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Sensorless Direct Torque Control of Induction
Motors Used in Electric Vehicle

Jawad Faiz, Mohammad Bagher Bannae Sharifian, Ali Keyhani, and Amuliu Bogda Proca

Abstract—A three-phase squirrel-cage induction motor is used
as a propulsion system of an electric vehicle (EV). The motor is
controlled at different operating conditions using a direct torque
control (DTC) technique combined with a new switching pattern
producing low harmonics. The operating flux of the motor is
chosen optimally for losses minimization and good dynamic
response. Since speed estimation is sensitive to rotor resistance
variations, the rotor resistance value is calculated and modified in
real time continuously. Simulation and experimental results show
that the proposed DTC is able to follow the reference speed (which
may be only input reference of the system) with a reasonable
dynamic and relatively low error.

Index Terms—DTC control technique, electrical vehicle.

I. INTRODUCTION

E LECTRIC vehicles are an important step toward solving
the environmental problems created by cars with internal

combustion engines. Besides energy efficiency and virtually
lack of pollution, an advantage of the EV is the availability of
electric energy through electric distribution systems. Among
disadvantages, EVs have a low energy density and long
charging time for the present batteries. Therefore, optimal
energy management is very important in EVs; in addition
optimum design of the motor, selection of a proper drive, and
optimal control strategy are the other major factors in the EVs.

Desired features of the propulsion system (motor) for an EV
are high ratio of “torque/inertia” and “power/weight,” high max-
imum torque capability (300–400%), high speed, low level of
audible noise, low maintenance, small size, low weight, rea-
sonable cost, high efficiency over low- and high-speed ranges,
energy recovery on braking, and nonsensitivity to acceleration
forces. Squirrel-cage induction motors have most of the above-
mentioned features.

Many control techniques have been applied on squirrel-cage
induction motors [1]–[6]. Among these techniques, DTC [3],
[4], [6], [7] appears to be very convenient for EV applications.
The required measurements for this control technique are only
the input currents. Flux, torque, and speed are estimated. The
input of the motor controller is the reference speed, which is di-
rectly applied by the pedal of the vehicle. This paper studies the
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TABLE I
SWITCHING THE PROPOSEDDTC TECHNIQUE

TABLE II
SPECIFICATIONS OF THEPROPOSEDINDUCTION MOTOR

control of the induction motor used in an EV over different oper-
ating regions, above and below the rated speed, using a sensor-
less DTC technique. A new low-harmonic producing switching
pattern is introduced and used in DTC. This switching pattern
is based on a nonhysteresis controller having simple logic and,
thus, is low cost compared with conventional hysteresis con-
trollers. The flux reference is calculated using the reference
speed of the motor at any operating condition. Considering the
battery energy limitation, efficiency optimal control is required
during steady-state (constant speed) operation. The steady-state
optimal control depends on rotor resistance; thus, online iden-
tification of this resistance is required [8]. The precise value of
stator resistance is needed for DTC. Its value is calculated based
on temperature by using a thermal sensor.

The paper is organized as follows. Section II discusses the
DTC technique based on the nonhysteresis controllers for flux
and torque. Section III is devoted to the computations of syn-
chronous and mechanical speeds. Section IV studies the opti-
mization of the steady-state operation and estimation of the rotor
resistance. Sections V and VI show the simulation and experi-
mental results. Section VII is the conclusion.

II. DTC TECHNIQUE USING NONHYSTERESISCONTROLLERS

FOR FLUX AND TORQUE

The DTC technique is based on the direct stator flux and
torque control [3], [4], [6], [7], [9], [10]. The input voltage
and current of the motor on the stationary reference frame
can be expressed as

(1)

(2)
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Fig. 1. Torque, speed, flux, current, and voltage variations versus time in the
first case.

