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itcalculating three phase induction motor parameters which will help in the modelling
process Then, it usesthe direct on line method (DOL) to validate the DQ model using
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Introduction

The use of asynchronous motors particularly squirrel-cage rotor has increased tremendously since the day of
its invention. They are being used as actuators in many types of industrial processes, robotics, house
appliances (generally single-phase) and other similar applications. The reason for its daily increasing
popularity can be primarily attributed to its simplicity in design, robust construction and cost effectiveness,
high efficiency, reliability and good self -starting capability [1-2].

The induction motor is a vital class of electric machines which finds wide applicability in industry and in its
single phase form in several domestic applications. More than 85% of industrial motors in use today are in
fact induction motors that is basically a constant speed motor with a shunt characteristic [3,4].

This model of machine describes the transient and the steady state behavior of the induction machine. The
model can be used to simulate the asynchronous motor drives and evaluate their transient performances. It is
also used when developing high performance control techniques for the asynchronous motor drives such as
vector control or direct control (DTC) drives[5,6]. Various models have been developed and d-q axis model
for the study of transient behavior has been well tested and proven to be reliable and accurate [7].

Three phase induction motors are widely used in industrial for many purposes due to robust construction,
reliability and high efficiency when controlled. In general, two methods are used to start up induction motors
and they are Directon Line (DOL) and control method which is mostly vector control. Three phase induction
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motors are the most essential machines for high power applications where high efficiency, high reliability
and robust construction are required. Controlling the speed of the induction motor is one of the most
important targets for most of the applications. However, in medium and high-power applications, the current
will rise dramatically and this leads to damage the motor. DOL method must be prevented in medium and
high power application because of the huge rise of the starting current. Therefore it is required to control the
current and to be able to control it using PI controller the three phase rotationary farme must be represented
as it is stationary.With DQ modeling, three phase voltages and currents of the motor are represented in a
stationary frame and they can be controlled using normal P1 controller. As a result, it can be stated that DQ
model is issential to control the AC current instantaneously to protect the motor from damage.

This paper will look at firstly, calculation of three phase induction motors’ parameters includes electrical and
mechanical parameters which will be needed for controllers purposes. Secondly, it will show the direct on
line method to start up three phase induction motor.

Finally effect of moment of inertia has been represented.

Induction Motor Parameters:

A. A. Dynamic Model of the Induction Motor in Stationary Reference Frame

A three phase induction machine can be represented by an equivalent two phase machine as shown in
Figure-1, where ds-gs axes correspond to stator direct and quadrature axes [8,9]. The dynamic model of the
induction motor in the stationary reference frame, used for the analysis carried out in project has been
explained here with equivalent circuits and a series of equations (1) to (10).

2 o Y @ —axis
. ;

Figure-1: d-q representation of the Induction Motor
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Figure-2: d-q equivalent circuit of Induction Motor in Stationary Reference Frame

Vis = Riss+ - (A%) (1)
VS = Rslqs + _(/1 s) (2)
ar = Reigr +— (/1 Dt wl, =0 (3)
VS =R.ig +— (,1 - w X, =0 (4
)lds = Llsl.ds + Lm(%ds + fdr) (5)
Aqs = Listqs + Lm(igs + igr) (6)
sr = Llsl:fir + Lm(?ils + lcsir) (7)
/E]r = Llsl;r + Lm(lf]s + l;r) (8)
T,=1. Sme(iSsi(sir - icsisisr) ©
dw, 1, dw,
S =it =T~ T, (10)

B. Dynamic Model of the Induction Motor in Synchronously Rotating Reference Frame

The induction motor equations described in 2.1 are referred to the stationary reference frame. These
equations can also be referred to the synchronously rotating reference aligned with d-q axes shown in Figure-
3.
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Figure-3: d-q equivalent circuit of Induction Motor in synchronously rotating reference frame

(b) Q-axis circuit
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When equations (1) and (2) are referred to the synchronously rotating reference frame rotating at w,

. d
Vds = Rslds + E(Ads) - wlqs (ll)
. d
Vas = Rigs + = (Aqs) — 0gs (12)
The last terms in equations are defined as speed emfs due to the rotation of axes. That is, when @=0, the
equations revert to the stationary reference frame form. The equations (3) and (4) for the rotor become:

. d
Vdr = Rtldr + dt (Adr) - ((‘) - wr)ldr = 0(13)
. d
Vor = Relgr + E(Adr) — (0 — w,) A, = 0(14)
All the sinusoidal variables at fundamental frequency in the stationary frame appear as dc quantities in the
synchronously rotating reference frame. The flux linkage expressions can be written as:

Aas = Liglas + L (igs + 1gr) (15)
Aqs = Llsiqs + Lm(iqs + iqr) (16)
Aar = Listgr + Ly (Lgr + 1g7) (17)
Aqr = Llsiqr + Lm(iqr + iqr) (18)

The torque expression of the motor can be derived as follows:

T, = 1.5pLy(igsiar — lasiqr) = 1.5(Agrigr — Agriar) (19)
From above equations based on parameters we can model a three phase induction motor.

