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ABSTRACT A soft starter is commonly utilized in various industrial induction motor systems to reduce
the inrush current during motor startup. The conventional voltage ramp-up method, used in the typical
soft starter, gradually increases the voltage over the startup period. However, this method can result in a
significant voltage increase as the induction motor approaches its rated speed, resulting in a rapid torque
increase compared to the beginning part of the startup phase. This sudden torque increase can potentially
cause physical damage to the induction motor system due to a transient current overshoot, which in turn
can result in resonance. Additionally, the changes in the parameters of the induction motors can lead to
the variations in torque during startup, especially because of the air gap permeance. Therefore, a firing
angle control method for the soft starter that maintains a constant torque, facilitating a gradual increase in
speed, is desirable. This paper proposes a novel firing angle control method, to achieve a constant torque
and a gradual speed increase, using only current feedback. This paper is the first time that a change in air
gap permeance is considered and compensated for in controlling the firing angle of the soft starter. The air
gap permeance variation is modeled as an effective inertia in the transient response of the induction motor.
Experimental results demonstrate that the proposed method effectively reduces rapid torque increases and
speed variations compared to the conventional voltage ramp-up method, through its application to a 30kW
industrial induction motor system.

INDEX TERMS Induction motors, thyristors, air gaps, current control.

I. INTRODUCTION

In recent years, the demand for motors in industrial applica-
tions has been driven by the need for increased automation,
stricter energy efficiency regulations, and a shift toward sus-
tainable manufacturing practices. These developments have
been accelerating the adoption of high-efficiency electric
power systems, including motors, across various industries.
Among the different types of industrial electric motors,
induction motors are particularly significant, accounting for
about 60% of all motors. Their simplicity, robustness, and
high energy efficiency make them indispensable in a wide
range of industrial applications. Consequently, induction
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motors have become an important research topic within
industrial engineering [1], [2], [3]. However, the startup phase
presents a notable remarkable challenge, primarily due to the
inrush current that can shoot up to 6 to 8 times the motor’s
rated current, which presents risks to electrical components
due to thermal and mechanical stress and affects the over-
all stability of the system. This surge, caused by the speed
difference between the stator and the rotor’s magnetic field,
must be addressed to ensure the motor’s stable startup [4].
Furthermore, the inrush current presents a risk to electrical
components due to thermal and mechanical stress and affects
the overall stability of the system.

To overcome these challenges, soft starters composed of
thyristors that control the current and voltage supplied to
an induction motor have been commonly used. They were
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essential in various industrial equipment to mitigate inrush
current, extend the lifespan of induction motors, and stabi-
lize systems, offering cost-effective solutions with excellent
energy efficiency. This is beneficial for applications involving
constant-speed operations, such as fans, conveyor belts, and
other industrial induction motor applications. Employing a
soft starter with a delta-connected induction motor, which
integrates parallel resistors in a delta-connected configura-
tion, necessitates the development of tailored control strate-
gies [5], [6], [7]. Traditionally, the voltage magnitude across
the thyristor is managed by adjusting the duration during
which the thyristor is not conducting, a method known as fir-
ing angle (alpha) control. Advances in this area have led to the
development of the alpha 4+ gamma control method, which
additionally controls the zero-crossing time of the current to
mitigate rapid torque increases when the motor reaches its
rated speed. Despite these advancements, challenges remain
with the voltage ramp-up method, which involves a linear
increase in the firing angle of the thyristors to mitigate the
inrush current. Particularly as the motor reaches its rated
speed, this method leads to a rapid increase in both voltage
magnitude and torque, potentially critical issues [8]. To over-
come these effects, a current-limiting method is proposed,
utilizing current feedback from the soft starter to control
the firing angle and prevent excessive voltage escalation [9].
This method has proven to be effective in reducing high
torque compared to the voltage ramp-up method. However,
the challenge of a rapid increase in speed due to a torque
increase arises when the rated speed is reached. Recently,
the voltage ramp-up method and the current limit method
have become conventional control methods for soft starters
in industrial applications.