The actual stator flux can be estimated from the equivalent
circuit of the motor as follows:

(3)

(4)

where is the flux vector, is the initial flux vector, is
the flux vector rms value, and is the stator resistance. The
electromagnetic torque of the motor is

(5)

The control command for the system is speed (by means of
the pedal). The flux reference can be calculated based on the
speed. Below the rated speed, rated flux is used as a reference
(constant torque region). Above the rated speed, a relatively
large rated flux may imply the need to exceed the supply
voltage limits to maintain speed. Therefore, a flux-weakening
method generates the flux reference (constant power region)
for higher-than-rated speed. The reference flux is selected,
proportional to the inverse of the reference speed [11]. The
reference torque can be calculated using the difference between
reference speed and instantaneous speed (using a PI controller).
However, for a large step in reference speed, the reference
torque will be considerably larger than what the motor can
develop without exceeding current and/or voltage limits. This
result is more obvious over the field-weakening region. In

Fig. 2. Torque, speed, flux, current, and voltage variations versus time in the
second case.

order to reduce this large torque command, a ramp reference
speed is employed. Selection of such reference speed improves
the dynamic response of the torque and flux control.

Two nonhysteresis controllers are used to control torque
and flux [12]. The major advantage of using nonhysteresis
controllers is that they are simple compared with PWM types,
and they produce fewer harmonics than hysteresis controllers.
By proper choice of the control levels (that enable the controller
to respond correctly to the errors), it is possible to reduce the
parasitic harmonics while maintaining a switching frequency
that is considerably lower than that of a PWM technique. The
major drawback of the hysteresis controllers (compared with
PWM) is that the supply frequency remains unknown. In this
technique, the inverter is switched on using the difference
between the reference and actual values of the torque and the
stator flux; therefore, the stator flux position is over each six
control regions of the motor. In PWM, two current or voltage
profiles are compared, and based on the error, controlling
signals are produced; hence, in the proposed method, no com-
parison between two similar curves is done. Flux and torque
errors are calculated as follows:

(6)

(7)

where and are the reference flux and torque, respectively.
The switching table is shown in Table I, where
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Fig. 3. Torque, speed, flux, current, and voltage variations versus time in the
third case.

defines the stator
flux position over six regions of motor controlling (60), and

and are the torque and flux error coefficients calculated
as follows [12]:

If then

If then

If then

If then

where and are the acceptable predefined torque and flux
errors, respectively. The stator input voltages are evaluated in
order to determine the stator voltage vector. Having the con-
trol strategy (switching pattern), the stator voltage vector can be
directly calculated as follows:

(8)

where is the supply voltage of the inverter (EV battery),
and , , and are numbers 0 or 1 that are the output of
the switching table. In fact, they are relevant to the switching
strategy and have the following firing commands of the inverter:

the phase is connected to the positive

(negative) polarity of the supply

where defines the phases of the motor supply. In
Table I, the three-digit numbers define the switching algorithm

Fig. 4. Torque, speed, flux, current, and voltage variations versus time in the
forth case.

where digits from left to right give values of , , and ,
respectively.

III. CALCULATION OF SYNCHRONOUS AND

MECHANICAL SPEEDS

Several methods have been presented to calculate the motor
synchronous speed [5], [7], [9], [13], [14]. Most of these
methods assume a sinusoidal waveform for the supply voltage.
Hence, they are unable to predict synchronous speed for the
actual inverter voltage containing high-order harmonics with
relatively high amplitudes over different operating conditions.
Five methods are summarized in [7]; the authors of this paper
use the fourth method. Synchronous speed estimation is based
on the rotor flux vector calculation. Both stator and rotor
flux vectors rotate with the synchronous speed, but the stator
flux is under the influence of the stator voltage and current
harmonics. Therefore, in transient modes (where harmonics
amplitudes are high), the influence of the harmonics leads
to unreal synchronous speed values. However, the harmonic
content of the stator voltage and current have less influence on
the rotor flux, and its waveform is almost sinusoidal. Since the
rotor flux oscillates at synchronous frequency; the synchronous
speed can be estimated by calculation of thecomponents of
the rotor flux ( , where is the position of rotor
flux). The rotor flux vector can be evaluated using the stator
current and flux vectors as follows:

(9)
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Fig. 5. Torque, speed, flux, current, and voltage variations versus time in the
fifth case.

where , , and are the magnetizing inductance and self-
inductance of the stator and rotor, respectively. Many methods
have been introduced for rotor-speed estimation [1], [7], [15],
[16]. In the present work, the method of [1], [7] is used; slip
estimation in transient modes is employed for the evaluation of
motor slip and speed.

