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Abstract. This paper describes a new solution NOMENCLATURE

to control the induction motor drive system with- s
out current sensors based on improving the Hys-  ¥s
teresis Pulse Width Modulation technique. It has

proposed a control scheme which uses stator cur- v
rents estimated from the differential equation of  .g
state variables to replace the feedback signal from vs
current sensors applied in the hysteresis current is

controller. To verify the proposed method, simu-

lations in MATLAB/Simulink have been imple- 45
mented in various operating conditions of the

motor where its speed has been changed under  usa,usgs
load as well as no load conditions. The simula-

tion results have demonstrated the effectiveness — Usz,Usy
of the proposed control method for inductive mo-
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1. INTRODUCTION

The induction motors (IM) are the most pop-
ular machine applied in industrial applications
due to their simple and rugged constructions,
high reliability, low cost with various applica-
tions. Nowadays, the development of power elec-
tronics and modern control techniques provides
excellent control capabilities for the IM drives
[1]-

Scalar control and vector control (VC) are two
main approaches to control speed and torque in
IM drive system. The voltage per hertz constant
method, which is the most popular of Scalar con-
trol technique, is based on varying the voltage
and the frequency to control the torque and the
speed of IM. Advantages of this method are low
cost, simplicity, no need the feedback signals of
the sensors. However, the torque of IM cannot
be control exactly that is the major disadvan-
tage of the scalar method [2]. The field-oriented
control (FOC) is the most typical method of VC
techniques. In FOC strategy, the stator current
space vectors are decomposed into two perpen-
dicular elements: ig, and ig,. As a result, the
torque and the rotor flux can be independently
controlled as the same as the controllers of sep-
arated excited DC motors. The disadvantage of
FOC strategy is that the control method with
the mathematical model of IM has more complex
than the scalar control methods. However, both
the torque and speed of IM can be controlled ex-
actly at the same time. Therefore, FOC method
is applied in complex control applications in the
industrial field [2-4].

In the control model based on FOC technique,
the controller needs the feedback signal from
sensors, such as rotor speed, stator currents, and
voltages. Obviously, the quality of the sensor’s
signals has affected the performance of the con-
trolled IM drive systems. Especially, the signals
of stator currents play a vital role throughout all
stages of the control algorithms. Thus, if there is
any unexpected occurrence of those current sen-
sors, it causes the improper operation in the IM
drives. So, to enhance the performance of the IM
drives during such abnormal situation, it needs
to detect and isolate the faulty sensor’s signal
as well as reconfigure the controller schemes to
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adapt to the new situation. It is called the sen-
sorless control approach [5, 6] to deal with the
lack of sensor signals in the controller schemes.
When the controller scheme of IM drives uses
three current sensors if one single sensor is bro-
ken, the estimated signal of that such faulty sen-
sor can be easily obtained by Kirchhoff’s law
[7]. However, in the control scheme using two
current, sensors, when one sensor is broken, the
loss signal cannot be estimated from Kirchhoff’s
law and the current sensorless strategy thus is
the appropriate choice [8]. A current sensorless
approach of IM’s controllers based on the FOC
method and PI was proposed by using the stator
current’s values estimated from the rotor speed,
DC voltage and DC link current of the inverter
[8]. The simulation results demonstrated the
suitability of this method, however, there was
still high ripple of the actual speed at high-speed
ranges. In [9], authors introduced the method
of “Indirect FOC vector control without current
sensors” as a solution for Fault Tolerant Con-
trol in IM drive system. It replaced the classical
hysteresis current controller by the space vec-
tor modulation technique with only a feedback
signal of the rotor speed. It showed the good
performance in the simulation, however, there
were some ripples for torque responses of the
IM drive system. Similarly, a current sensorless
speed controller based on a stator voltage scalar
and a feedback signal of the speed sensor has
been presented in [10]. The advantage of this
method was simpler and faster than the FOC
method, however, the speed responses were still
disturbed in the torque control of the IM drives.