To improve the cost-effectiveness of soft starters, 2-phase
soft starters and their control methods were introduced. Con-
trol methods were designed to balance the currents in the two
controlled phases during startup [10], [11]. This approach
includes a PI controller with a firing angle control method
using current feedback and an open-loop firing angle con-
trol method. The efficiency of the two-phase soft starter
was enhanced with fewer thyristor elements, but the issue
of torque oscillation remains unresolved. In a conventional
3-phase soft starter, various control methods were developed
for firing angle control. A current limit control method using a
PI controller was proposed, with the PI gain selected through
the optimization algorithm of the flower pollination algorithm
(FPA) [12]. Another proposed method involves an artificial
neural network-based firing angle control and an offline tun-
ing approach, utilizing voltage and current data to control the
acceleration of the induction motor during startup [13]. More-
over, firing angle control methods were developed to miti-
gate energy dissipation during the startup phase [14], [15].
These techniques aimed to estimate flux and torque within the
induction motor during startup by using voltage and current
data. Their main objective was to reduce the operational
duration of the thyristor to diminish energy consumption until
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the motor reached its rated speed. However, it’s noteworthy
that these methods result in discontinuous thyristor operation,
including speed variations and torque oscillations. There-
fore, controlling speed and torque during the startup of an
induction motor using a soft starter requires either an addi-
tional sensor or an offline algorithmic calculation process.
Furthermore, the startup control of induction motors is com-
plicated by variations in air gap permeance, a phenomenon
that significantly influences motor performance [16]. These
variations can introduce additional complexities in managing
the inrush current and achieving stable motor operation. Thus,
there is a need for detailed modeling and a control method
that specifically addresses the changes in air gap permeance
during the motor’s startup phase. However, existing control
methods for soft starters have not incorporated modeling of
air gap permeance, nor have they proposed control strategies
that take these variations into account. Also, controlling speed
and torque during the startup of an induction motor with a
soft starter typically requires additional sensors or an offline
algorithmic calculation process.

This paper proposes a novel firing angle control method
for soft starters, particularly designed to compensate for the
changes in air gap permeance for the first time. The startup of
the induction motor exhibits transient responses. To analyze
these responses, this paper employs a bond graph modeling
method to represent the induction motor and soft starter,
as detailed in Session II. This modeling approach analyzes
the influence of changes in the air gap on torque, aiming to
maintain a gradual speed increase. The analysis of the torque
of the induction motor, based on changes in the air gap and the
firing angle control algorithm to maintain torque considering
air gap variations, is presented in Session III. The induction
motor with a soft starter system is simulated using MAT-
LAB/SIMULINK. The parameters of the induction motor
are estimated from the datasheet of an industrial induction
motor to reduce discrepancies between an actual induction
motor, as shown in Session IV. Experiments with a 30kW
industrial induction motor and a soft starter demonstrate the
effectiveness of the proposed method in minimizing torque
fluctuations using only current data. The proposed method
introduces an approach that adapts to air gap permeance
variations, achieving a gradual speed increase through current
feedback only for soft starter technology in industrial appli-
cations.

Il. MODELING OF THE INDUCTION MOTOR SYSTEM

An induction motor comprises multiple energy domains,
including electrical, magnetic, and mechanical systems. Typ-
ically, induction motors are modeled using electrical circuits
where the internal parameters such as stator, rotor, and air gap
parameters are assumed to be in the steady state. The con-
ventional single-phase electric circuit model of the induction
motor with a soft starter is depicted in Fig. 1. However, dur-
ing startup, induction motors exhibit transient responses that
result in changes in internal parameters. In traditional circuit
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models, it is very difficult and not intuitive to effectively
identify dependent variables in multiple energy domains. The
bond graph method represents a physical dynamic system as
a signal-flow graph, describing the flow of energy in terms of
effort and flow, where effort represents generalized forces and
flow represents generalized velocities or rates of flow. This
method is especially suitable for modeling induction motors
that have multiple energy domains [17]. Bond-graph model-
ing allows representing combined electrical, electromagnetic,
and mechanical energy domain systems to be effectively
modeled. For example, in electrical domain, voltage and
current are effort and flow. In mechanical domain, torque and
angular speed are effort and flow. In electromagnetic domain,
magnetic flux and magnetomotive force are effort and flow.
Then, transformers and gyrators are used to represent the
energy conversion process. Thus, the multiple domain system
can be easily modeled. The differential equation is easily
derived and used for designing control laws. Therefore, the
bond graph modeling can be effectively utilized for induc-
tion motor control, especially during the startup phase when
torque and current fluctuations occur. Because an induction
motor consists of multi-energy domains, it is difficult to
determine the torque-dependent permeance among the var-
ious permeances of the induction motor using only circuit
diagrams. Therefore, when modeling the induction motor
through the bond graph method, torque-dependent energy
elements can be intuitively represented and utilized for the
control algorithm. Additionally, the air gap permeance is not
an independent element; rather, it passes through the gyrator,
increasing load inertia. To improve control performance, it is
critical to account for these internal parameter changes. In this
session, the induction motor is modeled using the bond graph
method. In this paper, the effect of air gap variations in
induction motors on torque during startup is analyzed using
bond graph modeling. An induction motor modeled with a
bond graph is divided into five main parts: Input voltage &
soft starter, stator, rotor, air gap, and shaft.

""" Soft starter ---1;-------------------- Induction motor -~~-------"------3

FIGURE 1. Conventional single-phase electric circuit model of the
induction motor with a soft starter.

