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Abstract

This paper demonstrates the implementation of field-oriented control and rotor current estimation of an induction
machine. A mathematical model was developed in Matlab/Simulink. A control system was implemented on a three-
phase wound field induction motor to confirm the proposed method and estimated rotor currents. A dSPACE
embedded real time controller is used to implement the control and experimental results have been obtained to

confirm the proposed method.
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1. INTRODUCTION

Induction motors have many advantages compared to
DC machines and synchronous machines in many as-
pects, such as size, efficiency, cost, life span and main-
tainability. Low cost and ease of manufacturing have
made induction machines a good choice for electric and
hybrid vehicles [Chan, 2002]. However, one must be
able to achieve energy regenerative braking and be able
to control the torque and speed of an induction machine
at low speeds in order to use an induction machine in
traction drives such as hybrid electric vehicles. With
field-oriented control, an induction machine can perform
somewhat like a DC machine.

Squirrel-cage induction motors are of major interests
because of their simplicity and low cost. The rotor cur-
rents of squirrel cage induction machines are not acces-
sible. In order to control the speed and torque of an
induction machine, one must establish a flux observer
to estimate the magnetizing currents - a fictitious cur-
rent [Mi, et al., 2002; Krause, 1987; Park, 1932; Belmans
et al., 1993; Rahman and Zhong, 1995; Casadei et al.,
1995; Jezernik, 1998; Pagano et al., 1999]. This paper
demonstrates the theory and implementation of the field-
oriented control of an induction machine with direct es-
timation of rotor currents.

2. VOLTAGE AND FLUX TORQUE EQUATIONS
When expressed as phasors in a general frame B, the
voltage equation for a three-phase induction machine
with three symmetrical stator windings is given as [Mi,
et al., 2002]:

Ve® = Ryis® + pig® + j- 4,P ps (1)

Ve = RRiR(B) + P'lR(E) +j‘/1R(B)P(5—9) (2)

where p is the differential operand d/dt, V, I, and A are
phasors of voltage, current and flux linkage respectively,
& is the angle between B frame and stator, 0 is the angle
between the stator and the rotor flux, (3-0) is the angle
between the B frame and the rotor. Subscript S refers to
the stator quantities and R refers to the rotor quantities
respectively.

When expressed as phasors, the flux linkage can be ex-
pressed as:

’13‘ = (Lm +Llrr)'iS +Lm 'iR (3)

/?'R =Lm'iS+(Lm+L2U)'iR (4)
where L _ is the mutual inductance and L, and L, are
the stator and rotor leakage inductance respectively.
With the above equations, the mathematic model for an
induction motor can be developed in Matlab/Simulink.

3. ROTOR CURRENT ESTIMATION

3.1 Rotor current observer

For squirrel cage induction machines, the rotor current
i, is not accessible. Therefore, a fictitious rotor magne-
tizing current i__is defined such that the rotor flux can
be expressed in terms of this fictitious rotor magnetiz-
ing current and inductance:

Ae=iy L (5)

mr m

The rotor current can then be expressed as a function of
magnetizing current and stator current from (4):

: imr —i
iy = (6)

l+o

where
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o= L20 /Lm (7)

Substituting (5) and (6) to (2) and considering that V', is
normally set to 0 for squirrel-cage induction motors, the
rotor equation can be re-written as:

+j-T,i,, -p(6-0) (8)
where 7 is the rotor time constant which can be expressed
as follows:

T, =L,(+0)/ Ry )]
If the rotor equation is written in the stator frame then
5=0, pO is equal to the rotor speed in electric degrees.
Equation (8) has the following format:

-(pl2) (10)
Since the above equation is written on stator frame, we
can write the o and 3 components of phasors i; and /_:

Ozimr _iS +Tr plmr

0=i —i +T -pi, -j-Ti

mr r“mr

iy =igy +Jisp

, . " 11
e = lmrar +Jlmr/7 ( )

Therefore (10) can be decomposed to its real and imagi-
nary components, e.g.,

di,. 1

Dwa — (G —i V=i @ (pl2
& T (o —ipa) =i, 0 (p/2)
di,, 1 . (12)
—c};ﬁ—=*f‘(lw bs ) F e ‘w-(p/2)

r

Stator current can be easily transferred from abc system
to ab system:

