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ABSTRACT

Fidd oriented control (FOC) method of an induction motor (IM), alows high
performance speed and torque response to be achieved from an induction motor.
The present work sdects the direct field orientation control induction motor
(DFOCIM) as an effective method for eiminating the coupling effect between
torgue and flux. In the present work, two schemes of estimators have been used,
standard kalman filter (SKF) and Extended kalman filter (EKF) for estimating
stator current, rotor flux and rotor speed. The performance comparison is based on
evaluation of estimation error of both estimators. The performances of suggested
estimators are assessed in terms of tracking performance and noise regection

capability.

Keywords: Direct Fidd Orientation Control (DFOC); Standard Kalman Filter
(SKF); Extended kalman filter (EKF).
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INTRODUCTION
ield orientation control is aready the industria standard for high
performance induction motor drives. In practice, both the indirect fied
oriented control and the direct field oriented control methods require flux
estimation from the motor terminal variables [1]. Induction motor can
produce good performance using fidd oriented control technique. The main
idea of the vector control is the control of the torque and the flux separately. In
order to decouple the vectors and realize decoupled control most control schemes
require accurate flux and motor rotor speed. These formations are provided by a
Hall sensors and sensing coils (flux measurement) and incremental encoder (rotor
speed measurement). The use of these sensors implies more eectronics, high cost,
and lower rdiability, difficulty in mounting in some cases such as motor drives in
harsh environment and high speed drives, increase in weight, increase in size and
increase dectrica susceptibility  [2, 3]. To overcome these problems, in recent
years, the eimination of these sensors has been considered as an attractive
prospect. The rotor speed and flux are estimated from machine terminas
proprieties such as stator currents or voltage as EKF [4, 5]. In this paper, two
observes are suggested; SKF and EKF for estimating stator current, rotor flux and
rotor speed.

KALMAN FILTER

Kaman filter directly accounts for the effects of the disturbance noises of a
control system and the errors in the parameters will also be handled as noise. The
Kaman filter is implemented by the following equations, the system beng
expressed as a state model
Kalman filter in Continuoustime
Consider the definite stochastic modd by the following differential equations [6,
7]

A (t) = AX(t) + BU (t) +W(t)i (1

Y (t) =CX (t) +V(t)
The teems W(t) and V(t) are, respectively, the process and measurement

noises .which are assumed uncorrelated and their covariance matrices are Q and R.
Their average values are null:

Ew (t)]= o0

i

i S L. 2

tEM ()]=0 ¢ 2)
Ther autocorre ations are expressed by:

iE W(t,)" [=Qd(t,-

FEWewe) |=ede-t) 3

TEM V()] = Rd(t,- 1)
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E: the expectation, d (t) is function a impulse of Dirac, the matrices Q and R,
definite nonnegative, is symmetrical and has the spectral concentrations of average
power W(t) and V() [8,9];

They are characterized by the absence of correlation enters W(t) and V(t) :

EMWw (t,)Vv (t,)" |= 0. o 4)
And between the noises and theinitial state:
EWwmx ) [zEMOXMT] . ( 5)

One can write in continuous time the system of equations according to

j[ £(t) = AX (1) + BU (t) + K 0)(Y (1) - V(1))
fY(t) = CX (1)

The dynamics error of observation e = X(t) - )Z(t) is defined, from (1) and
(6) according to:

é=4(1- 2(t) = (A- KOC)e +W(D) - KOV () ....(7)

When the preceding assumptions (2) and (3) are checked, the optima gain of
the kalman filter is given by:

K (t) = AP (t)C TR (t) ! (8)

The covariance of the error in estimation P(t) = EleeTJ is the solution of the
following equation:

P(t) = AP (t) + P(t)AT +Q - K(t)RK (1)T ... (9)

