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Sensorless Scalar-Controlled Induction Motor Drives
With Modified Flux Observer

Chun-Chieh Wang and Chih-Hsing Fang

Abstract—This paper presents a simple sensorless scalar control
algorithm to control the speed of an induction motor. First, a mod-
ified flux observer was employed to estimate the stator flux with
the voltage command and the feedback current. Then, based on
the mathematical model of the induction motor, the slip frequency
was calculated, and the frequency of the voltage command was
compensated. An auto-boost controller was designed to overcome
the decrease in voltages of the stator resistance and to maintain
constant stator flux amplitude. To improve the pure integration
problem, a highpass filter was installed in the stator flux observer.
In this filter, the cut-off frequency is proportional to the voltage
frequency; therefore, the phase shift and amplitude degradation of
the estimated flux can be corrected easily. Finally, to demonstrate
the proposed control algorithm, a PC-based experimental system
was constructed in a 1-hp induction motor. Experimental results
are presented to validate the effectiveness of our design.

Index Terms—Flux observer, induction motor, scalar control,
sensorless control, slip estimator.

I. INTRODUCTION

I N recent years, industrial applications of the inverter-fed
induction motor driver have obviously increased. In driver

control design, both the scalar and vector control methods are
applied extensively. Notably, speed response, operating scope,
and speed accuracy of the latter are superior to the former [1],
[2]. However, the scalar control method has a simple control
structure and is implemented easily, and thus, within general-
purpose industrial applications, it is applied broadly. To improve
speed control performance of the scalar control method, an en-
coder or speed tachometer is required to feedback the rotor angle
or rotor speed signal and compensate the slip frequency. How-
ever, it is expensive and destroys the mechanical robustness of
the induction motor.

Recently, sensorless control of the induction motor has been
focused on and developed. Many superior sensorless control
methods have been proposed [3]–[8]. For example, Bonanno
et al. [3] employed a parallel structured rotor flux estimator to
avoid the pure integration problem as well as correct the phase
shift and amplitude degradation of the estimated flux. Schauder
[4] applied the model reference adaptive system to estimate the
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rotor speed. Based on the cross product of the estimate rotor flux
vectors, which is produced by the voltage and the current model,
the adaptive law regulates the estimated speed. In addition, Peng
et al. [5] assumed that the instantaneous reactive power model
to design a robust speed estimator, which was robust to both
stator resistor variation and pure integration. Kubota and Yang
et al.[6], [7], applied the full order adaptive observer to estimate
motor speed and stator resistor simultaneously. Kubotaet al.fur-
ther injected an ac component into the flux current command to
estimate the rotor resistor and speed independently. In addition,
Leeet al.[8] employed the feedback stator current and the stator
flux reference to estimate the slip angular frequency and calcu-
late the motor speed. Boseet al. [9] replaced the pure integrator
of the flux observer with three programmable-cascaded lowpass
filters for which the bandwidth is dependent on the electric fre-
quency. Huet al. [10] applied the inner product of the estimate
flux and the back electric magnetic force (EMF) to correct the
estimated flux value. Finally, Shinet al. [11] employed a low-
pass filter for which the bandwidth is proportional to the elec-
trical frequency and a correct matrix to estimate the stator flux
and rotor speed of the induction motor.

II. I NDUCTION MOTOR MODEL

The dynamic model of an induction motor in the general–
reference frame can be described as [2]

(1)

(2)

(3)

(4)

(5)

(6)

(7)

where the state variables , , , and
are the stator voltage, the stator current, and the

stator and rotor flux, respectively.and are the angular ve-
locity of the coordinate frame and the induction motor, respec-
tively. Furthermore, and represent the rotor time constant
and the leakage coefficient. Finally, , , , , and
are the stator and rotor resistor and the stator, rotor, and mutual
inductance, individually.
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Fig. 1. Block diagram of the closed-loop scalar control system.

III. SCALAR CONTROL

From (1) and (2), the dynamic equations of the stator flux in
the synchronous reference frame can be expressed as

(8)

(9)

where denotes the variables, which are in the synchronously
rotating reference frame, and is the synchronous angular fre-
quency. Therefore, the steady-state values of stator flux become
constant values.

Assume the stator flux vector is in phase with the-axis of
the synchronous reference frame and the stator flux amplitude
is constant, that is

(10)

Substituting (10) into (8) and (9), the stator voltage can be
simplified as

(11)

(12)

If the voltage decrease of the stator resistor in (11) and (12)
are overlooked, the magnitude correlation between the stator
voltage and the stator flux can be approximated as

(13)

For a voltage-fed inverter, to ensure a constant flux value of
the induction motor, the ratio of the stator voltage amplitude to
the electrical frequency should be kept constant. This is the basic
theory of the open-loop scalar control algorithm.

