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Abstract - This paper proposes a sophisticated ap-
plication of SMES to Load Frequency Control (LFC)
in an interconnected power system. The SMES is co-
ordinated with a solid-state phase shifter to enhance
the LFC. The frequency control concept and control
design of a SMES coordinated with a phase shifter are
presented. Numerical results demonstrate the signif-
icant effects of LFC by the proposed control and the
economical advantage of MJ capacity of SMES.

I. INTRODUCTION

Various kinds of apparatus with a large and pulsive
power consumption, for example a magnetic levitation
transportation or a testing plant for nuclear fusion and
so on, are expected to increase in the near future. Un-
der these situations, the governor system may no longer
be able to absorb the frequency fluctuations. In order to
compensate for the sudden load changes, an active power
source with fast response such as SMES is expected as the
most effective countermeasure.

In the literature [1], a SMES is located in each area of
two area system for LFC. As it has been expected, the fre-

quency deviations of both areas are effectively suppressed.

However, it may not be feasible to locate a SMES in every
possible area of a multi-area interconnected system due to
the economical reason. Therefore, it should be advanta-
geous if a SMES with a large capacity located in an area,
is available for the control of other interconnected areas.
Series power flow controllers among FACTS [2] devices
such as a solid-state phase shifter allow us to realize the
control. Thus, this paper proposes a sophisticated control
method using a SMES coordinated with a phase shifter for
the LFC. Since the stored energy in a SMES is simulta-
neously used for the LFC of more than two areas, it is
expected that the required MJ capacity is significantly
reduced by the averaging effect of load variations.

First, the frequency control concept by a SMES with
a phase shifter is described. A control design of a SMES
and a phase shifter to enhance the inertia center mode as
well as the inter-area oscillation mode is presented. The
effect of LFC by the proposed control is investigated in
a two area interconnected model system. The necessary
MW and MJ capacities of SMES is also investigated in
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comparison with the control by two units of SMES.

II. CoNcCEPTS OF CONTROL DESIGN

A. Frequency Control by SMES with Phase Shifter

SMES

Tie Line
AREA | AREA?2
Fast Load
e Sold-Sate i
Phase Shifter

Fig. 1. SMES with Phase Shifter in Two Area System

A two area interconnected system, shown in Fig.1, is
used to describe the concept of frequency control by SMES
with phase shifter. It is assumed that a load with a large
sudden change is installed in every area. As a result,
the requirement of frequency controls of both areas are
beyond their governors capabilities. A SMES located in
area 2 operated as a main apparatus to absorb and supply
the required active power to compensate for sudden load
fluctuations in both areas. The load fluctuation in area 2
is controlled by the SMES, whereas it is difficult to com-
pensate for the load fluctuation in area 1 by the SMES
espectially in case that both areas are weakly intercon-
nected through a long tie line. The phase shifter located
in series with the tie line between two areas is capable of
assisting the control of SMES. Thus, the required active
power modulations necessary for the LFC of both areas
are carried out by the phase shifter as well as the SMES,
while the energy is commonly supplied by the SMES.

B. System Modeling for Control Design

The SMES and the phase shifter are superior to the gov-
ernor system in terms of the response speed against the
frequency fluctuations. Therefore, the operational tasks
are assigned according to the response speed as follow.
The SMES and the phase shifter are charged with sup-
pressing the peak value of frequency deviations quickly
against the sudden load change, subsequently the gover-
nor systems are charged with compensating for the steady
state error of the frequency deviations. Figure 2 shows the
model for the control design of SMES and phase shifter,

© 1999 IEEE



AP,
L1 1 afy
Load + M,;.s+4D;
Change 1 Power System 1 2_":_
A6
Au 1 AP, APTyp 1
| e | |
L. izing Ad 2
Phase Shifter G Coeffecient
3)7/ System Capacity 2-:"
Ratio
Au, 1 AP M 1
sm Tsrn'“‘l + MZS&DZ A f2
S MES Power System 2
Load APL2
Change 2

Fig. 2. Linearized Reduction Model for Control Design

where the dynamics of governor systems are eliminated
by setting the mechanical inputs to be constant since the
response of governor is much slower than that of SMES or
phase shifter. The SMES is modeled as an active power
source to area 2 with a time constant T,,,. The phase
shifter is modeled as a tie line power flow controller with
a time constant T},,. The tie line power flowing into area 2
flows out from area 1. Therefore, the tie line power modu-
lated by the phase shifter flows into both areas simultane-
ously with different signs (+ and -). Since the responses
of power control by the SMES and by the phase shifter
are sufficiently fast compared to the dynamics of the fre-
quency deviations, the time constants Tym and Tp, are
regarded as 0 sec for the control design. Then the state
equation of the system represented by Fig.2 becomes
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where Af;,¢ = 1,2 is the frequency deviation of area 1,
APry; is the tie line power deviation, D; is the damping
coefficient of area 7, M; is the inertia constant of area 1,
T2 is the synchronizing power coefficient, a1, is the area
capacity ratio between two areas, AP,, is the actuating
tie line power by the phase shifter and AP,,, is the power
output of the SMES.