Kalman filter in discretetime

In this section, we will present two types of kalman filter in discrete time, in
first, the discrete kalman filter for the linear systems (Standard Kalman Filter
(SKF) and then it's extended for the nonlinear systems, (Extended Kalman Filter
(EKF))
2-2-1 gtandard kalman Filter (SKF)
In our case, the kalman filter is used for the estimate of the vector of state made up

X, of the stator currents and rotor flux in the model (a,b), by introducing the
discrete noises W, andV  , on the state and the exit [9, 10]:
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X oim Ay X +B U (+W
Y (=C X (+V

— — —
A~
=
o
N—r

The discrete noises must check the same assumptions as the continuous noises.
Wewill suppose them stationary:

'EEF\//Vk]]:c? ?EBNKWJ]:QOI“ ..... ( 11)
%EBNkkvlT]:O TEB/kVJ]: Rd

d,, : is the Kronecker data function, which is worth 1 if K =1. Q and R are
respectively, the covariance's matrices of the noises W, and V,. Then the
procedure of estimate thus breaks up into two stages [3, 5, 11]

a stage of prediction:
X e A X ot By (12 )

This stage makes it possible to build a first estimate of the vector of state at the
moment k+1. One then seeks to determine his variance:

Pk+l/k:Ak,kPk/kATk,k+Qk ----- ( 13)

When:
Q, : Discrete covariance matrices of the noises of state.
Thus, this measurement of the state makes it possible to predict the exit:

A A

Y o= C i X i e (14 )

a stage of correction
In fact, the stage of prediction makes it possible to have a difference between

the measured exit Y ,,, and the predicted exit\?kﬂ,k. To improve the Sate, it is

thus necessary to hold account of this variation and to correct it by the intermediary
of the kaman filter gainK, ;. By minimizing the variance of the error, one obtains
the expression of the new vector of state

Xgorikor= X o KoY om Yoo 0 (15)
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The kalman filter gain K., is given starting from the matrix of covariance P,
and the matrix of covariance of the noises of discrete measurement R, :

Kk+1:Pk+l/kaT(CkPk+l/kaT+Rk)-l ----- (16)
And
Pritjkai= (Ilsm K iiC )P e e (17)

In our simulation, the standard kalman filter in discrete time is used for the
estimate of the vector of state made up of the stator currents (1 I 4 ) and of rotor

flux (F ., .F ), the linear model of the IM is discretized by a Taylor series
application in order Two:

}xk+1:Akxk+BkUk (18)
1Y k=C kXK
When
] (ARN)T )2
: Ak = exp(A(RVT ¢) »I 4+A(R\/\/)T et fe)
i ] ARWT
}_Bk:(A(RVV)) 1(Ak—l4)B»Te(I4+Te)B ..... (19)
|
iC,=C
P K
1
¢ 1 K, Kr g
gtg t&Rstr t&Rs
e o . L . K py _Kr u
é t t&R teERgt U
aPw=Aw=g 'S 18R tERstry
e 9 S _PW 0
ety tr y
e u
g 0 M PW N a
e Ur tr 0
é 1 0 3
g &Rs G
- 1 G ._€ 00 Oy
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Re L, Ry LeLy

The structure of discrete standard kalman filter can be put in the form of the figure

2):
Wk Vk
Induction Motor
U, | XmAX B U W, Y‘k”‘

Y, =C X\ +V,

A~

+ Xis
B\ _,O k+1/k l v C,
+

+ >T(k/k
Ak,k z? O*— Kk+1
+

Figure (1) discrete standard kalman filter [8, 11].