The stator current estimation method from
the voltage and the rotor speed signals is ap-
plied to detect the current sensor fault in the
fault-tolerant control technique of IM drive sys-
tems [11]. In this paper, another application of
the stator current estimation technique is pro-
posed with the current sensorless strategy for
the speed controller of IM drives based on the
hysteresis current method where actual current
signals are replaced by the estimated stator cur-
rents in the comparator of the hysteresis cur-
rent controller. The performance of the pro-
posed method will be verified by simulations in
MATLAB/Simulink. The paper’s structure is
consists of 4 parts where the first section is the
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introduction and the second describes the main
ideas of applying the sensorless control scheme,
the simulation results then are demonstrated in
section 3 and the conclusion finally is stated in
the fourth one.

THE CURRENT
SENSORLESS
STRATEGY FOR
SPEED CONTROL

2.

In this section, the typical FOC method using
current sensors and without current sensors will
be described.

2.1. The Field Oriented Control

Technique base on
hysteresis current
controller

The Field Oriented Control (FOC) is a popu-
lar control method used in the IM drive systems
where the torque and the flux are controlled in-
dependently. The stator current space vector
is decomposed into two perpendicular elements,
ise, and igy, in the rotating reference frame [x,y]
corresponding to the rotor flux space vector ori-
entation to the x-axis as shown in Fig.1. In this
way, the component ig, is controlled to maintain
the amplitude of the flux rotor at the reference
value. As a result, we can control the torque in
the linear relationship with component ig, [3].

q Vit

is

Fig. 1: Vector diagram of the induction motor — the
principle of vector control.
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The Space Vector Pulse Width Modulation
(SVPWM) and the Hysteresis Pulse Width
Modulation (HPWM) are two main methods in
the FOC. The SVPWM technique controls the
switching on the inverter by space voltage vec-
tor. The SVPWM is one of the most power-
ful methods, it can maintain a constant motor
speed even under unstable load condition with
the low ripple. However, the SVPWM requires
complicated computing and the transient period
is too long in the control. The HPWM tech-
nique controls the switching on the inverter by
the current controller. The current controller
compares the phase current with the reference
current for switching on the inverter. The rip-
ple of the HPWM is higher the SVPWM, how-
ever, the hysteresis control is simpler, faster and
this technique is more suitable with unstable pa-
rameters cases [12, 13]. In the paper [13], the
hysteresis space vector pulse width modulation
(HSVPWM) method is proposed to control the
rotor speed of IM drive. This method is a combi-
nation between HPWM and SVPWM to control
the switching on the inverter. When three meth-
ods are compared, the ripple of the current out-
put in HSVPWM method is the smallest. How-
ever, due to both HPWM and SVPWM are cal-
culated at the same time, so the algorithm of
HSVPWM is the most complex, and the steady
time is also longest. In this paper, the HPWM
technique will be applied to control the speeds
of IM drive.

The IM can be controlled by the FOC tech-
nique shown as Fig.2 [13, 14]. The reference elec-
trical torque T can be obtained from the differ-
ence between reference speed and actual speed
by PI controller. Then the reference component
i%, can be calculated as shown in Eq. (1) below

. 2 LR Te
1§y = 5—.>—.—
S 3p L YR

(1)

The reference component ¢%, can be calcu-
lated from the nominal rotor flux as

(2)

The measured stator current signals from sen-
sors can be transformed to the rotating coordi-
nate system [x, y| by Clarke-Park transforma-
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tion as Eq. (3).

- cos(y) cos(y —120°) cos(y + 120°)
3 |—sin(y) —sin(y — 120°) — sin(y + 120°)

3)

The component rotor flux angle v can be de-
termined from the feedback rotor speed from the
speed sensor and the rotor slip as follows:

V= /(p-wm + wsl)dt (4)

iy
Trir’

In the current controller, actual current val-
ues will be compared to the reference currents,
then, their error is used to generate switching
commands for the inverter to achieve the desired
speed of the rotor [ref].

where: wg =

The Field Oriented Control
Technique based on
hysteresis current
controller without current
sSensors.

