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Abstract- An improved automatic generation control
(AGC) employing self-tuning adaptive control for both
main AGC loop and superconducting magnetic energy
storage (SMES) is presented in this paper. Computer
simulations on a two-area interconnected power system
show that the proposed adaptive control scheme is very
effective in damping out oscillations caused by load
disturbances and its performance is quite insensitive
to controller gain parameter changes of SMES. A
comprehensive comparative performance evaluation of
control schemt-s using adaptive and non-adaptive
controllers in the main AGC and in the SMES control
loops is presented. The improvement in performance
brought in by the adaptive scheme is particularly
pronounced for load changes of random magnitude and
duration. The proposed controller can be easily
implemented using microprocessors.

INTRODUCTION

Fast acting energy storage devices, such as SMES
or battery energy storage can effectively damp out
power frequency and tie-line power oscillations caused
by small load disturbances [1-5]. Though expensive,
these hold promise as potential devices for improving
dynamic performance of power systems. These storage
devices, in conjunction with a back-to-back dc link,
have been proposed [6] to facilitate effective and
economic control of power flow between interconnected
systems. The intensive search for high temperature
superconducting materials gives further impetus for
studying the applications of SMES technology. Detailed
descriptions of SMES and its configuration in the
power system car be found in [1,2,4,5].

Computer simulation studies reported in [5] and
[7] demonstrate that either the area frequency
deviation signrl or the area control error (ACE)
signal, comprising of the area frequency deviation
and the tie-line power deviation, can be used to
control the SMES. The use of ACE as the control
signal, when compared to the other, has the added
advantage that it further reduces the tie-line power
deviations and also localizes the contribution of the
SMES units so as to respond more to the load
disturbances in its own area [5,7], These studies have
indicated that with either of these control signals,
the performance is quite sensitive to the gain
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settings of the proposed controller for the SMES unit.
Further, these papers deal with the optimization of
controller gain settings. The optimal gain settings
have been obtained for a deterministic load
disturbance of a particular magnitude, and these gains
need not be optimal for any other load.

The use of adaptive controller for the
supplementary control of AGC has been cited in the
literature [8-10]. In the present paper, the results
of a computer simulation study are presented to show
the advantages of a self-tuning type of adaptive
control for SMES unit for the improvement of AGC.
Adaptive controllers have the advantage that they can
even be used in combination with other non—adaptive
controllers in the system [11]. The adaptive
controller here uses the ACE signal as its input
variable and generates signal of suitable magnitude
and sign for the control of SMES. For the control of
an area, it requires only measurements of its
frequency and tie-line power. The control logic is
also easy to implement on a microprocessor.

A two-area interconnected power system is
considered for the computer simulation studies of the
proposed control system. The power system model
incorporates governor deadband and steam reheat
turbines. The generation rate constraint (GRC) is
also included in the analysis to obtain realistic
results. To take into account the smallest time
constants associated with SMES, time-domain analysis
of the continuous system is performed with a small
time step (say 0.01 second) with appropriate choice of
sampling time intervals for the adaptive controllers.

The performance of the adaptive controlled SMES
is compared with that of non-adaptive SMES keeping the
supplementary control as the conventional one with the
integral controller. When the SMES control is made
adaptive, it is almost insensitive to the controller
gain parameter variation as expected. The performance
is then investigated with the supplementary control
also in adaptive form, which results in further
refinement over the previous results. As the load
variations are actually stochastic in nature, the
ability of the proposed controller in dealing with
such situations is also investigated.

CONFIGURATION OF SMES

Fig.l shows the basic configuration of a SMES
unit in the power system. The superconducting coil can
be charged to a set point (which is less than the full
charge) from the utility grid during normal operation
of the grid. The dc magnetic coil is connected to the
ac grid through a power conversion system (PCS) which
includes an invertor/rectifier. Once charged, the
superconducting coil conducts current, which supports
an electromagnetic field, with virtually no losses.
The coil is maintained at extremely low temperature
(below the critical temperature) by immersion in a
bath of liquid helium [1,4].