Y

_<
1

X k+1/k+1

A

Extended Kalman Filter (EKF)

The standard kalman filter describes previously, allows the estimate of the state
of alinear system. If one wants to estimate the speed in induction motor, a solution
consists in extending the vector of state estimated with the speed in IM. The mode
becomes nonlinear then. The EKF is given by the following equation [5, 12]

?xekﬂ:Fk(xek’Uek)-’-Wk: A% X8 +B% U° +W,
FY =H (X5 )+, =C® X° +V,
W hen:
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b o OF
| k dx e X ek =X ek
|
i dF
e — k
i By = ——— . . ( 21)
i dU . K K
i
P L
& k e X e, =X ¢©
T aX k k

The Extended discrete noises are white, Gaussian and of null average These
noises are defined by their matrices of covariance (Q°,,R®,). The prediction of

the state as well as the matrix of covariance of the filter are given by the two
following equations

A

xek+l/k:Aek,kxek/k+Bek/kUek' ----- (22)
P = Aek,kpek/kAek/kT+Qek ----- (23)
W hen:

Q°, : Discrete covariance matrices of the noises of state the index "€ represent
the extended vectors.
The kalman filter gain K *®,,, is calculated by the following equation:

K® = Pek+l/kCekT (Cekpek+l/kCekT+Rk)_l ------- (24)

R, : Discrete covariance matrix of the noises of measurement:

Knowing that our filter is recursive, the reactualization of the matrix of covariance
of thefilter is given by:

P ie= (s K CoOPS e ( 25)

Findly, the estimate of the stateis given by:

A

X = X F K (Y rr CO X ) e (26)

Total Structure of the direct field orientation control induction motor
provided with stochastic observer by using Kalman filter

The basic structure of the direct field orientation control induction motor
(DFOCIM) [13] based kalman filters are shown in figure (2) and figure (3). Figure
(2) shown the interconnection between SKF and DFOCIM. It’s clear that SKF
needs actual speed for estimating machine parameter. The block diagram in figure
(3) including EKF as estimator. It’s clear in the figure that no need to actual speed
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and the speed is estimated inside the EKF block. The two types of stochastic
observers (SKF and EKF) are simulated using Matlab/Simulink.

ch busl

t

. _ iV
F, DecAli];:jllng = Ve , PWM
R V* (d,q)[da,b) SVC >
W | regulator s > ,|inverter
+ \Y ba ref 4
L A X & & 4 ) R . I lll
F g artg—= = | Currents
- s - = Standard Iy measurement
W, o sensor
= = | Kalman
IT= Fr:\/Fzra+F2rb “ | Filter v
o ~ = SKF =
Iq] R M | Fra ( ) <—V5b
W W= RW+—=2 < <
t F, F. W
TR BT, -F i) 1Y LM,
Transformation(i, , ® 1)
Figure (2) structure of the (DFOCIM) with (SKF)
lDC busl
F | Decupling Vi Vv
— 0 And > saref N > PWM
—> g SvC N
w | regulator Vig . (d.qkdla.b) > linverter
" + V ba ref "
A A A A A ey
S F rb < Isa l l l
. |d& artg ﬁ | « Currents
E ra < Extended Iy measuremer
\',I'VQ F = = 2 +F 2 ‘Alsb | Kalman sensor
I ) - ‘Fra (FEIIPET:I’) 4—Vsa
| v = Rl L o e
W t rF r < ~
~ A A a W
Te:H(r(Fralsb-Frblsa) |M
Transforrrﬂion(fgyb® IAsd’q)

Figure (3) structure of the (DFOCIM) with (EKF).

Simulated Results of the direct field orientation control induction motor
provided with stochastic observer by using Kalman filter

No load Response

In figure (4) present the actual, estimated and error in stationary frame (a,b )

for stator current and rotor flux at the reference speed 1000tr/min when no load in
exerted on rotor shaft. The simulated results show the actual and estimated states
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for two types of observers of kaman filter (SKF and EKF), at the no load with a
reference speed of 1000 tr/min, are presented on figure. It is evident from figure
that EKF give less steady state estimation error. However, SKF shows good
transient characters; since it relies on actua speed measurement show in figure (2).
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Figure (4) Simulation Results obtained with thetwo observers of kalman
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L oad Response

In figure (5) present the actual, estimated and error in stationary frame (a,b ) for
stator current and rotor flux by two observer of Kalman filter (SKF, EKF) when

load Torque of high 50Nm is applied at time 1.5 Sec to 3 Sec.

