APPLICATION OF EXTENDED LUENBERGER OBSERVER
FOR INDUCTION MOTOR CONTROL
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ABSTRACT -In this paper, authors introduce an
application of a nonlinear rotor flux observer, known under
the name of ELO(extended Luenberger Observer), for
direct rotor field oriented control(DRFOC) of induction
motor. ELO  reguires no solution of nonlinear partial
differential equation for its coordinate transformation and
linearization used for the nonlinear observer design. Its
simlation results concerned to different level of unknown
variables of load torque and rotor resistance show high
accuracy on rotor flux estimation in steady state.

I. INTRODUCTION

In the direct rotor field orientation of IM, a correctly
designed flux observer can replace the flux sensor, if
a mathematical model of IM is available.

In past 30 year's study, closed loop linear observer
like Kalman fitter(KF) or Luenberger observer(LO) used
in IM drives may be successfully applied in a certain
limited range of control around the predetermined
operating point where M model can be lnearized. But
this is not possible in wide control range since it
hardly ensures that estimated variable convergent to
actual one under the transient condition (such as step
change of variables) and the parameter variation(such
as saturation, and variation of time constants). To
overcome these problems, some nonlinear type closed
loop observers have been applied on states estimation
of IM, for examples, extended Kalman filter (EKF)[1],
modified Luenberger observer[Z], nonlinear state observer
[3], etc.

The observer proposed in [2] is based on operating
point linearization and uses an observer gain which
depends on the estimated state. There, authors argued
that an ELO based on a deterministic approach is better
than a EKF, a stochastic approach for IM drive because
IM fed inverter is in essence a deterministic rather
than stochastic and EKF have a bias problem which
may cause overall system response or failure when
covariance matrix was not tuned correctly, due fo
uncertainty in the noise characteristics.

A nonlinear state observer proposed in [3] are based
on linear Luenberger observer theory and geometrical
approaches. There, the error in reconstruction of rotor
flux are synthesized through a feedback loop consisted
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by multiply of a gain matrix and an inverse matrx of
observability matrix : the former is a diagonal matrix
where poles can be placed arbitrary and the later is a
geometrical approach.

In this paper, we propose a nonlinear state observer
for rotor flux estimation of IM control. The proposed
nonlinear state observer is named as an Extended
Luenberger Observer because it is designed according
to EKF theory, which is based on a linearization of
the error dynamics along the estimated state
trajectory[4]l[5]. FLO for state estimation could be
easily designed through a few step of symbolic
mathematical operation since it only requires a gain
matrix derived from the inverse observability matrix.
The gain matrix contains poles(eigenvalues) for the
observer error dynamics in canonical coordinates.

2. SYSTEM MODELING

Induction Motor

A dynamic model of induction motor in a stationary
reference frame with the state variables stator currents,
rotor fluxes and rotor speed can be written in
differential equations as follows:
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where,

Vg4 - d-axis stator veltage in stationary frame
Vgs - Q-axis stator voltage in staticnary frame
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ige : d-axis stator current in stationary frame
lgs © g-axis stator cwrent in stationary frame
: d-axis rotor flux in stationary frame

! g-axis rotor flux in stationary frame

: mechanical speed in rad/sec

> stator resistance

. rotor resistance

. stator inductance

* rotor inductance

. mutual inductance
0=1-M%(LL,)
N : number of pole pair

: leakage factor

J ! rotor inertia
Te-= %\E\’I (1gs@er—ieder) : electrical torque
T

TL : load torque

Models of the induction motor and of the proposed
observer on simulation were built with the above
nonlinear state equations.

Di Field Ori ion C |
The equivalent circuits of induction motor in
rotationary reference frame is shown in fig. 1.

Fig 1. Equivalent circuits of induction motor
in rotationary reference frame

In direct field oriented control of induction motor
[6], 3ph stator currents are divided into flux and
torque components : these are oriented to d and g
axis of rotor flux, respectively, in rotationary reference
frame by axis(coordinate) transformation. In RFOC,

the angle, 8, calculated from (6).

‘1(2%) 6)

dr

8,=tan

A dynamic IM model is derived by terms of coupled
effects on two windings(rotor and stator) and on d-q
axis as follows in the rotationary reference frame

Z di 5
Vise ™ (Rs"'Rr%)idse"'aLs_dd{—_Rr%mdm D
_meaLsim—m,LMtpm
M2 .. di gee M
Vgse = (R‘,,.+1:{r?)1qse+UL5 It -Rr—‘r—fll'qre ()

+meULsidse+mrLMq)dre

Fluxes, Ogre and {are are maintained at zero and
constant during field orientation control. For decoupling
operation, terms involving @, are compensated on control

circuit in terms of Eg. and Eg.. Finally, torque and

flux of induction motor can be regulated by the stator
voltages through PI type current controllers as follows:

V:isezKp(i;se_idse)*'Kif(i;se_idse)"'Edse (9)

Ve =K (i haue) *Ks [ (e Lase) * Eque (10)

S v p Width Modulati
In recent development in power electronic, a space
vector pulse width modulation(SVPWM) have been
widely applied on three phase power converter. A VSI
is modeled by using the built-in blocks of SIMULINK
according to SVPWM technique on reference [7].

