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Abstract—Initially when power is supplied, induction
motor runs at its rated speed with the recommended
specifications and varying applications. Control thie
motor's speed with the improvement of the induction
motor's dynamic and steady state characteristicsciwvh
are non-linear in nature, has been possible dudahe
advancement of electronics. The popularity of thitor

has resulted into lot of research including thensent
behavior of the motor. A methodology based on nmaglel
capabilities along with control and its computer
simulation has been proposed in this paper and is
represented by dynamic modeling of three-phase four
pole induction motor. When physical modeling ofeays

is necessary the bond graph approach is good, aijan
also a good tool for combining different energy @ams.
Dependencies between different components cary desil
found through the method of bond graph. This siudyg
conducted on the basis of parameters collected from
different ladle cranes motors of Durgapur SteelrRla
India.

Keywords— Bond graph, Controller, Induction motor,
Ladle Crane, Modeling, Simulation.

. INTRODUCTION

An induction machine or a synchronous machine
comprises of a magnetic circuit and interlinkedhwitvo
electric circuits. As transmission of power by
electromagnetic induction from one circuit to armsth
thus are called induction machines. In inductiontano
termed as induction machine, electric power comdert
into mechanical power. Stator of motor is connedted
the power source and current induced on the rator i
connected to secondary winding. Converting electric
energy to mechanical energy is performed by differe
motors, of which Induction motors are extensivedgdi in
industry- particularly in steel sector due to their
ruggedness and simplicity and about 90% of indaistri
motors are induction motors [6]. Slip ring inductio
motor as shown in Fig.1 preferred to the squiriajec
motor as one more degree of freedom for startirspéed
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control. Slip ring Induction Motor is the first cice
where high starting toque & variable speed is nexgljior
where heavy load during start. The hoist & lowering
operation is difficult to understand as smoothrapen
over a wide speed range for raising or lowerhrghook

at controlled speeds irrespective of the variatibfadle
weight. During lifting, motoring torque with a réikeely
flat speed/torque characteristic by the drive isessary
to prevent motor's excessive speed change from full
load to empty ladle conditions. Depending upon Wwhet
the load torque exceeds the mechanical frictiorthef
hoist mechanism during lowering, the drive torqaa be
monitoring or braking. On releasing the mechanical
brake, motoring torque is being provided by the ando
exceed friction, but the motor must change to &ibta
mode instantly as the load torque exceeds the mgnni
friction. For smooth start and control speed resist
controllers in the rotor circuit of Induction Motare
used. By insertion of relatively simple passiveqfrency
sensitive networks, certain desired torque speed
characteristics can be achieved.

Stator

Slip Rings

Rotor

Fig. 1: View of a ladle crane Hoist induction motor
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Fig. 2: Speederque characteristics of Il

Highly reduced starting current and improved tor
current ratio can be achievélttough careful selection «
network. To study the effect of rotor impedancetbe
performance of Induction Motors is necessary
understand the industrial systems incorporating Shp
ring Induction Motors.Larger space, poor efficiencie
slow speedetc., were the limitations for variable spe
drives but, the poweelectronics made it possible
variable speed drive in  smaller size, high eéficy
along with high reliability [1]. In modern contralethods

state space techniques are being user modern power

electronic devices have been realized the drivialgtiang
method along with its improvement in transient oeses
[2].Advanced control of induction machines

so important but not so simpl®ifferent methods hav
been proposed so far for the control of inductiootors
[3].However, the family of mathematical models w
concentrated parameters comprises different appes
but two of them are more populdahe phase coordinal

model and therthogonal(dq) model [4] Speed control

required for allowing soft starting and stopping tbg
travel motions of ladle crane for enabling its eact
positioning of load. For the lifting and loweringiwk, tre
speed control in a wide speed range, from zerammimal
values, is requiredBecause of the precision when ris
and lowering ladle, the possibility of working atvary
low speed and hold the ladle in the standstilleiguired,
without using the mdwanical brakes. The torque a
power that have to be delivered by the drive may
obtained from the torque versus speed characte@s
shown in Fig.2 from the load (s@alled mechanice
characteristics) anthe differential equation of motio
(Belmanset al., 1993; Mitrovic et al., 2011)[!