It is clear that

estimation error based on EKF shows less sensitive to load changes in steady state
that it is counterpart SKF but SKF shows less sensitive to load changes in transient
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Figure (5) Smulation Results obtained with the two observers of kalman filter
and error for a speed of reference 1000 tr/min (load of 50 Nm at t=1.5sto 3s).
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Tracking Perfor mances

figure (6) shows the robustness of the algorithm of order associated with the observer with
Kaman filter , at the time of the inversion of the instruction speed of 1000 tr/min with -
1000 tr/min starting fromt=1.5s. It is noted that EKF is robust opposite the abrupt variation
the speed of reference in steady state but SKF gives less transient state estimation error.
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Figure. (6) Simulation Results obtained with the two observers of Kalman
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Noise I njection
In order to test the robustness of the observer of Kalman filter (SKF and EKF) to
the noises of measurement, In fig (7) at reference flux 0.85 Wb , the noise rgection
capabilities of suggested observers have been examined by injecting noise of

variance 3A  in stator current (1, 1o, ) - Itis clear from the figure that the

flux estimate resulting from SKF is more sensitive to such noise then EKF
observer.
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(A) (B)
Figure.(7) Comparison of the model of the rotor flux estimated by the two obser ver s of Kalman
filter (SKF and EKF) with the injection of a noise measurement of variance of 3A
A- SKF
B- EKF

[

Speed Estimation
At no load in figure (8-A) shown the actual and estimation speed and figure (8-B)
shown the estimation error speed in EKF observer. To check the robustness of the
EKF, The actual and estimation speed are identicad and estimation error reach zero
value in steady state.
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Figure (8) Smulation Result Obtained with EKF.

The figure (9-A) the speed estimated by extended kalman filter (EKF) and the
figure (9-B) the estimation error , a the time of application of a reference speed of
+1000(Tr / Min) . According to these results, one notes that the observer by EKF
expresses well still robustness with respect to the abrupt variation the speed of
reference, since the estimate speed is aways made satisfactory way
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Figure (9) Smulation Result Obtained with EKF.

To check the robustness of the EKF opposite the load torque. One applied a load
(50 Nm) at thetimet=1.5sto 3s (fig. 10). According to this result one notes that the
algorithm of estimate is robust opposite the variation of the load (50Nm), owing to
the fact that the estimate speed is always made satisfactory way in transient and

steady state
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Figure (10) Smulation Result Obtained with EKF.

CONCLUSIONS

In this paper, we propose SKF observer to estimate rotor flux and stator current
and EKF observer to estimate rotor flux, Stator current and rotor speed applied in
DFOCIM. The simulated results show th e good estimation for
rotor flux and stator current in EKF applied in DFOCIM but SKF is more
advantage in transient state than EKF due to estimate of first values of the
components of the vector of statee EKF showed high performance in speed
estimated and showed high performance in terms of noise rejection with compare
with SKF in DFOCIM.

Appendix |
The parameters IM arelisted in Table (1)

Table(1): Parametersof IM

Nominal power Pn |75 Kw
Nominal speed W, 1450 tr/min
Nominal torque T |50 Nm
Numbe of Paris|P |2 p.u
pole
Stator resistance R 0,63 w
Rotor resistance R,| 04 W
Stator inductance L 0,097 H
Roator inductance L, 0,091 H
Mutual inductance | M | 0.091 H
moment of inertia | J | 0,22 Kg.n?
2741

PDF created with pdfFactory Pro trial version www.pdffactory.com



http://www.pdffactory.com
http://www.pdffactory.com

Eng. & Tech. Journal, Vol.30, No.15, 2012 State Estimation of Direct Field Orientation
Control Induction M otor Drive by Using
Kalman Filter

REFERENCES

[1] Sharifian, M. B. B. N. Rostami and H. Hatami “Sensorless Control of IM Based
on Full-Order Luenberger Observer with Core Loss and Rotor Resistances
Estimation” |EEE trans. 2010

[2] Boussak, M. and K. Jarray, "A high performance Sensorless indirect stator flux
orientation control of induction motor drive', IEEE Tran. On power eectron. val.
53, no. 1, pp. 41-49, February. 2006.

