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Abstract

In this paper, the problem of starting an induction motor is investigated and a solution is presented. The large current
and considerable torque pulsation of the starting can damage the motor and other consumers connected to the feed
line, and increasing the startup time will cause more heat and damage to the winding insulators. Various methods
exist for startup of the induction motor, including the stator voltage control via wye-delta circuit breaker,
autotransformer, and new methods such as soft starter, as well as methods for controlling the rotor's resistance, and
control of V/f. However, in this research, by connecting a torsion spring between the motor shaft and the load, a new
method of startup has been proposed. Therefore, due to the delay in the rotation of the load during the absorption of
energy in the torsion spring it is possible to rotate loads with a torque beyond the motor starting torque, and to
reduce the motor startup time as much as 77%. These cases increase the lifetime of the motor, and reduce economic
costs.

Keywords: Induction Motor, Spring Starting, D-Q Transformation, Starting Current, Starting Torque, Load Model,
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Various researches have been conducted into the

1. INTRODUCTION starting and speed control of the induction motors.

Motor is the most widely used motor in various These activities include stator voltage control [6],
industries. Among the advantages of these machines such as traditional methods of Wye-Delta starting [7]
are robustness, reliability, low cost, high efficiency and autotransformer [8], and new methods such as
and good self-starting capability [1]. Direct startup of soft starters using silicon-controlled rectifiers
large AC motors may cause difficulties for the motor (SCRs). These new methods are widely used in
and its loads due to the voltage dips in the power industry[9].

supply during startup, particularly in a weak power - ) )
system [2], [3]. An uncontrolled startup of motor may There are addl'glonal starting methods of controlling
cause a relay cutoff in either overload or under the rotor's resistance [10], v/f control [11], pole
voltage relays, resulting in startup failure [4]. Torque changing [12], and frequency changing [13].
pulsation is often large and varies from positive to Reducing motor starting torque or increasing load
negative values. These torque transients in a motor torque will increase acceleration period and starting
shaft are transmitted to the load, resulting in time [14]. Therefore, it will generate more heat and
mechanical wear in the motor bearings and the load damage the insulation of the windings [15].

couplings [5].
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In this research, by making changes to the load, a
new model is provided for starting. This model has
the ability of better starting by reducing the starting
time. The paper is organized as follows: Section 2
presents the d-q transformation for induction motor,
and Section 3 presents the springs starting. Section 4
describes modulation in the MATLAB/SIMULINK
setting, Section 5 show simulation results, and finally
Section 6 presents the conclusions of the paper.

2.D-Q TRANSFORMATION FOR
INDUCTION MOTOR

Direct Quadrature (d-g) transformation is a
mathematical transformation used to simplify
analysis of the three-phase circuit. In the case of
balanced three-phase circuits, application of d-q
transformation reduces the three quantities to 2
quantities. Simplified calculations can then be
conducted on these imaginary quantities before
performing the inverse transformation to recover the
actual three-phase ac result. The d-q transformation
equations for the three-phase voltages are presented
as follows [16]:

Vg = \/g (cos(@dva)+005((9d +2m/3)vp) @)
+cos((6g +4m/3)v )

Veq = \E(sin(edva)+sin((9d +2m/3)Vp ) @)
+sin((0g +4n/3)v )

Va,Vp, Ve . Three-phase voltages applied to the
stator
Vsd:Vsq: Stator voltages in the direct (d) and

quadratic (q) axes
9d : Angular position of the reference frame

For power system studies, induction machine loads
and the other types of power system components are
usually simulated on the system’s synchronously
rotating reference frame. However, for the transient
studies of variable-speed drives, it is easy to simulate
an induction machine and its converter on a
stationary reference frame [17]. If the reference frame
is considered at synchronous speed, the flux
equations of the stator and rotor are as follows:

¢ =wph ©)
(Pgs =op J (Vgs + (we /b )@gs +

(% /Xts )(@mg — 0gs )t “

(Pds = ®p J (Vs + (o /op )Pgs +

(5)
(rs /X1 )(@ma — Pgs))lt
Oar =ep (Vor =(or —ee/op)lyr+
(F'r /X1r) (Pmg — @ gr))dt
@ar = op J(Vgr — (o —wg/op Pgr + (7
(F'r /X1r) (Pmd =@ gr))dt
1 1
Xm=(—+—+-") ©
Xm Is X Ir
Pmg = Xm L% +ﬁ ’
q Xls Ilr
ds , Par
Pmd = XM —+-_J o
m XlS X Ir

Qds» Pgs - The stator flux on the direct (d)
and quadratic (q) axes

(P'dr,(P'qr : The rotor flux referred to the stator on the

direct (d) and quadratic (q) axes

I5, X|s : The resistance and leakage reactance of the
stator

I'r, Xy : The resistance and leakage reactance of the
rotor referred to the stator