The goal of this research is to present the phlysicalel
of the motor and to develop a bond graph modael.
order to obtain a unified approach on modeling fod
induction machines for control purposes , aing an
innovative matter of opinion thamphasiz the control
aspects—h lieu of the classical electrical engineer
viewpoint. Simulation for the dynamic performandean
induction motor model is done by Bond graph appno
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This simulated program makes it easy to understha
development processrdtm a control theory perspecti
the review can be done again. The literature re'
reflects a close relation between this classicethn&ue
with that of moribund ideas [7]. Standard assunms
were made during physical modeling of the induc
motor but control of the machine were in a matter
opinion.

Il. PHYSICAL MODEL

An electrical rotating machine generally considtshoee

distinct physical structure— a stationary iron with
winding and a rotating iron with winding on a rigsthaft

coupled to a drive. Thus three distinct energy pgtator,

rotor and shaft can be ddtified in a rotating machine
The three ports exchange energy with environmedt

between themselves and this exchange takes plate

air gap.

Fig. 3: A 3-phase 4-polmotor coil distribution statc

As the rotor never runs in synchronous spwith the
stator poles, slip ring induction motors are ca
asynchronous motor. Both the squirrel cage andrsigp
induction motor has same stator construction main
difference is that slip ring induction motors usy&lave a
“Phase-Wound” rotor.The stator contains multiple
distinct windings per motor pole, driven by corresging
time shifted sine waves in polyphase motors. Irctice,
this is two or three phaseA 3-phase, double-layer,
distributed winding consisting of coils in alteroeg are
used in these rotors. The rotor core has slot
accommodate formed dngle phase windings placed 1
degrees phase apart, is made up of steel lamisatld
the stator is wound for less tharphase the rotor is
wound for identical numbers of poles in the and is
always 3phase. These three windings are “star
internally and the other end to three insulateg-rings
mounted on the rotor shaft. With the help of car
brushes, heldagainst the rin¢ by spring assembly, the
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Table.1: Parameters of Induction Motor

Value

RMS value of supply voltage (lin 415V
Number of poles 4

Description

Stator coil resistance 0.550 ohm
Equivalent rotor coil resistance 0.568 ohm
Mutual inductance 0.1000 H
Stator coil inductance 0.0048 H
Rotor coil inductance 0.0025 H

three terminal ends touch these three slip rings ane
further connected externally to a 3-phase starnheocted
rheostat. The combination of slip ring and external
rheostat helps to add external resistance to ther ro
circuit, which on the other hand enables them teeha
higher resistance during starting and thus higkestisg
torque.

R

R(1-S)/

B

Fig 4: Equivalent Circuit of 3 phase induction tdo

In a 3-phase 4-pole induction machine the two
symmetrical &, b, §-windings arrangement, for stator
(subscript s) and rotor (subscript r), are showrrim3
and Fig.5.Assumptions made during formulation that
these are in magnetic linearity whose axes are apéart
from each other and ideal sinusoidally wound cailgh
phase resistancdg;, with equivalent number of turns
Nsr. The variables considered on the electromagnetic
magnitudes on each of these axes are known as meachi
variables. For a 4-pole machine, the electricadrspeed
o, shown in the figure coincides with the actual roto
speed, i.e.w = w,, and the rotor instantaneous angular
position isf = 6, = w, dt. For the general case of a
machine withP poles or, equivalentlynp = P/2 pole
pairs, the general relationships are as given helow

