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Abstract

This paper presents a methodolgy for computational modeling of the indirect field-
oriented ( IFO) induction motor drive system. The numerical model of the squirrel-cage,
three-phase induction motor is represented as a system of differential equations. In order to
study the performance of the system a simulation program was implemented using
Matlab/Simulink software package. The induction motor is supplied by a space vector Pulse
Width Modulation (PWM) inverter which is implemented also by the same simulation
program. The dynamic curves of the motor phase current, voltage, speed and electromagnetic
torque during starting and steady-state conditions are ploted. The step change loading effects
on the stationary reference frame stator current components, synchronous rotating frame
stator current components, electromagnetic torque and stationary reference frame rotor flux
components are observed.

1-INTRODUCTION

In field orientation, the motor input currents are adjusted to set a specific angle between
fluxes produced in the rotor and stator windings in a manner that follows from the operation
of a dc machine. When the dynamic equations for an induction motor is transformed by
means of well known rotating transformation methods into a reference frame that concedes
with rotor flux, the results become similar to the dynamic behavior of a dc machine. This
allows the ac motor stator current to be separated into a flux-producing component and an
orthogonal torque-producing component, analogous to a dc machine field current and
armature current [1]. The key to field-oriented control is knowledge of the rotor flux position
angle with respect to the stator. Applications in which rotor flux is sensed are now generally
termed “Direct Field Orientation” (DFO) methods. It is possible to compute the angle from
shaft position information, provided that other motor parameters are known. This approach is
now generally termed “Indirect Field Orientation” (IFO) [2]. Whatever the field-orientation
approach, once the flux angle is known, an algorithim performs the transformation from
three-phase stator currents into the orthogonal torque and flux producing components. Control
is then performed in these components, and an inverse transformation is used to determine the
necessary three-phase currents or voltages[3].

%/—II\(SI_IA_\EI)'EIEMATICAL DESCRIPTION OF THREE-PHASE INDUCTION

The space vector forms of the voltage equation give the induction motor model. The
system model defined in the stationary a,B- coordinate system attached to the stator is
expressed by the following equations [4]. The motor model is supposed to be ideally
symmetrical with a linear magnetic circuit characteristic.

a- The stator voltage differential equatons: [ See Appendix (A)]
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b-The rotor voltage differential equations:
Vi, =O=R,im+%ﬂm+wﬂrﬁ ...(3)
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Vrﬁzoerirﬁ-'-a/l -WA4,, ...(4)
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c-The stator and rotor flux linkages expressed in terms of the stator and rotor current
space vectors:

A, = L, +L,i,, ...(5)
Agp =L,z +L,i, ...(6)
ﬂ'l’az Lrira+Lmisa "'(7)
Ap=Lig+L,i, ...(8)
d- Electromagnetic torque expressed by utilizing space vector quantities:
3 . .
T, =EP(/15a|Sﬂ—,lsﬂlw) ...(9)

Besides the stationary reference frame attached to the stator, motor model voltage space
vector equations can be formulated in a general reference frame, which rotates at a general
speed (wy). If a general reference frame, with direct and quadrature axes X,y rotating at a
general instantaneous speed w,=d0,/dt is used, as shown in Fig.(1), where 0, is the angle
between the direct axis of the stationary reference frame (o) attached to the stator and the real
axis (x) of the general reference frame, then the following equation defines the stator current
space vector in general reference frame [5]:

i, =i e% =g + Jig, ...(10)

The stator voltage and flux-linkage space vector can be similarly obtained in the general
reference frame. Similar considerations hold for the space vectors of the rotor voltages,
currents and flux linkages. The real axis (ra) of the reference frame attached to the rotor is
displaced from the direct axis of the stator reference frame by the rotor angle 6. It can be seen
that the angle between the real axis (x) of the general reference frame and the real axis of the
reference frame rotating with the rotor (ra) is (0,- 6;). In the general reference frame, the space
vector of the rotor currents can be expressed as:

i =i @) _ i L
i,=1.¢6 =1, + ji, ..(11)

