order
to obtain maximum energy efficiency. The parameters of the in-
duction motor model will change as the motor changes oper-
ating conditions, and these changes need to be accounted for in
control.

IV. DEVELOPMENT OFVARIABLE FREQUENCYMODELS

Fig. 1 shows the induction motor model used in this research
in stationary reference frame for-axis ( -axis are similar). As
noted in [19], the model is equivalent (without any loss of infor-
mation) to the more common—model in which the leakage
inductance is separated in stator and rotor leakage.

The following basic equations of induction machine can be
derived:

(1)

(2)

(3)

(4)

with constants defined as follows:

The electromagnetic torque expressed in terms of the state vari-
ables is

(5)

The motor parameters were estimated offline. The motor was
run at various operating conditions and small disturbance tests
were applied. A speed sensor was used. The parameters were
then estimated using a constrained optimization technique. Sen-
sitivity analysis of the output to the parameters at different slip
frequencies was employed to eliminate the parameters that yield
low sensitivity. Outside rated conditions, the motor parameters
change. Through a correlation analysis the authors isolated the

Fig. 1. Induction motor model in stationary reference frame(q-axis).

TABLE I
INDUCTION MOTOR RATED PARAMETERS

Fig. 2. L as function ofi .

Fig. 3. L as function ofI .

parameter-operating condition dependency. Table I shows the
motor parameters at rated conditions:

A strong correlation was observed between and (
saturates with an increase in ). A second order polynomial
was used to represent the dependency (shown in Fig. 2)

(6)

A strong correlation was also observed betweenand .
saturates with an increase in. A linear approximation was
used to represent the dependency (shown in Fig. 3)

(7)

The stator resistance was observed to be varying as a func-
tion of stator temperature. A linear approximation was used to
represent the dependency (shown in Fig. 4)

(8)
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Fig. 4. R as a function ofT .

Fig. 5. R as a function of slip frequency.

Fig. 6. R as a function ofi .

The rotor resistance varies as a function of two factors: slip fre-
quency (through skin effect) and rotor temperature. Since rotor
temperature is hardly measurable, the stator temperature was
used instead. Fig. 5 shows the dependency of rotor resistance to
slip at 3 temperature levels (measured on the stator) for locked
rotor tests. Slip frequency is not measurable in a speed sensor-
less system. However, slip frequency is proportional to the
current and therefore a correlation betweenand exists;
it was measured experimentally and is shown in Fig. 6. (stator
temperature varied approximately 30C throughout the tests).

The authors used a linear approximation for the rotor resis-
tance dependency on and stator temperature

(9)

Although more complicated (and more accurate) mappings can
be derived, their implementation was impossible due to the time
limitation of the DSP used for controlling the motor. The rotor
resistance model is prone to errors due to the fact that stator
temperature is used instead of rotor temperature and due to the
choice of modeling (linear). However, due to the intrinsic ro-
bustness of the sliding mode observer, the effect of these errors

Fig. 7. Experimental setup.

on the speed estimation are relatively small at most operating
conditions except for the low speed/high load region. The ef-
fects of rotor resistance estimation errors on speed estimation
are shown in Section VII.

V. EXPERIMENTAL SETUP

The experimental setup used in this research is shown in
Fig. 7. The induction motor (I.M.) is three-phase, four-pole,
5-Hp, 1750-r/min 220-V squirrel cage. The synchronous
generator (S.G.) is two phase, two pole, 5 Hp 440 V and is
used as a load. The 5-kW variable resistor box (R) loads the
synchronous generator. A variable DC power supply controls
the excitation of the synchronous generator. The motor is driven
by a 400-V/30-A power converter capable of switching at 20
kHz. A dual processor (TMS320C31 Master and TMS320P14
Slave) DSP board used both for control and data acquisition.
A 1024 pulse/revolution incremental optical encoder is used
for speed measurement. The PWM cycle is 240s and the data
acquisition sampling time is 60s. In order to avoid aliasing,
the measured voltage is passed through a low pass filter prior to
being acquired. The synchronous generator can be controlled
simultaneously with the motor using the DSP board through
the excitation voltage.

