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Abstract: A new scheme using a small rating
capacitive energy storage (CES) unit for the
improvement of the dynamic performance of a
power system is proposed. A comprehensive
digital computer model of a two-area intercon-
nected power system including governor dead-
band non-linearity, steam reheat constraints and
boiler dynamics is developed. Time domain simu-
lations are used to study the performance of the
power system and control logic. Optimisation of
gain parameters and stability studies are carried
out by the second method of Lyapunov. Suitable
methods for control of the CES units are
described.

1 Introduction

The use of superconducting magnetic energy storage
(SMES) and battery energy storage for load levelling
application and for improvement of the dynamic per-
formance of power systems have been described [1-6] in
the literature. However, the operation and maintenance
of these systems pose many problems and are expensive
[5-8].

Batteries have the highest energy storage density, of
the order of 108 J/m3. SMES has a slightly lower storage
density around 107 J/m3. Capacitors manufactured with
the present technology have only a storage density of
about 105 J/m3. The dielectric losses and the low energy
density of the capacitors make it less attractive as a bulk
energy storage device capable of load levelling during
large generation loss incidents. However, a small rating
capacitive energy storage (CES) can effectively damp out
the power frequency and tieline power oscillations caused
by small perturbations to the load. The use of normal
loss magnetic energy storage (NLMES) units for LFC
application has been suggested in References 9 and 10.
The losses in CES units would be considerably less when
compared with such NLMES units of same storage
capacity.
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The CES units are practically maintenance free. Fur-
thermore, they do not impose any environmental
problem, unlike magnetic energy storage units [2, 7]. The
operation is quite simple and less expensive compared
with SMES which requires a continuously operating
liquid helium system. In CES systems there is no need to
ensure a continuous flow of current, as required in mag-
netic storage systems.

In most of the automatic generation control (AGC)
studies, the effect of the boiler system and its controls and
the governor deadband effects are neglected for simpli-
city. For a realistic analysis of the performances of the
system, however, these should be included as they have
considerable effects on the amplitude and settling time of
the oscillations as established in this paper. The consider-
ation of these effects also affects the optimal value of the
integrator gain of supplementary controller (Kj).

Even for small load disturbances and with the opti-
mised gain for the integral controller, the power fre-
quency oscillations and the tieline power deviations
persist for a long time. The addition of a small capacity
CES unit to the system significantly improves this situ-
ation and the oscillations are practically damped out.
Methods are described for the suitable control of a CES
unit.

Optimal values for the gain parameters of the existing
power system and CES units are determined for a proper
co-ordination to extract the maximum benefit out of the
available capacity of the CES units. The second method
of Lyapunov for linearised systems is used for parameter
optimisation which guarantees stability.

The power system model for AGC including the CES
is described in the form

X = [A\X_ (1)

which saves much computational effort for time-domain
simulations, optimisation and stability analysis.

2 Configuration of the system

Fig. 1 shows the basic configuration of a CES unit in the
power system. The storage capacitor is connected to the
AC grid through a power conversion system (PCS) which
includes an inverter/rectifier. The storage capacitor may
consist of many discrete capacitors connected in parallel,
having lumped capacitance C as represented in Fig. 1.
The resistance R connected in parallel to the capacitor is
the equivalent resistance of the capacitor bank to rep-
resent its dielectric and leakage losses.
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The capacitor can be charged to a set value of voltage
(which is less than the full charge) from the utility grid
during normal operation of the grid.

6-pulse
bridge converter

i A I 1 -'d

dump resistor

V
bypass

SCR

6-pulse d
bridge convertor

,S2

reversing switch
arrangment

storage capacitor

Fig. 1 Configuration of capacitive energy storage in power system

A reversing switch arrangement using gate turn-off
thyristors (GTO) is provided to accommodate the change
of direction of current in the capacitor during charging
and discharging, as the direction of current through the
bridge convertors cannot change. During charging mode,
switches Sl5 S4 are ON and switches S2, S3 are OFF. For
discharging mode, S2 , S3 are ON and S1; S4 are OFF.
This arrangement is similar to battery energy storage for
the same purpose.