In the open-loop scalar control, the rotor speed of the in-
duction motor varies with the load condition. Therefore, when
speed accuracy is required, the closed-loop control strategy
will be adopted. In the closed-loop scalar control, the speed
PI controller employs the speed error signal to compensate
the slip frequency and thus ensures adherence to the speed
command. Fig. 1 presents, schematically, the block diagram of
a closed-loop scalar control system [2], where the is the
compensated slip-frequency, andis the stator flux command.

In Fig. 1, to compensate for the slip frequency, the speed
signal must be detected. However, if the slip frequency can be
estimated with the stator voltage and current, then the same pur-
pose can be attained without the speed sensor.

Fig. 2. Geometric relation of rotor flux in thed –q reference frame.

IV. SLIP OBSERVER

From (3) and (4), the dynamic equations of rotor flux in the
rotor rotating reference frame can be expressed as

(14)

(15)

where represents the rotor reference frame. The reference axes
rotate with ; thus, the rotor flux and will vary with
the slip frequency .

Fig. 2 illustrates the geometric relation of rotor flux in the
– reference frame. There is only one constraint on the se-

lection of the - and -axes. That is, the reference axes must
rotate with ; therefore, the selection of the axes is not unique.
In Fig. 2, the denotes the slip angle, which is the angle be-
tween the rotor flux vector and the -axis, that is

(16)

The slip frequency equals the time derivative of the slip angle
of (16) and can be expressed as

(17)

Substitute (14) and (15) into (17), and the slip frequency can
be simplified as

(18)

where and denote the cross product and inner product,
respectively. Substitute (5) and (6) into (18), and the slip fre-
quency can be rewritten as

(19)
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The calculations of the cross product and inner product with
rotor reference frame or stationary reference frame in (19) are
identical. Thus, the estimated stator flux in the stationary refer-
ence frame can be applied to calculate the slip frequency.

V. STATOR FLUX OBSERVER

From (1) and (2), the dynamic equation of the stator flux in
stationary reference frame can be expressed as

(20)

(21)

where represents the stationary reference frame, and the
and denote the -axis and -axis back EMF, respectively.
From (20) and (21), the open-loop stator flux estimator can be
designed as

(22)

(23)

where is the estimated value.
In (22) and (23), pure integrators are applied to estimate the

stator flux. Notably, initial value error and dc-offset problems
exist herein. To improve these problems, the observer used to
cascade a highpass filter [3], and the equations can be expressed
as

(24)

(25)

where and are the - and -axes estimated flux with
highpass filter, respectively, and is the cut-off frequency of
the filter.

Assume the real stator flux can be expressed as

(26)

(27)

where is the stator flux amplitude, and is the electrical
frequency.

Substituting (26) and (27) into (20) and (21), the real back
EMF can be expressed as

(28)

(29)

To implement the stator flux estimator (24) and (25), we need
to measure the stator current. In general, the feedback signal
will be polluted by the dc offset; therefore, it is reasonable to
describe the estimated back EMF and as

(30)

(31)

where is the dc offset of the feedback signals.
Substituting (30) and (31) into (24) and (25), the estimated

flux and can be expressed as

(32)

(33)

Fig. 3. Block diagram of the stator flux and slip frequency estimator with an
accurate matrix.

Fig. 4. Overall block diagram of the proposed sensorless scalar control system.

where and are constant values, which correlate with the
initial values and dc offset, and and are the amplitude
attenuation ratio and phase shift between the estimated flux and
the real flux and can be expressed as

(34)

Comparing (32) and (33) with (26) and (27), we expect a large
to reduce the effects of the initial value errors and dc offset

and a small to increase the ratio of . To balance these two
requests, we adopt the estimator structure proposed in [11] to
estimate the stator flux, in which the cut-off frequency of the
highpass filter is proportional to the electrical frequency, i.e.,

(35)

Substituting (35) into (34), the amplitude attenuation ratio
and phase shift can be simplified as

sign (36)

The and in (36) are both constant. Therefore, the esti-
mated stator flux can be corrected easily with a constant matrix.
Fig. 3 presents the black diagram of the stator flux and slip fre-
quency estimator. In Fig. 3, the denotes the amplitude of the
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(a) (b)

(c) (d)

(e)

Fig. 5. Experimental results of the open-loop scalar control method and the proposed sensorless scalar control method at! = 900 r/min with a load change
from no load to the rated load. (a) Speed. (b) Slip. (c) Amplitude of stator flux. (d) Boost voltage. (e) Amplitude of stator current.

back EMF, which will be applied to control the amplitude of the
stator flux within the boost controller. To keep the amplitude

ratio large enough, such as 0.95, the value ofin (35) is
selected as 3 in the following experiments.
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(a)

(b)

Fig. 6. Speed and A-phase current waveforms of the proposed sensorless
control method under the rated load at! = 60 r/min.