Where i, is the space vector of the rotor current in the rotor reference frame. Similarly the
space vectors of the rotor voltages and rotor flux linkages in the general reference frame can
be expressed. The reference frames may be aligned with the stator flux-linkage space vector,
the rotor flux-linkage space vector or the magnetizing space vector. The most popular
reference frame is the reference frame attached to the rotor flux linkage space vector with
direct axis (d) and quadrature axis (q). After transformation into d-q coordinates the motor
model is the following [6]:

Vg = Riiy + pAg —Ws/lsq ...(12)
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Vg = Riig + A, —W A ...(13)
Vg =0=R/iy + piy — (W, —w)4,, ...(14)
Vg =0=Ri, + pd,+ (W, -W)4, ...(15)
Ay =Ly + Ly ...(16)
Ag =L+ L0, .(17)
Ay =Li, +L i, ...(18)
Ag =L+ L0 ...(19)
T, =2 Py~ Als) (20)

Fig.(2) represents a Matlab/Simulink model of the three-phase induction motor in the
stationary reference frame.

3- FIELD-ORIENTED CONTROL OF THREE PHASE INDUCTION

MOTOR [ See Appendix (B)]

This control is usually performed in the reference frame (d-q) attached to the rotor flux
space vector. That’s why the implementation of vector control requires information on the
modulus and the space angle (position) of the rotor flux space vector. The stator currents of
the induction machine are separated into flux-and torque producing components by utilizing
transformation to the d-g coordinate system, whose direct axis (d) is aligned with the rotor
flux space vector. It means that the g-axis component of the rotor flux space vector is always
zero.

Ay =0 and also pA,, =0 ..(22)

rq
Fig.(3) shows the basic structure of the indirect field-oriented control of the three-phase
induction motor.

4-ROTOR FLUX MODEL

Knowledge of the rotor flux space vector magnitude and position is key information for
the three phase induction motor vector control. With the rotor magnetic flux space vector, the
rotational coordinate system (d-q) can be established. There are several methods for obtaining
the rotor magnetic flux space vector. The implemented flux model utilizes monitored rotor
speed and stator voltages and currents. It is calculated in the stationary reference frame (o-f3)
attached to the stator. The rotor flux space vector is obtained by solving the following two
differential equations, which are resolved into the o and p components [7].

L .
[(1-o)c,+7.1pA,, = R_mvsa — A —WT, Ay —ol, 7 Pig, ...(22)

S

L, .
[1-0o)r, +7,.]pA,, = R_VS'B — Ay +WT A, —ol T pi, ...(23)

S

5-DECOUPLING CIRCUIT

For purposes of the rotor flux-oriented vector control, the direct-axis stator current igg
(rotor flux-producing component) and the quadrature-axis stator current isq (torque-producing
component) must be controlled independentely. However, the equations of the stator voltage
components are coupled. The direct axis component vy also depends on isq and the quadrature
axis component vy also depends on isq. The stator voltage components vsq and vsq cannot be
considered as decoupled control variables for the rotor flux and electromagnetic torque. The
stator currents isg and isq can only be independently controlled ( decoupled control ) if the
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stator voltage equations are decoupled and the stator current components isq and is; are
indirectly controlled by controlling the terminal voltages of the induction motor. The equation
of the stator voltage components in the d-q coordinate system (12) and (13) can be
reformulated and separated into two components, (i) linear components v | vsqIln (i)
decoupling components v ™", v, *P [8]. The equations are decoupled as follows:

in ecouple H H H /1r I—m
Vsd =Vld +ng P = [KRlsd + KL plsd]_[WsKLlsq +Ld—] (24)
lin decouple H H H rd I—m
Vsq =Vsq +Vsq =[KR|sq+KLp|sq]_[WsKL|sd+ W] (25)
where
Lo
Keg =R, +—"R, ...(26)
I-r
Lo
KL= S—L—r (27)
and the decoupling components are :
. L
VP = —[w K i +—"1,] ...(28)
L.z,
decouple __ H I—m
Vg =[w.K i +L—W/1rd] ...(29)

r

The decoupling algorithm transforms the nonlinear motor model to linear equations which can
be controlled by general Pl or PID controllers instead of complicated controllers.

