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Abstract—This study presents a novel control strategy of
discrete variable frequency (DVF) based on space
voltage vectors for a three-phase induction motor (IM)
soft-starting. The proposed strategy is developed in four
steps. First, conducting states of the three-phase
thyristor circuits are analysed, and the formation

mechanism of space voltage vectors is also demonstrated.

Then, DVF control strategy of IM based on hexagon flux
linkage loci is expounded categorically, which contains
frequency f/7 control, frequency f/4 control, frequency
f/3 control and ramp voltage control. Next, under two-
phase stationary coordinate system, stator flux equation
of IM is derived, and the decrease in stator flux when
zero-vector voltage working is calculated accurately. In
the end, an experimental system of IM based on three-
phase thyristor circuits is constructed, and the
experimental results are dealt with and compared with
the usual ramp voltage technique. The study results
show that IM driven by the proposed strategy can
steadily operate at the preset discrete frequency, and the
effective value of starting current of IM can be
decreased by nineteen percent. The experimental results
verify the conclusions.
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I. INTRODUCTION

Three-phase induction motors (IMs) are widely
utilized in modern industry such as water pumps,
draught fans, grinding millers and so on. Large
starting currents will damage IM if it is directly
started with power supply. So three-phase anti-
parallel thyristor circuits based on voltage-
regulation technology are often adopted for the
soft start of IM [1], which have small starting
current. However, using this way, electromagnetic
torque of IM has more sacrifice than the decline of
its starting current. Though many papers have
proposed several methods to enhance start torque
of IM, but they are based on constant-current
control or closed-torque control [2-3]. [4] and [5]
propose a novel control strategy of soft start for
IM using pulse width modulation(PWM) AC
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chopper, which uses four insulated gate bipolar
transistors(IGBT) to regulate three-phase voltages
of IM. This control method is simple and flexible,
but the frequency of the three-phase voltages
maintains a constant value. The promotion of IM
starting torque in papers [2-5] is limited, because
these methods all belong to the voltage-regulation
control theory of IM.

Based on the three-phase thyristor circuits,
Ginart and his cooperators propose a discrete
variable frequency (DVF) theory, which can
enhance electromagnetic torque of IM with the
same starting current [6]. So, DVF theory is
welcomed and further investigated in worldwide.
In [7], phase control method of DVF optimal
switching is studied, which has a favorable effect
on solving switch disturbance but don’t compare
with other methods. In [8-9], one triggering
scheme of output equivalent sinusoid voltages
based on DVF is proposed, which analyzes the
voltage symmetry and acquired available
frequency dividing coefficients. It is insufficient
that the control method can’t consider the flux of
IM when two-phase thyristor circuits are triggered.
In [10-11], the cause of torque pulsation is studied
and the proposed DVF control strategy is based on
space voltage vectors, which can decrease the
torque pulsation. However, the working principle
of space voltage vectors and stator flux of IM isn’t
analyzed adequately in these papers. In [12] and
[13], the causes of electromagnetic torque
shocking and rotor speed shocking are analyzed
with torque functions and simulation, and the
technique used to suppress electromagnetic torque
shocking is based on the closed control strategy of
power factor angle compensating. While, there are
large harmonic components and torque pulses for
these DVF control methods proposed in above
papers, which are based on periodic wave control
theory. So torque increments of these methods are
limited. There are other control methods in [14]-
[16] based on AC chopper technology for soft-
starting of IM, but they are mainly based on
regulation voltage theory which can’t increase
starting torque of IM thoroughly.

In context to insufficient information existing
in above the papers, based on [10-11], this paper
proposes one novel DVF control strategy of IM

60

Volume 07, No.04, 2022

based on space voltage vectors, which is realized
with three-phase thyristor circuits. This novel
control strategy is built on hexagon space voltage
vectors and the stator flux linkage loci are
controlled directly. Because the frequency of
three-phase voltages is reduced with the decline of
the effective value of the voltages. So the stator
flux and the starting torque of IM driven by the
proposed strategy are larger than the ramp voltage
control.

Il. DVF PRINCIPLE BASED ON SPACE VOLTAGE

VECTORS

A. Space voltage vectors based on three-phase
thyristor control circuits

According to the principle of space voltage
vectors, stator voltage vectors of IM can be written
as follows [17].