3 Power modulation in CES units

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 set the power
system to the new equilibrium condition, the capacitor
charges to its initial value of voltage. Similar is the action
during sudden release of loads. The capacitor is imme-
diately 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 capacitor voltage attains its
normal value.

To show the effect of CES on AGC, a small rating
CES having 3.8 MJ maximum storage capacity is con-
sidered (data are given in Appendix 11). The capacitor
voltage must not be allowed to deviate beyond certain
lower and higher limits. If the capacitor voltage goes too
low during a system disturbance and if another dis-
turbance occurs before the voltage returns to normal,
more energy will be withdrawn from the capacitor. This
may lead to discontinuous control. To overcome this
problem, a lower limit is put for the capacitor voltage,
say 30% of the rated value. The upper limit of the capa-
citor voltage is limited by the factors such as capacitor
rating, insulation level of the capacitor and the rating of
the converter bridge.

The normal operating point of the capacitor is set
such that the maximum allowable energy absorption
equals the maximum allowable energy discharge. This
makes the CES unit equally effective in damping the
oscillations created by sudden increase as well as
decrease in load. If Ed max and Ed min denote the maximum
and minimum limits of voltage, respectively, and Edo

denotes the set value of voltage, then
LiCEJmax - \CE\O = \CE\0 - \CE\min

-2 , c-2 \ l / 2
d max + Zj min \

Let Edmin = 03Edo; Then

Ed max = l -38£ d o

(2)

(3)

(4)

4 Development of a comprehensive mathematical
model for AGC with CES

A digital computer model for the AGC of a two-area
power system with governor deadband, reheat steam tur-
bines, boiler dynamics and the CES unit is shown in Fig.
2. As the purpose is to study the control strategies, an
incremental model is adequate.

4.1 Go vernor deadband
The describing function approach described in Reference
11 is used to incorporate the governor deadband nonlin-
earity. An adequate description of the hysteresis type of
nonlinearities is expressed as

y = F(x, x) (5)

It is necessary to make the basic assumption that the
variable x is sufficiently close to a sinusoidal oscillation,
that is

x ~ A sin OJO t (6)

where the amplitude A and the frequency OJ0 of the oscil-
lation are constant. Such an assumption is quite realistic
as the nonlinear system may exhibit periodic oscillations
arbitrarily close to pure sinusoid. It has been found that
the backlash nonlinearity tends to produce a continuous
sinusoidal oscillation with a natural period of about 2
seconds [12]. Then

a>0
 = 27t/o = n, with f0 = 0.5 Hz

The function F(x, x) can be developed in a Fourier series
as follows:

F(x, x) = F° — x
co0

(7)

A reasonable approximation of this solution is to con-
sider the first three terms only. As the backlash nonlin-
earity is symmetrical about the origin, F° = 0.

N,
F(x, x) = JVtx + —- x

(8)

where DB is the deadband.
Referring to the discussion of Reference 13, a backlash

of approximately 0.05% is chosen for the analysis. As
described in Reference 12, the Fourier coefficients are
obtained as

Nt =0.8 and N2 = -0 .2

4.2 Boiler system
Fig. 3 shows the model to represent the boiler dynamics
[14]. This includes the long term dynamics of fuel and
steam flow on boiler drum pressure. Representations for
combustion controls are also incorporated. Even though
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Fig. 2 Block diagram ofAGC with governor deadband, reheat steam turbines, boiler effects and CES unit

the model is basically for a drum-type boiler, similar ed by a set of linear differential equations of the form
responses have been observed for once-through boilers
and pressurised water reactors [14]. The model can be * — L J* + L Jy + L JP ( )
used to study the responses of coal-fired units with w h e r e ^ „ a n d p a r e s t a t e > c o n t r o i a n ( j disturbance
poorly tuned (oscillatory) combustion controls, coal-fired vectors and [/1],~[B] and [F] are constant matrices
units with well tuned controls and well tuned oil-fired or associated with them, respectively. However, if p rep-
gas-fired units. In conventional steam units, changes in resents known load disturbances and as the control
generation are initiated by turbine control valves and the f o r c e s a r e d e r i v e d f r o m t h e s y s t e m i t s e l f ( f o r example, fre-
boiler controls respond with the necessary immediate q u ency error or area control error), eqn. 9 can be conve-
control action upon sensing changes in steam flow and niently brought to the form
deviations in pressure [15].