A. INPUT VOLTAGE & SOFT STARTER

The input voltage & soft starter part is an electrical system and
consists of the voltage applied to the induction motor and the
soft starter. The phases of the input voltage are determined
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by the phase shifter ‘PS’, and the thyristors of each phase are
designated as ‘TY’. The input voltage satisfies the following
equations:

Se = €in, ey

ej =ejp-e M, 2

Se=o. 3)

where e;,, is the input signal, S, is the effort source of the bond
graph, 6; is the shift angle, and e; is the phase-shifted signal.

The U, V, and W phases of the input voltage are
phase-shifted by 6, 6>, and 63, respectively, before being
applied to the soft starter. The thyristor controls the three
phases of the input signal. The thyristor operates in two dis-
tinct states: conducting and blocking. Upon receiving a gate
signal from the thyristor controller, it enters the conducting
state. As the current passes the zero-crossing point, it reverts
to the blocking state, and no further current flows until the
next gate signal is received. The firing angle («) represents the
time between the conducting and blocking states. In the bond
graph, the conducting state is represented by V,,,, atw = 1, and
the blocking state is represented by V5 at w = 0. After the
input voltage passes through the thyristors, it is represented
by the three phases A, B, and C.

B. STATOR

The stator of an induction motor part is of both the electrical
and magnetic systems. The bond graph model of the stator is
shown in Fig. 2 (a), with phase A illustrated. When an input
signal is applied to the electrical system, it is transformed into
the magnetic system through the gyrator, and energy flows
into the air gap. In the bond graph, the stator has a resistance
(Ras), and a permeance (Cp 4s), and its effective winding ratio
of the stator is denoted as N;. The effort (¢) and flow (f)
equations of the stator in the bond graph are expressed as
follows:

el = Vus = Vi sin (wt) @

ey = Vg = IgsRys, (5)

e3 = egs = Vas — IgsRys, (6)

e4 = e5 = eq = Nglys, @)

fl :f2 =f3 = Iy, 8)
1

f4 = ]VS (Vas - IasRas) ) (9)
d

fS - E (NsIaSCP,as) ) (10)
1 d

f6 = ]7 (Vas - IasRas) - ZNsIa,\‘CP,a& (1 1)

N
where V; is the voltage of the stator, I, is the current of the
stator, and V,, is the maximum amplitude of the voltage.

C. ROTOR
The rotor part of an induction motor is also composed of elec-
trical and magnetic structures and is essentially an inverted
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form of the stator. The bond graph model of the rotor is shown
in Fig. 2 (b), with phase A shown. The energy flows from
the air gap to the magnetic system and is transformed into
the electrical system through the gyrator. In Fig. 2 (b), the
rotor has a permeance (Cp,), and a resistance (R,,), and
its effective winding ratio of the rotor is denoted as N,. The
effort and flow equations of the rotor in the bond graph are
expressed as follows:

e NL (Var — Ly Rar) — %N,zmcp,m, (12)
fg = i (NrIarCP,ar) ’ (13)
dt
fg = [Vir (Var - IarRar) ’ (14)
fio =fi2 = fiz = lar, (15)
e7 =eg = e9g = N1, (16)
e10 = Var — Lo Ry, (a7)
ei1 = Vo = 14Ryyr, (18)
e12 = Vg =0. (19)

where I, is the current of the rotor, and V,, is the voltage
of the rotor. Because the rotor is short-circuited, the V,, is
always 0.

R
V,,sin(wt) e e, e e
S —— 1 | or F— 0 G
h 3 1 o 1 ren
1:N
Stator (Electric) Stator (Magnetic)
()
&
e | fs eujjl
| €7 SN | €10 | €
v I B T 0
Air gap 1 ?

Rotor (Magnetic) Rotor (Electric)

(b)

FIGURE 2. (a) Bond graph model of the stator, (b) Bond graph model of
the rotor.

D. AIR GAP

The air gap is the space between the stator and rotor, and its
size affects the permeance value. During motor startup, the
changing magnetic field influences the permeance value of
the air gap. Because changes in air gap permeance are critical
for the induction motor’s torque, it is essential to consider
air gap variations when controlling the motor [15], [16]. The
bond graph model of the air gap is shown in Fig. 3. The air
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Air gap (Magnetic)

FIGURE 3. Bond graph model of the air gap.

gap satisfies the following equations in the bond graph:

6 6
d
fi= = (Cp’ug (Z ek (Z cos (a; — otk)))), (20)
k=1 =1

o0
P, = z exfi. Q1)
k=1
where cos (o; — o) is the spatial angle between the k-th and
i-th winding axes, Cp 44 is the permeance of the air gap, and
Py, is the reactive power. The Cp 4 = Cp ;n + Cp o is divided
into air gap mutual inductance (Cp ;) and air gap variable
inductance (Cp ).

