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Abstract - The objective of the paper is to examine the
performance of the Automatic Generation Control (AGC)
with the application of Superconducting Magnetic Energy
Storage (SMES) system unit for multi area interconnected
power system. Load Frequency Control (LFC) is a part of
AGC plays a vital role in power sector. The purpose of AGC is
to maintain system frequency to a specified nominal value,
maintain generation of individual unit’s and to keep the tie-
line power between different units at the most economical
value.

The simulation results using MATLAB/SIMULINK show that
Load Frequency Control (LFC) in a multi area
interconnected power system with SMES unit are
considerably improved in terms of overshoot time and
settling time when compared to that of the system without
SMES unit.
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1. Introduction

Power system is a typical network that consists of several
generating units and transmission, distribution networks
and consumer loads. In order to operate the system in
stable manner the system constraints such as frequency
and voltage must be maintained at the pre-specified limits.
Due to irregular variation in load demand the power
system network will not be able to with stand those
variations and it is impossible to keep the power balance
between the consumer and generating side. These power
imbalances will results on the variations in the frequency
and tie-line power. At present most of the systems are
interconnected because of advantages like the economical
exchange of power, reliability, maintaining the
coordination schedules. If there is a sudden variation in
load it will affect the frequency deviations and tie-line
powers among the interconnected areas [16]. The
variation in frequency depends on the active power and
variation in voltage depends on the reactive power. The
control referred to the active power and frequency is Load
Frequency Control (LFC).

Many controllers (Such as PI controller, PID controller)
are used to bring back the system in to normal state by
reducing the variations.

In general there are two types of energy storage
techniques available. They are 1.Direct 2.Indirect based on
the type of usage.

In direct type energy is stored in magnetic and electro
static fields whereas in indirect type energy is stored by
artificially created systems. The commonly used energy
storage systems are flywheels, batteries, pumped hydro,
super capacitor, and super conducting magnetic energy
storage systems. Each system has its own advantages in
their application fields but by considering all the systems
superconducting magnetic energy storage (SMES) has a
peculiar advantage i..e, in all the energy storage systems
conversion of energy is compulsory but in SMES systems
will store the energy inductively and there is no need of
conversion of energy.

2 Superconducting Magnetic Energy Storage (SMES)
Systems

The interconnection of regional power systems and the
integration of renewable energy generation make the
stability of a large-scale power system increasingly
important and challenging. To enhance power system
stability, various types of controllers are employed for
power systems, such as power system stabilizers (PSSs)
and supplementary damping controllers of the flexible AC
transmission system (FACTS) devices and
Superconducting magnetic energy storage (SMES) systems
also. As superconducting magnetic energy storage (SMES)
is capable of commutating both active and reactive power
with the grid rapidly and independently, it has better
performance than FACTS in terms of damping
improvement. These SMES systems are also used for the
improvement of power quality problems that are caused
in the electrical grid ,such as load leveling, frequency
regulation and stabilization of transmission system and
etc..,.

SMES system is a type of energy storage system where
energy is permanently stored in a magnetic field
generated by the flow of DC current in a superconducting
coil [18]. This coil is cryogenically cooled to a temperature
below its critical temperature to exhibit its
superconductivity property. The basic principle of a SMES
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is that once the superconducting coil is charged, the
current will not decay and the magnetic energy can be
stored indefinitely. This stored energy can be released
back into the electric network by simply discharging the
coil.

A Superconducting Magnetic Energy Storage (SMES)
system stores the energy in its magnetic field produced by
the flow of direct current in a coil made of
superconducting materials (e.g. Nb-Ti at 4.2K) which is
cryogenically brought down to a temperature below its
critical temperature using liquid form of Helium (He) or
liquid form of Nitrogen (N2).

The relation between the inductively energy stored and
the current flowing in the superconductor is given by the
Equation.

E=>LI? (1)
Where E=Energy stored, L=Inductance, [=Direct current.
The above equation can also be written as inductively
energy stored and power rated will also give the relation
as:

E =Ll

(2)
P=22= L2 =VI (3)
As per the IEEE SMES is “A superconducting magnetic
energy storage device containing power electronic
converters that rapidly injects or absorbs real or reactive
power and dynamically controls power flow in an AC
system”.
Among all the components of the SMES system the PCS
(power conditioning system) plays the major role [19].
The main function of the PCS is to interface grid and the
superconducting coil. This is aimed for the two processes.

1. It will convert the AC power to DC power

2. It will efficiently charge/discharge

Superconducting coil.