3. EXTENDED LUENBERGER OBSERVER

In the following, the ELO design is described for
multi-output nonlinear systems as far as necessary for
its application on the IM model. The mathematical
development of the design formulas can be found in [4][5]).

O] ity A .
Consider the nonlinear MIMO system

x =f(xu), x(0)=x, v =h(xu) (11

where, the state x is an n-vector, the input u is a
m-vector and the output v is a p-vector. The
nonlinear functions f(x,u) and h(x) are assumed to
be sufficiently smooth.

It is assumed that the system (11) is locally
observable, le. the (nXn) matrix

dh; |
Lydh,

Lfn,—-l dhl

Q(xu)= : , i]nj =n (12)
dh, =1

Lfdhp

t qu,-l dhp_
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has full rank n in the considered domain of X and u
(8191 In (12), L;dh; is the Lie derivatives of the
gradient dh; along the vector field £ Each of these
subsystems of order n; is locally observable by the
related outpuf v; which is used for the subsystemwise
design of the ELO dynamics.

ELO Design Formula

The ELO has a structure which is similar to the
well known linear Luenberger observer and comprises
a simulation part and a correction part.

F=fGW+G(RW - [y-hGw], X0)= % 13

In, general, the nXp gain matrix G(X,u) depends
on the reconstructed state X and input u. In order to
design the gains G(X,u) by ELO approach, the

differential equation of the observer error X

= X -x" is considered in the observer normal form
coordinates x~ of (11). Moreover, the observer error
dynamics is linearized along the reconstructed states
which corresponds to the EKF approach. The
characteristic polynominal of the linearized observer
error dynamics is composed of the characteristic
polynominals of the linearized observer subsystems

q n, 1, . ¥
B 0%epp ™ e oo = T 0] 10

here, pgz is the characteristic coefficients. The gain
matrix of the ELO (13) determined strait- forwardly as

G (x,u) .
={[ [pu+pieads +,-,*
Do ads ™ +adp s (X,u), -, (15)

0 UES g
[ps,* D3, adf +,-+ Dy adf  +ady*)

- 1
s, (Rw) - [ gf: (’;z,u)]

This design forrmula is determined by n characteristic
coefficients py, p subsystem orders n; defined in

s,-(fi,u), and the
-1

(12), the operatorad;, p vectors

(pXp) diagonal matrix, Diag [ g;‘ ( ?{,u)]

Here, the p vectors s;(xu) is determined by belows

-

'ﬂf—(’}\c,u)Q_l(’)\(,u).eﬂ (16)

s;(x,u)= 7%

where e, is the (nX1) unit vector. With that, the

vectors §;(x,u) are the n;-th columns of the inverse

observability matrix (15) multiplied by the ohj/ dx75,

(X,u). By an appropriate choice of the p functions

9hj/ 9x’ (x,wW=0,j=1,.,p . , the vectors s,(%u)
can be simplified such that in (14) by applying the
Lie bracket, ad; . From this follows, these functions
have the meaning of additional degrees of freedom in
course of the ELO design.

It should be noted that the calculation of the ELO
gain matrix (14) is possible for all sufficiently smooth
and locally observable systems (11). Finally, the ELO

design formula (14) is consistent with the well known
Ackermann Formula for linear time-variant cbservers.

Design of ELO for Induction Motor

In order tc use the ELO for a flux estimation of
induction motor, the ELO design formulas are applied
on the motor model derived in the previous section.
As a results, states, mmputs and outputs of IM are
chosen as follows:

x = [ldS: iqs; qldr; [quy o, TL]T
u=[Vg, V17 (17)
y = [ids': iqs; mrflT

Observability matrix,(12) is calculated from (1)-(5)
and (17). Al of symbdls are listed in Appendix 1.

