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Abstract

One of the most important concerns during Induction Motor (IM) starting is
high starting current. This current can be 5 to 8 or more times the rated current.
This phenomenon affects not only winding insulation but also power quality
issues. The paper deals with a method of reducing the starting current. A
Voltage-Sourced Converter (VSC) is connected in series to the IM and One-
Cycle Control (OCC) is employed as switching technique. Since the series VSC
acts as a dynamic resistor, starting current can be reduced effectively. The main
principle of the proposed methodology is discussed. Also, symmetrical and
asymmetrical Fault Ride-Through (FRT) capability of the induction motor
using proposed method is investigated. The proposed technique is implemented
using MATLAB/Simulink environment. Simulation results show the
effectiveness of the proposed method for reduction of starting current and
improvement of FRT capability.

Keywords: Induction motors, Voltage-sourced converter, One-cycle control,
Starting current, Fault ride-through.

1. Introduction

The most common motor in various sections of the world including industrial,
domestic, educational sections, etc. are induction motors [1-5]. Single-phase 1Ms
are commonly used in the household applications, while three-phase ones are
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Nomenclatures

C Integrator capacitance, F
Imotor Stator current, A

Kp Proportional term, Q

R Integrator resistance, Q

Ts Switching period, s

Vinotor Voltage across the motor, V
Vpce PCC voltage, V

Vout VSC output voltage, V

Vief VSC voltage reference, V

Abbreviations

DOL Direct on-line

FRT Fault ride-through

IM Induction motor

occC One-cycle control

PCC Point of common coupling
PWM Pulse width modulation
THD Total harmonic distortion
VSC Voltage-sourced converter

widely used in the industry. The main advantages of this motor are its robustness,
simple and rugged construction, reliability, low cost, little maintenance, wide
range, high efficiency, reasonably good power factor, nearly constant speed, and
self-starting torque [6]. However, these motors have some disadvantages such as
difficult speed control, low power factor (lagging) in the lightly loaded condition,
and high starting current.

One of the IM disturbances is the high starting current, also called inrush
current, which can damage stator windings. Therefore, this current must be
limited during starting period. The requirement for a starter is not only to provide
starting but also to decrease high inrush currents and to provide overload and no-
voltage protection. In the case of wound-rotor 1M, the simplest and lowest cost
method is to add a resistance to the rotor circuit through slip rings and brushes
while nominal voltage is applied to the motor. The higher the rotor resistance, the
less the starting current. On the other hand, some of the common methods
employed to squirrel cage IMs are [7]: Direct On-Line starter (DOL), star-delta
starter, autotransformer starter, stator impedance starter, power-electronics-based
starter. DOL method is applied to the IMs less than 10 kW. In this approach, the
IM is directly connected to the supply. Therefore, there is no reduction in the
starting current. In the star-delta (Y-A) method, the IM is started in star
connection, because in this condition the voltage across each phase is 13 Vi,
where V_ is line-to-line voltage. Thus, the IM takes 1/3 of the current from the
supply when connected in star than when connected in delta. In the
autotransformer starter, a partial of supply voltage is applied to the IM during
starting period using an autotransformer. As a consequence, starting current is
reduced. In the stator impedance starter, a resistance or a reactor is used in the
stator circuit. During starting period, a portion of supply voltage is dropped across
this impedance; thus starting current is decreased. Induction motor drive is a
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power-electronic-based tool for starting and control of IMs, which can reduce
inrush current during IM starting.

In [8], by selection the proper torque reference, starting current of induction
motors employed in the electric vehicles are reduced using Direct Torque Control
(DTC). Magnetic Energy Recovery Switch (MERS) and magnetic retaining rings
are used to decrease starting current of IMs in [9] and [10], respectively.
Moreover, in [7] a parallel combination of resistors, self-inductors, and capacitors
in the rotor circuit is proposed to reduce starting current of wound-rotor 1Ms.
These methods are employed based on different requirements such as power
supply capabilities, availability of equipment, sizing the network supply,
installation cost, emergency capability and reliability of the system, etc. The first
aim of selecting a method other than DOL is to decrease starting current or supply
voltage of IM. As IM current is directly proportional to its voltage, reducing the
voltage is very effective approach for starting current reduction [10-12].