E. SHAFT

The shaft of the induction motor is a mechanical energy
system. The bond graph model of the shaft is shown in Fig. 4.
The energy from the air gap flows to the shaft. In Fig. 4, Np
is the number of poles of the induction motor, the shaft has
a damper (Rp), shaft inertia is denoted as J, and 77, is a load
torque. The effort and flow equations of the shaft in the bond
graph are expressed as follows:

fis =fie =fi1 = oy, (22)
N,
ers = =i = T, (23)
el6 = wRp, (24)
er7 =Jfi1 =Jaor, (25)
Twm — T = w,Rg +Jw,. (26)

where w; is the speed of the rotor, and 7}, is the motor torque.
The f14 can be calculated when the motor torque is known
using (23). Additionally, from Fig.3, it can be shown that
fia + fi3 represents the sum of the flows of the stator and
rotor. Thus, the bond graph model of the induction motor
is shown in Fig. 5. The voltage equations of the induction
motor model can be expressed in three cases. In Case 1,
either two or three thyristors are in a blocking state whereby
a magnetic field is not generated in the rotor. As a result,
the induction motor is unable to enter the startup. In Case 2,
only one phase thyristor is in the blocking state where the
magnetic field is generated, and the induction motor can enter
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the startup. However, it is worth noting that only two phases Case 3: None of the thyristors are in a blocking state (The
are connected to the induction motor at any given point. A and B phases are equal to (28), (29)).
In Case 3, none of the thyristors are in a blocking state, where The voltage equation is calculated as follows:
three phases are always connected. During the startup of the d
induction motor, these three cases are generated in turn. The Ves = IesRes + 7 ((CP,cs + CP,ag) N sz Ieg
voltage equations for these three phases, derived from bond 1
graph modeling equations (4)-(21), are expressed as follows: —ECP,agN 2 (s + Ibs))
Case 1: Either two or three thyristors are in a blocking state. J 5
(Based on A phase) + — (Cp’ag (NSNrIar cos (9 + —n)))
The voltage equation is calculated as follows: dt 3
d 4
d + — (prag (NSNrIbr cos (0 + —n)))
Vas = IasRas + E ((CP,as + CP,ag) Nglas) dt 3
d dv, + — (Cp.ag (NgN, 1 cos O
= IgsRas + ELssIas = IgsRas + “ (27) dt ( P,;g( e | ))
X . . . = I;Res + — (Lsslcs - _Lag (las + Ibs))
where a magnetic field is not generated, so no energy is dt 2
transferred to the rotor (I, = I, = I, = 0). d 2 4
Case 2: Only one phase thyristor is in the blocking state. + dt Lag \ lar cos \ 0 + 37 +lprcos | 6+ 37
(Based on A, and B phases) +1,, cos 0))
The voltage equation is calculated as follows: 4V
= IesRes + — = (30)

d 2 1 dt
Vas = lasRas + dar ((CP as + Cp ag) Nilas — ZCP agN Y bS) Hence, the voltage equation of the stator, rotor, and torque

d equation can be represented as follows:
d (Cpag (NsN 1,y cos@)) d\IJ
d 2 V= " (31
+ o (CP ag (N N, Ip, cos (9 + 5”))) AW,
Vr = IrRr + ’ (32)
d 4 dt
— (Cp,ag (NSN,IC, cos (9 + —n))) 2
dt 3 Tin = IusLag |:— sinf1l, — sin (9 + §n) I,
d 1
=1ARA+—(L“1A——L IbA) 2 1 N
astvas dt sstas 2 ag A _ Sin (0 _ _jT) I ) _p
d 2 2
+ — | Lag \ lar c0s 0 + Iprcos | 0 + =7 2
dt 3 +IbsLag —sin (9 - 5 ) ar — Sin0lp,
4
+1., cos (9 + —n))) 2 N,
3 —sin|0+ -m Icr -
d\I/m 3 2
= IysRas + d (28) 2 2
; t | +IcsLag —sin (9 + §7T) ar — Sin (9 — 5”) Iy
Vbs = Ibstx + — (CP,bs + CP,ag) stlbx - _CP,agNSzIas
dt 2 .
4 4 —sinbl.,] - 7, (33)
+ — (CP,ag (NSNrIar cos (6 + —n))) dw
d
d (Cp.ag (NsNIpr cos 6)) where Cp, 4, is included in the rotor’s voltage equation as
d 2 well as in the stator’s voltage equations (27)-(30) and L,e =
+ I (CP,ag (NsNrIcr cos (9 + 577 ))) NyN,Cp 44 is the inductance of the air gap. For the startup
1 of the induction motor, air gap permeance is one of the most
= IpRps + o (Lsslbs — ELagIas) important state variables that influence starting torque. Con-
! ventional induction motor modeling methods either neglected
+ i ( Lag ( 1,y COS (9 + 4_1 ﬂ) the air gap permeance or assumed it to be a constant. There-
dt 3 fore, they did not use the air gap permeance as a state variable
4 041 o+ 2 when modeling the transient response of the induction motor.
br €OS er €08 T In this paper, air gap permeance is modeled as an effective
A inertia included in the state variables of the induction motor

= IpsRps +

dt (29) system, which shows the transient response of this system.
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FIGURE 4. Bond graph model of the shaft.
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(Electric) Mechanical)

Input voltage Stator Stator

FIGURE 5. Bond graph model of the induction motor.