Us = \E(quejo + UBoejan + uco<9j4n/3) (1)

Where uag, Ugg and uco are three-phase stator
winding voltages, respectively, and €, ¢*”* and
e*™3 are unit space vector at the directions of A-
phase, B-phase and C-phase stator winding axis of
IM, respectively.

Thyristor control circuits of IM have three
working states, which are two-phase circuits
conducting, three-phase circuits conducting and
three-phase circuits non-conducting. Space voltage
vector will generate when two-phase windings of
the IM are supplied with a power source, which
are shown as fig.1.

Because stator current of IM will generate
when at least two-phase circuits of thyristor
control circuits are triggered. So when T1 and T6
are triggered, voltage space vector defined as uag
which is shown in fig. 1(a) will generate in stator
winding space of IM. When T1 and T2 are
triggered, voltage space vector defined as uac in
fig. 1(b) will generate. Similarly, ugc, Uga, Uca
and ucg are presented in fig. 1(c) to (f).
Expressions of following six space voltage vectors
are shown here in equations (2) when the initial
phase angle of phase-A voltage is equal to zero.
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Figure 1. The forming principle of space voltage vectors based on three-
phase thyristor circuits. (a) UAB, (b) UAC, (c) uBC, (d) uBA, (e) uCA, (f)
ucCB.

jer
Upg= gUm(COSa)lt—COS(a)lt—zg)e 8 j
jan
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Where Um is the peak value of phase voltage,
ol is the angular frequency of power sources.
Meanwhile, the voltage vector that three-phase
thyristor circuits are all triggered is defined as
uagc. Similarly, the voltage vector with that three-
phase thyristor circuits are all closed is defined as
Uo. According to the actual conducting circuits,
Uasc Can be compounded with two space voltage
vectors in (2).

If the voltage of stator resistance of IM is
ignored, the stator flux of IM can be shown as the
following [18].
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w = [(u+Rei)dt~ [udt (3)

Where y is the stator flux of IM, u is the stator
voltage and Rs is the stator resistance. If the six
space voltage vectors shown in (2) are connected
in sequence, then one hexagon space voltage
vectors will generate and stator flux linkage loci
are also one hexagon as in fig.2 shown.

AWV

Usc

Figure 2. Hexagon space voltage vectors

B. DVF control principle based on space voltage
vectors

Depending on the demand of voltage symmetry,
the coefficient dividing the frequency of power
voltage should be one, four and seven and so on.
In case of starting torque of 1M, the frequency f/7
can be chosen as the starting frequency of a heavy
load IM. Although, the frequency f/3 of voltage
doesn’t meet the symmetry demand, but its third-
harmonic component is a power frequency voltage.
So the frequency f/3 of voltage has a good effect
on the IM in fact. Therefore, voltage with
frequency /3 can also be utilized to drive an IM.
Hence frequency division coefficient of power
voltage of DVF would be seven, four, three, and
one.

Control methods of DVF frequency f/7 based
on space voltage vectors can be realized in
following way:

First, based on the zero passage of rising edge
of phase-A voltage, T1 and T2 are triggered in
order to generate uac, which will trigger angle 6;.
When current iac declines to zero, T1 and T2 will
be closed naturally. Then, during next primitive
period of power source, based on the zero passage
of falling edge of phase-C voltage, T3 and T2 are
triggered in order to generate ugc. Their trigger
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angles are all 6,. Circulating this way, after
thyristors are closed every time, next vector of
hexagonal space voltage vectors will be generated
during the next primitive period of the power
source. All of hexagonal voltage vectors are
generated once during seven primitive periods of
the power source. So voltage with frequency f/7
has waves of DVF based on hexagon space
voltage vectors is acquired as fig.3 shown.
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Figure 3. Frequency f/7 voltage waves of DVF based on space voltage
vectors

Voltages with frequency f/4 based on three-
phase power frequency sinusoid voltages are
positive voltages. And control methods of DVF
frequency f/4 are also based on hexagonal stator
flux linkage loci. But the difference with the
control methods of DVF frequency f/7 is that
number of working vectors of the former is half of
the latter. So voltage with frequency f/4 can be
acquired by selectively reducing voltage vectors of
frequency f/7 voltage vectors. The sequences of
effective voltage vectors are Uac t0 Ugc t0 Upga tO
Uca to Ucg to uag. The stator flux linkage loci will
be three continuous sections which consist of wac,

WBc, WA, Wca, Wes, and wag. Frequency f/4
Voltage waveforms are shown in fig.4.