Xm : Magnetizing reactance

XM : Equal reactance

oy : Rotor angular speed

op : Synchronous angular speed

®p : Angular speed of the reference frame

The current equations of the stator and rotor are as
follows:

i o= M (11)
X|s
idS — (Pds;(Pmd (12)
Is
ity = Por —Pmq (13)
X
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iy = (Per—II(Pmd
r

(14)id3,iq3: Stator currents in direct (d) and
quadratic (q) axes

ildr’ilqr: Rotor currents referred to the stator in

direct (d) and quadratic (q) axes

To solve starting problems, this paper presents a
new method for starting the motor by changing the
load characteristics.

3.SPRING STARTING

Fig.1 presents the spring used in this research is a
spiral torsion spring. Creating a torque on the spring
causes the spring to be compressed around its center.
Placing the spring between the load and the motor
shaft can prevent the load from being applied to the
motor shaft at the starting. Fig.2 shows the
arrangement of the spring on the motor shaft. The
spring inner head is connected to the motor shaft.
Each of the two sides of the spring bearings mounted
on the motor shaft. A metal cylinder is placed over
the bearings, and the outer head of the spring is
connected to the body of this cylinder. Since the
mechanical load of the motor must be placed on this
cylinder, it is defined as the secondary shaft of the
motor.

Fig.1. SPIRAL TORSION SPRING

Additionally, the mechanical load placed on the
secondary shaft is defined as the secondary load, and
the load received by the shaft is defined as the
primary load. After starting the motor, the motor
shaft starts to rotate and the spring will start to
compress, since at the first moments, the outer head
of the spring remains constant due to the connection
to the secondary load. Inner head of the spring will
start to rotate. By rotating the inner head of the
spring, energy will be stored in the spring. This
energy will create a force on both the inner and outer
heads of the spring.

The inner and outer heads of the spring will not be
able to discharge energy stored in it due to the
electromagnetic torque of the motor and resistant
torque of the load. Therefore, with motor shaft
rotation, the energy stored in the spring and the
primary load torque will gradually be increased.
These conditions will be continued until the energy
stored in the spring finds the force needed to
overcome the secondary load. At this time, the
primary and secondary loads will be equalized.
Therefore, the secondary load with a little pulsation
starts to rotate at a speed equal to the motor speed.
By designing a suitable spring, the load rotation time
can be set at a point where the motor has completed
its starting mode.

Since the spring is involved in loading, motor torque
equation will be changed. To investigate these
changes, we first need to study the spring equations
as follows [18]:

_T5pl0°L

15
o (15)

o

Where
o.: Torsion angle in rad
Tsp : Springs torque in N.m

L: Length of active material in mm

| : Axial moment of inertia in mm?*
E: Modulus of elasticity in N/mm?

The L and | for spiral torsion springs are expressed as
follows:

bt3
= 16
I o (16)
L=n(rg+1)n
{re =T +n(t+a)_> (17)

L =n(+n(t+a)+r)n=nn(25+nt+na)
where

b : Belt width of the spring in mm
t : Belt thickness of the spring in mm

l'e : Outer ring radius of the spring in mm

fi : Inner ring radius of the spring in mm

N : Number of the spring rings
a : Distance between the rings in mm

Now T, is expressed in term of o as follows:
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3
El 0
T = — o075 = 12 Ea
L nm(2r +nt+na) (18)
___ b3
12nm(2r +nt+na)
Ebt®103 (19)

£ 12nm(2r +nt+na)

Rt: Spring Stiffness

Secondary shaft Inductign motor

Motor shaft
4

Outer head of the
spring connected to
secondary shaft

Inner head of the
spring connected to

“MBearings holding
the secondary shaft
on the primary
shaft

Fig. 2. How To Put THE SPRINGS ON THE SHAFT

Stress-strain diagram of each material can be drawn
[19]. According to Appendix 1, the amount of stress
allowed to stay in a material such as steel in the linear

limit is approximately 200x10° N/m* . If this

quantity is multiplied in the cross-section area of the
spring, the force required to remove the spring from
the elastic limit will be achieved

b=1x10"3

t=3x1073
— F=(200x10%)(3x107%) (20)
—~600x10°

According to Table 1, the secondary load equals 23
N.M. By applying the spring on the motor shaft, the
torque arm in the worst case will be the inner ring of
the spring.

if

T

fi

If rjis equal to 9 x 1073, then

F=§x103=2/55x103.

Therefore, by choosing the least amount for the
spring parameters, the force of the motor will not be
able to overcome the force required to remove the
spring from the elastic limit. Consequently, it would
be possible to build the spring.

