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Abstract: The actual flux and torque of a field-orientated control (FOC) induction (1M) differ
from the reference flux and torque due to the effects of core loss. Thus, it is desirable to
design a controller to achieve desired speed and flux taking core loss into account. Moreover,
it is also desirable to design an observer to estimate states of IM properly since the states of
IM are increased with consideration of core loss. Therefore, in this paper speed and flux
controller, and a full-order observer for space vector pulse width modulation (PWM) inverter-
fed IM taking core loss into account are designed based on discrete-time proportional and
integral (PI) controller. The effectiveness of proposed discrete-time PI controller and observer
systems are verified by simulation. The simulation results confirmed that the proposed
controller can properly track the reference speed and flux and the proposed observer can
properly estimate the state quantities of IM taking core loss into account.

Keywords: Induction motor, Core loss, Speed and flux control, Pl controller, Observer, pole
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1 INTRODUCTION

The space vector modulation (SVM) technique of PWM inverter-fed IM has been applied to
field-oriented control (FOC) (Dong-Choon 1994), (Lascu 2000) of IM because the switching
loss and harmonic loss are minimized by this technique. The FOC was developed to obtain
high performance by decoupling flux and torque generating stator current components by
neglecting core loss (Uddin 2002). But the core loss exists to all ac electrical drives.

The core loss effects to ac electric machine have been investigated and an orthogonal
model for all ac drive taking core loss into account has been proposed in (Boldea 1987). It has
been clarified in (Boldea 1987), (Levi 1995), (Levi 1996) that the reference values of stator
current components for decoupling flux and torque are differed from the actual stator current
components values due to the effects of core loss of IM. The complexity is aroused to design
FOC in terms of stator current components with compensation of core loss (Levi 1995), (Levi
1996). To overcome this complexity, Pl controller based indirect FOC has been developed in
terms of magnetizing current components where the magnetizing current components are
decomposed to control flux and torque (Levil995), (Levi 1996), ( Mannan 2003). In
(Levil995), (Levi 1996), the conventional Pl controller was applied to achieve desired speed
where the gains of Pl controller are chosen by trail and error method. To design discrete time
Pl controller, the controller gains are chosen by trail and error method for step change of
speed and load torque to achieve desired speed and flux in (Mannan 2003). The steady state
error and overshoot problems are aroused where PI controller gains selected by trail and error
method. Moreover, the conventional Pl controller is become unstable against the variation of
load torque and parameters.
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The proposed observers for IM drive such as (Verghese 1988), (Kubota 1993), (Maes
2000) were derived only to estimate rotor flux with neglected core loss. Due to the
consideration of core loss, the states of IM are increased in the state space model of IM drive.
It is desirable to design an observer to estimates states of IM taking core loss into account.

In this paper, discrete-time PI controller is proposed to achieve desired speed and rotor
flux without overshoot and steady state error problems for indirect FOC of IM. The gains of
PI rotor flux and speed controllers are chosen by placing pole into unit circle. Consequently,
the designed controllers are become stable against the variations of load torque and
parameters.

To perform the proposed speed and flux controller, a full order observer is also proposed.
The gains of observer are chosen to obtain the poles of observer proportional to the poles of
IM state space model (Kubota 1993), (Maes 2000). The simulation results are demonstrated
to show the effectiveness of proposed controller and observer system for PWM inverter-fed
IM where the PWM inverter are performed based on SVM technique. The desired speed and
rotor d-axis flux can be achieved without overshoot and steady state error and against the
variations of load torque and parameters. It is also comprehended from simulation results that
the states can be estimated properly by using the proposed observer.

2 IM DYAMIC MODEL INCLUDING CORE LOSS

Fig.1 shows the d and g- axes equivalent circuits of an induction motor including stator eddy
current core loss. The mathematical model of an induction motor according to Fig.1 can be
written as the follows (Levi 1995):

Vig = Ryiyg +d@yg/dt — 0, Py ; Viq = Ryiygq +d Dy [0t + 0, Py (2.1)
0= Ryiyg +dDyy [t — @@,y ; 0= Ryipg + APy, /At + 0, Dy (2.2)
Relog = ADpg /0t — 0, Py Riiieq = AP/t + 0, Dy (2.3)
Dy =Ly + Py D =L i1q + Dy (2.4)
Doy =Lyiyy + Dy Dy, :L2i2q + Py (2.5)
Drg =Lmimgs Prg =Lmimg (2.6)
leg +img =hg +izg; g +img =igq +ing 2.7
Te = P(Lin /Lo )(img@2d —1mg Pagq) (2.8)
day,/dt =—(DI3) oy, + ()T, —T,) (2.9)

Symbols v, i, @, a, a, an, P, Te, T, D and J indicate voltage, current, flux linkage,
primary angular frequency, slip frequency, rotor speed, number of pole pair, developed
torque, load torque, damping factor and total inertia respectively. L;, L, and L, denote stator
leakage, rotor leakage and mutual inductances. Ry, R, and R, denote stator, rotor and core loss
resistances. Subscripts 1, 2, m and c are used to represent stator, rotor, magnetizing branch
and core loss quantities respectively. Indices d and q stand for d-axis and g-axis components.