(10)

(11)

where is the resistance of the rotor.

IV. STEADY-STATE OPTIMIZATION AND ROTOR

RESISTANCEESTIMATION

Taking into account the energy limitation of the EV battery,
the whole EV system consisting of mechanical energy conver-
sion and relevant controllers must be optimized. Optimization
of control during transient operation depends on the control
strategy of the torque and flux. The optimum control during
steady-state operation (constant speed and torque) consists of
the selection of the flux that results in highest efficiency. The
ohmic and core losses for steady-state operation of an induction
motor are

(12)

Fig. 6. Torque, speed, flux, current, and voltage variations versus time in the
sixth case.

Fig. 7. Experimental set block diagram.

where , , and are the stator, rotor, and core loss currents,
respectively. The equivalent resistance of the core loss is [2]

(13)

where is the core-loss equivalent resistance at the reference
synchronous speed . Mechanical and inverter losses can be
evaluated as

(14)

(15)
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Fig. 8. Experimental results for the conventional algorithm in Case 1. From
left to right and up to down: Actual (lower), estimated (upper) speeds. Torque
(upper), flux (lower). Current.

where , , and are constants of the mechanical and
inverter losses, respectively. is calculated by the mechanical
losses of the motor, and and are evaluated from the
electrical specifications of the switching elements. Since the
mechanical losses are constant for constant speed, they have
no influence on the steady-state optimum flux selection. In
the optimum flux calculation, the inverter losses can also be
ignored. By transforming the current variables into the stator

Fig. 9. Experimental results for the proposed algorithm in Case 1. From left to
right and up to down: Actual (lower), estimated (upper) speeds. Torque (upper),
flux (lower). Current.

flux variables (on the base of the flux-current equation of the
induction motor) and equating the derivation of the losses versus
flux to zero, the following equation is obtained for the stator:
Optimum flux during steady-state operation:

(16)
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Fig. 10. Experimental results for the conventional algorithm in Case 2. From
left to right and up to down: Actual (lower), estimated (upper) speeds. Torque
(upper), flux (lower). Current.

where

The optimum stator flux depends on the six parameters of the
equivalent circuit of the motor. The motor operates below the
rated speed at the rated flux and above the rated speed with

Fig. 11. Experimental results for the proposed algorithm in Case 2. From
left to right and up to down: Actual (lower), estimated (upper) speeds. Torque
(upper), flux (lower). Current.

the optimal flux (weakened). Since the optimal flux is usually
lower than the rated for this application, there is no magnetic
saturation, and parameters, , and are approximately
constant. Only two parameters and must be estimated and
modified online [13], [14], [17], [18]. Since sensorless control is
sought, synchronous speed, mechanical speed, and motor torque
must be estimated. Since the measured quantities are two-phase
currents, both resistances and cannot be estimated. A
thermal sensor needs to be used in the stator winding in order
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Fig. 12. Experimental results for the conventional algorithm in case 3. From left to right and up to down: actual (lower), estimated (upper) speeds; torque (upper),
flux (lower); current; steady-state voltage (upper), current (lower).

to calculate and update the value. Hence, only the estima-
tion of is required. can be estimated based on sensitivity
of torque, reactive power, or other motor characteristics versus
parameter [8].

V. SIMULATION RESULTS—DTC TECHNIQUEEVALUATION

Table II summarizes the specifications of a proposed three-
phase induction motor.

Six different operating conditions for simulation are used in
order to evaluate motor performance under the proposed control
technique.

