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ABSTRACT

The reliable operation of power systems is crucial for ensuring uninterrupted power supply to consumers. However,
any deficiency in power generation can lead to frequency deviation, disrupting the entire power system. To address this
challenge, an active power source with a fast response, such as a Battery Energy Storage System (BESS), can prove
to be a highly effective countermeasure. The BESS has gained immense popularity for its diverse applications,
including load leveling, frequency and voltage support during loss of generation, improving transient and dynamic
stability, and enhancing power quality. This has made the BESS an invaluable contribution to power system
restructuring. One of the most important applications of the BESS is in Load Frequency Control, where a
proportional-integral (PI) controller is employed to modify the power output of the BESS, resulting in further
optimization of the system. In this work, a two-area hydro-thermal interconnected system is considered, and simulations
are performed in MATLAB to analyze the impact of the BESS with and without a PI Controller. The results demonstrate
a significant reduction in the load shedding amount, and the under-frequency load shedding (UFLS) scheme is made
even more effective, ensuring the reliable and uninterrupted operation of the power system.
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until the available generation can supply the remaining loads. This
must be done with considerate planning as there is no benefit in shed-
ding excessive load. The objective of an effective load shedding scheme
is to curtail a minimum amount of load, and provide a quick, smooth,
and safe transition of the system from an emergency situation to a
normal equilibrium state. Several schemes have been proposed to re-
store system frequency, post large disturbances. One of these schemes is
the use of under frequency load shedding relays!'>. Many authors
proposed under-frequency load shedding schemes based on frequency
(f). The disadvantage of these schemes was that, it sheds a fixed amount
of load irrespective of the disturbance magnitude. Efforts have been
made to make the scheme adaptive by considering the rate of change of
frequency (df/dt) as an additional control index for effective load shed-
ding!469,

The power system frequency deviation is a direct consequence of
generation deficiency. Hence in order to compensate for this generation
deficiency, an active power source with fast response like a Battery
Energy Storage System can be a better counter-measure. Energy storage
systems like the BESS have proved numerous applications in load lev-
eling, frequency and voltage support during loss of generation, en-
hancing transient and dynamic stability, improving power quality, and
thus proved best contribution in power system restructuring. The BESS

is being used for frequency regulation in load frequency controlt!®-16],

1.1 Related work

The design of load shading schemes for conventional and hybrid
power systems was studied by a number of scholars. The adaptive un-
derfrequency load shedding in systems with renewable energy sources
and storage capability was presented in the study by Silva Jr an-
dAssis!!'”). Hongesombut et al.'8 described how they used a fictitious
inertia-controlled-battery energy storage system to improve the under
frequency protection of an island active distribution network. Eliassi et
al."! investigated the favoritism and unfairness of the frequency sup-
port provided by the grid-interactive battery energy storage system
(BESS) in terms of rate of change of frequency (RoCoF), frequency
nadir, time response, steady-state error, and specifically, total load shed
subject to power balance over the network. The adaptive un-
der-frequency load shedding control technique of power networks us-
ing wind turbines and ultra-high voltage DC (UHVDC) to regulate
frequency was presented in the study by Wu ef al.?”. The frequency
regulation of an off-grid system with a battery energy storage system
utilizing a deep Q-network was given in the study of Takayama et al.?!).
The battery energy storage system for load frequency regulation of an
interconnected power system was presented by Aditya and Das in their
study??. The adaptability in load shedding under risky operating situa-
tions was presented by Jung ef al.!**!. The new load shedding technique
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for limiting underfrequency was presented by Pra-
setijo et al.*¥,

1.2 Research gap

Most of the authors adopted the BESS alone to
improve the frequency deviation. In this paper, in-
tegration of PI and the BESS gives more better re-
sults on the shaded amount of the demand as com-
pared with the BESS alone.

1.3 Contribution

This paper explores the impact of integration of
PI and the BESS on under-frequency load shedding
scheme design. The novel contribution of the paper
is as follows.

1) The BESS is used to design the un-
der-frequency load shedding scheme.

2) A PI Controller is utilized in association with
the BESS to minimize the shaded amount of de-
mand.

3) A detailed comparative analysis is presented
to show the effectiveness of the proposed battery
energy storage system integrated with a PI Control-
ler.