x(t) = [^]x(t) (10)

A steam flow where x is a 23rd-order state vector obtained as

*, AF2 {APG1 - APDl) (APG2 - APD2)

A drum pressure
CAPDR)

(APR1 - APm) (APR2 - APD2) (AXEl - APDl)

(AXE2 - APD2) APDRl -

APDR2 ~

- K3)
APr

(AXB2<2-APD2)AXB3tlAXB3<2

(AZB4 , l - AF-O1)

( A X B 4 , 2 - A P D 2 ) A P 1 2

Fig. 3 Block diagram representing boiler dynamics

Discrete-data control model Ald2 AEdl AEd (11)

The two-area power system shown in Fig. 2 is a linear where AXB2 t, AXB2 2, AXB3 u AXB3 2 are dummy
continuous-time dynamic system and it can be represent- variables obtained by splitting the block for pressure con-
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trols shown in Fig. 3. AIdl, AId2 are the current deviation
of CES units in areas 1 and 2. AEdi, AEi2 are the voltage
deviation of CES units in areas 1 and 2. Other state vari-
ables are marked in Figs. 2 and 3.

x(o) = —xss and x(oo) = 0 (12)

where x,s is the steady state value of the state vector.
The time domain solution to eqn. 10 can be obtained

as

(13)x(K +

where

t =

IT)

KT = time

K = sampling instant, 0, 1, 2 , . . . , etc
T — sampling interval

[<£] = e
lA1T is the state transition matrix of the same

order as that of [A].

The same model can be used to study the response with
and without governor deadband, with and without boiler
dynamics, and with and without CES. Putting Nt = 1.0
and N2 = 0.0 the effect of deadband is removed. K^ =
0.0, K2 = 0.0 and K3 = 1.0 is equivalent to a system that
will not consider the boiler dynamics. Making the gain of
CES control {KCF or KCA as the case may be, described in
Section 6) equal to zero, the model is equivalent to the
one without CES.

where AIdi is the incremental change in current of CES
unit (kA), Tdci is the convertor time delay (second), KCFi is
the gain of the control loop (kA/Hz), S is the Laplace
operator (d/dt) and i denotes the area.

6.2 Area control error {ACE) as control signal
In cases where tieline power deviation signals are avail-
able, it may be desirable to use area control error as
input to CES control logic. It has certain advantages,
compared to frequency deviation as control signal, which
are described later.

The area control error of two areas are denned as

ACE{ =

where

j + A P ; j i,j= 1,2 (17)

AF; = change in frequency of area i (Hz)
APy = change in tieline power flow out of area i to j

(p.u. MW)

If ACE is directly used for the control of CES, the gain
constant KCA (kA/unit ACE) would be totally different
from KCF, the gain constant for frequency deviation as
control signal. So a signal proportional to area control
error (AFt + (1/B,) APtj) is used in such a scheme. Then,

A/,,- =
1

i , 7 = l , 2 (18)

6 Control of CES units

The operation of CES units, that is, charging, dis-
charging, the steady state mode and the power modula-
tion during dynamic oscillatory period, is controlled by
the application of the proper voltage to the capacitor so
that the desired current flows into or out of the CES.
This can be achieved by controlling the firing angle of the
convertor bridges.

Neglecting the transformer and the convertor losses,
the DC voltage is given by [16]

Ed = 2Vd0 cos a- 21dRc

where

(14)

Ed = DC voltage applied to the capacitor (kV)
a = firing angle (degree)

Id = current through the capacitor (kA)
Rc = equivalent commutating resistance (ohm)
Vdo = maximum open circuit bridge voltage of each

6-pulse convertor at a = 0° (kV).

The capacitor is initially charged to its normal voltage,
Edo by the PCS. Once the voltage of the capacitor has
reached Edo, it is kept floating at this voltage by contin-
uing supply from the PCS to compensate for the dielec-
tric and other leakage losses of the capacitor. The energy
stored at any instant,

CE2

Wr = — - MJ

where C = capacitance of CES (F).