VI. SENSORLESSTORQUECONTROL DEVELOPMENT

A simplified block diagram of the control diagram is shown
in Fig. 8.

A. Adaptive Sliding Mode Observer

The speed-flux sliding mode observer equations are based on
the induction motor current and flux equations

(10)

(11)

(12)

(13)
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Fig. 8. Control structure.

Let a sliding surface be

(14)

and let

(15)

By choosing a large enough , it can be shown that can be
driven to zero in a finite time[1], implying the current estimates

and flux estimates , will converge to their real
values in a finite time. will contain high frequency compo-
nents (due to its switching nature) and a low frequency compo-
nent. The low frequency component is equal to the speed. The
proof of convergence [1] will not be presented in this paper due
to its length. Since is a switching function, it cannot be used
as such outside the observer ((10)–(13)). The smoothed value of

can be found by passing it through a low-pass filter

(16)

The selection of the speed gain has two major constraints:
the gain has to be large enough to insure that sliding mode can
be enforced; a very large gain can yield to instability of the ob-
server to discrete time integration. Through simulations, the au-
thors used a linear function to tune the gain of the sliding mode
observer to the equivalent speed

(17)

The presence of offsets in the measured signals can negatively
influence the speed estimation. A dc offset in the measured input
voltage “sees” only small impedance (just like in a dc test) and
yields a large estimated current error. This, in turn, yields an
oscillation in the estimated speed. In order to compensate the
offsets, the authors used a recursive average value estimator for
the measured voltages and currents

(18)

where is the number of samples for averaging and should be
larger than the number of samples for one period at lowest input
frequency. Since at steady state the signals are sinusoidal, the
mean average is equal to the measurement offset and must be

subtracted from the measurements prior to using into the ob-
server.

The sliding mode observer structure allows for the simul-
taneous observation of rotor fluxes. However, due to the lim-
ited sampling frequency, the numerical integration of the fourth
order observer equations yields errors on flux observation, al-
though the observer produces correct speed estimates. The inte-
gration error increases with supply frequency. Instead of using
the flux-speed estimator for flux estimates, the authors used a
second order observer

(19)

(20)

This observer produces correct flux estimates as shown in [1].

B. Alternative Speed Estimation for Speed Below 20 r/min

The sliding mode observer with parameters mapped to the
operating conditions cannot correctly estimate speeds below 20
r/min (in simulation the estimator works down to approximately
1 r/min). There are two main causes to this problem. First, the
speed component in the observer equations becomes very small
compared to the other terms in the equations and any param-
eter mismatch or measurement error will yield large speed es-
timation errors. Second, in order to maintain a flux level below
saturation, at low frequency the amplitude of supply voltage is
very small (below 5 V for speed below 20 r/min). Since voltage
transducers are designed for approximately 100 times this value,
there is considerable amount of noise and measurement error.
The authors used instead of the sliding mode speed observer
an input frequency observer. The observer is based on a least
square estimator. Let a sample of theaxis current (stationary
reference) at instant be

(21)

Assuming that the input frequency does not change consider-
ably over the estimation process (approximately 6 ms), the
current can be written as

(22)

where , ,
, and is the sam-

pling time. The estimation process recursively calculates the pa-
rameter vector over 100 samples. The procedure can be sum-
marized as

1) Initialize

(23)

2) Recursively estimate using least squares

(24)

(25)
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3) After 500 samples, calculate

(26)

The frequency of the output is continuously monitored. When
it falls below 1 Hz, the output of the sliding mode observer is
not used anymore, and instead the supply frequency is used.
Although perfect field orientation cannot be achieved (because
slip frequency is neglected), the motor performed relatively well
at very low speed (below 20 r/min).

C. Discrete Time Flux Control—Outer Loop

The rotor flux dynamics in synchronous reference frame are
linear and only dependent on the-current input. A discrete time
controller is used. The flux controller equation is

(27)

where , , —sampling
time of the flux controller.