o =wl/np and 0=06,/np
The slip rings running normally are short-circuiteg a
metal collar, which is inserted along the shaftbdes the
three rings touch each other. To avoid frictioraskes,
wear and tear, the brushes are generally liftech fthe
slip-rings. Under normal running conditions, theund
rotor and squirrel cage rotor acts identically. rarthe
motor's  physical construction the torque-speed
relationship will be examined and subsequently raéign
filed behavior and general equation for torque as a
function of slip will be derived from the per-phase
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equivalent circuit of a 3-phase induction motorshswn
in the Fig.4 below. To prevent saturation the V/f ratio
must not exceed that of rated voltage and frequefegn
at fully loaded condition motor must not exceed tftio
for any period of time. The equivalent circuit b&motor
at Fig.4 shows that the magnetizing current) (I
producing the flux is a shunt component across the
incoming supply and is not really affected by lo#dis
common, however, to operate the motor at lower flux
under reduced-load conditions and that way to lower
energy consumption and motor heat. The power grgssi
the terminals 'AB’ inFig.4 is the difference of electrical
power input per phase to that of stator copper s
iron loss. Thus it is the power that is transfertie@ebugh
the air gap from the stator to the rotor, knowntlaes
power across the air gap; @ - s) / s is the resistance
equivalent to the power which is converted to medfs
power output or useful power ahd, is the magnetizing
reactance of the winding.

There are two conditions of rotor speed mheiteation
of induction motor. It is at no load condition when
rotating speed of rotor is near to synchronous épend
when the rotor speed falls it is on-load conditiBelative
motion between rotor and magnetic field at no-load
position is very small, and the rotor frequencglso very
small resulting maximum rotor current flow as the
reactance of the rotor is nearly zero. On the ottaard
with the increases of the motor’s load, its slipréases
and since the rotor slip is larger, the rotor fremgy rises,
resulting minimum rotor current flow as the reacef
the rotor is very high overall induced torque irages to
supply the motor’s increased load.

cr

Fig. 5: A 3-phase 4-pol£20 degrees phase apart
M. DIFFERENT METHODS TO CONTROL
THREE PHASE INDUCTION MOTORS
The three speed of an induction motor are contidtig
following different methods as under:
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a. Vector Control method

b. By Constant V/f control method

c. By Variable rotor resistance control met
d. By Variable supply voltage control mett
e. By Variable Supply Frequency mett

f. By Slip recovery method

g. By Pole Changing

The torque slip relation for an Induction Motor kv
external rotor impedance can be obtained from a
equation. Now let us observe the effect for diffi
network parameters.

V. BOND GRAPH MODELING

Bond Graph, a graphical modeling tool preserves
computational and contowtructure of the system to
modeled. The cause and effect diagram of the systar
easily be achieved by Bond Graph users. Powel
throughout the system can be obtained from
methodology. Model subsystems of different domain
easily be connected by Bond Graphs and at the sarar
concise meaningful and larger mixddmain models ca
be generated. Power flows and signal flinformation
across the same energy domain boundaries in Boayph
form the cause and effect relationships wit
interdisciplinary systems.

An induction motor can easily be treated a:
transformer with its primary winding considered he
stationay but the secondary is free to rotate. The air

I R
Ir Rr

Mechanical Electrical Magnetic
Domain(Rotor) Domain (Rotor)

Domain (Startor)

between theotor and the stator through which the f
passes is the major difference with transfornin this
section model of induction motor along with opewog
control developed, useful for pose of simulation.
Handling analytically of these models is easier aat
similar to synchronous machines. Induction machaaat
act as high performance servomotors due to |
development in power electronics and control tetdgo
The performancef a dc machine in which torque it
simple function of applied current can be imitatedr a
single field winding machine, this can be expresss
T=Gl 1,
Once the desired torque is known it makes the obofr
such a machine quite easy as it translates thaue:
command into a current and the motor does the he:
servo applications of induction motor it was thoutghbe
“hard to control”. Not too mth effort is needed and even
little computation needed to control correctly, Ibhis is
becoming increasinglytrinket. In DC motors, rotor
receives power by conduction but in case of AC msy
power received by induction. The induction is sanito
the secondary side of a two winding transformerci|
receives its power from primary. Comparing induct
motor with a traeformer, the primary winding
stationary and that of the secondary is free tateotThe
air gap between the rotor and the stator througicwite
flux passes is the only major difference. We widladiss
about the model of a thr-phase four-pole basic
induction motor as given iRig. 6.