2. System configuration

Typically, a two-area system inter-connects two
control areas to exchange their power output to meet
the demands of each other and hence provide secure,
stable and reliable operation of the power system
post system disturbance in either of the control areas.
A tie line is the means of connecting the control
areas to exchange the power of the control areas by
modulating the tie line power. In this paper, a
two-area thermal-hydro power system model is be-
ing considered for load shedding, taking load dis-
turbances in both areas. The impact of the BESS on
load shedding is being modeled, simulated and re-
sults are compared for load shedding steps consid-
ering three cases first without the BESS and second
with the BESS (without a PI Controller) and third
with the BESS (with a PI Controller) in the thermal
area. The BESS produces a power output propor-
tional to the frequency deviation. The PI Controller
further regulates the power production, hence the
frequency and load shedding amount.
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3. Proposed work

3.1 Model without the BESS

The block diagram of a two-area thermal-hydro
power system without the BESS is given in Figure 1.
The change in demand APy is considered to be a step
function. The sign of AP, is such that, for a sudden
increase in load demand AP, > 0, for a sudden in-
crease in generation APy < 0. The step load change is
expressed as:

AP, (t) = AP u(t)

(1)
where APy is the disturbance magnitude in per unit
on system volt-ampere base SSB and u(¢) is a usually
defined step function. In Laplace domain Eq. (2)
can be expressed as:

AF,(s)=

L

)

3.2 Battery Energy Storage System
(BESS)

A BESS generally consists of an AC/DC con-
verter, a battery matrix consisting of a set of batteries
in series and parallel connection and a control
scheme. The control scheme determines the opera-
tion of the converter, based on information from the
AC side of the converter as well as from the battery
matrix??, To get information from the batteries,
a battery management system is needed. The system
should be designed to maximize the lifetime and
reliability of the BESS. This could be achieved by
operating the individual strings of the battery ma-
trix based on parameters like voltage, current, tem-
perature, state of charge (SOC) and state of health
(SOH) of the batteries.

3.2.1 Mathematical modeling of the BESS

The mathematical modeling of a Battery En-
ergy Storage System can be discussed as follows.
1) Transfer function equation of fuel cells

The transfer function of a Battery Energy
Storage System (BESS) and a fuel cell are generally
different, as they have different physical and chem-
ical characteristics. However, the dynamics of the
two systems may be similar enough that similar
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Figure 1. Block diagram of the thermal-hydro system without the BESS.

control strategies can be used. So the authors used
the transfer function of fuel cells.

One more assumption taken by the authors to
use a first-order transfer function for the system is
that it provides a simple and efficient model for the
dynamics of the system. First-order transfer func-
tions are commonly used to represent the behavior of
systems that have a single dominant time constant,
and can be an adequate approximation for some
energy storage systems like the BESS. Additionally,
using a high-order nonlinear model can increase the
complexity of the control algorithm and require
more computational resources. A simpler model
may be more practical for implementation, espe-
cially in real-time applications. However, it’s worth
noting that the choice of models depends on the level
of accuracy required for the control application. If
the control application requires high accuracy, a
higher-order model may be necessary to capture the
nonlinear dynamics of the system.

A number of high-order non-linear BESS
models have been proposed in the literature but a
rather simple first-order approximated battery model
is being used in the work and is characterized by a
first-order transfer function as given below:

£= K s
Af 1+ 5T,

(€))

where,
AP = Active output power of the BESS (pu. MW);
Af=Frequency deviation [(f — 50)/50] (pu. Hz);
Kprss = Gain constant of the BESS (p.u.MW/p.u.
Hz);
Tsess = Time constant of the BESS (sec.).
2) Control scheme of the BESS unit

The BESS unit is being controlled by its current
state of charge (ASOC). Controlling of the BESS
unit can be discussed in two modes:
a) Charging mode

The battery state of charge (SOC) in the
charging mode can be represented as a transfer
function given below:

ASOC,, =

T 8Ess

5 %3600 % W,

4
where,
Npess = Efficiency of the BESS;
Wgess = Power rating of the BESS.

The battery is charging during off peak load
hours and current is being drawn by the battery from
the utility grid. It is in the discharging mode during
peak load hours and current is being supplied by
the battery to the utility grid.

When the current change in battery SOC
(ASOCQ) is lower than the upper limit of SOC
(SOCU), i.e., the upper charging state, the battery is
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in the charging mode. If ASOC is greater than SOCU,
then there will be no action state.
2) Discharging mode

The battery state of charge (SOC) in the dis-
charging mode can be represented as a transfer
function given below:

ASOC,, = !

5 %3600 % W,

(%)
When the current change in state of charge
(ASOC) is greater than the lower limit of SOC

(SOCL), the battery will be in the discharging mode
otherwise no action mode.

3.2.2 Model with the BESS (without a PI
Controller)

With the BESS, the block diagram as shown in
Figure 2 can be modified and shown in Figure 3.
With the BESS in the thermal area, the active power
support in the thermal area increases and thus, there
is less load shedding amount results.