The values of the parameters and rating used in the simulation are given in Table 1
(Paraskevopoulos 1996). The core loss resistance is constant since in this work only stator
eddy current core loss only consider.

3 PI CONTROLLER DESIGN

The constraints of indirect FOC can be defined as follows:
@,y =Constant, @, =0 (3.1)

The rotor flux, torque and slip angular frequency at steady state condition with the
constraint (3.1) of indirect FOC can be written from (2.1)-(2.8) as follows:
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Fig. 1. Synchronous frame d-q axis model of the induction motor taking core loss into account.

Table 1 Ratings and Parameters of IM
2.24 kKW, 14.96 Nm, 230 V rms (line), 4 pole, 1430 rpm

R; =0.55Q, R, =0.75Q, R, =320 2,
L, =50mH, L,=50mH, L, =63.0mH

Doy =Linimg; Te= p(Lm/Lz)imq@Zd N (RZLm/LZ)(imq/@Zd) (3.2)
It is clear from (3.2) that the rotor flux and torque can be generated in terms of d-axis and
g-axis magnetizing current components respectively. The d-axis flux can be kept constant by
regulating slip angular frequency.
According to (2.2), (2.9) and (3.1) — (3.2) the dynamics of speed and rotor flux can be
expressed as follows:
doom / dt =~(D/ 3)om +(p/ )|(PLm / L2)img@2d ~TL ] (3.3)
dD,q /dt = a,350ng +ar33Pog (3.4)
The discrete-time PI controller can be defined by the following expressions (3.3) and (3.4)
to calculate the first difference of desired magnetizing current components.

Aing (K) =K 080 (K) = KppADyy (K); Aig () =K,e, (K)—Kp,Aap (k) (3.5)
where e, (k) = @pq (K) ~Dyq (K), €, (K) = 0 (K) — o (K), ADyg (K) = Dyg (K) — Dg (k1) ,

Ay (K) = @y (K) - 0 (K1) , Ay (K) =g (K) =i (K =1), Al (K) = g () - (K =1).
k is sampling instant. Kp, and K, indicate the proportional and integral constant
respectively for speed controller loop. Similarly, Kps and K4 indicate the proportional and
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integral constant respectively for flux controller loop. Superscript * indicates the desired or
reference value.

Since the first difference A@,, (k) and Aw,, (k) are used to design PI controller instead of
Ae, (k) and Ae, (k) , the overshoot problem is not aroused. By using the relation (3.3) and

(3.4) and choosing PI controller gains the poles of the dynamics (3.5) can be placed into unit
circle for discrete time system. Hence, the PI controller gains are chosen as follows:

Kpo = (22, — ko) Iki; K, = alky; Kpg = (200 +8r33) /32, Kip = aglacg, (3.6)
where k; = p°L, @y /L,J , k, =D/J and @3y is rated value of rotor d-axis flux. ¢, and

o, are the negative poles for speed and flux dynamics.

The poles are placed into unit circle for discrete time PI controller. The desired primary
frequency can be obtained as follow:

@ (K) = 0y (K) + (Ry/ Lo i (K) i (K)] (3.7
Using (3.1)-(3.5) and (2.1)-(2.8), the desired stator current components can be given by
the following:
izg (K) =g (K) = (L /R )0 (K)ifng (K) (3.8)
i1q (K) = (L /Lp ing (K) + (L /Re ) (K)igg (K) (3.9)
The desired stator voltage components can be obtained by:
Vig (K+1) =Vig (K)+ Avyg (K);  Vig (K +1) =g (K) +Av (K) (3.10)
The first difference values of stator voltages can be given by:
Avyy (K) = K jeig (k) — K Algg (K) ; Aqu (k) = Kjiejq (k) — Kpj Ay (k) (3.11)

where, &g (k)= izg () - isg (K) , €iq (K)= g (K) -izg (K) , Aigg (K)=yq () —izq (k1) ,
Al (K)=hq(K)—iq(k—1) . Kp and Ky indicate the proportional and integral constant

respectively for current controller loop.