Case 1) Fig. 1 presents the corresponding curves for the free
acceleration of the motor with reference speed equal
to 1800 r/min. A load of 10 Nm is applied to the
motor at s. A new reference speed equal to
2800 r/min is applied at s. The motor load is
dropped at s. Where WrRef, TeRef, FsRef,
WrEst, TeEst, and FsEst are the reference and esti-
mated speed, torque, and stator flux, Isa and Vsa are

axis stator current and voltage. The speed refer-
ence cannot be followed with load on. The limitation
of the developed torque of the motor at 2800 r/min
is visible on the torque curve.

Case 2) The characteristics of the motor for free acceleration
of the motor with a reference speed of 1800 r/min,
applying the load of 5 Nm at s, increasing
the load to 15 Nm at s, and finally removing
the load at s are shown in Fig. 2. Applying
a load equal to 5 Nm at s leads to a quick
reaction of the controller, and despite the effect on
torque, voltage, and current curves, there is no in-
fluence on the speed curve. The increase of load
to 15 Nm causes instantaneous reduction of speed;
however, the speed controller again approaches the
reference speed and follows it.

Case 3) A reference speed of 1800 r/min is applied to the
motor loaded with 5 Nm (see Fig. 3). The reference
speed is increased to 2800 r/min at s, the
load torque is increased to 15 Nm at s, and
finally, the motor is unloaded at s. Increasing
the load to 15 Nm at s reduces the speed
below the reference level due to the limitation of the
motor’s developed torque.

In cases 1–3, the measured speed was used in the
speed controller (not estimated speed), whereas rotor
resistance was assumed constant (no estimation).
The flux weakening method is used if speed rises
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Fig. 13. Experimental results for the proposed algorithm in case 3. From left to right and up to down: actual (lower), estimated (upper) speeds; torque(upper),
flux (lower); current; steady-state voltage (upper), current (lower).

above the rated value. In the following cases, the
motor is analyzed above the rated speed, and the
estimated speed is used in the speed controller (not
measured speed).

Case 4) The no-load motor begins with reference speed
equal to 5000 r/min. A load of 5 Nm is applied
at s and removed at s. In Fig. 4,
WrReal and TeReal are the real speed and torque,
respectively. For a rapid dynamic operation above
the rated speed, the reference flux is not calculated
based on the step reference speed; flux is reduced
(ramp) with a gradual increase of speed. Application
of such reference flux will clearly show its effect
on the current and voltage curves (frequency of
voltage and current increase of approximately lin-
early ramp). The speed approaches 5000 r/min from
zero over a period shorter than 150 ms. The speed
is smooth without fluctuations during the starting
period. Large changes of the flux during the initial
period of starting lead to a nonaccurate estimation
of the synchronous speed, which produces errors
in the mechanical speed estimation. However, this
error is eliminated in the first few milliseconds.

Case 5) The results of flux optimization during the
steady-state operation with 9000-r/min refer-
ence speed and a free acceleration are shown in
Fig. 5. Flux optimization during the steady-state op-
eration can considerably reduce the flux amplitude
and input currents of the motor. This improves the
efficiency of the motor. Speed fluctuations at high
speed and steady state are present on the curves.
Since the amplitude of the reference flux is low, the
developed torque of the motor is rapidly reduced,
which leads to the fluctuations mentioned before.
The optimum flux is automatically chosen. If the
speed error is lower than the predefined value, the
system optimizes the reference flux automatically;
if the error is outside this limit, the reference flux
is determined based on the optimal dynamic of the
motor. This is the other reason for the increase of
flux and speed fluctuations.

Case 6) Fig. 6 shows the free-acceleration of the motor with
reference speed equal to 9000 r/min and a rotor re-
sistance with 10% error. The rotor resistance is es-
timated in real time, and rotor resistance approaches
from 0.9 (with error) to the actual value of 1
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Fig. 14. Estimated speeds for conventional (left) and proposed (right)
algorithms in case 4.

in 200 ms. Rotor resistance error shows its small in-
fluence on the torque during the initial instants of
the starting. This error has almost no effect on the
flux of the motor due to the direct calculation of the
stator flux using the measured input currents. How-
ever, the rotor resistance error induces a speed error
during the initial instants of the starting period.