Sequences of effective space voltage vectors of
frequency f/3 are uac, Usc, Usa, Uca, Ucg, and Uag,
which are also based on hexagonal stator flux
linkage loci, but they are divided into two sets.
The first set is continuously triggered, containing
Uac, Usc, and uga Wwhile second set is also
continuously triggered, which contain uca, Ucg,
and uag. Voltage waveforms of frequency /3 are
shown in fig.5.
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Figure 4. Frequency f/4 voltage waves of DVF based on space voltage
vectors
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Based on above control methods and space
voltage vectors, soft start control of IM is operated
in following methods.

Frequency f/7 is selected as the starting
frequency of IM. Before soft start, IM is be excited
with one voltage vector in several power
frequency periods. In order to acquire suitable
stator flux, the pre-excited voltage vector will be
the previous of the initial voltage vector of
frequency f/7, according to the order of hexagon
space voltage vectors. For example, if uac is the
first working voltage vector of frequency f/7, then
uas Will be the pre-excitation voltage vector. Time
for pre-excitation can be calculated by (3)
according to the actual IM parameters.

After pre-excitation, IM is driven with the
method of DVF having frequency f/7, then
frequency f/4, frequency f/3 and frequency f/1 as
shown in fig. 3 to 5. Frequency f/1 is the
traditional ramp voltage control.
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Figure 5. Frequency f/3 voltage waves of DVF based on space voltage

vectors

When the working frequency of IM is changed,
the previous voltage vector and the next voltage
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space vector accord with the sequence of hexagon
space voltage vectors as shown in fig. 2. For
example, when the working frequency changes
from frequency /7 to frequency /4, so if ugcis the
final voltage vector of frequency f/7 space voltage
vectors, then uga will be the first voltage vector of
frequency f/4 voltage vectors. Similarly, when
working frequency changes from frequency f/4 to
frequency /3, so if uag is the final voltage vector
of frequency f/4 voltages, then uac will be the first
voltage vector of frequency f/3 voltage vectors.
After frequency f/3, IM is controlled by the ramp
voltage control.

C. Stator flux analysis of IM

Space voltage vectors of frequency /3 for IM is
used for the stator flux analysis. Stator windings of
IM controlled by three-phase thyristor circuits are
shown in fig.6. When initial conducting circuits
are phase-A and phase-B, and stator windings of
IM are star connection, then the current in phase-C
stator winding is equal to zero. So phase-C stator
winding can be located on « axis of the o-f
stationary reference frame, and the equations are
acquired as the following.

Figure 6. Circuit model of IM under o-f stationary reference frame

i, =0, ia=-lg (4)

. 2(V3. 3. .

Isp —\/;[Z'BZ'A]—\E'A (5)
Usp —\/g{\/;UA —\/Zéusj—\/iUAB (6)

Where is, and isp are the a-axis stator current
and the p-axis stator current respectively under o~
p stationary reference frame, and usp is the stator
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voltage of o~ stationary reference frame. iaand ig
are respectively the current in phase-A and phase-
B of IM under A-B-C three-phase stationary
reference frame. uag is the line voltage of phase-A
to phase-B stator windings. uag is shown as the
following.

Uag (1) = 3U , sin(at + )

()

Where oy is trigger angle of T1 and T6.

Based on the model of IM and from (4) to (7)
equations, the following equations are acquired by
using Laplace transform.

Ung(s) = —=(Ry + L) 1A (8) +V25Ly | g (5) /2
0=(R +5Lr)|ra(s)+a)rLr|rB(5)_‘/§a)erlA(s)
0= (R, +5L)I15(5) ~V25Lp 1 A (5) — @, Ly 11 (5)

(8)

Where Ly, is mutual inductance between stator
windings and rotor windings, Ls is stator self-
inductance, L, is rotor self-inductance, R; is stator
resistance, R; is rotor resistance, 1a(s) is the current
in phase-A stator winding. l.,(s) and I,5(s) are the a
axis current and the g axis current of IM under a-f
stationary reference frame respectively. a is
angular frequency of IM. In order to simplify the
progress of solving Ia(S), ax is set to be zero. Then
IA(S) is solved by using (8).