Electrical
Domain (Startor)

Fig. 6: Bond graph Sulmodel of three phase four pole induction motor usdcadle Cran:
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The magnetic circuit point potentials at various® are
suffixed with various O-junctions and one such Befion

has been taken as ground. The C-elements in Fifjthe

sub model indicates various reluctances. Again the
reluctance of various metallic portions are so igdgke
than that of air gap, so that these can be edsihyrated
from the model. After the removal of ground, netgec

reluctances,and bonds with zero power (due to zero
effort) the reduced bond graph model is showikim6.
Analysis and creation of Bond Graph model for elect
field is done and potential differences as viewsanf the
stator and the rotor showing the poles, rotor, fasche of

a three-phase, four-pole induction motor desaipti

SE
12
c w}lq /\ ; B
TN
E ofE Bt L1 —t—— TFfL— 0 —2 SE
e 115 \
13 8
R r"'..
TN
SF | L rﬂlLrTF%ll 13 » SE

Fig. 7: Bond graph model of induction motor opeadaontrol

V. CONTROL OF INDUCTION MOTOR
The traditional control of DC drives are being eayad by
control algorithms for induction motors from the
beginning of field oriented control (FOC) of AC b
and Proportional Integral (PI) regulators, and éxac
feedback linearization etc. techniques from lingamtrol
theory can be used in the different control loopghe
FOC scheme. Several nonlinear control techniqueseca
into existence to overcome the above mentioned
problems. Sliding mode techniques (Williams & Green
1991; Al-Nimma & Williams, 1980; Araujo & Freitas,
2000) and artificial intelligence techniques usinzzy
logic, neuronal networks or a combination of therag,
1999; Al-Nimma & Williams, 1980; Bose, 2002) are
some of the modified techniques. The techniquesl use
here is basically simple control theory with ogenp
control technique which leads to accuratnalysis.
Dynamic response of the motor from the per phase
equivalent circuit can be obtained ag-ig.4 above. This
is similar, though not exactly same to the torqud the
flux control of a dc motor. The main model as shawn
theFig.7 is a open loop control of three phase induction
motor driving an inductive and a dissipative loAdhree
phase supply with delta starter is being provided (
shown in Fig.8 where through 3,6,9 bond effort tspu
and 10,11,12 bonds effort outputs are provided)riee
the motor. Source of effort SE denoting the supply
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voltage which is connected to a O-junction throbgimd

9. Connection between this 0-junction and a dehater

by three transformer with transformer (TF) functiaos

wt, cos @©t-21/3), cos (t-4n/3) through bond 3-6, 4-7, 5-

8 respectively irFig.7. Three phase induction motor as in
capsule form (the bond graph model of it is shown i
figure 6 above) shown in the bond graph receivesepo
from this delta starter through three bonds 11,ahd
13.An external load 116 and a dissipative load R15
connected at gtjunction is being operated by the
induction motor through bond 2 where a detector is
placed to detect the frequency tor angular velocity

“B

Iy
%&\/ \/@
N

| 7

Fig.8: Bond graph Sub Model of Delta Connector
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Source offlow SF connected to a-junction. A
transformer with TF function v/f connects Source
flow. SF and Source of effort SE through -junction
and a Zljunction.Output voltage can now be detec
through a detector in bond 2.Accordingly supplitage
will have to be changed on maintain the requ
frequency.