When there is a sudden rise in the demand of
load, the stored energy is almost immediately released
through the PCS to the grid as line quality ac. As the
governor and other control mechanisms start working to
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Dump resistor

Fig. 1 Configuration of SMES in power system.

set the power system to the new equilibrium condition,
the coil charges back to its initial value of current.
Similar is the action during sudden release of loads.
The coil immediately gets charged towards its full
value, thus absorbing some portion of the excess
energy in the system, and as the system returns to its
steady state, the excess energy absorbed is released
and the coil current attains its set point.

MATHEMATICAL MODEL FOR AGC WITH
SMES IN POWER SYSTEMS

A digital computer model for AGC of a two-area
power system is developed for the analysis as shown in
Fig.2, which incorporates governor deadband, reheat
steam turbines and generation rate constraint. Since
the purpose is to study the control strategies, an
incremental model is adequate.

Fig. 2 Block diagram of AGC with governor deadband,
reheat steam turbines, generation rate
constraint and the SMES unit.

The describing function approach is used to
incorporate the governor deadband non-linearity
[7,12]. The power system shown by this model is a
linear continuous-time dynamic system and it can be
represented by a set of linear differential equations
of the form:

x. = [A]x. (1)

where 21> i> anc^ £ a r e state, control and disturbance
vectors and [A], [B], [r] are constant matrices
associated with them respectively.

Ugj and Ug2 in the diagram can be inputs from
either integral controller or adaptive controller.
Proportional frequency negative feedback is found to
improve the performance in both the cases and K,F1 and
^AF2 r eP r e s e nt the gains associated with it. if the
conventional integral controller is used for the
supplementary control of AGC,

U ,(t) = -KT, J ACE dtsi iiQ I
(2)

i.j = 1.2
where K-,. = gain of the integral controller of area, i

ACE. = B. AF. + AP. . (3)
1 1 x ^ i.j =1,2

where AF. = frequency deviation of area, i
AP. .= change in tie-line power flow out of area

1J i to j
B. = frequency bias parameter for ACE of area.i

The value of B. is chosen equal to the value of the
area frequency response characteristic (AFRC), B ,
which according to [13] produces overall satisfactory
performance of the interconnected systems.

The sudden release or absorption of power by SMES
in accordance with the deviations of load causes the
supplementary control to feel the effect of load
variations slightly reduced. This may introduce
slight sluggishness in the operation of supplementary
control. This situation can be improved by providing
the power deviations in SMES units as an additional
signal for the supplementary control. Then,

t

U s i ( t ) = - KIi 0
J ACEi(modified) dt

ACEi(modified) = A C E i + A P S M i
(5)

where AP Q M. = power deviation in SMES unit of area, i
& (pu. MW)

If the controller for supplementary control is
adaptive, this modified ACE signal is used as its
input variable.

Generation Rate Constraint (GRC)

In practice, there exists a maximum limit on the
rate of change of power that can be generated by a
steam plant [10,14]. Hence, if the speed of response
demanded from the control system and/or the load
change are too fast under transient conditions the
steam flow and auxiliary system inertia will prevent
attainment of this rate. The controller designed for
the unconstrained situation may not be suitable. The
analysis performed in [10,14] indicate that with
constraints imposed by GRC, the dynamic responses of
the system experience larger overshoots and longer
settling times, compared to the case without

For the analysis here, a generation
of 0.1 pu. per minute [10] is
is,

considering GRC.
rate limitation
considered. That

d
— APG <_ 0.0017 pu. MW/sec.
dt

(6)

The GRC is taken into account by adding a limiter to
the turbine power as shown in Fig.2.

THYRISTOR CONTROL OF SMES UNITS

The operation of SMES units, that is, charging
and discharging, the steady state mode and the power
modulation during dynamic oscillatory period are
controlled by the application of the proper positive
or negative voltage to the inductor. This can be
achieved by controlling the firing angle of the
converter bridges.