2.2.

In Fig.3, a sensorless control scheme is intro-
duced where the feedback signals from the cur-
rent sensors will be replaced by the stator cur-
rents from the estimator.

The inputs of the stator current estimator
comprise the rotor speed w,, from the encoder
and the stator voltages where these three-phase
voltages [uq, up, u.] will be transformed to the
two-phase a-0 stationary coordinate system by
Clarke transformation as Eq. (5) below.
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Fig. 2: Block diagram of the HPWM technique with
current sensors.
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Fig. 3: Block diagram of the HPWM technique without
current sensors.

u 2 1 _17] Y . .
[ ug ] _ [ 30 T up (5) the following expressions:
V3 V3 U dws

‘ ug =Rsig+ — 2 (6)

dt

The dynamic model of an induction motor in s d¥y B

. . 0=R — = v 7
the a-f coordinate system can be described as RUR+ dt JPmE R ™)
U =Lgig + Liniy (8)
U} =Lpi§ + Lrij (9)
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From the Eqgs (6, 7, 8, 9), we derive the differ-
ential equations of the stator and rotor currents
in the a-f coordinate system as follows [11]:

i < 12 5
s _ 4 _ “m
at [ug — (Rs +JLRpwm)zs
L.R . .
(F5 = iLmpwm)if]  (10)
R
di3, 1 ¢ Rs .
PR AN S (S .
i [(LS'U'S (Ls + jpwm)is
Rr . Lg .
+ (Lm _Jmewm)z%] (11)
Lgr
Where: A = m

By using the Eqgs. (10, 11), finally, we can
obtain the estimated stator currents. These es-
timated stator currents, then, are transformed
from the two-phase a-f coordinate system back
to the three-phase ABC coordinate system to
compare with the reference stator currents.
Therefore, the phase currents would be deter-
mined with the value around the reference value
by the hysteresis tolerance as shown in Fig 4 [12].
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Fig. 4: Shape Wave Flow Control Hysteresis.

As a result, the IM drive system can be con-
trolled to adapt the speed and torque changes by
the HPWM technique without current sensors.

SIMULATION
RESULTS

3.

This section presents the simulation of the
speed controller of IM drives based on the

(© 2018 Journal of Advanced Engineering and Computation (JAEC)

hysteresis current control approach according
to the current sensorless method in MAT-
LAB/SIMULINK. The parameters of the inves-
tigated system are listed as followings:

P, =4.0kW, w, = 1430 rpm, p = 2.

Is, =84 A, Ug, =400V, ¥g,, = 1.23 Wh.
Rg = 1.405 Q, Rr = 1.395

Ls =0.178 H, Lr = 0.178 H,

LL,, = 0.172 H, Tr = 0.1276 s.

Fig.5 describes the scheme of the investigated
system including the dynamic model of IM, the
PI controller, the current estimator, etc.
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Fig. 5: General Simulink simulation scheme.
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Case study 1:

In this first case, the IM has been operated at
the normal speed with no load condition. The
reference rotor speed starts from zero at ¢ = 0
sec. and reaches 50% of the rating value and
then, at the time of 2.5 sec., it decreases follow-
ing the ramp line (2.5 sec.— 3.0 sec.) to 25%
of the rating value. The performance of the
proposed controller, in this case, is depicted in
Fig.6 (a), (b) where the reference speed and ac-
tual speed as well as estimated stator currents,
are shown. As we can see, the estimated cur-
rent sharp is slightly rippled due to the charac-
teristics of the hysteresis current method, but,
the actual speed is still maintained around the
reference values with a small deviation. Due
to the symmetric three phase of IM, therefore
the comparison between the measured stator
current and the estimated stator current simu-
lated with A-phase current is the same in other
two phase. The result simulation is shown in
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Fig. 6: HPWM technique without current sensors at no

load condition: (a) Reference and actual speed
at 50% - 25% rating speed, (b) Three phase
estimated currents, (c) Comparison between A
phase measured current and estimated current.