The PCS mainly consists of the power electronic devices
and FACTS controllers.
In the design of power conditioning system of the SMES
unit there are three types of topologies namely,1.Thyristor
controlled, 2.Voltage source controlled ,3.Current source
controlled converters[1]. Among all the three converter

the

topologies current source controlled converter is
preferred than the other converters.
Current Source Converter
using [GBT
5 & —h'-
—}\ v —|} T
Tmnsforrm:r
— [
— Y { A e SMES 3
— A= coil 2
Three- phase AC |
4 1 1L vy _1‘_*
LT 4l 6l 21
L I |

Figure 1: Current Source Converter based SMES

3.SYSTEM CONSIDERED

A multi area power system contains areas of same or
different generating units that are interconnected by tie-
lines or transmission lines [3]. The AGC system in an
interconnected power system should control the
interchange power with the other control areas as well as
control the area frequency.
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Figure 2: Block diagram of AGC for a two-area
Interconnected system

Practically several generating units operate in parallel in
the same area [15]. For analysis sake an equivalent
generator will be used to represent each area. If a number
of generating units operating in parallel then equivalent of
generator inertia constant (Heq), frequency sensitive load
coefficient (Deq), and frequency bias factor (Beq) can be
represented as follows.

Heq = Zi:l,z....n H; (4)

Deq = Zi:l,z......n D; (5)
1

Beq = Zi:l,z.....n D; + Zi:l,z......n;i (6)

4. CONFIGURATION AND WORKING

Earlier various techniques have been developed
for LFC problem. Due to their ease, clear functionality, and
control strategy in nature the conventional proportional
plus integral (PI) control, PID controller techniques are
mostly used. Though, there is a little variation in load
along with the optimized gains of PID controller, the
oscillations of frequency and tie-line power variations will
present extensively. Under those conditions, due to slow
responsive nature of governor system the frequency
fluctuations are not considered. In order to balance the
abrupt change in load, there is a need to provide active
power with quick response such as a Superconducting
Magnetic Energy Storage (SMES) system. The block
diagram in figure 3 represents the actual arrangement
SMES unit [4]. The system mainly consists of a DC
superconducting coil and a multi-phase converter, which
are interlinked by star-delta/star-star transformer. The
coil is enclosed in a helium vessel. The generated heat is
cooled by the refrigerator which is operated at low-
temperature. The line commutated converter will control
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the transfer of energy between the superconducting coil

and the power system.
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Figure 3: Block diagram of SMES Unit

During the typical operation the superconducting inductor
charging is done up to its specific value by the AC line. If
charging is over, it will conduct current without any loss,
because of operating the coil at low temperature. If
unexpected augment in load, happens the energy stored
until will be given back to AC system by the converter in
the form of AC current [6]. With the operation of governor
and other control mechanisms the entire system will be
shifted to recent stability condition, then the current in the
coil will be kept to the primary value. In the same way, due
to the unexpected load drops, the charging of the coil is
done to its complete value, by grasping small fraction of
surplus energy present in the system. So, that system will
regain the steady state, the absorbed surplus energy is lost
and the coil current will be returned to the original value.
The converter firing angle control will provide the
inductor DC voltage E;to vary constantly within positive
and negative values for specific periods. Initially by
applying a small positive voltage the inductor is charged to
its rated current Iq.If it attains the rated value, by using
the superconducting property of the coil the inductor
voltage is reduced to zero in order to keep the current at
constant value. By neglecting the converter and
transformer losses, the DC voltage of the inductor is:

Eq = 2V49cos a — 214R, (7N
Where Eq4 is DC voltage applied to the inductor (kV), a is
firing angle degree (°), Ia is inductor current
(kA).Commutating equivalent resistance R (ohm (Q)) and
V4o is maximum circuit bridge voltage (kV). The Charging
and discharging of SMES unit are controlled through
change of commutation angle a.

o If <900 converter is operating in rectifier mode
(Charging)
e If >900 converter is operating in inverter mode
(Discharging).
For the Load frequency control problem, by sensing the
area control error signal superconducting inductor DC
voltage E; is continuously controlled. In general power

system, voltage deviation of inductor in SMES unit of each
area is based on ACE of that particular area. The current
variation in SMES control loop is given as a negative
feedback. From that the steady state value of the SMES is
attained by the current variable. When there is a small
variation in load, the current deviation is provided by the
feedback. So, for the following disturbance the value of
current have to regain its precise value rapidly in order to
operate for the immediate disturbance in load. Figure 4
represents the SMES unit control diagram. The following
are the necessary equations in laplace transform of voltage
and current variations of inductor in SMES unit are:

Alg; (8)

1
Algi = AEg 9

1 id
AEg = Kemps —— [Ugmps] — ——
di SMES 1+5Tgei [ SMES] 1+5Tqq

1
Usus + T
——+ Kouss 1+5Tae

Figure 4: Control Unit of SMES system

Where AE; is incremental variation in voltage of
converter (kV), Algis the Current incremental variation in
SMES (kA), K;; is feedback gain of Alg (kV/KA), Ty time
delay of converter (sec), Ksugs is gain constant (kV/unit
ACE) and L is coil inductance (H). The divergence in the
real power of inductor with respect to time in SMES unit is
represented as:
APsmes = AEqilgoi + AlgiAEq; (10)
The above value is supposed to be positive for exchange of
power from ac line to dc. The stored energy with respect
to time in SMES unit is:
w, = 48 (11)
5. OBJECTIVE FUNCTION
The control configuration for multi area power system is
depicted in fig. 2. The control strategy depends up on tie-
line bias control. The error input to the controllers are the
respective area control errors (ACE) given by
ACEi =APtie, I + BiAFi (12)
Control input to the power system is obtained by use of
PID controller together with the area control errors ACE1
and ACE2. The control input of the power system ul and
u2 are the output of the controllers and these are obtained
as