3.1. New Torque-Speed Equation

Electromagnetic ~ torque and  torque-speed
equations are as follows [17]:

3p . .
Tem = awy ((Pds'qs —(qu'ds) (22)
o =T = J%C:r) (23)

Tem: Electromagnetic torque

P : Pole number of motor

T| : Torque of the secondary load

J : Moment of inertia

(y : Rotor angular speed

By adding the spring, the torque-speed

equation will be as follows:
doy

"dt

Load side: tsp —Tjoad = Jioad

shaft side : tgm —Tsp =J

(24)
dwjoad

dt
Wheretgy: Torque of the primary load or

spring torque.

Since the spring is not charged or discharged all over
the operation period, then the rotor and springs
angular position will not be equal (o # 6.) . However,
at the starting time and when the load of motor
changes, the The spring torque equation is as follow.
Tdamp,spring : Inherent torque of spring angular

position of springs will be changed.
¢ : damping factor

07“ : Rotor angular position
Bload : Rotor angular position

Therefore, the equations of the motor simulation will
be completed.
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Tsp = Tspring + Tdamp,spring

Tspring = Rtgsp =R (er —Hoad )

=Rt ([ o dt — [ @rpaq dit) )
_ 9% _ (d6  dfoag )
Tdamp,spring = d  \ dt dt )

:C(a)r w]oad)

4. SIMULATION
INMATLAB/SIMULINK

MATLAB/SIMULINK is a system simulator that
cannot simulate electrical circuits directly. Therefore,
to simulate circuits, a block set an electrical is used,
which incorporates libraries of electrical blocks and
analysis tools to convert electrical circuits to
SIMULINK diagrams [16]. The main advantage of
the SIMULINK over other programming software is
that the simulation model is systematically developed
using basic function blocks [20]. Using Eqg. (3) and
Eqg. (2) the three-phase voltages will be converted to
voltages of direct (d) and quadratic (q) axes. Then,
using Eqgs (5) to (14), the block diagrams of direct (d)
and quadratic (q) axes will be created. Fig. 3 shows
the block diagram of the direct axis (d). Similarly, the
quadratic axis (q) can be created. The simulation
equations of the rotor are expressed in Eq. (24).
Therefore, the simulation of the induction motor is
completed. Fig. 4 presents the block diagram of the
overall simulation.

: O
oF "N

Input
Output

Inputr |—>

Fig. 3. BLock DiaGRAM OF THE DIRECT (d) AXIS

5.SIMULATION RESULTS

To validate the proposed model, parameters of
reference [16] are used in the designed model. Fig. 5
shows the results of the proposed model for the
electromagnetic and load torques which is similar to
[16].

v
A

D

—»] ]
I :
CLK
| Q Axes |
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dqo
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Fig. 4. BLock DiacrRAM OF THE INDucTION MOTOR

Table 1 presents the parameters of the induction
motor used in simulation, and simulation is
performed using these values in two modes: springs
mode and non-springs mode. The results of spring
mode are shown with blue dashed line and those of
non-spring mode is shown with red line, while the
black dotted line represents the non-load results.

The starting current of the induction motor is 5 to 8
times than the steady state current. In this paper, the
starting time is defined as follows: From the moment
of connecting the motor to the network until the
motor current drops to the steady state amount, at
which moment the load torque and electromagnetic
torque are equal to less than 3% accuracy. To model

the spring, the starting time of motor with T, must
be obtained.

Torque in n.m

005 01 02 02 025 03 0.35
Time in sec

Fig. 5. ELECTROMAGNETIC AND LoAD TORQUE OF [16]

Given the stator current curve in constant load shown
in Fig. 7 and electromagnetic torque in Fig. 9, the
starting time is obtained 1.38 sec. Now, the spring
angular deflection according to Fig. 5 is equal to
43.05 rad. Therefore, by numbering in Eq. (19), the
spring stiffness will be obtained as follows:
1, =R0. >13=R;43.05 >R, = 0.3% (26)
As Fig. 7 and Fig. 9 shows, starting time in the non-
springs mode is equal to 1.28 sec, while in spring
mode, it decreases to 0.29 sec. Therefore, the starting
time has been reduced by 77 percent, which will
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cause to increase the lifetime of the stator winding.