(15)

6.1 Frequency deviation as control signal
The frequency deviation AF of the power system is
sensed and used to control the CES current Id. The incre-
mental change in CES current is expressed as

A/Jf = AF; 1 = 1 , 2 (16)

6.3 Capacitor voltage deviation feedback
Fig. 4 shows the voltage deviations in the CES units in
areas 1 and 2, for a sudden load increase of 0.01 p.u. in
area 1, when frequency deviation is used as the control
signal. It shows that the voltage is restored to its normal
value only very slowly. The capacitor voltage deviation
can be sensed and used as a negative feedback signal in
the CES control loop to achieve quick restoration of
voltage. Then, with frequency deviation as control signal,

1
STd

AF; - Kv (19)

where Kvd (kA/kV) is the gain corresponding to the AF^
feedback. The block diagram representation of such a
control scheme is shown in Fig. 5.

2.8r

f 2

0.4
20 30

Fig. 4 Voltage deviations in CES units without capacitor voltage
ation feedback for load increase of 0.01 p.u. in area 1

CES unit in area 1
CES unit in area 2

If ACE is used as control signal, then

A / k K ( A F A

devi-

106

irk;
U = l , 2
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7 Parameter optimisation by Lyapunov stability
theorem

The gain K,, B, Kvd, KCF or KCA are to be set to the
optimal values ensuring system stability. The Lyapunov
second method is used here for optimisation that guar-
antees stability [17, 18].

(b) with boiler dynamics and without deadband
(c) without boiler dynamics and without deadband are

obtained as 0.25, 0.40 and 0.35, respectively.
The CES unit is cut off from the system when the

voltage reaches its limits and is connected back only
when the control signal (either frequency deviation or

Fig. 5 Block diagram representation of the CES control with capacitor voltage deviation feedback

The performance index (objective function) to be mini-
mised is

where [P] is a positive definite Hermitian matrix
obtained from the solution of

[g] is a positive definite or semidefinite weighting matrix.
Eqn. 22 is solved for [P] using the iterative technique

described in Reference 19. The convergence of the solu-
tion for eqn. 22 ensures that all the eigenvalues of [-4]
have negative real parts, assuring stability [18, 19].

The \_A\ matrix consists of known elements in terms of
the variable parameters Kj, B, Kvd, KCF or KCA. The
process of evaluating r\ is repeated by varying one param-
eter at a time, keeping the other parameters constant.
Optimal values are those corresponding to the minimum
value of the performance index.

The system data are given in Appendix 11. Fig. 6 shows
the performance index curve without the CES unit con-
nected to the system. Here, weights are associated with
frequency deviation and tieline power deviation. The
value of B is chosen equal to the value of the area fre-
quency response characteristic (AFRC) /?, which accord-
ing to Reference 20 produces the satisfactory overall
performance of the interconnected system. The optimum
value of the integrator gain of supplementary controller
(K,) for the two equal area system

(a) with boiler dynamics and with deadband

0.015r

0.01

0.005
0.2 0.60.3 0.4 0.5

integrator gain (Kj)

Fig. 6 Performance index without CES units in operation
with boiler dynamics and with deadband
with boiler dynamics and without deadband
without boiler dynamics and without deadband

area control error) changes its sign. When the CES unit is
cut off, the power system is equivalent to the one without
CES units. To account these CES switching operations,
the optimisation procedure is carried out in two steps.

In the first step, the Lyapunov technique is applied
that will not take into account the limits of operation of
CES. It helps to obtain approximate values for the
optimal gains. In the second step, the exact values are
then determined by the actual integration of squared
errors in the response. During the second step, weights
are also put with the rate of generation in addition to the
frequency deviation and tieline power deviation, so that
the optimal gains selected will keep the rate of generation
within a realistic limit.

The performance index is calculated as

PI = + W2(APtief

W3((d/dt) APG1)2 + W3((d/dt) APG2)2) At (23)

Weight factors of 1.0, 15.0 and 75.0 were chosen for Wu

W2 and W3, respectively. The integration was performed
over a period of 40 seconds by which time the excursions
of these errors have significantly reduced. The stability
with the optimal gains thus obtained is ensured by check-
ing the convergence of eqn. 22.