IA(s)=P(s)/Q(s)
_ U, (~scosaq + @y sinag) (1+5T,)

P(S) RsTsTr' (9)
Q(s)= (52 + a;f)(sz + s(% + Tis’) + Ts,:}Tr'J
Where o0=1-L%/(LL), Te=LJRs, T=L/R,

T's=oTs. T =oT,. When Q(s) is equal to zero,
then there are four roots that can be acquired from
the equation. Two of the four roots are complex
conjugate: A; ,=tjan, which correspond to steady
components of 1(s). Another two roots are signed
as Az and A4. The real parts of A3 and A4 are
negative, which correspond to transient
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components of Ia(S).
using (8).

I;3(s) are also acquired by

x/gum(scos.o:0 @ sin ao)sL
Irﬁ(s) =

LSLrO'(52+a)l2)(S +S(— T' T:-I-Tr'j (10)
Based on the stator flux model of IM:

wi=Ldist+Lnir, ws can be calculated by using (4),
(5), (8), (9) and (10),

Ws(8) = i(Lmlrp () ~V2L51A(5))

JBU , (scos —a;lsinao)[(l—aﬂ_ls)sﬂ_sl-rrj (11)
o‘(s2 +6012)[

b

Equation (11) can be rewritten by using
Laplace inverse transformation as the following.

=]

Tr

W5 (t)= 2 (s)

= Klefjwlt +K2ej”1‘ +K3eﬂgt+KAe/14t (12)
Where
\/Eumwl(—COSaOJrjsinao)(—[l—a+i]ja>l+ ! ]
Ki= — _ Ls LTy
o(2jen)(jen +2)(Jor + 24)
\/Eumwl(cowojsinao)([l o-+—JJa;l+ ]
e o) jor o) o - m
jV/BU (Agcosag — a;lsmao)(l o'+7 /13+ j (13)
o 0(13 +(01)(13 g)
j\/gUm(ﬂ.4COSaO—a)lsina0)[ 1 a+— A4+L51Tr
4 o2 +of (2 - 7a)

The stator flux function is acquired by the same
method, when uac and ugc are working. Similarly,
Up is working, then stator current of IMis equal to
zero, and the rotor current of IM is shown as
following.

ir (t) = ioe ™™ (14)
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When ug is working, fig.5 shows that max value
of t3 is 23.3ms and minimum value of t3 is 13.3ms.
When trigger angle becomes equal to ninety
degrees, t3 is 16.7ms. For a common fifteen
kilowatt IM, rotor time constant is approximately
equal to 300ms which is much larger than t;. So,
based on these parameters and the stator flux
model of IM: ws=Lis+Lni,, stator flux ys can be
calculated by using the following equation.

w5 (1) = Liyiroe ™™ =yoe T = 0955y (15)
Where, wp is the initial value of ws. Equation
(15) shows that the decrement of stator flux is very

small and can be neglected when ug is working.

Using the same method, stator flux can be
calculated when IM is also driven by frequency f/7
control method or frequency /4 control method of
DVF.

I1l. EXPERIMENT VALIDATION

A. Simulation

The simulation model is built by Matlab
software. Parameters of IM used in the model are
shown as the following: Pn=15kW, Uyn=380V,
NN=1460r/min, 1y=29.5A, fy=50Hz, Lm=64.19mH,
Rs=0.2147Q, Rr=0.2205Q, J=0.602 kgm?’
Lss=L:x=0.991mH. Load rate of IM is 60 percent.
Simulation results are shown in fig. 7 to 12.

When IM is driven by control method of DVF
with frequency f/7, its line voltage and phase
current are shown in fig. 7. The simulation results
in fig. 7 show that the period of the line voltage is
0.14ms, and phase current has four continuous
conducting sections in time of 0.14ms. So the
simulation results in fig.7 verify the principle of
control method of DVF with frequency f/7.