Neglecting the transformer and the converter
losses, the dc voltage is given by [15] :

E. = 2V
do

(7)

where Ed = dc voltage applied to the inductor (kV)
a = firing angle (degree)
Id = current through the inductor (kA)
R = equivalent commutating resistance (ohm)
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V, = maximum open circuit bridge voltage of
each 6-pulse converter at a = 0° (kV)

The inductor is initially charged to its rated
current, I, by applying a small positive voltage.
Once the current has attained the rated value, it is
held constant by reducing the voltage ideally to zero
since the coil is superconducting. A very small
voltage may be required to overcome the commutating
resistance.

In Fig.2, U., and U,2 are the control inputs to
the SMES units of area I and 2 respectively. These
inputs can either be signals proportional to ACE or
signals from separate adaptive controllers. In both
cases, inductor current deviation is sensed and used
as a negative feedback signal in the SMES control
loop. This feedback helps in the quick restoration of
the coil current to the set point, following a sudden
change in the load demand [5,7]. The block diagram
representation of the SMES control scheme is shown in
Fig.3. With ACE as the control signal,

1
AE,.

1+sT, .
dci

Ci <BiAFi " KIdi

i.j = 1.2 (8)
where AE. is the incremental change in converter
voltage "kV); AI, is the incremental change in SMES
current (kA); T, is the converter time delay (Sec);
^LAC "̂ s tne 8 a l n °f tne SMES control loop for ACE
signal (kV/unit ACE); KJd is the gain of the inductor
current deviation feedback loop (kV/kA) and s is the
Laplace operator.
'do

A C E or

adaptive
signal

Fig. 3 Block diagram representation of SHES control
scheme.

If adaptive signal is used to control SMES, then,
1

AE.,
1+sT

i ULADi " KIdi (9)

dci i = 1,2
where U j ^ ^ is the input signal from the adaptive
controller and K L£ D i is the gain of the SMES control
loop for adaptive signal (kV/unit signal).

PARAMETER IDENTIFICATION AND ADAPTIVE CONTROL

Power system parameters are a function of the
operating point. To keep the system performance near
its optimum, it is desirable to track the operating
conditions and use the updated parameters to compute
the control signal.

It may be possible to represent such a system by
a linear low-order discrete model with time-varying
parameters. A recursive least squares (RLS) parameter
estimation technique, which has a fast convergence
rate [11], is used in this work to estimate these
time-varying parameters. Based on this model which
tracks the operating conditions of the system, control
is computed using a minimum variance strategy. Thus,
the process is the equivalent of a controller with
dynamically changing coefficients and is referred to
as the self-tuning regulator (STR).

Self-Tuning Regulator

The general structure of the STR is shown in
Fig.4. The identifier and controller form the software

part of the STR. The plant is identified by a model of
a pre-assigned order, and for every sampling interval,
the identifier computes the parameters of this model.
The controller uses these parameters and the system
data to calculate and output the control to the plant.

Each area of the power system is a complicated
non-linear system by itself. It is possible to model
such a system by a linear, discrete, finite-order
model with time-varying parameters. Area i may be
modelled as

Y±(t) + a±iyi(t-l)

t-l) +....+ciniei(t-ni)] (10)

where y.(t) is the ACE, u.,(t) is the input variable,
e.(t) represents the uncertainty in the model, a^...

f daini' bil'--parameters,
bini'

is
i and ilthe order

are model"- Cini are m

of the model,parameters, ni is the order of the model, k^
represents the pure delay, (t-j) represents the time
(t-jT) and T is the sampling period.

Disturbance

Plant

Identifier

Parameters

Controller

Fig. 4 General structure of a self-tuning regulator.

It is proposed to minimize the variance of y.,
(k.+l) sampling periods ahead of time. Then at time
(ttki+l), the model given by (10) can be written as

l) + ailyi(t+k1) + + ainiyi(t+ki+l-ni)

i l U i(t) + + blniui(t+l-ni) + 4'i[

By writing (10) at the instants (t+k ), (t+k^l),
...,(t+l) and substituting in (11) to eliminate
yi(t+ki), yi(t+ki-l) yi(t+l), (11) may be modified
as

(12)
= nj+k^-1, B i o is a preselected
a. . and B. . are coefficients
rameters a. . and b.