AREA 1
THERMAL

1+s7,

1+ 57,

|

AP,

g

72

1+ s7,

1—s7,,

-
1+ 57,

™ 1+0.5s7,

AREA 2
HYDRO

AREA 1
THERMAL

1+ sT,

1+ sT,

1-sT,

1+0.5s7,,

Figure 3. Block diagram of the thermal-hydro system with PI controller based FCS.
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3.2.3 Model with the BESS (with a PI Con-
troller)

With the BESS in the thermal area, the block
diagram as given in Figure 2 can be modified and
shown in Figure 3. In the present section, the PI
Controller is included in the BESS.

The different system parameters based on the
above discussed models are presented in Table 1.

Table 1. System parameters

S. No. Parameters Values
1 Kr1, Kp2 120 Hz/(pu. MW)
2 Tp1, Tp2 20 sec.
3 R, R» 2.4 Hz/(pu. MW)
4 By, B2 0.4249
5 Tg 0.08 sec.
6 Tu 0.3 sec.
7 To 0.0866 sec.
8 T 41.6 sec.
9 T, 5 sec.
10 T3 0.513 sec.
11 Tw 1 sec.
12 D1, D> 8.333 pu. MW/Hz

4. Simulation result and discussion

After simulation of the two-area interconnect-
ed thermal-hydro system, three studies were found:

first without the BESS, second with the inclusion of
the BESS without a PI Controller and third with a
PI controller. All studies were simulated in the time
domain using MATALAB/Simulink Software and
compared the result of three scenarios. Some time
constants considered in this work for better finding
results are presented in Table 2. Out of these four
BESS time constant values, authors got the ade-
quate results for Tgess = 0.05. Further, Table 3 pre-
sented the FCS parameters and controller gains.

Table 2. Different FC time constants (TFC)

S. No. Constant value
1 0.04
2 0.05
3 0.06
4 0.07

Table 3. FCS parameters and controller Gains

S. No. Constant/gain Value
1 Gain Constant of the BESS (K) 1,000
2 Time Constant of the BESS (Tggss) 0.05
5 Proportional Gain of the BESS 5
6 Integral Gain of the BESS 10

4.1 Scenario 1: Effect of change in load
without the BESS facility

Table 4. Frequency variation of Area 1 and Area 2 with corresponding load shed w.r.t. equally varying load

in both areas without the BESS

Case No. APuLi(pu) APL2(pu)  Afimax(Hz) Afimin(Hz) Afimax(Hz)  f2min (Hz) LSA; LSA:

(pu) (pu)

1 0.2 0.2 -1.03 48.97 -1.29 48.71 NA NA

2 0.3105 0.3105 -1.59 48.41 -2 48 NA NA
3 0.3921 0.3921 -2 48 -2.5 475 NA 0.0816
4 0.45 0.45 -2.31 47.69 -2.9 47.1 0.0579  0.1395
5 0.5 0.5 -2.58 47.42 -3.2 46.8 0.1079  0.1895
6 0.6 0.6 -3.08 46.92 -3.86 46.14 02079  0.2895
7 0.645 0.645 -3.3 46.7 —4.1 45.9 02529  0.3345
8 0.8 0.8 —4.1 45.9 -5.15 44.85 0.4079  0.4895
9 1 1 -5.1 44.9 —-6.4 43.6 0.6079  0.6895
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Following observations can be drawn from
Table 4.

1) The critical load for Area 1 (thermal area) is
0.3921 pu, while for Area 2 (hydro area), it is
found to be 0.3105 pu. Thus, the critical load
for Area 2 is lower than that for Area 1.

2) For Area 1, Cases 1-3, no load shedding as
up to the critical load is required. But as the
load increases beyond the critical load, the
frequency decreases below its minimum al-
lowable frequency, i.e., critical frequency.

3) For Area 2, Cases 1-2, no load shedding as
up to the critical load is required. But as the
load increases beyond the critical load, the
frequency decreases below its minimum al-
lowable frequency, i.e., critical frequency.

4) Load shedding steps for Area 2 (hydro area)
is more than that for Area 1 (thermal area).

GHusHELRD

Figure 4. Frequency response of Area 1 without the
BESS.

From Figure 4, it shows that for Area 1, the
maximum change in frequency is computed and
found to be Afimax
maximum frequency change is found to be tim =2.21

= —5.1 AP and time instant of

Frequeney (Hz)

Figure 5. Frequency response of Area 2 without the
BESS.

