Indirect Field Oriented Control for High Perfor mance Induction Motor Drives

Using Space Vector Modulation with consideration of Core L oss

Mohammad. Abdul Mannan, Toshiaki Murata, Junji Tamura

Dept. of Electrical & Electronic Engineering
Kitami Institute of Technology

165 Koen-cho, Kitami, Hokkaido

090-8507 Japan.

Abstract- Indirect Field Oriented Control (IFOC) is
known to produce high performance in induction Motor
(IM) drives by decoupling rotor flux and torque
producing current components of stator current. The
decoupling control between the rotor flux and the torque
is no longer achieved in terms of stator current
components considering core loss into account. To
overcome the perturbation effects of core loss, this paper
introduces a decoupled rotor flux and torque control
based on the magnetizing current components by
incorporating Pl control system and using space vector
modulation (SVM) technique. It is able to perform high
performance control in IM drives using SVM technique.
In order to perform the control strategy, the rotor flux
and magnetizing current estimator is proposed. The
design of the proposed observer is based on Lyapunov's
stability method whose estimation error convergesto zero
exponentially irrespective of the input. Simulation results
are presented to show the validity of the proposed control
as well as rotor flux and magnetizing current estimation
for IFOC of IM drives. A good performance is obtained
by means of Pl controller and SVYM technique, and the
rotor flux and the magnetizing current are obtained
properly by the proposed observer.

I. INTRODUCTION

The vector control of ac drives [1] has been widely used in
high performance control system. Indirect field oriented
control (IFOC) is one of the most effective vector control of
induction motor due to the simplicity of designing and
construction. In order to obtain the high performance of
torque and speed of an IM drive, the rotor flux and torque

0-7803-7754-0/03/$17.00 ©2003 |IEEE

Takeshi Tsuchiya

Graduate School of Engineering

Hokkaido University

Kita 13, Nishi 8, Kita-ku, Sapporo, Hokkaido
060-8628, Japan

generating current components of stator current must be
decoupled suitably respective to the rotor flux vector like
separately excited dc motor [2]. However, decoupled rotor
flux and torque control in terms of stator current is not met in
practice, where core loss exists [3]-[5]. The effects of core
loss due to eddy current in IM drives perturb the performance
of decoupled control system in terms of slip angular
frequency.

To overcome the perturbation of core loss, this paper
develops a decoupled rotor flux and torque control based on
this
developed control system is valid only for steady state

the magnetizing current components. However,

condition. By incorporating PI control [6]-[7] system and
[8]-[9], the
decoupled control system is used to perform in both transient

using space vector modulation technique
and steady state conditions.

In order to perform IFOC of IM drives using SVM shown
in Fig.1, it is necessary to measure primary angular frequency,
the stator voltages, the stator currents, the magnetizing
currents, the rotor fluxes and the rotor speed. However,
among those the rotor fluxes and magnetizing currents are
difficult to measure. Therefore, in this paper, we proposed an
observer system to estimate the rotor fluxes and magnetizing
currents. The design of the observer is based on the solution
of simultaneous Lyapunov equations [10]. It is proved that
the estimation error converges to zero exponentially
irrespective of the input, although the estimation error itself
depends on the input.

The validity of IFOC using SVM and the proposed
observer scheme are verified by simulation. Simulation
results show that PI control using SVM technique is capable
of realizing IFOC in spite of the degradation of core loss and
the proposed estimation method is capable of estimating the
rotor current and rotor flux.
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Fig. 1. The IFOC of IM drives using SVM.

II. IFOC oOF IM DRIVES

In the d-q axis equivalent circuit of field oriented control
induction motor considering core loss due to eddy current, a
resistance R, is connected in parallel across the internal
induced voltage branch. The d-q axis equivalent circuit of
induction motor in a synchronously rotating reference frame
is shown in Fig. 2.

From Fig.2, the rotor flux, torque, and slip angular velocity
in steady state with the constraints of IFOC can be written as
the following:

®, =L, 2.1)
T =p(L, /L), O, 2.2)
R, =, /P)L, i, +,) 2.3)
©, = R,L, /L), /[D,) (2.4)

From (2.3), it is clear that the core loss resistance depends
on the frequency and flux level where P; is the measured core
loss power in different operating conditions. According to
(2.1), (2.2) and (2.4), decoupling of torque and flux exists in
terms of magnetizing currents in steady state condition.