C.Determination of Motor Parameters
In general, motor parameters are provided by manufactures, either on motor nameplate or would be available
in a data sheet[4,5]. For this paper, motor parameters have been given as shown in table 1.

Table.1: Motor parameters.

Motor parameter Value
Rated Mechanical power 1.5KW
Line-to-Line Voltage (VL-L) 380V
Frequency (Fe) 50 Hz
Connection Type star connection
Rated Speed (w,) 144.5 rad/sec
Line-to-Line Rated Current 3.63 Amp
Full-Load Power Factor 0.8
Line-to-Line Starting Current (15 Amp)

Stator Resistor 4.1 found by ohmmeter
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Moment of inertia (j) 0.0026kg.m2

Magnetization Inductance(Lo and Lm) 0.32H

Figure-4 shows equivalent circuit diagram and phisor diagram of three phase induction machine.

I5 / We have the fi i sor diagram:
R ¢ have the following phasor diagram:
Ry a " Vs
I”.‘-’ Ln Ky I
fﬂ f[j ‘r_')'

Figure 4:Circuit diagram with phasor diagram of IM

Based on the phasor diagram of the equivalent circuit of the induction motor, the magnetization inductance
and stator resistor have been calculated, with the following values 0.32H and 4.1Q2, respectively. Using
simple linear equations, the stator and the rotor self-inductances as well as the leakage factors have been
determined and the equivalent values are: L = 0.348H, Lg = 0.339H, and ¢ = 0.145, respectively.

The mechanical parameters of the induction motor have been measured experimentally. A DC shunt
motor has been used to drive the IM and the motor speed has been changed by armature voltage
variation, Figure-5. Based on the proportional relation between the output power and the squared
IM speed, the friction coefficient has been estimated from the curve slope as D=0.0084 Nmvr/s.

calculating Friction coefficient
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Figure-5: calculation of friction coefficient

Motor Performance DOL

In general, there are several approaches to start a three phase induction motor (1M) depending on the load
accelerating, starting current and torque requirement. The most common method is Direct on Line (DOL).
This method is as a basic approach to start IM and it is not advised to be used in applications which are
required high efficiency, and high accuracy speeds because of its instability and poor transient response
caused by starting torque and high inrush of current at the starting with high oscillation.
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The DOL method will be modeled and simulated with different values of load torque (no-load, half load and
full-load)and atdifferent load inertia (0.02 Kg.m?)in order to investigate the motor performance. At first, the
nameplate and the calculated parameters have been set to the motor. The motor has been supplied by 50Hz,
380V-three phase voltage source which converted to aff coordination to feed the motor with smooth starting
current. Figure-6 shows the DOL model [10,11]. The outputs (Is, R-flux and S-flux) have been converted to
three phase values to be able to see and evaluate their peak and RMS values. Motor speed is designed based
on the speed equation shown below and it has been converted to rpm values to be fed to the motor.

a')rzjls(T—T)—wD (20).
Where D is Friction Coifficient

: Jis Moment of Inertia

. Teis Electrical Torque

. TL is Mechanical Torque
: Wris Rated Speed
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Figure-6: Direct online model

Induction motor model description:

A.Three phase to alpha beta model

Three phase voltage source which converted to aff coordinate and vice versa also alpha beta to DQ model by
following equations:

i1 [3/2 0 0 1[t

ig] =1 o \F/z —\/_/2][;2" 1)
i, [ 2/3

i|=|-1/3 1/\/_[ ] 22)
el 1-1/3 1/43

l

1= Loy somollicled

From above equations block dlagram of three phase to alpha beta model and alpha beta to three phase as
shown figures 7 ,8.Finally ,block diagram of converting alpha beta to DQ model has been represented in
figure-9.
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Figure-7: Block diagram of three phase to alpha beta
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Figure-9: Block diagram of alpha betathree phase

B. DQ model
Equations (11) and (12) can be rewriting as follow:
. . . o d
Uy = Rigy + O—Lsalsd - a)ealesq + L—E‘I’m
T
. d . ) L,
Usqg = Rslgqg + 0L gy — wo0Lsisy + 72y (24)

From the system equation (24), modeling of a direct and quadrature current, Torque and rotor and stator flux
was represented using Matlab/Simulink as shown in figure-10.
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Figure 10: Induction motor model

Simulation Results

Firstly ,zero load torque has been applied to the motor to investigate the behavior of induction motor at no-
load. Figures (11, 12, 13 and 14) show the performance of induction motor (staor la Ib Ic ,stator Rms
current, stator flux, rotor flux and torque speed characteristic, respectively) at J= 0.02 kg.m?.

stator current la,|b and Ic(Amp)at TL=0N.m & J=0.0026Kg.m"2
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Figure-11: Stator Current at J= 0.0026kg.m?
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Figure-12: RMS Stator Current at J= 0.0026kg.m?
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Figure-14: RMS Rotor Flux atJ= 0.0026kg.m? Figure-15: IM torque and speedat J= 0.0026kg.m?