From Figure S, it shows that for Area 2, the
maximum change in frequency is computed and
found to be Afimax = —6.4 APL and time instant of
maximum frequency change is found to be tim = 1.40
.

4.2 Scenario 2: Effect of change in load
with the BESS facility (without a PI
controller)

The effect of change in load with the BESS fa-
cility without using a PI controller is defined in Ta-
ble 5.

Table 5. Frequency variation of Area 1 and Area 2 with corresponding load shed w.r.t equally varying load

in both areas with the BESS (without a PI Controller)

Case No. APLi(pu) APL2(pu) Afimax(Hz) Afimin(Hz)  Afamax(Hz)  famin (Hz)  LSA; LSA:
(pw) (pu)

1 0.2 0.2 -0.62 49.38 -0.8 49.2 NA NA
2 0.3105 0.3105 -0.96 49.04 -1.25 48.75 NA NA
3 0.3921 0.3921 -1.22 48.78 -1.58 48.42 NA NA
4 0.45 0.45 -1.4 48.6 -1.8 48.2 NA NA
5 0.5 0.5 -1.55 48.45 -2 48 NA NA
6 0.6 0.6 -1.86 48.14 2.4 47.6 NA 0.1

7 0.645 0.645 -2 48 -2.6 47.4 NA 0.145
8 0.8 0.8 -2.5 475 -3.22 46.78 0.155 0.3
9 1 1 -3.1 46.9 —4 46 0.355 0.5
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Following observations can be drawn from
Table 5.

1) The critical load for Area 1 (thermal area) is
0.645 pu, while for Area 2 (hydro area), it is
found to be 0.50 pu. The critical load for
Area 2 is lower than that for Area 1. Hence
the load ability of both the areas increases
with the introduction of the BESS facility in
the thermal area. With the BESS, the load
ability of Area 1 is more than that of the Area
2; this is because of the additional active
power support of the BESS facility.

2) With BESS support, less load shedding steps
are required for both areas. But the load
shedding steps are less in Area 1 in which the
BESS facility is being provided.

3) Load shedding steps for Area 2(hydro area) is
more than that for Area 1 (thermal area).

Above-mentioned observations can also be

verified from Figures 6 and 7.

505
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Figure 6. Frequency response of Area 1 with the
BESS in the thermal area.

Figure 6 shows that for Area 1, the maximum
change in frequency is computed and found to be
Afimax =
frequency change is found to be tim = 1.8 s.

—3.1 APL and time instant of maximum

475

Frequency (Hz)

I
T T T

Time (Sec.)

Figure 7. Frequency response of Area 2 with the
BESS in the thermal area.

Figure 7 shows that for Area 2, the maximum
change in frequency is computed and found to be
Afymax =
frequency change is found to be tom =1.2 s.

—4.0 APL and time instant of maximum

4.3 Scenario 3: Effect of change in load with
the BESS facility (with a PI Controller)

In the scenario 3, effect of the change in the
load, with the BESS and a PI Controller is presented.
In this work, a PI controller is tuned as per the trial
and error method.

Following observations can be drawn from
Table 6.

1) The critical load for Area 1 (thermal area) is

0.9523 pu, while for Area 2 (hydro area), it is

Table 6. Frequency variation of Area 1 and Area 2 with corresponding load shed w.r.t equally varying load

in both areas with the BESS (with a PI Controller)

Case No. APui(pu)  APL2 (pu) Afimax (Hz)  Afimin (Hz)  Afamax (Hz)  Afimin (Hz) LSA1  LSA2
(pw)  (puw)
1 0.2 0.2 —0.43 49.57 -0.7 493 NA NA
2 0.3105 0.3105 —0.66 49.34 -1.15 48.85 NA NA
3 0.3921 0.3921 —0.84 49.16 —1.46 48.54 NA NA
4 0.5434 0.5434 —-1.16 48.84 -2 48 NA NA
5 0.6 0.6 -1.3 48.7 2.2 47.8 NA  0.0566
6 0.645 0.645 -14 48.6 2.4 47.6 NA  0.1016
7 0.8 0.8 -1.7 48.3 -2.95 47.05 NA  0.2566
8 0.9523 0.9523 -2 48 -3.5 46.5 NA  0.4089
9 1 1 -2.1 47.9 -3.7 46.3 0.0477 0.4566
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found to be 0.5434 pu. The critical load for
Area 2 is lower than that for Area 1. It can
also be seen that in comparison to the above
cases, i.e., with only the BESS and with the
PI Controller based BESS, the critical load
for the present case is much higher. Hence the
load ability of both the areas increases with
the introduction of the BESS facility in one
of the areas (thermal area for the present
case). With BESS support in the thermal arca
(Area 1), the load ability of Area 1 is more
than that of Area 2; this is because of the ad-
ditional active power support of the BESS
facility.