Line voltage and phase current of the IM driven
by control method of DVF with frequency f/4 are
shown in fig 8(a) and fig 8(b) respectively. Fig 8(a)
shows that the period of the line voltage is 0.08ms
and fig 8(b) shows that phase current has three
continuous conducting sections in one frequency
f/4 period. The simulation results in fig.8 verify
the principle of control method of DVF with
frequency f/4.
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Similarly, line voltage and phase current for
frequency f/3 of DVF are shown in fig. 9. Fig. 9(a)
shows that the period of the line voltage is 0.06ms
and fig. 9(b) shows that phase current has two
continuous conducting sections in time of 0.06ms.
The simulation results in fig.9 verify the principle
of frequency f/3 control method of DVF.
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Figure 7. Voltage and current for frequency f/7. (a)Line Voltage. (b)
Phase Current.
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Figure 8. Voltage and current for frequency /4. (a) Line Voltage. (b)
Phase Current.
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Figure 9. Voltage and current for frequency /3. (a) Line Voltage. (b)
Phase Current.
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Stator flux of IM driven by the proposed
strategy and the ramp voltage control are shown in
fig.10. The results show that the stator flux
amplitude of IM driven by the proposed strategy is
larger than the flux under the traditional ramp
voltage control. The reason is that the frequency of
voltage of DVF decreases, but the frequency of
voltage of ramp voltage control is a constant value,
in the process of soft starting of IM.

Stator current and rotor speed of IM based on
the proposed strategy are shown in fig. 11. The
result in fig. 11(a) shows that the currents includes
four sections which successively corresponded to
frequency f/7 current, frequency f/4 current,
frequency /3 current and ramp voltage regulation
current. Meanwhile, rotor speed of IM, shown in
fig. 11(b), increases accordingly to the proposed
control strategy. The simulation results verify the
principle of space voltage vectors control of DVF.

2 4
= )
s g
0 <0
S =
T =2
2 -4
2 0 2 4 -2 o 2 4
(a) Flux_a(Whb) () Flux_a(Wb)
4 4
=2 = 2
S 2
S0 =0
§I-2 22
-4 -4
4 -2 0o 2 4 4 -2 o 2 4

(c) Flux_a(Wb) (d)  Flux_a(Wb)

Figure 10. Induction motor stator flux track. (a) ramp voltage. (b)
frequency /7 (c) frequency f/4. (d) frequency f/3.
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(a) 1 1'5t/S

0 0.5 1 15 t/s

(b)

Figure 11. Responses of IM driven by the proposed method. (a) Stator
current. (b) Rotor speed.
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Contrary to this, stator current and rotor speed
of IM driven by ramp voltage control are shown in
fig. 12. The results show that rotor speed increases
quickly and the value of starting current is very
large, which all conform to the principle of ramp
voltage soft-starting of IM.

Comparing fig.11 and 12, the current in fig. 11
is smaller than the current in fig. 12, and the rotor
speed increases softly. So, the proposed control
strategy can acquire better starting performance
than ramp voltage control for IM.
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0
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Figure 12. Responses of IM driven by the traditional method. (a) Stator
current. (b) Rotor speed.

B. Experiment

For further verifying the performance of the
proposed strategy, one experimental set of IM
based on three-phase thyristor circuits and
STM32F103RC microcontroller is designed as
shown in fig. 13. The parameters of IM are same
to the parameters used in the simulation model.
The experimental results are shown in figs. 14-17.

Figure 13. Experimental system of IM driven by three-phase thyristor
circuits

Fig. 14 shows the experimental results of IM
driven by frequency f/7 of the proposed control
strategy. Fig. 14(a) shows the voltage of phase-A
to phase-B, while fig. 14(b) shows the current in
phase A of IM. They correspond to fig.7 (a) and
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fig. 7(b) respectively. The experimental results
show that the period of the voltage is 0.14ms, and
the current has four conducting sections in the
period. The experimental results in fig. 14 are in
accordance with the simulation results in fig. 7.

