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Abstract—Sensorless-based direct vector control techniques are
widely used for three-phase induction motor drive, whereas in case
of multiple-motor control, it becomes intensively complicated and
very few research articles in support to industrial applications
were found. A straight-forward direct vector control with sensor-
less operation for parallel connected two similar-rated induction
motors driven by single three-phase inverter is proposed and ver-
ified numerically by simulation software test under balanced and
unbalanced conditions. The proposed control algorithm adapts the
natural observer to estimate the rotor speed, rotor flux, and load
torque of both motors. Simulation results along with theoretical
background provided in this paper confirm the feasibility of oper-
ation of the ac motors and proves reliability for industrial applica-
tions.

Index Terms—Estimator, field oriented control, induction motor,
natural observer, sensorless vector control, speed control.

I. INTRODUCTION

ENORLESS direct vector control (DVC) is widely applied
S for ac motor traction applications. On the availability infor-
mation of line voltages and currents, speed can be estimated, but
its accuracy is mostly meant for single inverter driven single-
induction motor. In case of multiple-induction motors, control
becomes a tough solution to handle with single inverter-based
DVC. In point of reducing the cost, size, and to ensure less main-
tenance, a single-inverter driven multiple-induction motors in
parallel combination is used for electric traction. In such cases,
speed of the machines will be the same, if they have the same
torque-speed characteristics and torque-sharing rates are equal
in all operating conditions. But practically, two machines have
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observable differences in characteristics and the speeds may not
be the same because of slight difference of wheel diameters.

In practice, both dissimilar machine characteristics and un-
equal wheel diameter problems exist. The machines speed-
torque characteristics are shown in Fig. 1(a) for motors 1 and 2,
and this causes the different torque sharing at the same speed.
For instance, if the wheel diameter of machine 1 is a bit larger
than that of machine 2 (assumed), then the torque sharing of
machine 1 will be higher in motoring mode but lower in braking
mode, where the corresponding characteristic is represented in
Fig. 1(a). Now, the speed—torque behavior of both motors differs
and unbalance condition arises (motors 1 and 2), the speeds of
both motors deviate much from the command speed. Usually, in
order to reduce these speed variations, average and differential
currents are used to determine the reference currents [1]-[4].

Moreover, these above literatures dealt with speed sensorless
drives, the estimation of speed and rotor fluxes were employed
by the adaptive observers. The selection of gain matrix constant
k is a tedious task in adaptive observers where the typical value
of k is taken as 0.5. It is mandatory to have correction factors
to track speed variations that results in the estimation lag actu-
ally with command signal. To overcome the above mentioned
difficulties, a natural observer is used for estimations [5]. This
paper proposes a sensorless DVC algorithm performed based
on the natural observer and the complete scheme is verified by
numerical simulation implementation.

II. SPEED ESTIMATION USING NATURAL OBSERVER

Natural observer is actually an estimator, its structure and
characteristic are identical to the induction motor, typically il-
lustrated by Fig. 1(b). On looking at the convergence rate, the
observer is faster than the motor in reaching the steady state, the
equation for speed estimation is given below [5]:

Ty =Kpep + Kpep + K [6 dt limiting 7%, € (Thin, Tinax)
(1

where

Estimation of rotor speed can be obtained from estimated
stator current, rotor flux, and the estimated load torque as

o= (3) () () e aia] -5 o
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Fig. 1. (a) Speed-Torque characteristics of parallel-connected IM drives, (b)
Block diagram of a natural observer, (c) Configuration of parallel-connected
induction motor drives.

where n,, is the number of pole pairs and J is inertia of motor
load system (kg-m?).

Parallel connected two induction motors fed by single-
inverter drive are shown in Fig. 1(c).

6473

S
g

00
L) -]
) 700
g %o = Estimated Speed Motor -1 E i = Actual Speed Motor - 1
< 50 ===Reference Speed 2 0 ©| ===Reference Speed
é- i - Speed Mator - 2 é‘ i ='=* Actual Speed Motor - 2
am )
20 o
100 100
0 as 1 15 2 25 E] 35 4 0 0s 1 ‘5“_1"“] 25 3 35 4
Time
(a()m (b)

w
n

m W

o

Load Torque (Nm)
i

Load Torque (Nm)

=
n

o

&
o
&

05 1 15 2 25 3 35 4 05 1 15 2 25 3 35 4
Time (Sec) Time {Sec)
(c)

Load Torque (Km)
u w -

Load Torque (Nm)
-

o
o

“o os 1 15 2 25 3 35 4 0 o8 1 15 2 25 3 as 4
Time (Sec) (d] Time (Sec)

Fig. 2. Simulation results for balanced load conditions.(a) Estimated speed
response. (b) Actual speed response. (c¢) Estimated load torque response. (Left-
Motor 1, Right-Motor 2). (d) Axtual load torque response. (Left-Motor 1, Right-
Motor 2)

III. NUMERICAL SIMULATION TEST VERIFICATION AND
RESULTS

Two identical 745.6 W, 3 ®, 415 V, 1.8 A, 50 Hz, 4 pole,
and 1415 r/min squirrel cage induction motors are used for
testing. In balanced conditions, the two induction motors run at
a reference speed of 900 r/min. At ¢ = 2 s, a load of 2.5 N-m
is applied to both induction motors. The estimated and actual
speed waveforms are depicted in Fig. 2(a) and (b). Both motors
follow the speed command. There is a slight dip in the actual
speed at the time of applying sudden load that is negligible in the
estimated speed. At steady state, the speed difference between
the induction motors is zero. The estimated and actual load
torque responses are shown by Fig. 2(c) and (d). The estimated
speeds match the speed command and the estimated torque of
both induction motors follows the load torque.