Q(X, U)= [dhl,Lf dhl,dhz,Lf dhz,dh3,Lf dha]T (18)
1 Q 0 o] 0 0

-a; 0 Q3  O4X5  daXs 0
_ 0 1 0 0 0 0

0 T Ta4Xs (24} X3 0
0 0 0 0 1 0
“dgx4 dg¥Xz dgxp ~dgX: 0 ~di

Each row of (18) is linearly independent from each
other and the system is observable as required for
ELQO design. The inverse observability matrix derived
from (18) is

Qlx, )
D 0 0 0 0
0 0 D 0 0

0 (19)
0
k1 kg _k3x5 —k4x5 Mas 0
0
0

1
D |kaxs kees Ky ky mgs
0 0 0 0 D

Mg Me IMea Mes  Mes Meg

where, D=dia,+aaxs , k, : constants, and my,:
equations consisted of constants and states variables.
The subsystem orders of ELO are found easily from
eq (19) :ny=1, ny;=1 and ns=1. Therefore, a row
vector per oufput vector is needed in the gain matrix
since n,=l. By choosing the common determinant of
inverse observability matrix as below in degree of
freedomn for simplification of the vectors s,, s, and s3,
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8hi_ 3h __dh_ ,
8x; dx,  Oxs =D 20)

gain matrix (14) is calculated as

s1 ={p1*dy+Ap}/D
sz ={pa*dy+inl/D (21)

s3 ={pa*dgy+igzl/D

where,
Py, P2 and ps : characteristic coefficients of ELO
error dynamics

Ay = [0, D, ko, kxs, 0, mez]T

A’Zl = [01 01 'k4X5, k?r 01 m64]T

Ay = 00,0, 0, 0, 0 mel"

[ gatgext

(gs“go)xzs

App= £ L87X5

(g2 g¢)xs~ geXoxs* &sx\Xs* GoXe
g2~ gexaxst gl3xe—g1sX1Xs

Gl

(go—g4)xs

g0+g5x§

A= (gs'gz)x5+§3x272€3‘gax1x4‘g9xe
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'gsxzxs'gaxgzgmxl gy

Agp=

SO OO

2
~ 19~ X5
2 gan(xpxaxs=xx4x5) =2 gnXsxe

As seen before, a ELO, one of nonlinear state
observer can be constructed with minimal effort to
find the inverse observability matrix and the gain
matrix from original state matrix. Finally, the
proposed ELO has a form of (22) consisted with the
original nonlinear systern and gain matrix.

x =f(£,11)"‘{gl(Q'Y1)*gz(37‘hz"y2)+g3(}7;‘y3)} (22)

4. SIMULATION

ELO designed in previous section is verified by
SIMULINK simulation. Fig 2 shows the simulation block
diagram of induction motar drive with ELO.

In parameters setting of ELO, the motor parameters
of ELO were set at normal values of motor listed in
Appendix I and the poles of gain matrix on feedback
loops were initially set at p;= pp;=-10 and ps=-1000

corresponding to states of i., i, and ., respectively.
The switching frequency, fg Wwas set at 7.2

funcrion
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Fig 2. Simulation block diagram of induction motor

Simulations were performed with two unknown
variables : load torque and rotor resistance. Saturation
effect of flux is not considered in this study.

First, load torque was chosen as a unknown
variable. Fig 3 show the simulation results were taken
under the step change of load torque whereas that of
ELO was set at zero(0 Nm). Comparing estimated
rotor flux to real one, errors were tend to convergent
to zero ' error of estimated rotor flux with respect to
measured rotor flux, e=(1 -f)/f are 0.08%, 0.19%
and 0.319%6 when load torque was step to 5Nm, 10Nm
and 15Nm as shown fig. 3.
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Fig 3. Simulation with step change of the load torque
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Second, rotor resistance was chosen as the unknown Fig. 5 show the simulation results were obtained
variables. In this case, rotor resistance was initially under continuous lamp and step changes of speed. On
set at different level from that of ELO: 200%, 180%, fig. 5, inttial rotor resistance of ELO were set at same
160%, 140%, 120%6, 1009, 802 and 60% of normal values of fig.4.

value of rotor resistance(Rm=4.62Q). From fig. 4, the
steady state error of estimated rotor flux with respect
to measured rotor flux are 0.12%, 0.12%, 0.01% 0.02%,

0.0425, 0%, 0.06% and 0.12% respectively.
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speed is not fast enough when rotor resistance of IM
model is set at below of 80% where error is small
enough because the gains of PI controllers are not
appropriate.
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5. CONCLUSION 8. A Isidori, "Nonlinear control systems” Springer, 1989

In order to compensate the nonlinearity of induction

motor and to improve the transient response in field Appendix 1. Coefficients of ELO design

oriented control, we proposed the application of
extended Luenberger observer, as one approach of
nonlinear state observer known from literatures [3-91.
We calculate the observability matrix and its inverse
matrix based on 6 differential state equations of
induction motor. Simulation results of induction motor
drive under field oriented control with a rotor flux
estimator, ELO have been presented.

The effectiveness of ELO on induction motor drive
were verified by setting the unknown load torque and
rotor resistance at different levels @ the steady state
errors of estimated rotor flux in two case are lower
than 0.31% and 0.1294, respectively.

From the above results, authors believe that the
proposed ELO can be applied successively in wide
control range if Initial setting of rotor resistance is
properly chosen at its minimum level,
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