8 Transient responses

The transient responses for frequency deviation in area 1
and tieline power deviation out of area 1, with and
without governor deadband effects (and having CES in
the model but not in use, i.e., KCF or KCA — 0), are shown
in Figs, la and b for a step load increase of 0.01 p.u. in
area 1. It shows that the governor deadband is having a
considerable effect on the amplitude of oscillations and
its settling time. Without deadband, the oscillations settle
in around 40 seconds, whereas with the deadband, the
settling time is around 120 seconds with their respective
optimised integrator gains.

The oil/gas-fired boiler has the fastest response among
boilers (data are given in Appendix 11) and provides the
maximum capacity for the improvement of AGC. In this
paper, for the analysis with the CES, this type of boiler is
considered so that the effect of CES in the improvement
of AGC can be appreciated.
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Figs. 8a, b and c establish the improvement of the
system frequency oscillations and the tieline power devi-
ations for the same system with CES units of equal
ratings (3.8 MJ) incorporated in both areas and area
control error used as the control signal for CES. A step

load increase of 0.01 p.u. in area 1 is considered. The
responses are shown with the gains adjusted to their
optimal values (given in Appendix 11). It can be seen that
the oscillations are practically damped out and also the
amplitudes of the deviations in frequency and tieline

0.02

-0 02

-004

0 003

-0 003

* - 0 0 0 6 -

-0.009

Fig. 7 Transient response with and without deadband (and CES units not in operation) for a load increase of 0.01 p.u. in area 1

a Frequency deviation of area-1, Hz
b Tie-line power deviation, Pu

without deadband
with deadband

0.02

-0.05

0003

-0009
30

time,

d

-1.8
10 20

time, s

30

Fig. 8 Transient control CES, for load increase of 0.01 p.u. in area 1

a Frequency deviation of area 1
without CES
with CES

b Frequency deviation of area 2
without CES
with CES

c Tie-line power deviation
without CES
with CES

d Voltage of CES units
CES unit in area 1
CES unit in area 2

e Current in CES units
CES unit in area 1
CES unit in area 2
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power are reduced considerably. The settling of response
is also very fast at around 20 seconds. Figs. 8d and e
show the deviations in voltages and currents of the CES

throttle pressure deviations vanishes. The deviation in the
throttle pressure of area 2, for a load disturbance in area
1, is greatly reduced and the settling of throttle pressure

0.002

-0.004 -

-0.007

Fig. 9 Effect of variation of integrator gain on responses for a load increase of 0.01 p.u. in area 1

a Frequency deviation of area 1u ncquciiuy ueviauun ui c
b Tie-line power deviation

K, = 0.70
K, = 0.25

units. Fig. 8d differs from Fig. 4 and shows the fast
restoration of the capacitor voltage to its set value with
the capacitor voltage deviation feedback.

The use of ACE was found superior to using frequency
deviation as the control signal for the CES units as it
further reduced the tieline power deviation. Moreover,
the contribution of the CES unit of area 2 for a load
disturbance in area 1 is also reduced.

Fig. 9 shows the effect of variation of the integrator
gain from its optimal value on the transient response
when ACE is used to control CES. The frequency devi-
ation of area 1 and tieline power deviation are shown
with CES included and the integrator gain settings at
0.70 (optimal value with CES) and 0.25 (optimal value
without CES) for a step load increase of 0.01 p.u. in area
1. Even with nonoptimal gain, the effect of CES units is
pronounced. However, with optimal gain setting for the
integrator, the time-error accumulation (integral of
square of deviations) over the transient period is con-
siderably less.

Figs. 10a and b show the effect of CES on turbine
valve deviations of the two areas and Fig. l l a and b
show the effect of CES on throttle pressure deviations of
the two areas for a step load increase of 0.01 p.u. in area
1, and frequency deviation as control signal for CES. The
oscillatory nature of the turbine valve deviations and the

0.026r

of area 2 occurs very quickly. These represent a better
performance of the turbine and the boiler. Also, the elimi-
nation of the oscillatory nature and the earlier setting of
the valves to their required position implies that the wear
and tear in the associated turbine parts would be reduced
considerably.