This system has three eigenvalues; one real eigenvalue
corresponds to the inertia center mode and one conjugate
pair of complex eigenvalues corresponds to the inter-area
oscillation mode. Here, from the physical viewpoint it is
noted that the phase shifter located between two areas is
effective to stabilize the inter-area oscillation mode only,
then the SMES which is capable of supplying the energy
into the power system should be suitable for the control of
the inertia mode. A coordinated control design based on
the identified dynamical modes is derived in the following
section.
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III. COORDINATED CONTROL DESIGN

A. Control Design of SMES

The design process starts from the reduction of two area
system into one area which represents the inertia center
mode of the overall system. The controller of SMES is
designed in the equivalent one area system to reduce the
frequency deviation of inertia center. The equivalent sys-
tem is derived by assuming the synchronizing coefficient
T1, to be large. From the state equation of APy, in (1),

APy,

27FT12 = Afl

—Af2 ' (2)

setting the value of T}z in (2) to be infinity, yields Af; =

Af;. Next, by multiplying state equations of A f1 and
Af, in (1) by M, and M,/a,, respectively, then
M1 Afl = —DlAfl APle - APP, (3)
M.
Z‘fAfz = —&Afz + APriz + AP, + “""APam (4)
1

By summing (3) with (4) and using the above relation

Afi = Af; = Af, then
Af. ( —Dy —Glﬂ)Af+ 1 i AP,m + CAP (5)
(M, + T a1 (M + 52)

213 @12

where the load change in this system (APp) is additionally
considered. Here, the control AP,,, = —ks;n Af is applied
then
C

where, A = ( D, — Dz/alg)/(Ml + Mz/alg) B =
l/an(Ml + M3 /a12). Since the control purpose of SMES
is to suppress the deviation of Af quickly against the
sudden change of APy, the percent reduction of the final
value after applying a step change of APy can be given
as a control specification. In (6), the final values with
ksm = 0 and with k,,,, # 0 are C/A and C/(A + kemB),
respectively. Therefore, the percent reduction is repre-
sented by

(C/(A+ kemB))/(C/A) = R/100 (7)

For a given R, the control gain of SMES is calculated as

kam =

iR-(mo -R) ®)

B. Control Design of Phase Shifter

The controller for the phase shifter is designed to en-
hance the damping of the inter-area mode. In order to
extract the inter-area mode from the system (1), the con-
cept of overlapping decompositions [3] is applied. First,
the state variables of the system (1) are classified into
three groups, i.e., z; = [Af1],z2 = [APr12], 23 = [Af2).
Next, the system (1) is decomposed into two decoupled
subsystems, where the state variable A Ppy; is duplicat-
edly included in both subsystems, which is the reason
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that this process is called ” Overlapping Decompositions”.
Then, one subsystem which preserves the inter-area mode
is represented by

Y N B o N Y
APr12 27Ty 0 APr;,
1
+ [ gﬁ }AP,, (9)

It has been proved that the stability of original system is
guaranteed by stabilizing every subsystem [3]. Therefore,
the control scheme of phase shifter is designed to enhance
the stability of the system (9) by using the eigenvalue as-
signment method. Here let the conjugate eigenvalue pair
of the system (9) be a + jB, which corresponds to the
inter-area mode. The control purpose of phase shifter is
to damp the peak value of frequency deviation in area 1
after a sudden change in the load demand. Since the sys-
tem (9) is the second order oscillation system, the percent
overshoot Mp(n.w) can be specified for the control design.
Mp(new) is given as a function of the damping ratio by

N =D

MP(uzw) - (10)

The real and imaginary parts of eigenvalue after the con-
trol are expressed by

o, (wn (11)
,B.s = WwWny/ 1- Cz (12)

where w, is the undamped natural frequency. By speci-
fying Mp and assuming 8, = 3, the desired pair of eigen-
value is appointed. As a result, the eigenvalue assignment
method derives thie feedback scheme as

AP,, = —kiAfy —k;APry, (13)

IV. SIMULATION STUDY

The effects of the proposed SMES coordinated with
phase shifter on LFC are investigated in a two area in-
terconnected system with reheat steam turbine generators
[1], as shown in Fig.3. The time constants representing the
dynamics of power control by the phase shifter and by the
SMES are both set at T, = Tps = 0.03 sec. This system
consists of two 2,000 MW areas, which incorporates Gen-
eration Rate Constramt (GRC) and governor deadband.
The GRC is represented by —0.1/60 < AP, < 0.1/60
p.u.MW /sec, i = 1, 2, which detracts from the effective-
ness of LFC. In this system, it is assumed that the tie line
between both areas is very long, so that the synchroniz-
ing coeffecient T3, is very small. Here, T}, is set at 0.02
MW /rad.