III. PI CONTROLLER DESIGN

The control of torque and flux can be established in steady
state condition by using (2.1)-(2.4). PI controllers are

dynamic controllers, very useful in practice and superior to
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Fig. 2. Space vector equivalent circuit of an IM taking

core loss into account.

static controllers, since they offer great simplicity and

flexibility in satisfying the closed-loop system’s
specifications. Fig. 1 shows a block diagram illustrating the
proposed IFOC scheme based on PI controller.

The torque control can be achieved from speed error, since
the developed electromagnetic torque affects the speed
dynamic. Applying PI controller into the error signal between
reference and measured or calculated speed and flux, it is
possible to find out the desired magnetizing component ipg*
and ing*. Therefore, the equations for PI controller can be

written as follows:

imd* = {Kpa) +(K1¢/S)}((Dm* _q)m) (31)

i, =K, +K /N0, ~o,) (3.2)

where “*” denotes reference or desired value.

The required inputs, stator voltages and primary angular
frequency can be calculated from the outputs img™* and img™* of
PI controller by using (3.3)-(3.6) and (2.4).

i¥=i, *~(L,/R)oi, * (3.3)
i, *¥=(L/L)i, *+L, /R )oi,* (3.4)
v¥,=(R,+R )i, *~Ri *~oLi_ * (3.5)
v¥ =R, +R)i *~RL/L,)i *+oLi,*  (3.6)

For speed control, it is needed to modify Kp, and K,
constants.
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IV. STATES ESTIMATION

An IM drive can be described by following state equations
in a synchronously rotating reference frame, which are
derived from Fig. 2.

X =Ax+®A'X+By,

i, =Cx

4.1

. . T . P
where X:[I1 i, d)z] ,IIZ[lld,llq] ,

. . . T T
Im = [lmd’lmq] > q)z = [q)zdvq)zq )

Al] AIZ 13 Ai“ 0 0 Bl
A=A, A A |A=[0 AL0 |[B=|0
0 A32 33 O 0 Ai33 O

A, =—{R,+R)L} =a,l ,A,=RL/ALL)=a,l,
A,=—R/LL)Hl=a,l, A, =R/ ) =a,l,
A,=—R.L/A L) =a,l, A,=R/L,L)lI=a,l,
A,=R,L,/L)Hl=a,l, ALi=An=A%=-7J,

As=-R/L)+o,d=a,l +a;,d B, =(1/L)I =b| >

10 0 -1
L =L, +1 C=|l | = =
r 2 m 9 [ OO]: [O l:ls \] l:l O:|

The full order state observer can be written by the

following equation.

=A%+ o A%+Bv, +G( i) (4.2)

where " indicates estimated value and G is observer gain.

The poles of the observer are made proportional to those of
the IM. Therefore, the values of gain matrix can be calculated
from (4.1) and (4.2) as follows:

G=[gl+g,d gl+gd gl+gJf

g = (k '1)(ar11 ta, + ar33) &= (k - 1)(ai33 - 30)5)

2

122 1337122 33

g, =(k-1)(1/a)a, +a a, +a

2
+a,a, - (ar33 /aiss)(o‘)e a5 )]

g.= (k - 1)(1/ar]2)[(’oear22
+ 203car33 - (wcz /am )(2ar22 + 3ar33)]

gs= (k - 1) {arszz/(ansam)}(me - ai33)

g,=(k-D(1/a,;)laa,, - o.(2a,,
+ 4ar33) + (O‘)ez /ai33)(2ar22 + 3ar33)]
where k (k>0) is the proportional constant.
Taking k = 1.0, the error between estimated and actual

values can be written as follows:

e=[A+onAlle (4.3)
Now let us consider the Lyapunov function as
V =€e'Pe 44

The time derivative of Lyapunov function by using (4.3)
and (4.4) can be written as follows:

V=€e"{PA +0A]+[A+o AT Ple (4.5)

All eigenvalues of A+w.A' have negative real parts
according to the inherent characteristic of IM drive, which
can be confirmed by Fig. 3. Hence, the observer system is
stable at constant speed. The ratings and parameters of IM are
given in TABLE I as shown in next page.