To achieve the desired speed and rotor d-axis flux the desired magnetizing components
can be obtained using Pl controller (3.5). Also, if any difference is occurred between the
desired and actual value of stator current components the compensating stator voltage
components can be obtained using PI controller (3.11). Fig. 2 shows the block diagram of
discrete-time Pl speed controller to obtained desired g-axis magnetizing current components.
The others PI controller structures are same as Fig. 2 where the gains, input and output are

(I e -
LW Ki Ts i
i+ . ow TR
! . o Alng () ~ Limg (K)
i N >

+ .

on(K)j + ing (k1) I
4 KPa) ma :
—AA O (k) - I

! Pl Speed Controller

Fig. 2. Discrete time PI control structure to achieve desired speed by regulating
magnetizing g-axis current.
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different.

4 DESIGN OF FULL-OREDR OBSERVER

Using the measurable quantities of IM the observer can be designed. For constructing the
observer system, using (2.1)-(2-9) the state equation of IM can be written as follows:

dx/dt = AX + e, Alx+ Bv; 4.1)
ar11| arlZI a'r13| ) J 0 -1
WherE, A=|al apl a3l , Al=—0 J 0}, J :|:l 0:| ’
0 argl Azl +ai33d 0

| < 10

o1

S T
X= [Ild1|1q’ Imd*'mqujZdvdeq]T V1 = [Vldvvlq]T , B=[0,1,00]", a,;=—(R+RL,
ap =RL/Lly, by =1L, ay3=—R/LL,y , 8 =Re/ly, 8 =—RL/LL,
823 =Ri/lylyy arg =Rolp/ly,y Brz3=—Ry/ly, Ajgz =y L =L+ Ly
The full order state observer can be written by the following expression (4.2).
d/dt = AR + @, Al R + By, + G(ir-i;) (4.2)

wn”

where, i, =[i1d,i1q]T : fl:[fld,flq]T, superscripts “* and T indicate estimated value and

transpose matrix respectively. G is observer gain.
The error between estimated (4.2) and actual values (4.1) can be written as follows:

de/dt =[A+ w,Alle (4.3)

where, A=A+[G | 0g4], e = [€i14 €itq €imd » €img €20 €ar2q ] €ing =hq ~lg
€i1q = ilq 'ilq 1 Cimg = imd 'imd 1 Cimg = imq 'imq1e¢72d =Dyq — Dy, €a2q :¢’2q —(qu :

The poles of the observer are placed such that the observer error decreases faster than the
IM transients (Kubota 1993). The dynamics of IM state equation model (4.1) is stable because
the real parts of poles of IM dynamics are negative. If the poles of the IM are given by Py
then the observer poles Pq are selected as

Py =CPm (4.9

where, ¢ is proportional constant and ¢>1.0.

The pole placement can be achieved by defining the observer gain matrix G in a special
form

G=[g,1+9,d g3l +9,d g5l +ged] (4.5)

The expressions for g, 02, gs, U, Us and gs can be derived using (4.1)-(4.4). The derived
expression for g; and g, can be given by

0 =(C-D(a1+ap+tass); 9, =(C—1D(q33—3a) (4.6)

After calculating the value of g; and g, the other values of gain matrix G can be derived

by
-1

91 a;, 0 ags O C;
92| _ 0 ay, 0 ags| |G 4.7)
g3 M3y Mgy M3z Mgy | [Cy
94 Mgy My Myz My | [Cy
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where, Mgy =ay,833 - 332, Map = Wl —Ar12izzs  Maz =a3ar2p — 3128123,
M3y = Ap13We s My = 8158133 — 8112 My = 8112833~ 8r138r32, My3 = -8r130We
My4 = 8r138r22 ~ 8r128, 23,

2
C1 = —(k® —1)(ar228r33 + ar118r22 + 8r118r33 + 2063i33 — 30> — ar238r32 — ar123r21)
+(ar22 +ar33)91 + (2w —2j33)92

Cp =—(k? ~D[ar228i33 +ar112i33 — (ar33 +ar11+ar22 +ar11+ar33 + ar22) e |

+(8j33 —20¢)91 + (ar33 +2ar22)92

Cs = (K> —D[(ar11+ 8,25 +8;33) 0 — 811812833 — (r1 1833 + Br228i33) P + 81 181293