Ui = Kp ACE; + Ky;  ACE; dt + Kp ; “C520 (13)
Now a performance index can be defined by adding the
sum of squares of cumulative errors in ACE, hence based
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on area control error a performance index J can be defined

Data I Value
as [14]: - Non-Reheat thermal unit
J=1ISE = fo Y1 o(ACE;)? dt (14) Speed governor time constant( Ty) 0.08 sec
Turbine time constant (T) 0.3 sec
6. MULTI AREA POWER SYSTEMS deviation coefficients of governor 2.4 Hz/p .u. MW
In this paper for the LFC analysis a multi area (Ren)
interconnected power system is taken. In multi area Reheat thermal unit
power system area-1 and area-2 consists of thermal plants governor time constant(7,) 0.08 sec
of non-reheat type, reheat type respectively and area-3 Turbine time constant (T;) 0.3 sec
consists of hydro plant and area-4 consists of gas plant. deviation coefficients of governor 24 Hz/p .u. MW
For an interconnected system, each area connected to (Ren) -
others via tie line which is the basis for power exchange LO.W pressure reheat m.ne (Tr1) 0.5 sec
. . . High pressure reheat time(7T}) 10 sec
between them. When there is change in power in one area, Hydro turbine
Wthh will be meeFlng by 'Fhe raise m.ger.leratlon in every Speed governor time constant 495
associated area with modify in the tie line power and a (T,o)
decrease in frequency [17]. But in normal working state of Transient droop time constant 28.7495
the power system that is the demand of each area will be (Trn)
satisfied at a normal frequency and each area will absorb Main servo time constant (Tgp,) 0.2s
its own load changes. For each area there will be area Water time constant (T,) 1.1s
control error (ACE) and this area control error (ACE) is Speed governor regulation (Ryp) 2.4HZ/p .u MW
reduced to zero by every individual area. The ACE of each Gas turbine
area is the linear combination of the frequency and tie line Speed governor lead time 0.6 sec
error, i.e. ACE = Frequency error + Tie line error. constants (X,) 1.1 sec
In order to implement this multi area system it must have Speed governor lag time constants
the system data for operating. Therefore the system data (vg)
is given in the following table 2.For the implementation of Valve position constants (b,) 0.049 sec
the SMES in the present system it must also have the Valve position constants (c4) 1 sec
system data and table 1 show the data for the SMES unit. Fuel time constants (7) 0.239s
Combustion reaction time delay 0.01 sec
7.SIMULATION RESULTS (Ter)
A multi-area interconnected power system is taken for Compressor discharge volume 0.2 sec
LFC analysis. In multi-area power system area-1 consists S tlcrlne constant (ch) - 27 H MW
of thermal plant, area-2 consists of thermal with reheat, pee ‘E‘(;Zi::; rrr(;gl; ation A Hz/p.u.
area-3 consists of hydro plant and area-4 consists of gas P 4 P
: . : ower system
plant. Slmulatlo.n model qf th.e proposed system with PID- Frequency bias constants 0.425puMW/Hz
SMES controller is shown in Figures 5. (B1,B2,B3,B4)
Table 1: System Data of SMES coil a=2*pi*T12=2*pi*T23 0.544
=2*pi*T34=2*pi*T41
Data Value load model gain (Kps) 120HZ/pu MW
load time constant (Tps) 20s
Control loop gain Kgpes 100 kV/unit Mw Frequency 50HZ
T, converter time constant 0.03sec
K;4 feedback gain 0.2 kV/kA
Inductor current deviation 4.5 KA
Iq
Inductance of SMES L 2.65H
Table 2: System data for two area thermal non-reheat
Systems
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Figure 9: Frequency deviation in Gas Turbine System
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Figure 13: Tie line power deviation in gas turbine system

8. CONCLUSION

In this paper, the implementation of the Superconducting
Magnetic Energy Storage (SMES) System is carried out in
the multi area system consisting of a thermal non-reheat,
thermal reheat, hydro, gas turbine systems. But, by
observing the performance of the SMES after placing in the
AGC problem it has mainly reduced the oscillations in the
system and as well as the transient response (Over-Shoot,
Settling Time) characteristics. Placing of SMES plays a vital
role. A small capacity of the SMES system will minimize
the control error, frequency deviation as well as the
exchange of tie-line power. The improvement in the LFC is
done only with the operation of the SMES units in all areas
the frequency deviation and tie-line power deviations
along with oscillations in the system are enhanced.
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