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ABSRACT: Flux estimation in induction machines is presented using observer
theory. It is pointed out that estimators presently used in connection with schemes
such as field oriented control are typically real time simulation of machine equations,
without feedback of any corrective prediction error. Design steps in a closed loop
observer with prediction error correction term are presented. It is shown that
corrective feedback in closed loop observer speeds up convergence of the flux
estimate.

1. INTRODUCTION

Field Oriented control has emerged as an important approach to the control of AC
machines, and continues to be discussed and developed in the literature [1]. There are two
basic forms of rotor flux field orientation: direct field orientation, which relies on direct
measurement or estimation of the rotor flux, and indirect field orientation, which utilizes an
inherent slip relation. Though indirect field orientation essentially uses the command
(reference) rotor flux, some recent work using the actual rotor flux has been reported to
achieve perfect decoupling.

The implementation of direct field orientation via airgap flux measurement has typically
been plagued by the complexities and lack of mechanical robustness associated with intrusive
sensors located within machine airgap. Furthermore, a correction is required for the rotor
leakage flux if rotor flux field orientation is to be achieved. Estimation rather than
measurement of the rotor flux is an alternative approach for both direct and indirect field
orientation that has received considerable attention [2-7]. In many popular implementations
of field oriented induction machine drives, rotor flux is estimated from the terminal variables
such as stator voltage and current, and rotor speed. The task of rotor flux estimation may also
be expected to arise in other approaches to control and monitoring of induction machines.

Even though observers in general have been around for several decades [8-9], most of the
estimation schemes in use for rotor flux field orientation of induction machine are typically
real-time simulations of the dynamic equations governing rotor flux. Technically, the word
“Observer” implies an estimator that employs both inputs to the system and feedback control
for error correction. In this sense, real-time flux simulators can be termed as “Open loop
Observers”. Closed loop observers are the estimators using feedback for prediction error
correction to improve estimation accuracy and for defining the error correction dynamics.
Though present field oriented control schemes based on real-time flux simulators
demonstrate high performance, it is believed that there will be situations where improved
convergence of the closed loop flux observers itself will be called for. Some of the present
flux estimators are, apart from real-time flux simulators, based solely upon Gopinath’s
minimal order observer theory [8]. But, such observers have also certain shortcomings in the
methodology. A method for evaluating the accuracy implications of parameter errors is also
lacking in the literature.
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In this paper, Section 2 examines the real-time flux simulator based on the equations
governing the rotor circuit. The faster convergence of the closed loop flux observers is shown
analytically in Section 3 and verified by numerical simulations in Section 4. It should be kept
in mind that the basic methodology of observer design is applicable to a much broader class
of problems than the particular (and important) one addressed here, and the analysis
presented here can be extended to other situations involving estimation and control for
electrical machine systems.

2. AREAL TIME FLUX SIMULATOR

Most of the field orientation control schemes, and some other approaches to control and
monitoring of induction machine require the rotor flux to be estimated. Most of the existing
rotor flux estimation schemes are open loop estimation scheme having no correction term
derived from the prediction error. This is essentially real-time simulation of the rotor circuit
equations. So, they are called real-time flux simulator or open loop flux observer. Consider
the idealized two-axis model of a squirrel cage induction machine that is used throughout the
literature on field-oriented control. The rotor flux dynamics in this model satisfies

A=[U/T)H)l+w, 314 + (M/T,)ig (1)

where 4, and i are two component vectors that constitute the two-axis representations (in

stator reference frame) of rotor flux and stator current, respectively. w, is the angular

velocity of the rotor. T, is the rotor time constant. M is the mutual inductance between rotor
and stator.
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The model (1) motivates the following real-time simulation for open loop rotor flux
estimation.

A =[(-UT ) +w, I] 2 +(M/T,) i (3)

It is assumed that rotor speed and stator current are known quantities, so that the state space
model (3) is in principle simply implemented, with analog or digital hardware to perform the
required real-time integration of (3). The error in the flux estimate produced by (3) is

e= )t,, — A 4)
and is governed by the following state space equation, obtained by subtracting (1) from (3)
e=[(-1/T)1+w,Jd]e (5)

For a given speed waveform w,., (5) is a linear system. However, since w, is in general
a time-varying function, the convergence properties of (5) cannot in general be studied by
simply taking the eigenvalues of the matrix in brackets. When the speed w, is constant, this
matrix becomes constant. Since the eigenvalues of this matrix are (-1/T,) £ j ®,, the two
scalar components of e display an oscillation at the frequency , (the constant rotor speed)
that is damped with a time constant T; (the rotor time constant).
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In the case of general, time varying , the error analysis can be done as follows.

