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Abstract

The drop in frequency is a direct consequence of generation deficiency, either
due to loss of generation or an increase in load. Therefore, in this work,
to compensate for this generation deficiency following large disturbances, a
fuel cell system (FCS) could be the most effective counter-measure. With the
introduction of a proportional-integral (PI) controller to the FCS, the power
output of the FCS can be further modified. In the present work, a two-area
hydro-thermal interconnected system is being considered and simulated in
MATLAB with and without FCS. From the simulation results, it is found
that by using a FCS (with and without PI), the load shedding amount is
reduced and the under-frequency load shedding (UFLS) scheme is made more
effective.

Keywords: Critical frequency, critical load, fuel cell system (FCS), propor-
tional integral (PI) controller, under frequency load shedding (UFLS).
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1 Introduction

The frequency of the power system varies with the consumer load. With the
continuous increase in the load demand, the system frequency drops and
reaches its minimum allowable limit. The frequency of the power system
depends on generation-load balance. Under normal operating conditions, the
generation-load balance is maintained and the system frequency is fixed or
deviates within limits. For small system upsets, the frequency drop is small
and the system.

The frequency can be brought back to its normal operating state. But in
large system disturbances, either due to loss of large generation or due to a
large increase in the load demand, the system frequency drops quickly or
the system may even collapse if proper protection schemes are not used.
Load shedding is used to restore the system’s frequency following a large
disturbance. Several under-frequency load schemes have been proposed in the
literature. The static type was proposed by many authors as part of frequency
load shedding schemes based on frequency (f) [1]. The disadvantage of these
static under frequency load shedding (UFLS) schemes was that they shed a
fixed amount of load irrespective of the system disturbances. Many authors
have attempted to improve the adaptability of UFLS schemes by using the fre-
quency rate of change (df/dt) as an additional control index to estimate system
disturbances and improve the load shedding scheme [2, 3]. The power system
frequency deviation is the direct consequence of the generation deficiency.
Hence, in order to restore the frequency to its nominal value, compensation
for this generation deficiency is needed, which may be provided by an active
power source such as a fuel cell system. The fuel cell system could be a
better countermeasure for the compensation of the generation deficiency. The
fuel cell system has proven numerous applications in frequency regulation in
micro-grid systems also [4, 5].

1.1 Related Work

Different researchers presented the various techniques for under frequency
load shedding scheme design. In [6], authors proposed the under-frequency
load shedding scheme by utilizing the fuzzy logic algorithm. The authors
of [7] suggested an adaptive under-frequency load shedding scheme for a sys-
tem with high wind power penetration. In [8], the authors proposed real-time
time-based under-frequency control and energy management of microgrids.
The authors proposed a hierarchical frequency control framework for a
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remote microgrid with pico-hydel energy storage and a wind turbine in [9].
The authors of [10] looked into the real-time changes and recovery of proton
exchange membrane fuel cells during voltage reversal. They studied the influ-
ence of hydrogen aqua electrolyzer-fuel cell units on electric grid automatic
generation regulation using a novel optimum fuzzy TIDF-II controller in [11].
The real-time alterations and recuperation of a proton exchange membrane
fuel cell under voltage reversal were explored in [12]. A complete literature
assessment on load frequency regulation with renewable energy integration
in the power system is offered in [13]. Ref. [14] describes the interfacing
of a solar and hydrogen fuel cell system for sustainable energy harvesting
of a university’s ICT infrastructure with an imbalanced electric grid. The
optimal operation region of a super-high-speed electrical air compressor in
a fuel cell system is presented in [15] for working stability under multiple-
time scale excitation. The paper [16] presents a comparison of power control
approaches for fuel cell hybrid electric cars. Ref. [17] presents a better VSG
management approach based on a combined power generating system with
hydrogen fuel cells and super capacitors. Application of a self-adaptive Harris
Hawks optimization-based energy management method for a fuel cell-based
electric power system is reported in [18]. Ref. [19] presents high gain fuel cell
front-end converters for PEMFC power conditioning systems with reduced
input current ripple. Ref. [20] presents optimal fuel efficiency solutions
for fuel cell hybrid power systems operating under varying renewable and
load situations. For higher fuel efficiency, [21] presents optimal airflow of
fuel cell hybrid power systems employing fuel flow-based load-following
management.