1

where nu = ni> li
constant parameter,
computed from the parameters a. . and b. . in (10),
cii = 0 and the disturbance ei(t) is a

1 moving average of
order k. of the driving noise ej(t).

For a system modelled by C12), if the parameters
a.,,...,a. . and &.,
known, tne minimum-variance
simply

1

± are constants and
ntrol strategy [16] is

" Silui(t-l)...-BiUui(t-li) (13)

If the model parameters are unknown and changing,
they are to be identified. In the STR, these para-
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meters are estimated on-line at every sampling period.
The estimated values of these parameters, a ± 1 a i m i

and (§., 6--, •, are then used to calculate the
minimumivariance^-control strategy of (13).

To estimate the parameters of the model in (12),
the model may be rewritten at the instant t , by
replacing t by (t-k^i), ±n the following form [9]:

where
(15)

(16)

Zi(t) = yi(t)-Bioui(t-ki-l)

= [-yi(t-k.-l),...,-yi(t-ki-ini)>

Bioui(t-ki-2) S ^ u ^ t - k ^ - l

and a prime denotes the transpose of a matrix.
Several recursive parameter-estimation algorithms

can be used to obtain an estimate (̂ (t) for the
parameter vector _g_. [ 17]. Use of recursive least-
squares technique gives

fli(t) = e^t-n + Ki(t)[zi(t)-hi(t)ei(t-i)] (is)

The correction vector K_.(t) can be calculated as

K (t) = [P.(t-l)]h.(t)[l+h'.(t)[Pi(t-l)]h.(t)]i 1 - 1 - 1 1 - 1 ( 1 9 )

where [P.(t)] is the covariance matrix of estimation
error, which can be obtained using the recursive
relation

(20)[P±(t)] = [[I] - K ^ O h

where [I] is the identity matrix.
To start the algorithm, initial values of Q.(t) and
[Pj(t)] can be chosen arbitrarily. A recommended
choice [9] is Q±(o) = 0 and [Pi(o)] = v[I], where v is
a relatively large number.

Once the estimate Q_±(t) is obtained, ui(t) can be
calculated as

1

The self-tuning regulator tracks the minimum
variance of y.(t). Since y.(t) is changed dynamically
according to the variances of AP .(t) and AF.(t),
it can be considered that in the proposed algorithm,
the variances of these two variables will converge to
near their minimum values.

The proposed STR for SMES in area i is shown in
Fig.5. The measurements available locally in area i
are the only requirements for the controller in that

Self-tuning regulator
" l

Adaptive
control signal

Fig. 5 Self-tuning regulator for SMES in area i.

area. Another STR of similar type can be provided if
the supplementary control input signal Usi is made
adaptive, in which y^t) will additionally contain the
signal of power deviation in SMES unit.

DIGITAL SIMULATION RESULTS

The transient response of the power system with
AGC in different cases is obtained. The variation of
performance is easily noted in each case by calcu-
lating the time-error accumulation or the performance
index calculated on the basis of the integral square
error criterion [13], which is defined as

P.I. = + W2(APtie)
2)dt (22)

Weight factors of 1.0 and 60.0 are found suitable for
Wj and W2 respectively for the cases considered here.
In each case, the gain parameters are varied and the
optimal value is selected as the one which gives the
minimum value of time-error accumulation.

The STR algorithm is tested for different
sampling periods and different system orders. Sampling
intervals of 1.0 second and 50 milliseconds for the
self-tuning regulators for the supplementary control
and to the SMES control respectively are found optimum
and reasonable. For both regulators a fourth order
system model (i.e., mi=4 and 1J=3 in (13)) is found to
give satisfactory results. Although with increasing
sampling period of the STR for SMES, the system
performance deteriorates, it is found to give
satisfactory results up to a sampling period of 100ms.

Eventhough updating of the control signal for the
supplementary control is done only at an interval of
one second, the model parameters can be updated just
before the application of the control signal, u.(t),
to take into account the latest trend of y.. This
practice is found to improve the system performance
further. For the analysis here, the parameter
identification algorithm is started just 100
milliseconds prior to the application of u.(t). The
pure delay, k. is considered as zero.