VI. EXPERIMENTAL VALIDATION

An experimental setup was arranged in order to test the va-
lidity of the simulation results.

Fig. 7 shows the experimental set of the motor controlled by
DTC. The input dc voltage of the inverter is supplied by a set of
rectifiers and autotransformers. Samples of two phases currents
are fed to the computer via an analog-to-digital converter. The
sampled speed is measured for comparison of the estimated and
actual speeds and has no effect in the control routine.

A 5.5-hp, 50-Hz, four-pole induction motor is controlled in
some operating conditions using the proposed switching pattern
and conventional switching pattern of [19]. The switching fre-
quency for both algorithms is 11 kHz.

Case 1) Figs. 8 and 9 show the experimental curves that re-
sult from the conventional and proposed algorithms,

respectively, when the motor is starting with refer-
ence speed of 800 r/min, and then, the reference
speed becomes800 r/min at s.

Case 2) Figs. 10 and 11 show the experimental curves using
the conventional and proposed algorithms, respec-
tively, when the motor is started with a reference
speed of 600 r/min increased to 1200 r/min at

s.
Case 3) If the motor is started using reference speed

2500 r/min, the experimental results of the two
control algorithms are shown in Figs. 12 and 13.

Case 4) If the motor is started using reference speed
2800 r/min, the estimated speeds of the motor based
on the two control algorithms are as in Fig. 14.

The results show that the proposed algorithm has an advan-
tage over the conventional algorithm with smaller torque, flux,
and current ripples. In addition, amplitude of currents using the
proposed algorithm is smaller than that of the conventional algo-
rithm (case 3); therefore, its efficiency is better, and the motor’s
audible noises are lower. On the other hand, this algorithm has
smaller harmonics in the input currents, as well as in the flux
and developed torque.

VII. CONCLUSIONS

The DTC technique has been employed for the speed control
of an induction motor, above and below the rated speed. The
input of the control system is the speed reference provided by
the pedal of the EV. The required measurements are currents of
two phases of the motor. The value of the battery voltage and
instantaneous values of the control signals of the inverter,

, and can be used in the place of the measured voltages.
Nonhysteresis controllers were used to control torque and flux
independently.

The unknown synchronous speed (frequency of the voltage
and current) of the motor has been also estimated. During the
initial instants of starting, the estimation of the synchronous
speed has errors due to the instability of the fluxes; this error
leads to errors in the estimated speed. However, this error dimin-
ished rapidly. Application of the nonhysteresis controllers leads
to the independent control of flux and torque over the known
and predefined transient regions. Application of a ramp for flux
weakening over the high-speed ranges optimizes the dynamic
response of the motor above the rated speed, and the motor ap-
proaches the new reference over short intervals. High torque and
estimated synchronous speed fluctuations above rated speeds
cause fluctuations of the estimated speed of the motor. To re-
duce these fluctuations, lowpass filters were used in the outputs
of the speed (synchronous and mechanical) calculators.

Use of the optimum flux during the steady-state operation of
the motor can reduce the amplitude of the current and flux and
improve the efficiency. However, this causes fluctuations of the
estimated torque and the developed torque. It should be noted
that another reason for fluctuations is automatic choice of refer-
ence flux between optimum and rated flux. The flux changes be-
tween the optimum efficiency and optimal dynamic flux values
and produces large fluctuations during steady-state operation.
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This can be reduced by nonautomatic choice of the optimum
flux.

The control technique is capable of operating over four quad-
rants (increase and decrease of speed in positive and negative
directions). During braking, the kinetic energy of the EV is par-
tially recovered and returned to the batteries, which improves
the total efficiency of the system.

The proposed algorithm has smaller harmonics and current
amplitude than the conventional method, which improves the
total system efficiency and other parasitic noises.
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