Different fuel cell technologies are developed around the world. Com-
parative analysis of the various types of fuel cells such as polymer
electrolyte membrane (PEM), alkaline (AFC), phosphoric acid (PAFC),
molten carbonate (MCFC), and solid oxide (SOFC) are presented in the
Table 1.

1.2 Research Gap

Most of the research performed for the development of the under frequency
load shedding scheme design didn’t consider the fuel cell technique, which
is the novel contribution of this work. Further, this work utilized the PI
controller in association with fuel cell technique to reduce the shaded amount
of the demand.
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1.3 Contribution

This work presented the impact of fuel cell system on under frequency load
shedding scheme design. the novel contribution of this work are as follows:

1. Fuel cell system is used to design the under frequency load shedding
scheme

2. PI controller is utilized in association with fuel cell system to minimize
the shaded amount of demand.

3. A detailed comparative analysis is presented to show the effectiveness
of the proposed fuel cell system integrated with PI controller.

1.4 Organization of the Manuscript

The remaining of the manuscript is as follows: section two discussed the
configuration of the system utilized in this work. Section three discussed the
developed model. Section four critically discussed the results, obtained from
the proposed model. A comparative analysis is also presented in this section.
Last section discussed the conclusion of the manuscript.

2 System Configuration

In this section, a two-area thermal-hydro interconnected system is being con-
sidered for load shedding, with load disturbances in both areas. The impact of
FCS on load shedding is being modeled and simulated in MATLAB/Simulink
Software and results are compared for load shedding steps for three cases; one
without FCS, second with FCS (With and Without PI Controller). Numerous
high-order models for FCS have been proposed in literature. In the present
context, the FCS is being modeled as a single order transfer function. The
FCS system consists of a fuel cell and an Aqua Electrolyzer (AE), both of
which are modeled as simple single-order transfer functions. The AE pro-
duces hydrogen which is used as a fuel for the fuel cell as and when necessary.
The FCS system produces a power output proportional to the frequency
deviation. The PI Controller further regulates the power production; hence
the frequency regulation and load shedding amount.

3 Proposed Work

3.1 Model Without FCS

The block diagram of a two-area thermal hydro power system is shown in
Figure 1. The change in demand ∆Pd is considered to be a step function. The
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Figure 1 Block diagram of thermal-hydro system without FCS.

sign of ∆Pd is such that, for a sudden increase in load demand, ∆Pd > 0;
for a sudden increase in generation, ∆Pd < 0. The step load change can be
expressed as [1, 7],

∆Pd(t) = ∆PLu(t) (1)

where, ∆PL is disturbance magnitude in per unit on system base SSB and
u(t) is a usually defined step function. In Laplace domain Equation (1) can be
expressed as follows,

∆Pd =
∆PL

s
(2)

3.2 Fuel Cell System (FCS)

A Fuel Cell System is basically an electrochemical energy conversion device
which converts the energy from fossil fuels to equivalent electrical energy.
They are fossil fuel batteries, but unlike the batteries, there is no need
to recharge the fuel cells. They are two to three times more efficient in
comparison to the internal combustion engines.
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3.2.1 Mathematical modeling of FCS
The mathematical modeling of a fuel cell system can discussed as follows:

(a) Transfer function Equation of fuel cells

The transfer function for the system frequency variation to per unit fuel cell
power can be expressed as [7, 11]:

GFC (s) =
∆PFC

∆f
=

KFC

1 + sTFC
(3)

where, ∆PFC is the per unit fuel cell power, KFC is the gain of the fuel cell
unit and TFC is the time constant of the fuel cell unit.

(b) Transfer Function Equation of an Aqua Electrolyzer

A fraction of the total generated power is supplied to the Aqua Electrolyzer
to produce the available hydrogen for the fuel cell. The transfer function of
the Aqua Electrolyzer can be expressed as [7, 11]:

GAE (s) =
∆PAE

∆f
=

KAE

1 + sTAE
(4)

where, ∆PAE is the change in power consumption by the Aqua electrolyzer,
KAE is the gain of the aqua electrolyzer and TAE is the time constant of the
Aqua electrolyzer.

3.2.2 Model with FCS (without PI Controller)
With FCS (FC and AE) in the thermal area, the block diagram as given in
Figure 1, can be modified and shown in Figure 2. In the present section the
PI Controller is not included in the FCS.