For the purpose of analysis of the effect of
SMES, the data of the 30MJ SMES unit, which was
operated in an experimental mode by the Bonneville
Power Administration (BPA) in their substation at
Tacoma, Washington is assumed (given in the Appendix).
Factors such as fatigue, mechanical forces and
superconductor temperature stability dictate that
stored energy during normal operation should be
managed between about 20MJ and 30MJ [4]. This imposes
lower and upper current limits (I, . and I,
respectively) for the SMES during operation. For
this reason, SMES units are cut off from the system
when the current reaches its limits and connected
back only when the ACE changes its sign.

AGC response is first obtained without SMES for a
deterministic load increase of 0.01 pu. in
area-1. The conventional integral controller as well
as STR are utilized to generate supplementary control
signals U, and II j. In both cases, the proportional
frequency deviation negative feedback is found to
improve the performance. The optimal value for the
gain K.p is found to be 0.50 in both cases. Without
SMES, the optimal value of K-, obtained is 0.20 with
K^p=0.50.In this case the frequency and tie-line power
oscillations are found to settle around 100 seconds.
The optimal value of Kj shifts to 0.25 when SMES is
connected and is controlled either by ACE signal or
STR.

Performance Improvement Through Adaptive
Controlled SMES

Fig.6 indicates the improvement in transient
response with adaptive controlled SMES of equal
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Fig. 6 Transient response with adaptive controlled

SMES and integral controller for the supplementary
control, for a load increase of 0.01 pu. in area-1.

ratings (30MJ) incorporated in both areas for a step
load increase of 0.01 pu. in area-1. Integral
controller is used for the supplementary control. The
response with and without SMES are shown for their
individual optimal gain settings. Fig.6(a), (b) and
(c) establish the improvement of the system frequency
oscillations and tie-line power deviations. It can be
seen that the oscillations are practically damped out
and also the amplitudes of the deviations are reduced
considerably. The settling of deviations is also very
fast, around 30 seconds. Fig.6(d) is included to show
that the rate of generation in both cases is kept
within limits. Fig.6(e) and (f) show the voltages and
currents of the SMES units. It can be seen that the
SMES units start restoring the set value of current
(4.5 kA) as the transients are about to die down.

Adaptive Versus Non-adaptive Controlled SMES

Fig.7(a) and (b) provide the comparison between
the performance index (P.I.) when ACE signal directly
and STR are used for the control of SMES. In both
cases, supplementary control is provided by integral
controller. A step load increase of 0.01 pu. in area-1
is considered. In both cases, the minimum value of
P.I. is more or less same. However, when ACE is
directly used as the control signal, the P.I. shows
wide variations with changes of SMES controller gain,
whereas in the case of adaptive controlled SMES, the
P.I. curve is almost flat. This indicates that the
gain parameter changes of SMES controller have very
little effect on its performance when the controller
is adaptive. This is further established by Figures 8
and 9, which show the effect of variation of SMES
controller gain on frequency deviation of area-1 and
tie-line power deviation when SMES uses non-adaptive
and STR controllers respectively. The responses shown
are for a step load increase of 0.01 pu. in area-1.

STR for Both Main AGC Loop and SMES Control

Fig.lO(a),(b) and (c) show the response of
frequency deviation of area 1 and 2 and tie-line power

so 75 too

SMES gmnlkV/umt ACE signnll —

Fig.7(a) Performance index when
ACE is used to control SMES.
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30 10

Fig.8 Transient response with
ACE control for SMES.

(a)

ISO 17S 200 225 ?*0 ??5

SHES gainlkV/unit ajopt.sgnal)

Fig.7(b) Performance index when
STR is used to control SMES.

Fiq 9 Transient response with
9 STB control for SMES.

With SMES
Without SHES

(c)

Fig.10 Transient response with
adaptive control for both main
AGC loop and SMES, for a load
increase of 0.01 pu. in area-1

(b)

deviation with the supplementary controller also made
adaptive in addition to the adaptive SMES. These
responses are also for a step load increase of 0.01
pu. in area-1. Compared to Fig.6, here the frequency
deviations take only half the time to settle, around
15 seconds. Although the tie-line power deviation
settle to zero slowly, it is reduced to a small value
quickly and its oscillatory nature also is reduced.