With reduced supply frequency and constant r
supply voltage, tendency of the air gap flux witlvie a
tendency to become saturat€@pen loop control syste
finds its own equilibrium stte according to controllin
parameters. Motor speed or its angular position b
the desired operating equilibrium. Supply voltagehe
load on the motor (controlling parameters) may @ty
not be under the control of the operator. Withc¢hange
of the parameters such as the load or the supplygeol
new equilibrium state is reachedhe stator voltag
should be reduced in proportional to the frequetw
maintain the aigap flux constant. The magnitude of -
stator flux is proportional to the ratad the stator voltag
and the frequency. Hence, for a fixed ratio of agé to
frequency, the flux remains constant. Also,
Developed torque remains approximately constant
keeping V/F constant. This method gives highe-time
efficiency. Trerefore, majority of AC speed driv
employ constant V/F method for the speed cot

VI. RESULTS AND DISCUSSIONS
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VII. CONCLUSION
Speed control of an IM by V/f control was obtair

through TorqueSpeed characteristics. It can be seen 1
the result section that with the vetion of rotor resistance
the starting torque can be varied and interes
conclusions can be drawn from simulation |
experimental analysis whereas maximum torque res
unaffected. To obtain the maximum torque duringtisig
for operations requiring igh starting torque, the rot
resistance can be varied as per requirement ahe
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same time the copper losses will increase duedease
of resistance and made this method highly inefficend
impossible to use throughout the operation.

FromFig. 9 andFig. 10 it is clear that at no-load
condition and constant V/f ratio of 1 the maximupeed
and supply power drawn is attained is 62.2 radfsd
142.627 watts after 2.5 sec of transition period #me
highest speed attained is 104 rad/s whereas Torque
is10.98 watts. Fig 11 depicts that a constant powwer
drawn 10.6 Kw at no load position. Now let's see th
difference at load and by changing the V/f ration8t3.
Torque—time graph shows that 2610.4 N-m torque is
required at on load position and this is attaindigra
almost 100 sec of simulation and initial value is
1.38x10N-m as in Fig.12 Motor Speed at on load
condition reached at 52.1 rad/sec after attaintngfter
transition period of almost 100 sec. Total poweavahr
during on load is 190.685 Kw but initially during
transition period the maximum power drawn is
7.92x10Kw from the graph at Fig.14. Thus by changing
the V/f ratio we can find the differences in gragtd can
design the induction motor for the optimum valuashis
paper, an implementation and dynamic modeling of a
three-phase induction motor using Bond graph are
presented in a step-by-step manner and its spegrbts
achieved using V/f control. Using the theory derence
frames in the Bond graph environment, is a reliaiid
sophisticated way to analyze and predict the behafi
induction motors.

The main drawback of traditional per phase
equivalent circuit analysis of an induction motethat it
is valid only for a balanced system. Erroneous\aisilis
required for any imbalance in the system. Againsit
impossible to obtain the dynamic response of théomo
from the per phase equivalent circuit.

NOMENCLATURE
L stator inductance
L mutual inductance
L, rotor inductance
R stator resistance
R rotor resistance
Rext external resistance
Vo rotor speed
P number of poles
Vs Vgs d-axis and g-axis components of the
stator voltage vector V
Vian Vgr d-axis and g-axis components of the
rotor voltage vector V
s igs d-axis and g-axis components of the

stator current vectors i
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d-axis and g-axis components of the

idra iqr
rotor current vectors i
J moment of inertia of rotor
J moment of inertia of load
Ns synchronous speed in rad/sec.
Ag Air gap power
H axis angle between stator and rotor
Vas; Vbs; Vcs  stator sinusoidal phase voltages
peak
Var; Vbr; Ver rotor sinusoidal phase voltages
ias; ibs; ics stator sinusoidal phase currents
iar; ibr; icr rotor sinusoidal phase currents
Ras; Rbs; Rcs  stator winding Resistance per
phase
Rar; Rbr; Rcr rotor winding Resistance per
phase
Kasl; Kbsl; Kcsl stator leakage permeance per
Karl; Kbrl; Kerl  rotor leakage permeance per
Km mutual permeance

Ri resistance
Ns; Nr
Kss; Krr

[1]

(2]
(3]

[4]

[5]

[6]

[7]

(8]

core loss represented by
phase number of stator, rotor coils per
inductance stator- rotor per phase self
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