Fig. 15 shows the experimental results of IM
driven by frequency f/4 of the proposed control
strategy. The experimental results in fig. 15
correspond to the simulation results in fig.8. Fig.
15(a) is the voltage of phase-A to phase-B and fig.
15(b) is the current in phase-A of IM. The
experimental results show that the period of the
voltage is 0.08ms, and the current has three
conducting sections in the period. The
experimental results in fig.15 are in accordance
with the simulation results in fig.8.
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Figure 17. Rotor speeds of IM. (a) The proposed method. (b) The
traditional method

Fig.16 shows the experimental results of IM
driven by frequency f/3 of the proposed control
strategy. The experi-mental results in fig. 16
correspond to the simulation results in fig. 9. Fig.
16(a) is the voltage of phase-A to phase-B and the
fig.16 (b) is the current in phase-A of IM. The
experimental results show that the period of the
voltage is 0. 06ms, and the current has two
conducting sections in the period. The
experimental results in fig. 16 are in accordance
with the simulation results in fig. 9.

Fig.17 demonstrates the rotor speeds of IM
driven by the proposed strategy and the traditional
ramp voltage. Fig. 17 (a) shows that the rotor
speed responds to the proposed strategy. Fig.17 (b)
also shows that rotor speed responds to the ramp
voltage control. Meanwhile, fig. 17(a) corresponds
to the simulation result in fig.11 (b), and fig. 17(b)
corresponds to the simulation result in fig.12 (b).

Another experimental results show that the
effective value of starting current of IM driven by
the proposed strategy with sixty percent load is
one hundred and twenty four amperes (124 amps).
Whereas when the motor is driven by the ramp
voltage control with the same load, the effective
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value of starting current is one hundred and fifty
four amperes (154 amps). The starting current with
the proposed strategy decreases by nineteen
percent comparing with the traditional strategy.

IVV. CONCLUSION

This paper studies the principle of space
voltage vectors based on three-phase thyristor
circuits, and proposes the control strategy of DVF
based on hexagon space voltage vectors. The study
results show that frequency f/7, frequency f/4 and
frequency /3 of power sources can be used to
drive IM. The experimental results also show that
starting current of a fifteen kilowatt IM driven by
the proposed strategy decreases by nineteen
percent as comparing to the traditional ramp
voltage control with the same load, and rotor speed
accurately changes according to the proposed
strategy. So, the proposed control strategy of DVF
based space voltage vectors is effective for soft
starting of IM.

REFERENCES

[1] T.Veera, K.Vijit,K.Anantawat, Comparison of Starting
Current Characteristics for Three-Phase nduction Motor
Due to Phase-control SoftStarter and Asynchronous
PWM AC Chopper,” Journal of Electronical
Engineering & Technology, 2017, Vol.12, No.3, pp.
1090-1100, 2017.

X.Y. Li, J. Xu, H.P, Zhang. “Research on torque ramp
current limit starting of induction motor based on
dsPIC30F6014,” In Proc. of IEEE Inf. Tech. Net. Elec.
Auto. Con., pp.1627-1630, Jan. 2018.

A. Nied, J. de Oliveira, R. de F. Campos, et al, “Soft
Starting of Induction Motor With Torque Control,”
IEEE Trans. Ind. App., Vol.46,No.3, pp.1002-1010,
2010.

Said A.D., Haitham Z.A., “Current limiting soft starter
for three phase induction motor drive system using
PWM AC chopper,” IET Power Electronics,Vol.10,
No.11, 1298-1306,2017.

Khan, M.M., Rana, A., D., Fei. “Improved ac/ac
choppers-based voltage regulator designs,” IET Power
Electronics, Vol.7, NO. 8, pp.1989-2000, 2014.

A. Ginart, R. Esteller, A Maduro, et al. “High starting
torque for AC SCR controller,” IEEE Trans Energy
Conversion, VVol.14, No.3, pp.553-559, 1999.

(2]

(3]

[4]

(5]

(6]

68

Volume 07, No.04, 2022

[7]1 F. Zhou, J.L. Cao, J. Liu, et al. “Optimal switching

phase and frequency splitting strategy of discrete

frequency conversion soft starting control for
asynchronous motor,” Electric Machines and Control,

Vol.20,No.3, pp.13-19, 2016.

SJ. Deng, J. Chen, Q. Wang, et al. “A controller of

Motor Discrete Variable Frequency Soft Starting and

Harmonic Filtering,” 2" Int. Conf. on Sensors,

Measurement and Intelligent Materials, pp.1611-1614,

Dec. 2013.