By taking P=ls, it can be written as following:

PA'+A"P=0 and PA+A™P=-Q
where Q is a positive symmetric matrix.
TABLE I

RATINGS AND PARAMETERS OF INDUCTION MOTOR
1.1 Kw, 200/\3 V/phase, 6 Poles,50 Hz

R, =0.2842 Q, R, = 0.2878 Q, R;=404.66 Q,
slip=0.03, L, = 28.3 mH, L, = 28.8 mH,
L,=26.8mH, J=0.0179 Kg-m* D=0.0

-50 +
75k

-100

Real Eigenvalues

-125 +

-150

-175 . L . ' . L
-1000 -500 0 500

Speed (r/min)

1000

Fig. 3. Real eigenvalues vs speed at full load torque.
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Hence, equation (4.5) can be written as follows:

V =—-€e'Qe (4.6)
Since P and Q are positive definite, the error becomes
lim¢ _y o €(t)=0 4.7)

by the well-known stability theorem of Lyapunov. Therefore,
the observer system is stable in the case of variable speed.

V. SVM TECHNIQUE IN PWM INVERTER

SVM technique is more preferable scheme for PWM
voltage source inverter since it gives a large linear control
range, less harmonic distortion and fast transient response.
The SVM units in Fig. 1 produces inverter control signal. It
receives the reference voltages v*,4 (3.5) and v*,4 (3.6) in a
synchronously rotating reference frame. These voltages are
converted into a stator reference frame such as v*,, and v* ;.
The SVM principle is based on the switching between two
adjacent active vectors and a zero vectors during one
switching period. The six active-states are forming a regular
hexagon and dividing it into six equal sectors denoted as I, |1,
11, 1V, V, VI shown in Fig. 4. The reference voltage vector
vis*¥ defined by its magnitude and Vi, (5.1) and angle 8 (5.2)
in a stator reference frame can be produced by adding two
adjacent active vectors U, (U,, 6,) and U, (Uy, &) and, if
necessary, a zero vector U0(000) or U7(111).

A - axis
U3 (010) _--="""1 "7~ _U2(110)

P

s P

I
T
I
| \
| \ \\
F ' I Vis '\‘. \\\
A 1 | [ Y \
U4(011); ! ' v, 1 U1(100)
o N
"\( 1 U0(0,0,0) | D, u7(111) !5 .
[ 151 o - axis
Y i / /
\ \ | [" /
N | S5 ///
\\\ I ’ e
US(001) Rz 7177 722 U6(100)

Fig. 4. Representation of the inverters states in the stationary reference frame.

Vh:,lv*m2 +v ¥, 5.1
0=tan"(v¥, v¥,) (5.2)

The duty cycles Da and Dy, for each active vector are the
solutions of the complex equation
V., (cosB + jsin@) =D, U, (cosB, + jsinb,)

5.3
+D, U, (cosH, + jsinb,) (5-3)
D, _3Veging (5.4)
E
— 3Vls — l
D, = 5E cosO EDa (5.5)

where E is the dc link voltage.

The duty cycle for the zero vector is the remaining time
inside the switching period Ts

D,=1-D, -D, (5.6)

The vector sequence and timing during one switching
period is given in TABLE II. Fig. 5 shows the command
signals for the inverter when vector U1(100) and U2(110) and
zero vectors U0(000) and U7(111) are applied. The request of
minimal number of commutations per cycle is met if the U,

and U, vectors are selected regarding to TABLE III.