Premultiplying both sides of (5) by 2e*, where e denotes transposition of e, and using the

facts that 2 ¢ e’ = (e*e)' and e J e = 0, we see that

(e e)=-2("e)T, (6)
The magnitude of the error thus decays with the time constant of the rotor. This analysis

is really the Lyapunov function analysis, with e'e as Lyapunov function.
3. A CLOSED LOOP FLUX OBSERVER

Suppose now it is desired to have a rotor flux estimation that converges faster than the
real-time simulator given above. The philosophy underlying observer theory naturally
suggests that a corrective signal derived from a prediction error should be added to the
estimator in (3). So, this is essentially a closed loop observer. The companion equation to (1),
which completes the idealized description of the electromagnetic variables, and which relates

stator voltage vy (a two component vector) to stator current and rotor flux is
ve=(M/L,) 4. +(oLg) iy + Ry ig (7)

where 6 =1- (M2 / Lg L, ) is the leakage coefficient. L,, L, and R, are stator and rotor self

inductances, and the stator resistance, respectively. Rotor time constant, T, = L, / R, , where
R; is the rotor resistance. If the stator voltage is measured, it can be compared with the stator

voltage predicted on the basis of (7), but using i,', instead of 4, .
by =(M/L;) 4. +(oLg)iy +Ry ig (8)
The resulting observer then takes the form

A =[(~UT) N+, 34 + (M/ T, )iy +G (5 — vy ) ©)

where vy is measured stator voltage and v is the stator voltage computed from (8). G is a

2x2 matrix of observer gains. A straight forward calculation shows that the system (5) that
governed error dynamics of the real-time simulation is now replaced by

e=[(-1/T,))l+w,J]e +(M/L,)G ¢ (10)

or e=[1-(M/L)GT'[(-l/T;) 1 +w, I]e (11)

It is evident that different choices of the observer gain matrix G will lead to different error
dynamics.
For illustration purpose, let us assume

G=g9gl (12)
where g is a scalar observer gain parameter. If the rotor speed w, is constant, then (11) is a
time-invariant linear system, and the eigenvalues that govern it are:

(1=gM/L) " ((-1/T) £ j o) (13)

Thus the eigenvalues of the error dynamics are scaled up by the factor (1 —gM/L,) ', i.e.,
the time constant that governs the error decay is scaled down from that of the real-time
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simulator by this factor, while the frequency of oscillation in the error decay waveform is
scaled up by the same factor. For the more general time varying rotor speed case, we proceed
as earlier to find that (6) is replaced by

(e e))=-2(1-gM/L,) (1/T,) (ee) (14)
so that the error magnitude now decays with a time constant of
(l_gM/Lr)Tr (15)

It is evident that g can be chosen to make this time constant considerably smaller that T; .In
implementing the closed loop flux observer given by (8) and (9), it is necessary to avoid
taking derivatives. For this purpose, let us define the auxiliary variable

z=[1-M/L;)G 14, —G(oLy)i (16)

Then z' is obtained by grouping together all the terms of (9) that contain derivatives (after
substituting for v¢ from (8)) so that

2 =[(-1/T;) | + o, J]i, +(M/T;)ig +G (Rgig —vy) (17)
Now (16) shows that
i =[1-(M/L)G 1" [z + G (cLy)i] (18)

Expression for i,, given by (18) is substituted in (17) to get a state equation for the vector z,
as follows:

?=Fz+Hig -Gy (19)
where

F= [(—I/Tr)l+a)rJ][I—(M/Lr)G]'1 (20)

H=FG(oLi)+(M/T;) I +GRy (21)

The differential equation (19) is solved forward from the initial condition z(0) obtained from
(16), through the choice of ;1, (0). Then to find ir from z, only (18) is used. Thus the
observer is implemented without differentiating any signal.