Iy, =1,

iy =, +2i,)/\3 (13)

Equation (12) can be implemented in Matlab/Simulink
toobservei andi - Once this has been done, i and

3, can finally be calculated:

mr mro mrfi

tan(s, ) = (14)

mrﬁ

where §_is the angle between i and i,
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Fig. 1 Rotor current and magnetizing current observer
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Rotor current are the differences between magnetizing

current and stator current by using (6):
D/d+0o)

i, )1 +0)

roa = (imm _I

17 = ( mr/?

; (15)
The mathematical model is implemented in Matlab/
Simulink. Figure 1 shows the magnetizing current and
the rotor current observer. In the model, the stator cur-
rents are transferred from abc coordinate to o-f3 coordi-
nate using (13). The magnetizing currents are observed
using (14). Angle between magnetizing current / and
stator current i is calculated using (14). These rotor
currents can be found using (15). The observed rotor
currents are in the stator frame. Both stator and rotor
current can now be transferred to d-q frame.

Isq =gy €088, +i, sind,

fyy =—isq SINS, +i,4 COSO, (16)
i, =1,€080, +i,sing,
i SIS, +i,c0sd, (17)

s

Figure 2 shows where the flux observer is used to ob-
serve the rotor current when the induction machine is
open loop. The observed rotor current is first converted
from abc frame to d-q frame and then converted to rotor

E—bva ia p=-jp isa imr—bEl

BAPr  ioplsb thetalitneta
b irg—lirg  ira
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Fig. 2 Rotor current observation for open loop control
of induction motor
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Fig. 3 Observed rotor current when load torque sud-
denly changed at t=2 seconds
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Fig. 4 Closed loop control of induction motor, model in Matlab/Simulink based on the rotor current observer

frame, 20 : r T
Figure 3 shows the observed rotor current for the open 20 : ; :
loop induction motor when load torque suddenly changes
at t=2 seconds to half of its rated load.

4. CLOSED-LOOP CONTROL OF INDUCTION
MOTOR

The purpose of field-oriented control is to control an
induction machine in such a way that it behaves in a
similar way that a dc motor does. An incremental en- i
coder is used to measure the speed of the motor. N A
A Matlab/Simulink Model is then implemented for the

closed loop control of induction motor as shown in Fig-  Fig. 6 Simulated motor speed in Matlab/Simulink for
ure 4, based on the rotor current observer. The modelis  closed loop control of induction machine when load
simulated and the observed rotor currents are shown in
Figure 5, for a sudden load torque change att = 4 sec-
onds. Figure 6 shows that the speed is kept constant.

Speed (rad/s)

torque is suddenly changed at t = 4 seconds

5. EXPERIMENT WITH THE HELP OF DSPACE
EMBEDDED REAL TIME CONTROLLER

A three-phase 3hp, 208V, 10.8A, 1800rpm wound rotor
induction machine was tested to confirm the proposed
method. The control system was implemented using
dSPACE DS1104 embedded real time controller as
shown in Figure 6. In the implementation, the induction
motor model is replaced by the real motor. The PWM
wave is generated and fed into a Powerex inverter. Both
stator and rotor current are taken form the motor and
fed to dSPACE analog-to-digital converter (ADC).
Motor speed is measured using an incremental encoder.
Time (Ssconds) Figure 7 shows the implementation using dSPACE. Fig-
ure 8 shows measured rotor current compared with the
estimated rotor current.

Rotor current (A)

Fig. 5 Observed rotor current in Matlab/Simulink for

closed loop control of induction machine
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Fig. 7 Implementation on dSPACE
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Fig. 8 Measured rotor currents with comparison to the
estimated rotor currents

6. CONCLUSION

This paper has demonstrated a field oriented control of
an induction machine with direct estimation of rotor
current. The experiment on a wound rotor induction
motor confirmed the proposed method. The proposed
method is directly applicable to electric or hybrid elec-
tric vehicle drivetrain and other applications.
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