Ill. PROPOSED FIRING ANGLE CONTROL METHOD

A. FIRING ANGLE CONTROL METHOD TO MAINTAIN
TORQUE

The soft starter regulates the voltage supplied to the induction
motor by controlling the firing angle of the thyristor, using
current feedback from the induction motor. A representation
of the induction motor system under the control of a soft
starter with Park (dq) transformation is as follows:

; iés igls Vs
I i V,
L1 g | = qs L1 0] o | (35
drt ¢¢§r ¢;r + I: oLss olss 0 ( )
S S O
ar ar

where system matrix

A
ng R O L”g Lag
r O'LssLszr T s r 6L53L§, 0 LgsLgr PWr
2
0 Ry— — Ry Lo Npo, R,
= r (TLSSLSZ, S 0 LgsLgr r r LHLSZ, s
LugRr O R,
L Iy —Or
‘ST ‘ST
0 LygRy —w _ R
LSV r LSY

o =1-— (ng / (LgsLgr) ), Lgs 1s stator mutual inductance,
and Ly, is rotor mutual inductance. The dq transformation
is used in induction motor control to simplify the analysis
and control of induction motors by converting three-phase
currents and voltages into a two-axis coordinate system. This
transformation allows for easier implementation of control
methods, achieving precise torque and speed control. The dq
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transformation is expressed as follows:

|:l}1] cos (6) cos (9 - %n) cos (0 + %n)
2 —sin (f) — sin (6 — %n) — sin (0 + %r{)
la
x| ip |. (36)
I
There are two traditional torque control methods for induction
motors: direct torque control and indirect torque control.
In the direct torque control method, both flux and torque
are regulated via the dq current in a coordinate frame syn-
chronized with the flux, provided that the flux position is
known [20], [21]. Conversely, the indirect torque control
method indirectly regulates the magnitude of the flux and
torque by controlling the slip angle speed of the induction
motor, assuming the rotor speed is known [22], [23]. How-
ever, obtaining speed information for the induction motor,
particularly when using a soft starter, is often not traditional.
Consequently, this paper proposes a torque control method
for soft starters, resembling direct torque control but applica-
ble even when voltage data is unavailable.
The fux equations in a rotational frame with speed(e) can
be expressed as:

¢qu = Lsiflqs + Lagiflqr’ (37)
Gagr = Lagigys + Lrigy,- (38)
The rotor flux angle (6,) can be calculated as follows:
¢S
0, = arctan (4) . (39)
O

In a rotating coordinate frame rotated by e, because the
rotor flux is synchronized to the d-axis, so all rotor flux
components will only exist on the d-axis, and the flux on the
g-axis will always be zero. So, the rotor voltage equation and
rotor flux estimation equation are expressed as follows:

e 495
0=Ri + 5 . (40)
¢Zr = Lagifjs + L"in' (41)

Thus, using (40)-(41) the d-axis rotor flux can be calculated
as follows:
N L,
e 8 e
= —10, 42
¢dr 1+, slds (42)
where the magnitude of the flux can be controlled by control-
ling the i} in the form of a first-order low-pass filter (LPF)
with a time constant 7, = L, / R, which can be approximated

by [Ar| = AJ, & Lagiy,.
The estimated torque equation is as follows (]32, =0
3Np Lag e - e -
T = 321, (‘Pﬁrlgs - ¢;rl§'s)

_Elﬁlﬂ Lag ¢ )i
22 L \l+gs®)'s
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3Np
22L

o 2. 43)

Therefore, (43) shows that if the current in the dg-axis
is controlled to be constant, the torque can be controlled to
remain constant. Furthermore, when maintaining a constant
magnitude of the dq current in the stationary frame, the dq
current in the rotating coordinate frame also remains constant.

Proof: The dg-axis current is defined by i, = i cos 6, +

sin 6 = —i sinf, + i;s cos@,. Thus, it can be

Igs es Tgg
expressed by the current of the stationary frame.