The flux reference can either be left constant or modified to
accomplish certain requirements (minimum current, maximum
efficiency, field weakening). For speeds above rated, it is neces-
sary to weaken the flux so that the supply voltage limits are not
exceeded. The-current reference is calculated from the torque
equation to provide fast torque tracking

(28)

D. Current Control-Inner Loop

By rewriting the discrete version of the current equations one
obtains

(29)

(30)

where , , —sampling time

(31)

(32)

The control signals can then be calculated so that the currents
reach their references in one sampling period

(33)

(34)

Since the calculated value of the control may exceed the max-
imal possibilities of the converter (dc bus voltage), an equivalent
control was used. For the-axis, the control is

if
if .

(35)
The -axis control is similar. The net advantage of such control
is that it preserves the good dynamic performance of the con-

TABLE II
SPEEDESTIMATION ERRORS(%) AS FUNCTION OFR ERROR

tinuous time sliding mode control while eliminating chattering.
However, since the control does not have an error correcting
term (like a PI controller has), any parameter mismatch, delay,
quantization error, etc. will result in a steady state tracking error.
The authors added a small error integrating term to the control
to correct the problem

(36)

VII. SIMULATIONS AND EXPERIMENTAL RESULTS

A. Simulations

The effect of rotor resistance errors on speed estimation was
analyzed since this parameter is prone to more inaccuracy than
others. Errors up to 100% in rotor resistance values were consid-
ered. The analysis was conducted at three speed levels for which
three loading levels (represented by) were considered. The
results are shown in Table II. It can be seen that except for the
low speed and high load range, errors in rotor resistance values
have little impact on speed estimation.

The control scheme presented in Section VI was simulated
using Simulink. For operation of the motor above 20 r/min,
the control scheme performed very well. The following graphs
show different simulation tests performed at various speeds. The
bottom graph shows the torque reference tracking. Figs. 9 and
10 show that good tracking can be obtained in the entire range
(except below 20 r/min). Fig. 11 shows a test performed at very
low speed (below 20 r/min).

It can be observed that in the regions where speed fell below
the threshold, speed estimates are constant for larger periods
of time. This is due to the intrinsic delay of the least-square
observer. Also, some oscillation can be seen around 20 r/min
as the controller moves between sliding mode and least-square
estimation of speed.

B. Experimental Results

1) Flux-Speed Convergence:The authors tested the speed-
flux observer at various operating conditions. One test consisted
in disturbing the initial conditions (currents and fluxes were
made equal to zero at 1 s) and then observing if the observer re-
covers and converges (dotted line, Fig. 12). For comparison, the
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Fig. 9. Torque tracking in the 1500–2400-r/min range.

Fig. 10. Torque tracking in the 20–500-r/min range.

Fig. 11. Torque tracking in the 0–20–r/min range.

Fig. 12. Flux-speed observation with initial condition disturbance at
100 r/min.

flux estimates from the second order flux observer (with speed
measurements) were used (solid line). Both speed and flux con-
verge in a short time. Due to the limited space of this paper, only
one test is shown.

Fig. 13. Estimated speed in the 1500–2400–r/min range at medium flux, light
load.

Fig. 14. Estimated speed in the 100–300–r/min range, at low flux, high load.

Fig. 15. Estimated speed in the 20–50–r/min range at high flux, low load.

2) Influence of Parameter Variation on Speed Estima-
tion: The authors tested the sliding mode speed observer using
rated parameters and varying (model-based) parameters. The
flux and load levels were varied within their bounds. It was
observed that except at rated conditions, the speed estimates for
the model with rated (fixed) parameters exhibited considerable
more error than for the model with varying parameters. It
is a well-known fact that the temperature under the hood of
vehicle can be as high as 80C. However, in the lab test, the
temperature variation was relatively low (30C) during the lab
tests; for in vehicle applications, larger temperature variation
should be expected that will result in a larger difference in
errors between the variable frequency models (model 1) and
the rated parameter model (model 2). Figs. 13–15 present
results of the tests (measured and observed speed). In order
to quantify the observer performance, the mean and the rms
error between measured and estimated speed was recursively
calculated. The estimation errors for all speed ranges (maximal
values) are summarized in Table III for the model with constant
parameters and in Table IV for the proposed model. The mean,
maximal, and standard deviation of the error are calculated at
steady state. All relative values are in respect to the measured
speed. As reported for other speed estimators, the relative value
of the mean error decreases with a speed increase. While the
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TABLE III
ESTIMATION ERROR FORMODEL WITH RATED PARAMETERS