VI. EXPERIMENTAL RESULTS

Fig. 4 illustrates schematically the overall block diagram of
the proposed sensorless scalar control for the induction motor
drive. In Fig. 4, a boost voltage controller is applied to control the
flux amplitude. To reduce the effect of the estimated flux error
on the flux control, the back EMF error is applied to regulate the
boost voltage. Furthermore, to investigate the feature of the pro-
posed controller in Fig. 4, an experimental design is assembled.
The primary components of this design are one 586-K personal
computer (PC) with a servo control card insert into its ISA bus,
which has eight 12 bit A/D converters, four D/A converters, and
a 16-bit encoder counter. In addition, there is a ramp comparison
voltage-fed inverter, a 1-hp, 220-V, 3.4-A, and 1700 r/min induc-
tionmotorwitha1000pulses/revopticalencoder,andamagnetic
powder brake system to simulate the mechanical load. The sam-
pling period of the control program was selected as 0.5 ms.

Fig. 5 presents the experimental results of the open-loop
scalar control method and the proposed sensorless scalar con-
trol method at r/min with a load increased from
no load to the rated load. In a no-load condition, both control

(a)

(b)

Fig. 7. Speed and A-phase current waveforms of the proposed sensorless
control method during speed reversal operation(! = �600 r/min) and under
the rated load condition.

methods display commendable speed accuracy [see Fig. 5(a)].
Alternately, when the rated load is applied to the rotor axis,
a massive speed error of nearly 127 r/min occurs due to the
open-loop scalar control method. However, as depicted in
Fig. 5(b), the proposed sensorless scalar control method esti-
mates the slip frequency and, thus, compensates the electrical
frequency command. Therefore, as Fig. 5(a) illustrates, when
the load fluctuates, speed accuracy remains intact. In the pro-
posed sensorless control method, when the load fluctuates, the
auto-boost controller regulates the boost voltage and maintains a
constant flux [see Fig. 5(c) and (d)]. Furthermore, when a rated
load is applied, the stator flux amplitude of the open-loop scalar
control method is decreased, and thus, additional stator current is
required toproduce thesame torque,asdemonstrated inFig.5(e).
In addition, Fig. 6 depicts the speed and the A-phase current
waveforms of the proposed sensorless control method under the
rated load at r/min. Fig. 6(a) presents an acceptable
speed response, and although a small oscillation occurs, the
stead state error is maintained at approximately 3 r/min. Fig. 7
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(a)

(b)

Fig. 8. Measured speed response of the speed reference at 100, 300, 600, 900,
1200, 1500, and 1700 r/min for the sensorless scalar controller under. (a) No
load. (b) Full load.

displays the experimental waveforms of the proposed sensorless
control method during speed reversal operation and subjected
to the rated load condition. In this instance, although the speed
reference varies from 600 r/min to 600 r/min, it returns
to 600 r/min. Notably, a stable four-quadrant operation is
obtained [see Fig. 7(a)]. Fig. 8 depicts the speed response of the
proposed method at various speed references under no load and
at the rated load condition. Excellent speed control response is
evident in theseexperimental results. Inaddition, thesteady-state
speed error remained less than 5 r/min [see Fig. 8(a) and (b)].

VII. CONCLUSION

In this study, a very simple sensorless scalar control algorithm
for the induction motor has been proposed. First, based on the
mathematical model of the induction motor, a modified flux ob-
server and a corrected matrix are employed to estimate the stator
flux and calculate the slip frequency. Then, to regulate motor
speed, the estimated slip frequency was added to the scalar con-

trol method. In the proposed control structure, an auto-boost
controller is applied to maintain a constant stator flux ampli-
tude. Finally, to demonstrate the proposed control algorithm in
a 1-hp induction motor, a PC-based experimental system was
constructed. Experimental results confirm the efficiency of the
proposed algorithm for induction motor drives.
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