2) With BESS support, less load shedding steps
are required for both areas in comparison to
the above discussed cases. But the load
shedding steps are less in Area 1 in which the
BESS facility is being provided.

It can be observed from Figure 8, that the
minimum frequency for Area 1 and Area 2 is higher
for the present case in comparison to the above
discussed cases; this is only because of the addition
power provided by the BESS facility whose power
is being further modulated and increased with a PI
Controller for better frequency response and hence
there is less load shedding amount result. This fea-
ture makes the load shedding scheme much more
attractive.

*49.5
49
48.5
48

-2.0911x+ 49977 fim
47.5

ney

Minimum Area Frequei
|

46.5

y=-3.7082x+50.014 W f, .,

0 0.2 04 0.6 08 1 1.2
Load (pu)

Figure 8. Variation of minimum frequency w.r.t
equally varying loads in both areas.

Figure 9 shows that for Area 1, the maximum
change in frequency is computed and found to be
Afimax = —2.1 APL and time instant of maximum
frequency change is found to be tim = 1.8 s.

Frequensy (Hz)

i i i i i i i T
(] 1 2 3 1 5 [ 7 [] 9 10
Time (Sec.)

Figure 9. Frequency response of Area 1 with the
BESS (with a PI Controller) in the thermal area.

Figure 10 shows that for Area 2, the maximum
change in frequency is computed and found to be
Afrmax = —3.7 APp and time instant of maximum
frequency change is found to be tim = 1.0 s.

Frequency iHz)

i i I I
=1 & g 9

i i I i
o g 2 =t 4

5
Time (Sec.)

Figure 10. Frequency response of Area 2 with the
BESS (with a PI Controller) in the thermal area.

4.4 Comparative analysis

Figures 11 and 12 verify the results given in
Table 7. It compares the frequency response of the
two areas for the different case study schemes. It
shows that the schemes incorporating the BESS with
a PI Controller show best results among the three
discussed cases or schemes. This is only because of
the modulation of the BESS power output with the
introduction of a PI Controller.

5. Conclusion

Energy storage systems are able to provide
value added benefits to improve stability, power
quality and security of supply. Energy storage sys-
tems have shown and proved their potential appli-
cations in load leveling, frequency support (spinning
reserve) during loss of generation, enhancing tran-
sient and dynamic stability, dynamic voltage support
(VAR compensation), improving power quality,
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Table 7. Variation of minimum frequencies of both areas without the BESS, with the BESS (without a PI

Controller) and with the BESS (with a PI Controller)

S. No. Load (pu) Without the BESS With the BESS With the BESS and a PI Controller
Afl Af2 Afl Af2 Afl Af2
1 0.2 48.97 48.71 49.38 49.2 49.57 493
2 0.3105 48.41 48 49.04 48.75 49.34 48.85
3 0.3921 48 47.5 48.78 48.42 49.16 48.54
4 0.45 47.69 47.1 48.6 48.2 49.05 48.35
5 0.5 47.42 46.8 48.45 48 48.95 48.15
6 0.5434 47.2 46.5 483 47.8 48.84 48
7 0.6 46.92 46.14 48.14 47.6 48.7 47.8
8 0.645 46.7 459 48 47.4 48.6 47.6
9 0.8 459 44.85 47.5 46.78 48.3 47.05
10 0.9523 45.13 43.8 47.05 46.2 48 46.5
11 1 449 43.6 46.9 46 479 46.3

With BESS and PI

'y
@®

"=22.0963x+ 49983

y=-3.1034x+ 49 998
With BESS

Frequency (Hz)
&
]

y=-5.0988x+ 49 985

Without BESS

0 02 04 08 1 12

06
Load(pu)

Figure 11. Frequency variation of Area 1 with dif-
ferent schemes.

With BESS and PI
\=-3.708x+ 50.013

y=-3.9952x+49.99
With BESS

Frequency (Hz)

v=-6.4547x+ 50015 Without BESS

0 0.2 04 08 1 12

0.6
Load (pu)

Figure 12. Frequency variation of Area 2 with dif-
ferent schemes.

increasing transmission line capacity, thus enhanc-
ing overall security and reliability of power systems.
Battery storage systems provide economic benefits
of energy storage systems. Due to their low power
capacity, they are restricted to be used for small
disturbance like load increment in some area and are
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not suitable to be used for large generation loss.
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