()

2
(z s €O O + iy sin 96) + (—iils sin 0 + iy, cos 96)

i

Q_m

—

2

2
= (i} S) cos? 6, + 2,1y sin O, cos O, + (qv) sin” 0,
2
+ (i8)” sin® 6, — 211, os Sin 6, cos 6, + (qs) cos2 6,

i)+ (i) (44)

Thus, the soft starter employs the Park transformation of the
three-phase current to regulate the firing angle, ensuring the
constancy of the dq current. Fig. 6 shows the block diagram
of the firing angle controller for the d-axis in the soft starter,
where the parameters of the sampling and transport delay
block can be determined by the soft starter. In Fig. 6, lref and iy
represent d-axis currents transformed from the ABC 3-phase
currents through (36), with the same approach used to calcu-
late the g-axis currents. Both the d-axis and g-axis currents are
controlled using the same block diagram structure, although
the calculation methods for the d-axis and g-axis currents
are different. In the induction motor control system with a
soft starter, the system pole is determined by the internal
parameters of the induction motor, namely inductance and
resistance. However, during the motor’s startup, these internal
parameters can double compared to their initial values [25].
Consequently, a current controller design method that accom-
modates these variations becomes essential.

This paper proposes a current controller design utiliz-
ing a Proportional-Integral (PI) controller. The advantage
of employing a PI controller lies in increasing the system
type and eliminating high-frequency noise, given that the soft
starter acts as an LPF. Therefore, an LPF is generally applied
with a cutoff frequency ranging from 1 to 3 kHz. The ideal
approach to PI controller design involves setting the PI gain
to cancel the pole of the induction motor. This ideal condition
refers specifically to the concept of pole-zero cancellation,
which aims to enhance system stability and performance by
effectively achieving cancellation of the pole of the motor
with the zero introduced by the PI controller. However, in real
experimental systems, accurately determining the parameters
based on the induction motor environment proves challeng-
ing. In this paper, the current controller is designed to function
as an LPF. At first, the ideal case of the open-loop transfer
function and closed-loop transfer function (7igeai(s)) of the
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controller can be expressed as follows:

G(s)P(s) = ke (S: %) (

1
L_). 45
. (45)
. _ GuPr & “6)
ideal (8) = 1+Gs)P(s) _S—i-%.

1 Soft starter ! Induction motor
: d \disturbance

Sampling &
transport delay

Current controller

FIGURE 6. Block diagram of the firing angle controller.

where L represents the total inductance of the induction
motor, R represents the total resistance of the induction motor,
the ratio of the K;/Kp is the same with R/L, and G(s) is the
current controller (G(s)). However, in a real system, the ratio
of the K;/Kp and R/L couldn’t be always the same. So, a real
system of the closed-loop transfer function can be expressed
as follows:

(s
(47)
2 (B l)s+ 8l

where C,is the ratio of the K;/Kp and R/Land t is an electrical
time constant of the induction motor. From (46), the distances
of the poles and zero can be calculated as follows:

Kp 2 Kp _ﬂ&
ke @) s
L2=1727 "2 2

(9)
T

Also, in an induction motor system, the 7 is generally smaller
than that of the control parameter Kp/L(Kp/L > 1), so the
distances (47) can be simplified as follows:

1kp 1 1K C
d1=‘———P——+——P—(—7"‘)‘. (49)

From (48), d; indicates that the first pole and zero are very
close, allowing them to cancel each other out, resulting in a
non-dominant pole.

1K 1 1K C
dz:‘___P_____P_(_%)‘_ (50)

Conversely, d» shows the second pole is far apart from the
zero, so the second pole is the dominant pole of the system.
Thus, the first pole can be —C, T and the second pole is Kp/L.
Additionally, for a stable system, the control parameter Kp/L
should satisfy the following constraint condition:

Kp 1

T Co-Dr—-1 S

Treal (5) =
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Thus, the controller designed in this paper can serve as
an LPF, functioning even when the exact parameters are
unknown and considering the variation of the system pole.

Based on the analysis, a situation is assumed where the
position of the pole changes from 5 to 10 during the induction
motor’s startup [25]. Initially, if zero is positioned to the
left of the pole, the root locus during startup may appear as
depicted in Fig. 7. In this scenario, setting the LPF in the
1 to 3 kHz band ensures that the conjugate pole does not
occur, minimizing the impact on the control command and
effectively eliminating high-frequency noise. Additionally,
if the zero is to the right of the pole, the root locus can
manifest as illustrated in Fig. 8 during startup. Despite the
initial placement of zero on the left side of the pole, the
situation may evolve as shown in Fig. 9, having no significant
impact on the system response, and allowing the elimination
of high-frequency noise. Thus, the current controller (G(s))
can be expressed as follows:

KI KP (S + %)
G =Kp+—=—"—", (52)
s s
where the Kp is the proportional gain, and the Kj is the

integral gain.

