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Analysis of Starting Torque Characteristics of Induction Motors with
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Abstract: Fractional slot concentrated winding ( FSCW )

structure  of  induction  motors  contains  abundant
magnetomotive force harmonics in the air gap. Direct starting
of the motor will result in huge inrush current and high torque
ripple. Selecting an appropriate motor starting method ensures
the necessary energy for starting the motor while minimizing
costs and improving efficiency. This paper investigated two
different starting methods for induction motors based on the
FSCW structure: hard start and soft start. The full voltage
method (‘hard start) was the simplest method but it might
adversely affect motor lifespan. Alternatively, reduced voltage
and frequency start ( soft start ) could reduce energy
consumption during starting. First, the mathematical model of
the induction motor was established based on winding theory.
The starting torque and the impact of non-dominant pole-pair
harmonic magnetic fields on torque ripple were analyzed under
both hard and soft start conditions using electromagnetic
torque theory. Then, the expression of the electromagnetic
torque was derived using the virtual displacement method.
Finally, the electromagnetic torque and torque ripple under
the two starting methods were discussed based on the
electromagnetic torque theory. In addition, the feasibility and

stability of soft start were verified through theoretical
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calculation, finite element simulation and experimental
validation.
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Fig.1 Structure of stator-rotor FSCW induction motor
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Fig.2 Theoretical diagram of stator-rotor FSCW

induction motor winding
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Fig. 4 2D model of stator-rotor FSCW induction motor
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Induction motors with both stator and rotor using
fractional slot concentrated winding structures are
Their

characteristics are that the pole and slot numbers are

mainly applied in fans and pumps.

close, and the air gap contains abundant
magnetomotive force harmonics. The harmonic poles
in the magnetic field rotate at high speeds relative to
the rotor, causing torque ripple in the motor.
Different starting methods result in different torque
characteristics. This paper proposed an induction
motor with both stator and rotor having fractional slot
concentrated winding structures, and analyzed the
advantages and disadvantages of motor performance
under different starting methods. The primary focus
was on the electromagnetic torque characteristics
under two starting methods. Hard start referred to
full voltage starting, where the motor’ s stator
winding was excited at rated voltage, and soft

starting referred to indirect starting, typically

achieved through reduced voltage or frequency

conversion starting.

First, the mathematical model of the induction
motor was established using winding theory. The
starting torque under hard and soft start conditions,
as well as the impact of non-dominant pole harmonic
magnetic fields on torque ripple, were analyzed using
the electromagnetic torque theory in electromagnetic
Then, the

derived based on the

coupling. electromagnetic ~ torque

expression  was virtual

displacement method. Finally, the electromagnetic

torque and torque ripple under the two starting

methods were analyzed.

Tab.1 Comparison of basic performance between hard
start and soft start of stator fractional slot

concentrated winding induction motor

Basic performance Hard start Soft start
Starting instantaneous current large small
Transient process short short
Average electromagnetic torque large small
Torque pulsation frequency high low
Amplitude of torque pulsation high low
Energy conversion efficiency low high
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