To illustrate unbalanced load condition (dissimilar wheel di-
ameter), both induction motors run at a constant speed of 900
r/min. A load of 2.5 N-m is applied to motor 2 and motor 1 is at
no load condition at ¢ = 2 s. Now, the wheel diameter of motor
2 is larger than motor 1 and the torque of motor 2 is greater than
motor 1. The estimated and actual speeds of both motors are
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Fig.3. Simulation results for unbalanced load conditions. (a) Estimated speed

response. (b) Actual speed response. (c¢) Estimated load torque response. (Left-
Motor 1, Right-Motor 2). (d) Axtual load torque response. (Left-Motor 1, Right-
Motor 2)

given in Fig. 3(a) and (b). It is observed that the speed of mo-
tor 2 decreases to 880 r/min and speed of motor 1 is maintained
constant. With respect to the reference speed, the speed of motor
2 deviates by 20 r/min (2.22%), but however both motors run at
steady speed makes system stable condition. The estimated and
actual torque responses of both motors are shown by Fig. 3(c)
and (d).

Stator resistance plays an important role in low-speed opera-
tion and its value has to be known with good precision in order
to obtain an accurate estimation of the rotor speed. To accom-
modate the change in parameter, the stator resistance of motor
2 is increased to 50% (Rs2 = 20.025 ) and the parameters of
motor | remain the same. Speed command is set at 1000 r/min.
Both the motors are initially at no load condition and at ¢t = 2's,
a balanced load of 2.5 N-m is applied to both motors. Fig. 4(a)
and (b) shows the estimated and actual speed responses of motor
1 and 2 for variations in stator resistances. The speed differ-
ence arises because of difference in stator resistances of motors
1 and 2.

Further, dc supply voltage (100-50-100)% large-step varia-
tion test is conducted to verify the performance of the parallel
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Fig. 4. Simulation results for unbalanced stator resistance between motors 1

and 2. (a) Estimated speed response. (b) Actual speed response.
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Fig. 5. Simulation results for large-step variation of dc voltage variations. (a)

Resplonse of Motor 1. (b) Response of Motor 2.

connected two motors in fluctuating dc supply drooping condi-
tions. To conduct this test in safe and to avoid saturation of three-
phase inverter power demands, the speed and torque are reduced
to 750 r/min and 1.5 N-m. Fig. 5(a) from top-to-bottom shows
the obtained numerical simulation performances, the DC sup-
ply voltage variation from between 1000 V and 500 V in every
0.5 sec, the estimated and actual torque, and speed for motor 1.
Similarly for the motor 2, it is shown in Fig. 5(b) and results
confirm that under dc supply drooping conditions, the speed
and torque of the parallel connected two motors follow the
set conditions with smooth propagation of torque and speed at
750 r/min and 1.5 N-m.

Finally, efficiency and copper loss of the two-motor drive sys-
tem are numerically calculated by the simulation test conducted
at different operating speed with constant torque (7" = 2.5 N-m)
conditions and includes the field weakening region (speed above
rated and torque at 2.5 N-m). Efficiency of ac motors are
shown in Fig. 6, motor 1 (first bar-speed, second bar-efficiency
from reference to x-axis) and motor 2 (third bar-speed, fourth
bar-efficiency from reference to x-axis). Correspondingly, Fig. 7
shows the stator current and copper losses of the two motors
at different operating speed conditions. It is confirmed that
both motors have the same efficiency and losses at different
speeds with constant torque including the field weakening re-
gion. From the results, it is clear that the motors have poor
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Fig.7. Numerically calculated stator currents and copper losses of the parallel
connected motors at different operating speed condition includes field weaken-
ing region (torque T = 2.5 Nm kept constant). Motor 1 (first bar-stator current,
second bar-cu loss), Motor 2 (third bar-stator current, fourth bar-cu loss) in
reference to Y-axis.

efficiency and comparatively high-copper losses at lower op-
erating speed ranges in comparison to variations near to rated
speed and field-weakening region.
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IV. CONCLUSION

This paper provides a straightforward approach for DVC with
sensorless operation for two motors connected in parallel and fed
by a single inverter. Natural observer with load torque adaption
technique is used to estimate the speed and torque of the motors.
By numerical simulation test, it is confirmed that the complete
system is stable under balanced and unbalanced load conditions.
Also, concluded that the performance of torque tracking and
speed control are apparently better than conventional method
proposed in the literatures. The proposed concept can be easily
implemented by industrial DSPs.
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