3.2.3 Model with FCS (with PI Controller)
With FCS (FC and AE) in the thermal area, the block diagram as given in
Figure 1, can be modified and shown in Figure 3. In the present section, the
PI Controller is included in the FCS (FC and AE).

The different system parameters based on the above discussed models are
presented in the Table 2.

4 Simulation Result and Discussion

Simulation of a two-area interconnected thermal-hydro system has been
carried out in three scenarios: first without FCS, second with the introduction
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Figure 2 Block diagram of thermal-hydro system with FCS.
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Table 2 System parameters
S N Parameters Values
1 KP1, Kp2 120 Hz/(pu. MW)
2 TP1, TP2 20 sec.
3 R1, R2 2.4 Hz/ (pu. MW)
4 B1, B2 0.4249
5 Tg1 0.08 sec
6 Tt1 0.3 sec
7 T0 0.0866 sec
8 T1 41.6 sec
9 T2 5 sec
10 T3 0.513 sec
11 Tw 1 sec
12 D1, D2 8.333 pu. MW/Hz

Table 3 Different FC time constants (TFC)
S. No. Constant Value
1 0.98
2 0.99
3 1
4 1.02

Table 4 FCS parameters and controller gains
S. No. Constant/Gain Value
1 Gain Constant of FC (KFC) 500
2 Time Constant of FC (TFC) 1
3 Gain Constant of AE (KAE) 500
4 Time Constant of AE (TAE) 0.03
5 Proportional Gain of FC 1
6 Integral Gain of FC 1
7 Proportional Gain of AE 2
8 Integral Gain of AE 1

of FCS (FC and AE) without PI controllers, and third with a fuel cell system
with PI controller. The three system models have been simulated in the time
domain using MATLAB/Simulink software and results have been compared
for the three scenarios. Different fuel cell time constant utilized in this work
are presented in the Table 3. Out of these 4 FC time constant values, authors
got the adequate results for TFC = 1. Further, Table 4 presented the FCS
parameters and controller gains.
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4.1 Scenario 1: Effect of Change in Load Without FCS Facility

In the scenario 1, effect of the change in the load, without FCS facility is
presented in Table 5.

Following observations can be drawn from Table 5:

(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 for Area 1.

(2) For Area 1, case 1–3, do not require any load shedding as up to the
critical load, no load shedding is required. But as the load increases
beyond the critical load, the frequency decreases below its minimum
allowable frequency i.e. critical frequency.

(3) For Area 2, case 1–2, do not require any load shedding as up to the
critical load, no load shedding is required. But as the load increases
beyond the critical load, the frequency decreases below its minimum
allowable frequency i.e. critical frequency.

(4) Load shedding steps for Area 2 (Hydro area) is more than for Area 1
(Thermal area).

From Figure 4, it can be seen that, for Area 1, the maximum change in
frequency is computed and found to be ∆f1max = −5.1∆PL and time instant
of maximum frequency change is found to be t1m = 2.21 sec.

From Figure 5, it can be seen that, for Area 2, the maximum change in
frequency is computed and found to be ∆f1max = −6.4 ∆PL and time instant
of maximum frequency change is found to be t1m = 1.40 sec.

Table 5 Frequency variation of Area 1 and Area 2 with corresponding load shed w.r.t equally
varying load in both areas without FCS

Case No. ∆PL1 (pu) ∆PL2 (pu) F1min (Hz) F2min (Hz) LSA1 LSA2

1 0.2 0.2 48.97 48.71 NA NA

2 0.3105 0.3105 48.41 48.00 NA NA

3 0.3921 0.3921 48.00 47.50 NA 0.0816

4 0.45 0.45 47.69 47.10 0.0579 0.1395

5 0.5 0.5 47.42 46.80 0.1079 0.1895

6 0.6 0.6 46.92 46.14 0.2079 0.2895

7 0.645 0.645 46.70 45.90 0.2529 0.3345

8 0.8 0.8 45.90 44.85 0.4079 0.4895

9 1.0 1.0 44.90 43.60 0.6079 0.5759
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Figure 4 Frequency Response of Area 1 without FCS.

Figure 5 Frequency Response of Area 2 without FCS.

4.2 Scenario 2: Effect of Change in Load with Fuel Cell System
Without PI Controller

In the scenario 2, effect of the change in the load, with Fuel cell system
without PI controller is presented in Table 6.