D.H., Li., X.B., Deng. “Research on Discrete Variable

Frequency soft starting and electricity-economizing

control system of induction motor,”Int. Conf. Electr. Inf.

Control Eng., pp. 4391-4394, 2011.

[10]J. Chen, Y.J. Meng, M.L. Duan, et al. “A Starting
Method of Induction Motor with High Starting
Torque,” Transaction of China Electrotechnical Society,
Vol.32, No.9, pp. 32-39, 2017.

[11]S.H. Xie, Y.J. Meng, J. Chen, et al. “Cause and
improvement of the discrete variable frequency torque
ripple of induction motor,” Electric Machines and
Control, Vol.22,No0.10, pp. 103-111, 2018,.

[12]J. Tong, Z. Zhang, C.Y. Guo, “Study of power factor
angle closed-loop control technology in soft-starter,”
Electric Machines and Control, 17, (12), pp. 51-56,
2013.

[13]K.Q. Zhao, D.G. Xu, Y. Wang, “New strategy to
improve electromagnetic torque at starting in thyristor
controlled induction motors,” The 29th Annual
Conference of the IEEE Industrial Electronics Society,
pp.2555-2560, Nov. 2003.

[14]R. L. Gorbunov, G. I. Poskonnyy, “Symmetrical
discrete frequency control for AC-chopper with mutual
switching function,” International Conference of Young
Specialists on Micro/Nanotechnologies and Electron
Devices, EDM, pp. 353-358, Jul. 2014.

[15]K Sundareswaran, P.S R Nayak, “Particle Swarm
Optimisation Based Feedback Controller Design for
Induction Motor Soft-Starting,” Australian Journal of
Electrical and Electronics Engineering, Vol.11, No.1,
pp. 55-63, 2014.

[16]P. Srinivasa Rao Nayak, T.A. Rufzal, “Performance
analysis of feedback controller design for induction
motor soft-starting using bio-inspired algorithms,” Proc.
IEEE Int. Conf. Power, Instrum., Control Comput.,
PICC, pp. 1-6, Jun. 2018.

[17]Q.T. An, F. Yao, L.Z. Sun, L. Sun, “SVPWM Strategy
of Dual Inverters and Zero-Sequence Voltage
Suppression Method,” Proceedings of the CSEE,
Vol.36, No.4, pp. 1042-1049, 2016.

[18] H.Q. Zhang, X.S. Wang, P.F. Wang, et al, “Study on
direct torque control algorithm based on space vector
modulation,” Electric Machines and Control, Vol.16,
No.6, pp. 13-18, 2012.

(8]

(9]