[3] Sun Kai and Zhao Yanlei “A Speed Observer for Speed Sensorless Control of
Induction Motor” 2010 IEEE

[4] Ben Hamed Mouna and Shita Lassaad “Direct Stator Field Oriented Control of
Speed Sensorless Induction Motor” |EEE trans. 2006.

[5] F.Alonge and F. D’Ippolito “Extended Kalman Filter for Sensorless Control of
Induction Motors” 2010 IEEE

[6] Murant barut ,seta bogosyan And metin gokasan “Speed senserless estimation
for induction motors using extended kaman filters ” IEEE Transactions on
indusrial eectronics,vol.54,no0.1,February 2007.

[7] Kaddour Ngjim, Enso lkonen and Ait-Kadi Daoud "Stochastic processes
Estimation, Optimization & Analysis" Springer Press, 2004.

[8] Simon, “Kaman Filtering and Neural Networks” Johon Wiley & Sons, Inc.,
2001.

[9] Mohinder S.Grewd And Angus p.andrews "kalman filtering: theory and
practice using Matlab " Johon Wiley & Sons, Inc 2001.

[10] Dan Simon, “Kaman Filtering” 72 Embedded Systems Programming, JUNE
2001.

[11] B. Akin, "State estimation techniques for speed sensor less field oriented
control of induction motors," Thesis of Master, The Middle East Technical
University, Turkey, 2003.

[12] Sun Danan, Lin Wenli, Diao Lijun, and Liu Zhigang “Speed Sensorless
Induction Motor Drive Based on EKF and I'-1 Modd” 2011 International
Conference on Computer Distributed Control and Intelligent Environmental
Monitoring 2011 IEEE

[13] Chee-Mun Ong, “Dynamic Simulation of Electric Machinery Using
Matlab/Simulink”, Purdue University, Prentice Hall PTR, 1998.

2742

PDF created with pdfFactory Pro trial version www.pdffactory.com



http://www.pdffactory.com
http://www.pdffactory.com

Eng. & Tech. Journal, Vol.30, No.15, 2012 State Estimation of Direct Field Orientation
Control Induction M otor Drive by Using
Kalman Filter

List of Symbols

Symbol Description

A The state matrix.
B The input matrix.
C The output matrix.
E
e

Expected va ue.

Error.

| | dentity matrix.

i (I Sb) a -axis (b -axis) of Stator
current.

i (iqr) cI:Dura:xelnst (q-axis) of rotor
i (i D-axis -axis) of stator
ISd(ISq) current “ )
Magnetizing inductance.

L Rotor sdlf inductance.

P Number of motor pole pairs.

Error covariance matrix.

I:)k
Q, Input noise covariance matrix.

Rotor resistance.

Stator resistance.
Time at index k.

XHD;U_;U

Input vector.
Measurement Noise

cC
<|<
al

D-axis (g-axis) of stator
voltage.

a -axis (b -axis) of stator
voltage.

Electrical speed.

Process noise

&<
&<

Kaman filter Gain
Measurement

State vector.

State vector at index k.
Output.

Angle (rad).

q. Stator angle.

x/_guxxéé

X
=~

<

O
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F, Flux in rotor

F. (F rb) a -axis (b -axis) of rotor
flux.

W Mechanical speed
Initial value.

A Superscript indicates to
Rotor quantities referred to

the Stator.

T A Superscript indicates to
Transpose.

d Derivative

A subscript indicates to the
index of sampling time.

€ A Superscript indicates to
extended kalman filter.
" A Superscript indicates to
estimation.
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