6-PROPOSED INDIRECT FIELD-ORIENTED CONTROL SCHEME

Fig.(4) shows the implemented block diagram of an induction motor indirect field-
oriented control, incorporating a decoupling circuit. The details of Fig.(4) are represented in
Figs.(5,6,7,8 and 9). The starred variables represent the reference values of the variables, and
are obtained under constant flux condition.

l*
I:d — er (30)
.= 2L, Tj ...(31)
I:)Lm /’{‘rd
i T (32)
o Pr. /1:;
Wy =W, —W ...(33)

The rotor speed and flux dynamics are reduced to simple linear systems. Pl controllers can
then be used to achieve satisfactory regulation. For the speed, the parameters of the PI
controller are designed on the basis of the rotor electrical and mechanical time constants.

7-SIMULATION RESULTS

In this section, the simulation results are presented to verify the feasibility of the
proposed overall model. Fig. (10) shows the rotor (electrical) speed in which at t=2.5 seconds
a full load torque step change is applied. The electromagnetic torque profile of this case is
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shown in Fig. (11). Also the direct-quadrature axis rotor flux components in the stationary
reference frame are shown in details for this case in Fig. (12), while the direct-quadrature axis
stator current components in the stationary reference frame are shown in Fig (13). The stator
phase current and voltage are shown in Fig. 14 and 15 respectively, for the full load condition.
The effects of the full load torque step change on the synchronous rotating d-q components of
the stator current are shown in Figs. 16 and 17 which clarifies the decoupling process of the
two-stator current components in a very good illustrated method.

For the same system and for another run it is assumed a steady state full load operation
and a step down change in speed is applied at t=3 seconds. The speed and the electromagnetic
torque profile for this case of operation are shown in Fig. (18) and (19) respectively, while
Fig. (20) and (21) represent respectively the direct and quadrature axis stator currents (in the
synchronous rotating frame) characteristics during this step change.

Fig.(1) The general reference frame and the x, y axes rotating
at a general speed

Fig. (2) Matlab/Simulink model of the three-phase induction motor
in the stationary reference frame.
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Fig. (3) Block diagram of the indirect field oriented inducti@iPr

motor drive system

Fig. (4) The Matlab/Simulink model of the indirect field-oriented control of the three
phase induction motor.

Fig.(5) d-q to alpha-beta Fig.(6) alpha-beta to d-q
transformation transformation

88



Simulation of Indirect Field-Oriented Induction Motor Drive...  a=momsomosomososoms s s s oo 3o

bl atriz Demus
Zain

Terminato

Fig.(7) a,b,c to alpha-beta Fig.(8) Rotor flux vector angle
transformation calculation block

Space Weetar Madulation

Waref e Whref are the alpha beta reference valtages

TZ isthe sampling period (This sampling peried must be updated on the zero order blocks)

wdeisthe DC woltage gams

400 T
=50
= =00
E 250
E =T u]
_g’_ 150 3
£ oo
= :
=0
e Ta = : =I5 =5 =7
[m) 1 1 1 1 1 1 1 1 1
o 0.5 1 1.5 = 2.5 = 3.5 a a.s =
Time (sec.)
Fig.(10) Rotor electrical speed profile with full-load
toraue sten chanae at t=2.5 sec.
[=im(m)
s00
£
= 400
£ =oo : : : s : ; : :
= RN T T
§ [w] H H H f \ ' ' H
—Z00 ______E_____E_____.:__ __E_I___E. ________ Fj.dlll_lnad_.:tnrquei______
NI:n Iuadi Stefp ':ha'i:ge
H H H condition H H H H
—ao0 i i i i i i i i i
o a.= 1 1.5 = == = =.5 a4 4.5 =

Tirme [(sec.)

Fig.(11) Electromagnetic torque of the three-phase induction motor with
a full-load torque step change at t=2.5 sec.
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8-CONCLUSIONS

In this paper, implementation of a modular simulink model for indirect field-oriented
induction motor drive system has been introduced using Matlab/Simulink software package.
Unlike most other drive models implementations, with this model, the user has access to all
the internal variables for getting an insight into the machine operation. The ease of
implementing controls with this model is also demonstrated with several run results. The
results show a good agreement to the theoretical background of the drive system.
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