TABLE II
TIME DURATION FOR SELECTED VECTORS
uo U, Uy u7 Uy U, uo
Dy/4 | DJ/2 | Dy/2 | Do/2 | Dy/2 | DJ/2 | Do/4

uj o0 1 2 7 7 2 1 0

0 T2 Ts
Fig. 5. The SVM voltage vector timing.

TABLE III
VECTOR SELECTIONS IN DIFFERENT SECTIONS
Section 0 U, Uy

| 0 to /3 Ul u2
11 /3 to 2711/3 U3 u2
111 2n/3tom U3 U4
1V 7 to 41/3 us U4
\ 47/3 to 51/3 us U6
VI 51t/3 to 21 Ul ué6
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1000 .
VI. SIMULATION RESULTS (a) Rotor Speed (r/min)

In order to verify the performance of the proposed IFOC of 800

IM drive and observer system, simulations were carried out
where (3.1) and (3.2) are changed into discrete-time form. 600

The ratings and parameters of the induction motor model are

------ Observer Based
¥ Full State Measurement Based
200 F—r . . . . .

listed in TABLE 1. The values of sampling period 75 psec and 400 -
k=1.0 are used for simulation. |
According to Fig. 1, the transient responses of the

proposed IFOC using SVM technique, where the estimated 0.0 0.5 Ti 1.0 1.5 ' 2.0
value from observer is fed back are shown in Fig. 6. The dc 40 ime (sec)

link voltage is taken 200 Volts. Fig. 6 shows the transient (b) Torque (N-m)

response for step change of speed from 500 r/min to 900
r/min at 50% load torque. The speed controller’s parameters

used for simulation are the following. >:42 5.42 542
(i) The PI controller for the flux in Fig.1 uses the values
Kpep= 0.5 and K;=0.05 and 1
(i1) The PI controller for the speed in Fig.1 uses the values -20 - ----- Observer Based
Kp,=0.02 and K;,= 10°. —— Full State
From Fig. 6 (a), it is clear that the actual speed follows the 40 , Measurement Based
desired speed by using the proposed controller and observer 0-0 05 Timel (()sec) 13 2.0

system incorporating SVM technique. It is observed from Fig. 20 = ; .
. i (c) d-axis magnetizing current (Amp
6 that the torque, d-q axis currents are constant at steady state

condition with changes of speed. This situation can be tor
. o . . 12.39 12.39 12.39
considered as an indirect field oriented control where rotor 1 bt \/V ﬂ
flux and speed PI controllers act as a compensator for R \’
transient response. gl

Fig. 7 shows the transient response for change of load
torque from 50% to 100% at 900 r/min. The torque 4}
controller’s parameters used for simulation are the following.

------- Observer Based
Full State Measurement Based

(i) The PI controller for the flux in Fig.1 uses the values 00 '

0 0.5 1.0 1.5 2.0
Kpep= 0.5 and K;4= 0.05 and Time (sec)
(i1) The PI controller for the torque in Fig.1 uses the values 10 () quaxis magnetizing current (Amp
Kpe=0.03 and K;,= 0.0002. gL

Fig. 7(a) shows that the actual torque follows the desired :‘
0 1 Observer Based

torque. From Fig. 7 (b), it is seen that the g-axis magnetizing
Full State Measurement Based

current changes for changing load torque. Hence, the torque 4 '
can be controlled by the g-axis component of magnetizing |
Figs. 6 and 7 show the comparing result of observer based
and full state measurement based controller. The initial 2r j
estimation values are taken zero. It is clear from the 4L L L !
. . . 0.0 0.5 1.0 1.5 2.0
simulation results that the estimation values of states Time (sec)
converge to the actual values of states within a short time. Fig. 6. Transient response for step change of speed from 500[r/min] to
Therefore, the proposed controller can be estimate accurately 900[r/min].at 50% load torque.
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Fig. 7. Transient response for change of load torque from 50 [%] to

100 [%] at 900 r/min.

of state quantities of field oriented control induction motor
drive. Also, it is clear from simulation results that the control
of indirect field oriented control of induction motor drive can
be achieved by using SVM technique of PWM inverter.

VI. CONCLUSION

This paper has presented the IFOC of IM drives using
SVM technique with consideration of core loss. An observer
for estimating the rotor flux and the magnetizing current in a
synchronously rotating reference frame based on the
stability
verification of the proposed control is performed by

Lyapunov theory has been presented. The
simulation results. The dynamical requirement of IFOC is
achieved by applying PI controller in transient and steady

state conditions. The simulation results confirmed us that the

proposed observer and control method using SVM technique
can be used to indirect field-oriented induction motor control.
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