Fig.6 (c) demonstrates the similarity between
the measured current signal and the estimated
current signal.

Case study 2:

In this case, the IM has been operated at low
speeds with no load condition. Similar to the
previous, in this simulation, the reference speed
starts from zero at ¢ = 0 sec. and reaches 10% of
the rating value at 0.5 sec. and then, at 2.5 sec.,
it goes back to 5% of the rating speed following
the ramp line (2.5 sec.— 3.0 sec.). The perfor-
mance of the proposed controller, in this case, is
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Fig. 7: HPWM technique without current sensors at no

load condition: (a) Reference and actual speed
at 10% - 5% rating speed, (b) Three phase es-
timated currents, (c) Comparison between A
phase measured current and estimated current.

depicted in Fig.7 where the reference speed, the
actual speed, estimated stator currents as well as
the comparison between the measured and esti-
mated current signals are shown. The results
show that the controller also works well in the
range of low speeds similar to its performance at
the normal speed ranges. Therefore, in no load
condition, the motor can operate stably with the
proposed controller without current sensors.

Case study 3 and 4:

In these two simulations, the speed references
have been set up as the same as the references in

(© 2018 Journal of Advanced Engineering and Computation (JAEC)
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Fig. 8 HPWM technique without current sensors at 5
(N.m) load torque: (a) Reference and actual
speed at 50% - 25% rating speed, (b) Three
phase estimated currents, (c) Comparison be-
tween A-phase measured current and estimated
current.

the study case 1 and 2, respectively, but, a con-
stant load torque of 5 (N.m) has been applied
during the time of 0.5s. The Fig. 8 and Fig.
9 depict the performance of the current sensor-
less method in FOC based on HPWM technique
of IM drive systems. In Fig. 9, as the same
as the previous case, during the low-speed op-
eration there is only a slight overreach in the
transient time and later the performance is very
good in keeping the speed reference with a small
deviation.
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Fig. 9: HPWM technique without current sensors at 5
(N.m) load torque: (a) Reference and actual
speed at 10% - 5% rating speed, (b) Three phase
estimated currents, (c¢) Comparison between A
phase measured current and estimated current.

Case study 5 and 6:

In the third simulation, the IM has been op-
erated with the reference speeds setting as the
same as previous cases, but, a pulse load torque
shown in Fig. 10 has been applied during the
time of 0.5 sec.

The simulation results depicted in Fig. 11 and
Fig. 12 demonstrate clearly that the proposed
method based hysteresis current technique with-
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Fig. 10: Pulse load torque: amplitude 3 (N.m), period
0.5 s, pulse width 50%.

out current sensors is effective in controlling the
IM drives. The speed of IMs can be maintained
stably even with the load torque varying contin-
uously periodic.
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Fig. 11: Reference speed at 50%-25% rating speed:
HPWM technique without current sensors at
pulse load torque.
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Fig. 12: Reference speed at 10%-5% rating speed:

HPWM technique without current sensors at
pulse load torque.

The high ripple of currents is the disadvantage
of HPWM. The ripple can reduce if the hystere-
sis band is adjusted to a smaller value, however,
the inverter switching loss will increase. Thus,

278

the hysteresis band should be set at a suitable
value to satisfy both control characteristic of IM
and power loss of the drive system.

4. CONCLUSION

The paper has proposed a new HPWM tech-
nique without current sensors in the speed con-
trol of IM drive where the feedback signal from
the current sensors was replaced by the esti-
mated currents determined by the hysteresis tol-
erance values around the reference current value.
The simulation results have demonstrated the ef-
fectiveness of the proposed method to maintain
the speed of IM drive systems in various operat-
ing conditions, under load and no load torques,
as well as normal speed and low-speed ranges.
Due to the parameters of IM can affect the ac-
curacy of the controlling algorithm, especially
stator resistance, so the next time, we can focus
on increasing the accuracy of stator resistance
in the low-speed range.
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