The designed control parameters of SMES and phase
shifter are shown in Table 1. It is assumed that a 20 MW
(0.01 p.u.MW) step load disturbance occurs in area 1 at
t = 1.0 sec. Simulation results are shown in Figs.4 and 5.
The control results only by the phase shifter or only by the
SMES in area 2 are not effective to suppress the first peak
frequency deviation of area 1. On the other hand, in case
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Fig. 3. SMES with Phase Shifter in Two Area Full Model System

TABLE I
SMES with Phase Shifter Control Design Results

SMES 1. Design Specification, R =12
2. SMES Gain by (7), ksm = 0.12
1. Eigenvalue of System (9)
A = —0.0250 =+ ;0.868
(Inter-area mode, Mp = 91.35%)
2. Design Specification, MP(MW) =25%
3. New Eigenvalue of System (9)
A(new) = —0.383 + 70.868
4. State Feedback Gain (13)
[k3 kp] =[—0.1193 —0.1938]

Phase Shifter

of SMES with phase shifiter, the SMES in area 2 is not
only effective to diminish the peak frequency deviation of
area 2, but also capable of enhancing the frequency control
effect of phase shifter for area 1. The system constants
and the disturbance set here are the same in [1], where
two units of SMES (one for each area) are installed. In
comparison with the control results in [1], it can be said
that the effects of the SMES coordinated with the phase
shifter are the same with those of two units of SMES.
Here, the MW and MJ capacities required for the con-
trol are evaluated in comparison with the case of two units
of SMES in [1]. The required MW capacities of SMES and
phase shifter are evaluated from the peak value of power
output of the SMES and the peak value of tie line power
modulation by the phase shifter, respectively, which are
shown in Fig.6. The MJ capacity is evaluated from the
energy deviation of SMES AFE,,, shown in Fig.7 as

/ AP, dt

AE:m(muz) - AEsm(min) (15)

AE,, = (14)

SMES MJ Capacity =

The results indicate that the MW capacities of SMES
and phase shifter are 0.0042x2,000 = 8.4 MW and
0.005x2,000 = 10 MW, respectively. The MJ capacity
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of SMES is 0.015x2,000 = 30 MJ. In the case of two unit
SMES in [1], the MW and MJ capacities are 10 MW and
30 MJ respectively, for each of them. This result implies
that for the proposed SMES with phase shifter, the MJ
capacity is reduced to half.
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Changes in Area 1 and 2 ities

Next, the frequency control effects of SMES with phase
shifter and MW, MJ capacities are evaluated under dif-
ferent random load variations which are applied to both
areas, respectively as shown in Fig.8. The results of fre-
quency control for both areas are shown in Figs.10 and
11. The frequency fluctuationsin both areas are improved
considerably by SMES with phase shifter in comparison
with the case of no control. The results of evaluating the
MW and MJ capacities are summarized in Fig.9, which
are compared in the case of SMES and phase shifter with
in the case of two unit SMES. The control scheme of two
unit SMES is that each SMES uses the frequency devia-
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Fig. 11. Frequency Deviation of Area 2

tion of its located area as a feedback signal with a gain kep,
= 0.12. Note that both controls have almost same effec-
tiveness on the frequency control. The results in Fig.9
demonstrates that the MW capacities are the same in
both cases while total MJ capacities of SMES are drasti-
cally reduced in the case of SMES coordinated with phase
shifter. The reason can be explained as follows. In the
case of two unit SMES, each SMES independently op-
erates to diminish the frequency deviation of its located
area. On the contrary in the case of SMES coordinated
with phase shifter, the control power to diminish the fre-
quency deviation of area 1 is modulated by the phase
shifter, which is supplied from area 2. As a result the
load variations in areas 1 and 2 are averaged in area 2,
which should be the control objective of the SMES.

V. CONCLUSIONS

In this paper, a sophisticated LFC by a SMES coordi-
nated with a solid-state phase shifter is proposed. It has
been demonstrated that by the design concept of damping
the inertia mode and the inter-area mode, the coordinated
control are effective to suppress the frequency deviations
of two area system simultaneously. The LFC effect are
almost the same with the control by two units of SMES,
whereas the MJ capacity of SMES in the case of proposed
control is drastically reduced due to the averaging effect
of load variations in both areas.
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