From figure above important point to be noticed from figures (12, 14), the RMS values of stator current and
rotor flux are 2.178 Amp and 0.6565 Wb, respectively and these values are near the rated values which have
been calculated previously.

In order to investigate the effect of load torque on the behavior of the IM, moment of inertia has been fixed
(J=0.0026 kg.m2) and several values of load torque (like 5 Nm, and 10.1Nm)have been applied.

Figures (16, 17, 18 and 19) show stator current, stator flux, rotor flux and speed torque characteristic
respectively and it can be noticed that transient duration is around 0.15 second. The RMS values of stator
current and rotor flux are 2.556 Amp and 0.6846 respectively and torque is 5 Nm (see figure 19).

Rms stator current at TL=5N.m & J=0.0 .« =] <"} & &) ] Rms stator flux at TL=5N.m & J=0.00: .7 1] & O 4
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0.25 0.3
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Figure-16: RMS Stator Current at TL=5 NM Figure-17: RMS Stator Fluxat T.=5 NM
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Figure-18: RMS Rotor Currentat TL=5 NM Figure-19: IM torque and speedat TL.=5 NM

Figures (20, 21, 22 and 23) present the motor performance at full load (10.1N.m). As it is shown in figures,
the transient duration is slightly more than 0.2 second and from figures (20 and 21) in can be seen that the
RMS values of the stator currentand rotor flux are 3.636 Amp and 0.667 Wb, respectively. In comparison to
rated values (Is = 3.63Ampand¥r =0.698 ) which have been calculated theoretical, it can be seen that they
are not exactly the same because in theoretical calculation to be able to calculate, in each step certain
parameters have been neglected due to minor effect such as neglecting magnetization inductance for

calculating leakage inductances and neglecting leakage inductances and stator resistor in calculation of Lo
and RR.

An important point to be declared, from all figures in this section, it can be noticed that the increase of load
torque has affected the transient time and it has shown that by increasing the load torque (0, 5, and 10.1) the
transient duration increases. As shown in all figures, during transient starting current is very high ( about 5
times ratted value ) therefore, with more transient duration, this high current will affect the motor and it may
damage the windings. This is one of the reasons which makes the direct operation method is not preferred to
be utilized when good transient performance is required. This high starting current need to be controlled as
will be shown in other methods of operation.
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Figure-20: RMS Stator Current at T.=10 NM Figure-21: RMS Stator Fluxat T.=10 NM
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Figure-22: RMS Rotor Flux at T.=10 NM Figure-23: IM torque and speedat TL=10 NM
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Finally, Rotor voltage and current has been ploted in simulation as showed in figure-24 and the power fctor
and efficiency of induction motor when the load torque (0,5 and 10) which have been ploted in simulation as
shown in Figures below (25,and 26). In these figures it can be clearly showed that by increasing load torque
efficiency is increased.In addition , power factor also increases this is due to angle between voltge and
current at no load the angle about 84 degreeso cosine theta near 0.2 but by increasing the load torque it is
about 140 degreeso cosine theta increasing and which is equal near 0.8 as described in figure (27 and 28).
Consequently, it can be certainly said that the load torque is the important factor which has been affected to
the machine start up.

Rotor Voltage(V) and Rotor Current{Amp} at Load=10N.M
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Figure-24: Rotor Voltage and Current at T_.=10NM
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Figure-25: Power factorwith T.=0,5,10 NM Figure-26: Efficiency with T.=0,5,10NM
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Figure-27: Angle between volt and current at TL.=0 NMFigure-28: Angle between volt and current at T.=10 NM
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Finally ,when the friction coefficient increased the value of the speed during transient is decreased because
of it is developed mechanical loss of the motor, as shown in Figure-24.

Speed response with difference value friction coefficient
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Figure-29: Effect of Friction coefficient on motor performance

Conclusion

This work shows several aspects of three phase induction motor. firstly, it describe direct on line method of
induction mator. The parameters of the motor were found and the transient response of the starting current
was shown. This huge starting current can damage the motor if the its not controlled. Secondly, to be able to
control the current, three phase motor were modelled using DQ model however due to the scope of this paper
only, DQ model was presented the controllers was omitted. Additionally, in the model the friction factor of
the motor was found practically and used in the DQ model which is one of the novilety of this paper.

The theory behind this model is based on representing the real motor by a set of equations and values in
MATLAB using the subsystem feature ,the most interesting point is that ,there was a small difference
between MATLAB/Simulink data and the practical data which have received from real motor in laboratory ,
the RMS value of the stator current and speed at no-load which have been calculated by MATLAB
/Simulink near 2.178 Amp and 1500 RPM respectively and these values are near the values which have been
recorded in the lab which was 2.23Amp and 1492 RPM ,(at about % load RMS stator current and speed by
MATLAB /Simulink 3.14 Amp and 1400 RPM while in real motor 3.16 Amp and 1378 RPM ) , at near full
load RMS stator current and speed in MATLAB /Simulink was 3.4 Amp 1380 RPM and while in practice
3.33 Amp and 1366 Rpm).
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