TABLE IV
ESTIMATION ERROR FORPROPOSEDMODEL

relative mean error at speed above 1000 r/min is small for
both models, considerable difference can be observed below
this speed. For speed below 20 r/min, both models performed
poorly, justifying the use of a non-model-based speed estimator
(results for this range are in Table IV).

3) Control Above 20 r/min:For operation of the motor
above 20 r/min, the control scheme performed very well.
Figs. 16 and 17 show tests performed at low speed. The top
graph shows the measured (dotted line) versus estimated speed
(solid line). The bottom graph shows the torque reference
tracking. The observed torque is calculated using an observer
that uses speed measurements. It can be seen that good tracking
can be obtained in the entire range (except below 20 r/min).

4) Control Below 20 r/min:To qualify the situations in
which the speed falls below the 20-r/min limit and which can
produce large speed estimation errors, the authors used the
frequency of the supply voltage as a measurement of speed.
When it falls below 1 Hz, the output of the sliding mode
observer is not used anymore, and instead the supply frequency
is used. Fig. 18 shows an example of a test. Although speed
observation is relatively poor, the system can still track torque.

Furthermore, the very low speed operation of the induction
motor is relatively rare in propulsion system for automotive
application so the overall performance of the motor-controller
system will not be affected considerably.

Fig. 16. Torque tracking in the 20–500–r/min range.

Fig. 17. Torque tracking in the 40–80–r/min range.

Fig. 18. Torque control in the 0–50-r/min range.

VIII. C ONCLUSION

A sensorless torque control system for induction motors is
developed in this research. The system allows for fast and pre-
cise torque tracking over a wide range of speed, from 20 to
2400 r/min. Both the speed observer and the control scheme are
model based. The authors modeled the induction motor over a
wide range of operating conditions, consisting of wide speed,
load and flux ranges. By employing a sensitivity analysis of
the output to each variable at various slip frequencies, the pa-
rameters that yielded low sensitivity were eliminated. Through
a correlation study, the dependencies between parameters and
the variables characterizing operating conditions were isolated.
The parameters were then mapped to these variables. Although
the procedure was developed offline, both parameter estimation
and mapping to operating conditions can be automated for an
industrial setting.

The speed estimator is an adaptive sliding mode observer.
Gain adaptation of the observer is needed to stabilize the ob-
server when integration errors are present. The design and im-
plementation issues of the observer were analyzed (gain adap-
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tation, offset cancellation, etc). The observer can accurately ob-
serve speed down to approximately 20 r/min. Below this level,
due to the low levels of voltage (1% of full scale) and to pos-
sible parameter mismatches, the speed observations are inaccu-
rate. The authors proposed an alternative method in which the
input frequency is used as an observation of speed. The control
algorithm is field oriented using discrete time sliding mode con-
trollers for current and flux tracking. The discrete time sliding
mode controller combines the fast response of any sliding mode
controller while eliminating the chattering characteristic to con-
tinuos time sliding mode controllers. The controller was shown
to perform very well except for the very low speed ranges. This
poor performance at very low speed is due to the inaccurate
speed observations at those speeds. However, the motor is able
to respond with a speed increase when an increased torque com-
mand is received.

Also, once the very low speed range is passed, the high perfor-
mance control resumes. This low speed behavior is acceptable
for HEV applications, when motor speed falls below stall speed
(of IC engine) only at start-up and shut down.
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