The above analysis was repeated with superconducting
magnetic energy storage of 3.8 MJ maximum storage
capacity connected to both the areas in the place of CES
units. It revealed that the improvement in the dynamic
performance achieved by CES is very similar to that of
SMES.

9 Conclusion

A comprehensive mathematical model for the AGC of a
two-area interconnected system fitted with capacitive
energy storage is presented in this paper. The simulation
incorporates steam reheat process and detailed model for
the boiler dynamics. The governor deadband nonlinearity
is included in the analysis using the describing function
approach. The limits of operation of CES units are also
taken into account. The same model by just changing the
parameters can be used to study the response with and
without governor deadband, with and without boiler
dynamics of coal fired (well tuned as well as poorly

0.018r

time s

Fig. 10 Turbine valve deviations with and without CESfor load increase of 0.01 p.u. in area 1

a Turbine valve deviation of area 1
h Turbine valve deviation of area 2

without CES
with CES
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0.0026
0.0016r

-0.0004

Fig. 11 Throttle pressure deviations with and without CESfor load increase of 0.01 p.u. in area 1

a Throttle pressure deviation of area 1
b Throttle pressure deviation of area 2

without CES
with CES

tuned) and oil/gas fired boilers, and with and without
CES. Optimisation of gain parameters is done by the
second method of Lyapunov, which ensures stability.

The power frequency and tieline power oscillations
due to small load disturbances are found to persist for a
long period even with optimal values of integral control-
ler gain. It has been demonstrated in the paper that the
boiler dynamics and the governor deadband further dete-
riorate the response. The effectiveness of a small capacity
CES unit in damping out these oscillations and in
quickly restoring the system states to a new equilibrium
has been established.

Suitable strategies for the control of CES units have
been suggested. It is observed that the use of ACE for the
control of CES units substantially reduces the tieline
power deviation and the action of CES is localised with
diminished contribution for load disturbances in the
other interconnected area, as compared to using fre-
quency deviation as control signal. It has also been veri-
fied that CES provides the same kind of dynamic
performance improvement of power systems like SMES
of the same storage capacity.
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11 Appendixes

11.1 System data [4, 12, 20]

Area capacity, PRl = PR2 = 1000 MW

f° = 60 Hz

Kpl = Kp2 = 120 Hz/p.u. MW

coo = 3.14 radian

Rl = R2 = 2.4 Hz/p.u. MW

D1=D2 = 8.33 x 10"3 p.u. MW/Hz

Bl=B2=p = 0.425 p.u. MW/Hz

Tpl = Tp2 = 20 S

T°2 = 0.0707 MW/radian

APm = 0.01 p.u. MW

APD2 = 0.0 p.u. MW
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11.2 CES unit data

C = 1.0F £d

R=100fi £d

Edo = 2.0 kV Tdc = 0.05 S

11.3 The optimised gain parameters (for a step load
increase of 0.01 p.u. in area 1)

(a) when frequency deviation is used as the CES
control signal:

Kn = KI2 = 0.575

KCF1 = KCF2 = 50 kA/Hz

*,di =Kvd2=0A kA/kV

(b) when ACE is used as the CES control signal:

Kn = KI2 = 0.70

i = 50 kA/unit ACE

= 0.20 kA/kV

(c) SMES (3.8 MJ) with frequency deviation as the
control signal:

Kn = KI2 = 0.6

Gain of the SMES control loop,

KLFI = KLF2 = 50 kV/Hz

Gain corresponding to the inductor current deviation
feedback,

KU1 = KU2 =0.1 kV/kA

71.4 The prime-mover data [14, 20, 21]

1/3 0.3 10 0.2

Type of boiler

Gas or oil fired
Coal fired, well tuned
Coal fired, poorly tuned

0.85

TD

0
40
45

K2

0.095

TF

10
25
25

0.92

K,B

0.030
0.020
0.019

cB

200

TIB

26
90
90

TH.

69
69
69
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