This paper proposes a power-electronics-based approach to reduce starting
current of IMs. A series voltage-sourced converter is employed for this purpose.
One-cycle control technique is used to generate switching signals for VSCs. This
approach introduces a dynamic resistance with respect to the stator current of 1M,
which results in reduction of starting current and improves fault ride-through
capability of the induction motors. Several simulation results using
MATLAB/Simulink are conducted to verify effectiveness of the proposed method.

The rest of paper is organized as follows. The proposed approach is
introduced and analysed in Section 2. Simulation results are given in Section 3.
Finally, Section 4 concludes this paper.

2. Proposed Methodology for Starting Current Reduction
2.1. Starting study

The Electric Motive Force (EMF) induced in the rotor depends on relative speed
of rotor shaft and synchronous speed. Since in the starting condition the motor is
standstill, this relative speed has its maximum value and therefore large EMF is
induced in the rotor. When an induction motor is stationary, it behaves like a
transformer which its secondary winding is short circuited. This causes low
impedance to the system voltage and hence IM draws a high current from the
gird, typically 5-10 times the full-load current. In some applications, this high
current may cause a significant voltage drop in the power supply network
affecting the operation of other equipment and also the motor start itself. In
extreme cases, the power supply system may even shut down. Motor load doesn't
affect starting current peak; although the inertia of the motor and load must be
overcome. If inertia is big, the motor takes more time to reach full speed. When
the motor accelerates, part of the starting current power overcomes this inertia and
is converted to kinetic energy. The remaining power of the starting current heats
the rotor, up to possibly 250°C for a long starting (20 seconds).

The system considered for starting current study is shown in Fig. 1 in which
the 3300 V network supplies two parallel loads including an induction motor and
an R-L load at the Point of Common Coupling (PCC). The induction motor
KHV355-2 from VALIADIS Company is considered in this paper. Parameters of
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this motor were calculated using no-load test, locked-rotor test, and DC test [13].
The electrical section of IM is represented by a fourth-order state-space model
and the mechanical section by a second-order system [14]. Table 1 presents the
parameters of test system. The motor is fully simulated in the
MATLAB/Simulink. Figure 2 shows stator current of this motor for phase a in
which the motor starts at t = 0.5 s; therefore this current is zero before 0.5 s. The
starting current peaks for phase a, b, ¢ are 266.5 A, 209.1 A, 2135 A,
respectively. The rated peak current of the studied motor is 58.9 A. Therefore,
starting current in phase a is about 4.5 times the rated current. On the other hand,
during starting period, a current with amplitude of 160 A (about 2 times the rated
current) flows in the stator. As this starting period is relatively long for the large
induction motors, thus these high currents should be limited. Proposed approach
for this goal is presented in the next section.

Table 1. Test system parameters.

Parameter Symbol Value
Test Network
Network voltage Vq 3300V
Fundamental frequency Uy 50 Hz
Network resistance Rq 04Q
Network reactance Xq 0.63Q
Load resistance R. 100 Q
Load reactance XL 3142 Q
Induction Motor
Rated power Ph-motor 200 kw
Rated voltage Vhmotor 3300 V
Power factor cosp 0.84
Rated speed Nn 2985 r.p.m
Stator resistance Rs 0.65Q
Stator reactance Xis 5Q
Rotor resistance R 0.65Q
Rotor reactance X't 5Q
Magnetizing reactance Xm 113.82 Q
Voltage-sourced converter
Filter inductance L 15mH
Filter capacitance Cs 150 uF
Switching frequency fs 5 kHz
DC link capacitor Cuc 300 uF
Transformer
Rated power Sh-trans 5 kVA
Rated voltage Vun/Vin 2.5/1.25 kV
High-voltage winding resistance Ry 245Q
High-voltage winding reactance Xn 62.83 Q
Low-voltage winding resistance RL 0.61Q
Low-voltage winding reactance XL 15.39 Q
Magnetization resistance Rc 61347 Q
Magnetization reactance Xmirans 19527 Q
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Fig. 1. Studied system for starting current evaluation.
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Fig. 2. Stator current of induction motor for phase a during starting.