+ 81839821~ Br198r328 21] — (@0 — Bi330% — Br27Br33 + Br238r32) 91 (3281 22 — Braa®e — By 29%) U
Cy = (k® =D[(Br118r33 + Ar118r22 + 8228133 — Br238r32 — 81128721 — Ar118r228i33 + iga®h

— @3 +8;158,218i33] — (3300 + 82200 — Br228i33) U1 — (823837 + O — 298133 — Aiz30, ) U

Due to the poles of observer dynamics are proportional to the poles of IM dynamics, the
error (4.3) convergence rates faster than the dynamics of the IM. The proposed such type of
observer is working well from very low to high speed (Kubota 1993), (Maes 2000). It has
been proven using Lyapunov direct method in (Kubota 1993), (Maes 2000) that the dynamics
of observer system is stable if the real part of poles of the observer system is negative.

5 SIMULATION RESULTS

In order to verify the effectiveness of proposed Pl controller and observer system
incorporating SVM technique of PWM inverter which follow the desired speed and rotor d-
axis flux, the simulations were carried out. The gains of the PI controllers chosen are: (i) Pl
speed controller: Kp, =5.64x10%, K, =1.26x10%, (ii) PI flux controller: Kps =10.58, Ko
=2.64x10™, and (iii) PI d- and g-axis current loop: Kg; =5.0, K =0.125.

The sampling period, inverter DC link voltage and observer proportional constant are
chosen as Ts=100 psec, E=400 volt and ¢=1.00001 respectively. The proportional constant
should be selected as near as possible to 1.0 because for the large value of ¢ the gain matrix
values are very large and the observer system is going to the unstable region. After selecting
the all constants of controller and observer system, the proposed controller and observer
system of IM drive taking core loss into account of Fig. 3 was verified using simulation
which was performed by FORTRAN. To solve the dynamic state equations of IM drives
fourth-order Runge-Kutta method was used. In this simulation studies, the transient behavior
of indirect field-oriented 1M drive is evaluated for different operating conditions.

Fig. 4 shows the transient response for indirect FOC of IM using the proposed Pl
controller and observer system. It is seen from Figs. 4 (a) and (c) that the actual speed and
rotor d-axis flux follow the step change of desired values without any steady state error. Figs.
4 (c) and (d) confirmed that the proposed Pl controller satisfied the constraint (3.1) of FOC
for the trajectory of speed and constant rotor d-axis flux. The proposed Pl controller is also
stable for the sudden change of load torque, which is clarified in Fig. 4. Fig. 4(b) shows that
the electromagnetic torque can be followed the load torque. From Fig. 4, it has also been seen
that the actual rotor speed and d-axis flux can follow the reference rotor speed and d-axis flux
under the variation of rotor resistance. In (Uddin 2002), it has been proven that the steady
state error has been occurred by using conventional PI controller. From Fig. 4, it can be state
that the proposed discrete-time P1 controller is better than the conventional Pl controller.

Fig. 5 shows the estimation errors between actual value and estimated value of 1M state
quantities. The estimation errors of stator current, magnetizing current and rotor flux
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Fig. 4. Transient responses for indirect FOC of IM  Fig. 5. Estimation error between estimated value
using the proposed Pl controller and observer and actual value.
system.

components are very small. From Fig. 5, it is clear that the errors are almost negligible.
Therefore, the states of IM can be estimated properly by using the proposed observer.

As demonstrated above regarding simulation results, when the designed controller and
observer are applied to SVM technique of PWM inverter-fed IM drive taking core loss into
account, the trajectory of desired speed and rotor flux is obtained accurately. The proposed
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discrete-time PI controller is stable for uncertainty of parameters unlike the conventional Pl
controller. The simulation results show that the transient stability of the indirect IM drive is
effectively achieved by using the proposed PI controller and observer system.

6 CONCLUSION

This paper has discussed to design discrete time PI controller and observer for indirect field
oriented IM drive taking core loss into account. The discrete-time Pl controller has been
designed to achieve the desired speed and rotor flux. The proposed discrete-time Pl controller
is stable under the variation of load torque and parameters of IM drive. As the real parts of
poles of proposed observer are negative, the proposed observer is also stable. Therefore, the
proposed controller and observer system for SVM technique of PWM inverter-fed IM drive
taking core loss into account enable to provide high performance. The simulation results show
that the desired speed and rotor d-axis flux of an IM drive is effectively achieved by using the
proposed controller and observer system incorporating SVM technique of PWM inverter.
Finally, it can be concluded that the proposed discrete-time PI controller with observer system
has good performance for controlling space vector PWM inverter—fed indirect field-oriented
IM drive.
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