Response to Random Loads

In practice, load variations are stochastic in
nature. Hence for a realistic evaluation of the
proposed system, it has to be tested under such
conditions. A load pattern generated for such a
purpose is shown in Fig.ll. The load model can be
described as
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APd = n(t) + 0.017(t) (23)
where r)(t) consists of step load changes at irregular
intervals, and Y(t), a high frequency component of

CONCLUSION

load
fi

nteivais, anu Y^L;, a nigii iiequtmcy cuiupuneiiL ui

oad variations, which is obtained through a low pass
ilter derived as follows [18]:

Y(t) = x(t) + ?[Y(t-At) - x(t)] (24^
where x(t) is a normal distributed random number; At
is the time interval and the filtering constant,
?=0.96. The load pattern of Fig.11 is applied as AP
and APJO is selected to be zero.

50 100 150 200 250 300

Time (sees)

Fig.11 Random load disturbance applied to area-1.

0-2r- 1 0-2

Self-tuning type of adaptive controllers are
proposed both for the supplementary control of AGC and
for the control of SMES, which is incorporated as a
stabilizer to improve AGC performance. A two-area
power system connected through a tie-line has been
used as a model for testing the adaptive control
strategy. The power system model includes governor
deadband non-linearity, steam reheat turbines and
generation rate constraint.

The computational results demonstrate that the
self-tuning regulators bring significant improvement
in system response. Further, when STR is used for the
control of SMES the performance is practically insen-
sitive to the controller gain changes. The regulators
require only measurements of the area frequency and
tie-line power errors and an estimate of the system
order. In this paper the representation of an area by
a fourth order model is found adequate. Such
regulators can be easily implemented using
microprocessors. However, as the SMES technology is
new and still evolving, its cost-effectiveness in the
proposed application is not studied.

0 025

0 50 100 150 200 250 300

Time (sees)

(a)

50 100 150 200 250 300

Time I sees)
(a)

0 50 100 "T50 200 2^0 300

Time (sees)

-002
100 150 200 250 300

Time (sees)

-002
50 '00 150 200 250 300

Time (sees)

50 100 150 200

Time Isecs) -»

250 300

(t>) (b) (b)
Mg.12 Transient response with integral Pig.13 Transient response with adaptive Fig.14 Transient response with adaptive
controller for the main AGC loop and controller for the main AGC loop and control for both main AGC loop and
without SMES, for the load disturbance without SMES, for the load disturbance SMES, for the load disturbance shown
shown in Fig.11. shown in Fiq.ll. in Fig.11.

Fig.l2(a) and (b) show the frequency deviation of
area-1 and tie-line power deviation respectively,
without SMES units and with conventional integral
controller for supplementary control. Fig.13 shows
the same variables when the supplementary control is
made adaptive, and without SMES. The over-all
performance (time-error accumulation) is better with
adaptive controller even if the load changes occur
many times before the transients due to the previous
load change settle. Fig.14 depicts the improvement
brought in further by incorporating the adaptive
controlled SMES, keeping STR for the supplementary
control. The adaptive SMES helps in reducing the mag-
nitude of deviations in frequency and tie-line power
and also in quickly damping out the oscillations.

APPENDIX

SYSTEM DATA [12,13]

The power system parameters chosen for the
present study are given below. Notations carry the
usual meanings and are similar to that in [13].

Area capacity, P.
f°
K .
R?1

Rl

D

= PR2 = 2000 MW
u) =3.14 radian60 Hz;

K j = 120 Hz/pu.MW
j = 2.4 Hz/pu.MW
2 = 8.33xlO~J pu.MW/Hz

= B = 0.425 pu.MW/Hz

R
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T .