3.1 Extension of The Closed loop Observer

The particular gain in (12) was chosen for ease of illustration. However, the case of a
more general gain is

G=0g1l +g2J (22)

If the rotor speed @, is constant, the corresponding error dynamic system is again a time
invariant linear system. By proper choice of g1 and g2 , the eigenvalues of the error dynamic
system can be placed at any specified pair of conjugate locations. For example, if it is desired
to have the eigenvalues of the error dynamic system at (—a £ j b) (i.e., the error components
should display an oscillation at the frequency b rad/sec and damped with a time constant of
1/a sec), then the scalar gains g; and gz in the observer gain matrix must be:
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L (a=(UT) (/T + (b -0,) o,
M w? +(1/T?)

g1 (23)

L (@-/T ) o, +(b-w,)A/T;)
M w? +(1/T?)

92 (24)

When the rotor speed w, is varying slowly, g1 and g2 can also be varied as given above to
control the variation of error dynamics.

4. SIMULATION RESULTS AND DISCUSSIONS

Above observer design theory is verified by numerical simulations. The induction motor
whose rating and parameters are given in Table 1, having a rotor time constant of 0.06 sec is
considered for simulation study. The trace in Fig. 1 (a) shows the speed waveform after the
motor is started from standstill with a 220 V, 50 Hz, 3 — Phase supply. The trace in (b) is the
actual rotor flux component along axis 1. The rotor flux component along axis 2, is very
similar to that along axis 1, being approximately phase sifted by 90 degrees. So, rotor flux
along axis 2 is not shown. The trace in Fig. 1 (c) is the estimated rotor flux using
conventional real time simulator given by eqn (3). The trace in (d) shows the flux estimate
produced by the closed loop observer with prediction error correction, given by eqns (8) and
(9), with the choice G = (L;/2 M) | to give an error time constant of T, / 2, according to
(14). Fig. 1 (e) plots the error in the conventional real time simulator, and (f) shows error with
the closed loop observer. Comparing the plots in (e) and (f), it can be verified that in the later
case time constant of error decay is half while frequency of oscillation is twice that in former
case. Fig. 2 shows the traces of flux estimation error with another closed loop observer whose
gain is given by eqns (22) to (24). The fixed eigenvalues of the error dynamic system are
located at (— 80 + ;120 ). The trace of error when 3(0) = [0.2; 0.2] is shown in Fig. 2 (a), and
when z(0) =[1.0; 1.0] is shown in Fig. 2 (b). It is seen from Fig. 2 that the plot of error is of
same nature in both the cases, irrespective of initial estimation error. This is because the
eigenvalues of the error dynamic system are the same in both the cases.

Table — 1 Rating and Parameters of the Induction Motor

Three phase, 50 Hz, 0.75 kW, 220V, 3A, 1440 rpm
Stator and rotor resistances: R =6.37 Q, R, =4.3 Q
Stator and rotor self inductances: Ly =L, =0.26 H
Mutual inductance between stator and rotor: M = 0.24 H
Moment of Inertia of rotor and load: J = 0.0088 Kg ‘m”
Viscous friction coefficient: B = 0.003 N ‘m -s/rad

5. CONCLUSIONS

Real-time simulator for rotor flux estimation has been discussed. Design methodology for
closed loop observer based on prediction error feedback has been presented. It is shown
analytically as well as by numerical simulation that the closed loop observer leads to faster
convergence. It is also shown that with closed loop observer, the gain matrix can be designed
to give the desired error dynamics. There are several interesting directions in which the
present study can be extended. Among these are the development of adaptive observers, and
nonlinear observers for estimation of flux as well as rotor speed.
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Fig. 1 (a) Rotor speed staring from standstill, (b) Rotor flux along axis 1, (c¢) Flux estimate
based on real time simulator, (d) Flux estimate of a closed loop observer making error
decay time constant half of the rotor time constant, (e) estimation error for real-time
simulator, (f) estimation error with the closed loop observer
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Fig. 2 Estimation error with closed loop observer having fixed eigenvalues of the error

dynamic matrix (a) for 5(0) =[0.2; 0.2], (b) for 5(0) =[1.0; 1.0]
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