2.2. Circuit topology

Application of the voltage-sourced converter in the induction motors and
transformers has been already investigated in the literature [15-19]. This paper
presents a series VSC to decrease the starting current. Figure 3 shows the
proposed circuit for starting current reduction. Three VSCs are connected in
series with the IM and power supply through three matching transformers. The
proper passive (LC) filters are connected to the output side of the VSCs to limit
switching ripples. In this work, three full-bridge, single-phase, two-level VSCs
(or three H-bridge converters) are employed. The switching signals of VVSCs are
provided as follows. For simplicity, the proposed control scheme is implemented
in the natural reference frame (abc coordinates), although the synchronous
reference frame can also employed. First, input current to the motor (stator
current) are measured and then multiplied by Kp [Q] (proportional controller) to
produce reference voltage for VSCs:
Vret (1) = Kp “imotor (t) )
where imgor IS the stator current. As mentioned in (1), the VSC voltages are in phase
with the motor currents. Since the VSCs are connected in series to the connecting
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line, they act as the dynamic series resistors. Indeed, series VSC works as a
dependent voltage source which its voltage is proportional with motor current, as
shown in Fig. 4. Thus, in the starting period in which motor current is high, this
dependent voltage source introduces a high voltage against the PCC voltage and
therefore lower voltage appears across the motor terminal. Consequently, starting
current is properly reduced. This operation can be expressed as:

Vimotor =Vpcc _(KP I motor ) 2)
where V.. and V,. denote voltage across the motor and PCC voltage, respectively.
PCC
¥ Lon)n
~A N
& : Lz o
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e
Netwrok Switches Ll l
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Fig. 3. Proposed control for starting current reduction.
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Fig. 4. Equivalent circuit of the studied system with proposed control.

2.3. One-cycle control

One-cycle control is a non-linear control method which not only presents fast
transient response, good dynamic tracking performance, robustness, high power
quality waveforms, etc. but also overcomes disadvantages of conventional Pulse
Width Modulation (PWM) technique [20-22]. For this reasons, OCC technique is
employed in this paper to provide switching signals of VSCs. The main core of
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OCC is shown in Fig. 5. As shown in this figure, Clock block generates a periodic
signal which sets the flip-flop at the beginning of each switching cycle. OCC
receives two signals: (i) voltage reference produced by (1), and (ii) VSC output
voltage. The output voltage of VSC is applied to the integrator as a feedback and
compared with the voltage reference. When these signals meet, flip-flop is reset.
This procedure is repeated in the next cycle for new voltage reference. This
operation can be expressed as [23]:

1 dTs
Vre (t) =5~ Vou (t)dt
f RC IO t ©)

where v, is the output voltage of VSC, T, is the switching period, and d (in dTj)
is the duty ratio. R and C are the resistance and capacitance of the integrator
which T;=RC.

LC Filter
—— Y Y o
Ls +
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Cac 7~ A G < Vout T
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——o
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Integrator

Fig. 5. Schematic diagram of OCC scheme.