http://apps.webofknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&colName=WOS&SID=5AhIZ8abe38Emhj5DoP&author_name=Thanyaphirak,%20Veera&dais_id=6857876&excludeEventConfig=ExcludeIfFromFullRecPage
http://apps.webofknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&colName=WOS&SID=5AhIZ8abe38Emhj5DoP&author_name=Kinnares,%20Vijit&dais_id=464811&excludeEventConfig=ExcludeIfFromFullRecPage
http://apps.webofknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&colName=WOS&SID=5AhIZ8abe38Emhj5DoP&author_name=Kunakorn,%20Anantawat&dais_id=1451826&excludeEventConfig=ExcludeIfFromFullRecPage
http://apps.webofknowledge.com/full_record.do?product=WOS&search_mode=GeneralSearch&qid=1&SID=5AhIZ8abe38Emhj5DoP&page=1&doc=6
http://apps.webofknowledge.com/full_record.do?product=WOS&search_mode=GeneralSearch&qid=1&SID=5AhIZ8abe38Emhj5DoP&page=1&doc=6
http://apps.webofknowledge.com/full_record.do?product=WOS&search_mode=GeneralSearch&qid=1&SID=5AhIZ8abe38Emhj5DoP&page=1&doc=6
http://apps.webofknowledge.com/full_record.do?product=WOS&search_mode=GeneralSearch&qid=1&SID=5AhIZ8abe38Emhj5DoP&page=1&doc=6
javascript:;
javascript:;
https://www.engineeringvillage.com/search/submit.url?CID=quickSearchCitationFormat&implicit=true&usageOrigin=searchresults&category=authorsearch&searchtype=Quick&searchWord1=%7bLi%2C+Xinyue%7d&section1=AU&database=1&yearselect=yearrange&sort=yr
https://www.engineeringvillage.com/search/submit.url?CID=quickSearchCitationFormat&implicit=true&usageOrigin=searchresults&category=authorsearch&searchtype=Quick&searchWord1=%7bXu%2C+Jun%7d&section1=AU&database=1&yearselect=yearrange&sort=yr
https://www.engineeringvillage.com/search/submit.url?CID=quickSearchCitationFormat&implicit=true&usageOrigin=searchresults&category=authorsearch&searchtype=Quick&searchWord1=%7bZhang%2C+Hepeng%7d&section1=AU&database=1&yearselect=yearrange&sort=yr
https://www.engineeringvillage.com/search/doc/abstract.url?&pageType=quickSearch&usageZone=resultslist&usageOrigin=searchresults&searchtype=Quick&SEARCHID=38650cfaM3d26M4b38Mb4f8M263e18076524&DOCINDEX=5&ignore_docid=cpx_fbc388016383d1b79cM716e1017816339&database=1&format=quickSearchAbstractFormat&tagscope=&displayPagination=yes
https://www.engineeringvillage.com/search/doc/abstract.url?&pageType=quickSearch&usageZone=resultslist&usageOrigin=searchresults&searchtype=Quick&SEARCHID=38650cfaM3d26M4b38Mb4f8M263e18076524&DOCINDEX=5&ignore_docid=cpx_fbc388016383d1b79cM716e1017816339&database=1&format=quickSearchAbstractFormat&tagscope=&displayPagination=yes
https://www.engineeringvillage.com/search/doc/abstract.url?&pageType=quickSearch&usageZone=resultslist&usageOrigin=searchresults&searchtype=Quick&SEARCHID=38650cfaM3d26M4b38Mb4f8M263e18076524&DOCINDEX=5&ignore_docid=cpx_fbc388016383d1b79cM716e1017816339&database=1&format=quickSearchAbstractFormat&tagscope=&displayPagination=yes
http://apps.webofknowledge.com/CitedFullRecord.do?product=WOS&colName=WOS&SID=5AhIZ8abe38Emhj5DoP&search_mode=CitedFullRecord&isickref=WOS:000340548600005
http://apps.webofknowledge.com/CitedFullRecord.do?product=WOS&colName=WOS&SID=5AhIZ8abe38Emhj5DoP&search_mode=CitedFullRecord&isickref=WOS:000340548600005
http://apps.webofknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&colName=WOS&SID=8BrclIQXDqwaNuzltiT&author_name=Deng,%20Shijie&dais_id=2689353&excludeEventConfig=ExcludeIfFromFullRecPage
http://apps.webofknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&colName=WOS&SID=8BrclIQXDqwaNuzltiT&author_name=Chen,%20Jing&dais_id=872299&excludeEventConfig=ExcludeIfFromFullRecPage
http://apps.webofknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&colName=WOS&SID=8BrclIQXDqwaNuzltiT&author_name=Wang,%20Qing&dais_id=2445329&excludeEventConfig=ExcludeIfFromFullRecPage
http://apps.webofknowledge.com/full_record.do?product=WOS&search_mode=GeneralSearch&qid=5&SID=8BrclIQXDqwaNuzltiT&page=1&doc=2
http://apps.webofknowledge.com/full_record.do?product=WOS&search_mode=GeneralSearch&qid=5&SID=8BrclIQXDqwaNuzltiT&page=1&doc=2
http://apps.webofknowledge.com/full_record.do?product=WOS&search_mode=GeneralSearch&qid=5&SID=8BrclIQXDqwaNuzltiT&page=1&doc=2
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=p_Authors:.QT.Zhao%20Kaiqi.QT.&searchWithin=p_Author_Ids:37562923200&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=p_Authors:.QT.Xu%20Dianguo.QT.&searchWithin=p_Author_Ids:37277674100&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=p_Authors:.QT.Wang%20Yi.QT.&searchWithin=p_Author_Ids:38198633600&newsearch=true