Tg

a)

b)

[1]

[ 2 ]

[ 3 ]

[ 5 ]

[6]

T „ = 20 s
I** = 10.0 s
0.0707 MW/radian
K 2 = 0.333
Tf~ = 0.20 s
T™~ = 0.30 s

SMES UNIT DATA [ 2 , 4 ]

' d e l

= 4.5 kA
= 4.0 kA
= 0.03 s

*dlmax

OPTIMIZED GAIN PARAMETERS

Step load i n c r e a s e of 0 .01 pu. in area-1

i) Integral controller for supplementary
control and ACE signal for SMES control :

KT
pLACl " £LAC2
Idl = KId2

0.25

0.20 kV/kA
ACE

NAF2 0.50

ii) Integral controller for supplementary
control and STR for SMES control :

as above.
y IT

"XADl "LAD2

L' KAF2' KIdl a n d KId2

= 225 kV/unit signal

are same

iii) Adaptive controller for both supplementary
control and SMES control :

KAF1,
K

1 and= 3 5° k
are same as above.

"LAD1 '

Random load in area-1

^AFl' ^AF2' ^Idl an{* ^Id2 a r e s a m e as above.
Kj. = Kj2 = O.20 (when integral controller

is used and SMES not connected)
KLAD1= KLAD2= 3 5 0 k V/ u n i t signal
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Discussion

O. P. Malik (The University of Calgary, Calgary, Alberta, Canada):
The authors have presented a very interesting study describing the
application of a self-tuning adaptive controller to automatic genera-
tion control and a superconducting magnetic energy system. They
show the positive effects of such controllers that are quite easy to
implement using microcomputers.

This discussor would like to make a few comments regarding the
adaptive control algorithm application as adopted in this paper:

(a) The authors are correct in saying that the time-step in performing
the digital simulation solution of the continuous system should be
chosen small with appropriate choice of sampling interval for the
adaptive controller. However, considering that the smallest time-
constant is 30 ms for the SMES, it would have been preferable to
use the simulation time-stop between 1 and 5 ms rather than 10
ms. With the lower time-step, the effect of simulation model
discretization would have been decoupled from the sampling for
the discrete adaptive controller, and they would have been able to
increase the sampling period for the adaptive controller used on
the SMES.

(b) The authors state that for both regulators a fourth order system
model is found to give satisfactory results. What was the criterion
used for "satisfactory results"? Were other model orders for
system identification model tried and with what results?

(c) Using a forgetting factor in the recursive least-squares identifica-
tion algorithm would have been useful particularly for the case of
random-load disturbance studies.

(d) Minimum variance control algorithm has the advantage of being
simple and easy to compute. It is, however, unsuitable where the
control is constrained or the system being controlled is non-
minimum phase. In the studies described in this paper, no limits
have been placed on the control u for either SMES or supplemen-
tary use. The results also seem to indicate that the controlled
system in this case was minimum phase. Minimum variance con-
troller thus provided satisfactory performance. These two require-
ments may, however, not be satisfied in all situations.

The above comments notwithstanding, the authors have presented a
useful study.

Manuscript received August 20, 1991.

S.C.Tripathy, R.Balasubramanian and P.S.Chandramohanan
Nair (IIT Delhi, New Delhi): The authors are thankful
to Prof. 0. P. Malik for reitering the fact that
application of a self-turning regulator to automatic
generation control of Power Systems with
superconducting Magnetic Energy Storage has positive
effects on the system damping as they are easy to
implement using.microcomputers. The authors would like
to answer the questions raised in the same order as
they are asked:

(a) The authors agree that a computation time step
smaller than 10ms would have yielded more accurate
results. However, a compromise had to be made
between the total computing and the accuracy of
results and a time step of 10ms was finally
chosen. The total computing time is very important
particularly for on-line application of the
adaptive regulator.

(b) A fourth order model was selected since higher
order model did not bring out any distinct
improvement in the results. On the other hand
higher model means more computational effort.

(c) The results are valid even without a forgetting
factor, however, this alternative option for the
case of random load disturbance studies will be
experimented in subsequent work.

(d) Limits on the control were imposed after the
computation for checking on the physical
constraints. Nevertheless the control system is
minimum phase.

Finally the authors are grateful to the discusser
for the appreciation of this research effort.

Manuscript received April 10, 1992.