Table. 1. THE PARAMETERS OF THE INDUCTION MOTOR

Parameter Symbol Value
Number of poles p 4
Frequency f 60
Maximum voltage v 375.58 V
m
Stator resistance r 1L77Q
S
Leakage reactance of the stator X 525Q
Is
Rotor resistance referred to the stator r 1340
r
Leakage reactance of the rotor referred to the stator X: 457Q
Ir
Magnetizing reactance X 1390
m
Moment of inertia J 0.025 kg/m?
First value of the secondary load torque T 13N.m
mec1
Second value of the secondary load T 23 N.m
2
torque mec
—wr. No Spring (rad/sec) ]
§ = alfa(rad) E
£150+ 11505
g K]
£ P 5
T
100 7 11008
@ / =
c /
8 , a
=] [
o 50 ’ 50 s
c S
< X:1.032 g
0 - 1Y:43.05
0 0.5 1 1.5
Time in sec
Fig. 6. RoToR ANGULAR SPEED AND ROTOR ANGULAR
PosiTioN IN NoN-SprING MoDE
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Fig. 7. STATOR PHASE CURRENT I WITH 13 N.m LoAD

ToRrRQUE

As Fig. 8 shows, the amplitude and frequency of the
rotor starting current with springs behind faster the

starting condition than the non-spring mode.
Consequently, the lifetime of rotor winding will
increase with spring.
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Fig.8. RoTor PHASE CURRENT REFERRED TO THE STATOR
IN THE DirecT (D) Axis WiTH 13 N.m LoAD

Fig. 9 presents the electromagnetic torque of the
motor. In the spring starting mode, the number of
electromagnetic and speed pulsation has decreased.
Therefore, failure of mechanical parts such as motor
bearings reduces in this mode.

. a
em,normal
40 =~ ~Tioad,normal |
£ ‘H"} “]m e
Z (R ARL T s A
<
) i
-20
0 0.5 1 1.5
Time in Second
T T . A T b
em,spring
404 7 7load,spring
e Tdamper of spring
Y:22.02 77Tspring
£ 20
z
k=i
=
0
-20

0 0.5 1 1.5
Time in Second

Fig. 9. ELECTROMAGNETIC TORQUE: (a) WITHOUT SPRINGS
(b), WITH SPRINGS

The value of T, was less than the starting torque of
motor. Now, the secondary load torque is changed to
Tec2 » @Nd this value is higher than the starting torque

of the motor. Again, the simulation is performed in
two different modes, with spring and without it. In
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non-spring mode, since the primary torque load is
higher than the starting torque, the motor could not
start. In the spring mode, although the secondary
torque is higher than starting torque, the primary
torque is lower than the starting torque. Therefore,
the induction motor can be started. This result is
confirmed in Figs. 10 and 11. Figs. 10 and 11 show
the stator current and the electromagnetic torque
curves, respectively.

I in Amper

a

0 0.5 1 1.5
Time in Second

Fig. 10. STATOR PHASE CURRENT I WITH 23 N.m LoAD
TorQUE

—T
emnormal | A

. _Tload,nurmal ]

0 0.5 ! B
Time in second

J— Tem’spring b
ol Tshaft-SP"i“g 7

~ ~Tload,spring

0 0.5 1 1.5
Time in second

Fig. 11. ELECTROMAGNETIC TORQUE: (a) WITHOUT SPRING
(b), WITH SPRING

6. CONCLUSION

In this paper, to have a new idea for starting
induction motor, the spiral torsion spring is applied
on the rotor shaft. Using the simulation of

MATLAB/SIMULINK, the induction motor in
constant load is simulated in two modes with spring
and without it. The performance of motor parameters
was investigated. In a spring mode compared to non-
spring mode, the starting time is reduced by 77
percent. Therefore, time of voltage drops due to
starting, failure of mechanical parts such as motor
bearings, rotor damage and stator winding was
reduced. Consequently, the lifetime of motor would
increase. In the spring mode, it is possible to start
motor in loads with a torque greater than the starting
torque and even a load with the maximum torque of
the motor. Thus, the size of motor can be reduced to
the constant load. As a result, the economic costs
were reduced. However, in the spring mode, the
motor is not rotated in two directions. Furthermore,
the investigation of motor loading in different loads
by the spring starting is introduced as a future study
plan.
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Appendix

Fig. Al shows the stress-strain diagram for ductile
materials obtained from the standard tensile test. The
stress and strain equations are defined as follows:

) P
e=—ando=— Al

i A (Al)
e Strain, o : Stress, P: Load applied to the material
A, Cross section of the material, 5 : Change of the
length

Point pl in Fig. Al is called the proportional limit.
This is the point at which the curve first begins to
deviate from a straight line. No permanent set will be
observable in the specimen if the load is removed at
this point. In the linear range, the uniaxial stress-
strain relation is presented by Hooke’s law as:

c=Ee (A2) E:Modulus of elasticity
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Fig. Al. STRESS-STRAIN DIAGRAM

The steel has a modulus of elasticity of
approximately 207 GPa regardless of heat treatment,
carbon content, or alloying. Stainless steel is
approximately 190 GPa.
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