3. Simulation Results
3.1. Starting performance

In this section, performance of the proposed control during starting period is
investigated. For this purpose, the system of Fig. 3 is simulated with parameters
of Table 1. In this paper Kp is set to 35.5x107 Q. Stator current of IM are shown
in Fig. 6. The starting current peaks for phases a, b, ¢ are 111.7 A (1.9 times the
rated current), 84.4 A (1.4 times the rated current), 88 A (1.5 times the rated
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current), respectively. In other words, the current peaks are reduced by 2.4 times,
2.5 times, and 2.4 times with respect to direct-connected IM (Fig. 1). Also in the
starting period, a current with amplitude of about 62 A (about equal to the rated
current) is flowed through the stator windings. Figure 7 shows the motor voltage
for phase a. As mentioned above, series VSC reduces the voltage across the
motor; however, subsequent to starting period, motor voltage is increased because
the motor current and consequently voltage reference were reduced based on (1).
The electromagnetic torque-motor speed curve obtained by the proposed method
is shown in Fig. 8. It's clear that due to voltage reduction, starting period is
increased with respect to direct-connected IM. Table 2 shows total harmonic
distortion (THD) in PCC voltage and network current during and after IM starting
which demonstrates the high quality of voltage and current waveforms in the
proposed method. It's worth mentioning that to show both starting and normal
operation periods in one figure, motor inertia was reduced in the simulation. Also,
the transformers should be short circuited during normal operation, as done in
[18], to avoid voltage drop across them.
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Fig. 6. Stator currents for phase a obtained by the proposed control.
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Fig. 7. Voltages across IM for phase a obtained by the proposed control.
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Fig. 8. Electromagnetic torque against motor speed
obtained by the proposed control.

Table 2. Harmonic Analysis of Voltage and Current of the Network.

During starting Normal operation
THDy (%0) THD, (%) THDy, (%) THD, (%0)
Phase a 0.01 0.08 = 0.01
Phase b 0.01 0.17 = 0.03
Phase ¢ 0.01 0.17 = 0.03

3.2. Fault ride-through performance

This section is dedicated to investigate fault behaviour of the proposed approach
during both symmetrical and asymmetrical faults. First, the behaviour of the
system of Fig. 1 during fault occurrence at the RL load terminal is studied. A
three-phase to ground fault occurs at t = 8 s which lasts for 1 s. The fault
resistance is 0.5 Q. Simulation results are shown in Fig. 9. As shown in this
figure, high currents are flowed during both fault inception and fault clearance.
Also, a two-phase to ground fault is initiated at the load terminal. Figure 10 shows
the stator currents in which high currents are flowed in the stator windings.
Therefore, these high currents should be limited.

In the next stage, the fault behaviour of the proposed control is investigated
during both symmetrical and asymmetrical faults. Simulation results for a three-
phase to ground fault at the RL load terminal are shown in Fig. 11. Since the motor
current is increased at the fault inception (Fig. 9), VSC provides a voltage
proportional with this current to prevent flowing the high currents at the motor. On
the other hand, as the PCC voltage and therefore voltage across the motor terminal
are suddenly increased at the fault clearance, the motor current is again increased.
Therefore, the above procedure is repeated and the motor current is limited. As
shown in Fig. 11, the maximum peak current among all phases at the fault inception
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is 45.4 A which is decreased about 5.6 times with respect to Fig. 9, while this peak
current at the fault clearance is 76.9 A. Finally, the behaviour of the proposed
control against a two-phase to ground fault is shown in Fig. 12. In this condition, the
maximum peak current at the fault occurrence is 41.4 A which is reduced about 5.3
times with respect to Fig. 10, whereas this peak current at the fault clearance is 50.9
A. One can conclude from the above results that the proposed control properly
limits the motor current during both symmetrical and asymmetrical faults.
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4. Conclusion

This paper proposes an effective approach to mitigate starting current of induction
motors. A series voltage-sourced converter is employed for this purpose. Also,
The OCC technique is used for generating switching signals of VSC. This method
introduces a dynamic series resistance between source and motor which reduces
the starting current. Simulation results show that starting current is reduced about
2.5 times with respect to direct-connected IM. Moreover, the study of the
proposed control behaviour during both symmetrical and asymmetrical faults
shows that the motor current is effectively reduced in these conditions (up to more
than 5 times with respect to direct-connected IM) which verify fault ride-through
capability of this control.
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