B. FIRING ANGLE CONTROL METHOD CONSIDERING THE
AIR GAP VARIATIONS

As discussed in Session II, the air gap permeance is divided
into mutual inductance and variable inductance. The mutual
inductance of the air gap increases and becomes saturated
as the rated speed is approached [25]. To maintain torque,
it is necessary to reduce the current as compared to the initial
start to account for this change in inductance. In this paper,
considering this air gap changes, the firing angle reference
is designed to ensure that the current magnitude decreases
as the rated speed is approached. Initially, during the startup,
the firing angle is held at a constant value until the d-axis cur-
rent reaches a constant value. Subsequently, the firing angle
is incrementally increased to reduce the current magnitude
while considering the growing inductance. The feedforward
firing angle control method is designed to increase the firing
angle during startup, taking into account the characteristic
of the air gap permeance that increases and then saturates
near the rated speed. Therefore, it is possible to prevent
a sudden increase in torque by increasing the firing angle
based on modeling when the air gap permeance increases and
then saturates. However, this proposed feedforward method
estimates the changes in air gap permeance typically observed
during the startup of induction motors based on the model,
and it may not perfectly compensate for the variations in air
gap permeance that differ among different induction motors.
The proposed feedforward firing angle control method is as
follows:

oy = [ Ainit I <ly (53)

Qinit + Kota t > 1y’
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where ¢, is the time until the d-axis current reaches a constant
value, K, is the firing angle gain, «;y,;; and is the initial firing
angle. The proposed feedforward method maintains the firing
angle at an initial value during the period when the air gap
permeance is increasing. After at least 60% of the startup time
ty, when the permeance begins to saturate, the firing angle is
gradually increased [25]. The process for setting the firing
angle parameters is detailed in Session IV.
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FIGURE 7. Root locus of the induction motor startup (zero < pole).
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FIGURE 8. Root locus of the induction motor startup (zero > pole).

IV. SIMULATION AND EXPERIMENTAL RESULTS

The proposed firing angle control method with less speed
variation is simulated in MATLAB/SIMULINK, utilizing
the induction motor model detailed in Session II. Genetic
algorithms are favored for their capability to efficiently solve
complex optimization problems. This methodology is uti-
lized in various domains, including ion trap electrode esti-
mation and induction motor parameter estimation, among
others [26], [27]. The motor parameters for a double-squirrel
cage induction motor are estimated using a genetic algorithm,
based on datasheet information from an industrial induc-
tion motor as discussed in [26]. The block diagram of the
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FIGURE 10. Simulation result of the conventional voltage ramp-up
method.
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FIGURE 11. Simulation result of the proposed method 1.
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FIGURE 12. Simulation result of the proposed method 2.

induction motor system with a soft starter is illustrated in
Fig.6. Table 1 lists the induction motor parameters, in which
the variable inductance of the air gap accounts for 66% of
the total air gap inductance. This air gap variable induc-
tance significantly influences the total air gap inductance
during the startup. The air gap mutual permeance refers
to the permeance at the start of the operation, while the
air gap variable inductance represents the varying values of
air gap permeance during startup. The simulation employs
three different methods: the conventional voltage ramp-up
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TABLE 1. Parameters of the induction motor (blue: estimated parameters
using a genetic algorithm).

Parameter Value Unit
Power 30 kW
Input voltage 380 \%
Input frequency 60 Hz
Number of the poles 4 -
Rated speed 1765 rpm
Stator resistance 0.17 Q
Stator leakage inductance 0.47 mH
Rotor resistance 1 0.10 Q
Rotor resistance 2 091 Q
Rotor leakage inductance 1 1.93 mH
Rotor leakage inductance 2 0.02 mH
Air gap mutual inductance 4.57 mH
Air gap variable inductance 8.71 mH

TABLE 2. Control parameters of the simulations.

Conventional
Parameter voltage ramp-up Proposed Proposed
method 1 method 2
method
a. 115° 15° 115°
K, - 0.5 0.5
K1 - 0.1 0.1
K - - 0.8"/sec
TABLE 3. Parameters of the main induction motor.
Parameter Value Unit
Power 30 kW
Input voltage 380 \Y%
Input frequency 60 Hz
Number of the poles 4 -
Rated current 59.8 A
Rated speed 1770 rpm
Load inertia 0.022 kg-m?
Efficiency 94.1 %
TABLE 4. Parameters of the load induction motor.
Parameter Value Unit
Power 75 kW
Input voltage 380 A%
Input frequency 60 Hz
Number of the poles 4 -
Rated current 148.7 A
Rated speed 1770 rpm
Load inertia 0.119 kg-m?
Efficiency 90.7 %

method; proposed method 1, which maintains a constant dq
current; and proposed method 2, which maintains a constant
dq current while also accounting for air gap variations. For
consistency between simulation and experimental settings,
parameters such as the minimum firing angle set at 180/333°,
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TABLE 5. Control parameters of the experiments.

Conventional
Proposed Proposed
Parameter voltage ramp-up method 1 method 2
method

G o 114° 114° 114°

K, - 0.5 0.5

K - 0.1 0.1

K - - 0.8"/sec

Load Inductio 4\
motor (75kW) . L
o

2

FIGURE 13. Experimental setup of the induction motor.
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FIGURE 14. Experimental result of the conventional voltage ramp-up
method.
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FIGURE 16. Experimental result of the proposed method 2.

the root mean square (RMS) current is also calculated with
a 120 Hz sampling frequency, and a 7.5 second startup time
are standardized. The simulation incorporates a load inertia of
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119 x 10.3 kg-m? and employs a quadratic torque load type,
typical of soft starter applications like centrifugal pumps
and fans. Quadratic curve fitting applied to the speed data
facilitated the assessment of speed variation, with a larger
coefficient of the second-order term indicating greater vari-
ation. The control parameters are shown in Table 2 with the
initial firing angles set for the same starting time. Fig. 10
shows the simulation result of the conventional voltage ramp-
up method, with the coefficient of the second-order term
being 21.4. Fig. 11 and Fig. 12 show the simulation results
of the proposed methods 1 and 2, with the coefficient of
the second-order term at 14.2 and 2.3, respectively. Apply-
ing the proposed method 1, which maintains a constant dq
current, results in a 33.6% reduction in the coefficient of
the second-order term, compared to the conventional voltage
ramp-up method. Further enhancements are observed with
proposed method 2, which accounts for air gap variation
in addition to maintaining a constant dq current, achieving
an 89.3% reduction in the coefficient of the second-order
term. The experimental setup of the induction motor is shown
in Fig. 13, which includes a 30kW induction motor (Higen
motors, Korea) with a 17-bit resolution encoder (LS electric,
Korea), and is paired with a 75kW induction motor (Higen
motors, Korea) used as the load motor. The load motor is
used to simulate real-world load conditions similar to those
in applications such as fans and conveyor belts. Also, the
three-phase voltage source is connected to the induction
motor via the soft starter(Rockwell, USA), following the
bond graph modeling approach. The inertia of the 30kW
induction motor is 0.022 kg-m?, and the inertia of the 75kW
induction motor is 0.119 kg-m?. The 75kW induction motor
is used for heavy load conditions and possesses an inertia
that is 5.4 times greater than that of the 30kW induction
motor. The parameters of the main motor and load motor used
in the experiments are detailed in Tables 3 and 4. Control
parameters of the experiments are detailed in Table 5 with
the initial firing angles set for the same starting times. Fig. 14
provides the experimental results utilizing the conventional
voltage ramp-up method, demonstrating a coefficient of the
second-order term at 32.3. This value serves as a baseline for
comparing the effectiveness of the proposed control meth-
ods. Fig. 15 shows the experimental results of applying the
proposed method 1, which maintains a constant dq current,
resulting in a significantly reduced second-order term coef-
ficient of 11.3. This reduction demonstrates the effectiveness
of the proposed method 1 in mitigating speed variation during
the startup. Fig. 16 shows the results from the proposed
method 2, which not only maintains a constant dq current
but also accounts for air gap variations. The second-order
term coefficient is further reduced to 0.9, illustrating the sub-
stantial impact of considering air gap changes on enhancing
motor startup performance. Hence, the experimental results
show that proposed methods 1 and 2 result in reductions of the
second-order term coefficient by 65.0% and 97.2%, respec-
tively, when compared to the conventional voltage ramp-up
method. Although the exact values of air gap permeance
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during changes cannot be measured in this experimental
environment, the proposed method 2 effectively compensates
for these changes through a feedforward control approach.
This method demonstrated that the air gap permeance varied
significantly before and after startup, and the feedforward
control successfully compensated for these variations, ensur-
ing improved performance during the motor startup phase.
The experiments show reduced speed variation, although dis-
crepancies between these results and the simulation findings
might arise from inaccuracies in the induction motor model-
ing or the impact of temperature fluctuations during startup.
Overall, both simulation and experimental results show that
the proposed firing angle control method achieves improved
starting performance, minimizing speed variation by adeptly
accounting for air gap variation and current characteristics of
the induction motor.

V. CONCLUSION

This paper developed a firing angle control method for soft
starters to achieve a constant torque and a gradual speed
increase, using only current feedback. In the startup phase of
the induction motor, the air gap permeance was considered
a state variable, but it had been utilized as a constant value
in previous studies. Thus, the air gap permeance variation
during motor startup was lumped as an effective inertia to
model the transient response. The proposed control method
effectively compensated for the change in air gap permeance
during startup. This paper includes simulations of a 30kW
induction motor, with parameters estimated using genetic
algorithms and industrial motor data sheets. Experiments
conducted with a 30kW industrial induction motor system
demonstrated that, compared to the conventional voltage
ramp-up method, the proposed method achieved a 97.2%
reduction in the coefficient of the second-order term of the
quadratic curve fitting of the speed. This reduction showed
that the proposed method had improved starting performance
with a smoother and more gradual increase in speed.
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