Following observations can be drawn from Table 6:
The critical load for Area 1 (thermal area) is 0.625 pu. While for Area 2

(hydro area), it is found to be 0.5128 pu. Thus the critical load for Area 2 is
lower than for Area 1.

(1) For Area 1, case 1–6, do not require any load shedding as up to the
critical load, no load shedding is required. But as the load increases
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Table 6 Frequency variation of Area 1 and Area 2 with corresponding load shed w.r.t equally
varying load in both areas with Fuel cell system
Case No. ∆PL1 (pu) ∆PL2 (pu) F1min (Hz) f2min (Hz) LSA1 (pu) LSA2 (pu)
1 0.2 0.2 49.36 49.22 NR NR
2 0.3105 0.3105 49.0 48.79 NR NR
3 0.3921 0.3921 48.75 48.47 NR NR
4 0.45 0.45 48.57 48.24 NR NR
5 0.5128 0.5128 48.36 48 NR NR
6 0.625 0.625 48 47.55 NR 0.1122
7 0.7 0.7 47.8 47.27 0.075 0.1872
8 0.8 0.8 47.45 46.87 0.175 0.2872
9 1.0 1.0 46.80 46.10 0.375 0.4872

Figure 6 Frequency Response of Area 1 with FCS (without PI).

beyond the critical load, the frequency decreases below its minimum
allowable frequency i.e. critical frequency.

(2) For Area 2, case 1–5, do not require any load shedding as up to the
critical load, no load shedding is required. But as the load increases
beyond the critical load, the frequency decreases below its minimum
allowable frequency i.e. critical frequency.

(3) Load shedding steps for Area 2(Hydro area) is more than for Area
1(Thermal area).

From Figure 6, it can seen from that, for Area 1 the maximum change in
frequency is computed and found to be ∆f1max = −3.2 ∆PL and time instant
of maximum frequency change is found to be t1m = 1.7 sec.

From Figure 7, it can seen from that, for Area 2 the maximum change in
frequency is computed and found to be ∆f2max = −3.9 ∆PL and time instant
of maximum frequency change is found to be t2m = 1.1 sec.
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Figure 7 Frequency Response of Area 2 with FCS (without PI).

Table 7 Frequency variation of Area 1 and Area 2 with corresponding load shed w.r.t equally
varying load in both Areas with Fuel cell system with PI Controller
Case No. ∆PL1 (pu) ∆PL2 (pu) F1min (Hz) f2min (Hz) LSA1 (pu) LSA2 (pu)
1 0.20 0.20 49.44 49.26 NR NR
2 0.3105 0.3105 49.13 48.85 NR NR
3 0.3921 0.3921 48.90 48.54 NR NR
4 0.45 0.45 48.75 48.33 NR NR
5 0.5376 0.5376 48.50 48.0 NR NR
6 0.6 0.6 48.30 47.77 NR 0.0624
7 0.714 0.714 48.0 47.35 NR 0.1764
8 0.80 0.80 47.75 47.03 0.086 0.2624
9 1.0 1.0 47.20 46.28 0.286 0.4624

4.3 Scenario 3: Effect of Change in Load with Fuel Cell System
with PI Controller

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

Following observations can be drawn from Table 7:

(1) The critical load for Area 1 (thermal area) is 0.714 pu. While for Area 2
(hydro area), it is found to be 0.5376 pu. Thus the critical load for area
2 is lower than for area 1.

(2) For Area 1, case 1–7, do not require any load shedding as up to the
critical load, no load shedding is required. But as the load increases
beyond the critical load, the frequency decreases below its minimum
allowable frequency i.e. critical frequency.
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Figure 8 Frequency Response of Area 1 with FCS (with PI).

Figure 9 Frequency Response of Area 2 with FCS (with PI).

(3) For Area 2, case 1–5, do not require any load shedding as up to the
critical load, no load shedding is required. But as the load increases
beyond the critical load, the frequency decreases below its minimum
allowable frequency i.e. critical frequency.

(4) Load shedding steps for Area 2 (Hydro area) is more than for Area 1
(Thermal area).

From Figure 8, it can be seen that, for Area 1 the maximum change in
frequency is computed and found to be ∆f1max = −2.8 ∆PL and time instant
of maximum frequency change is found to be t1m = 1.9 sec.

From Figure 9, it can be seen that, for Area 2 the maximum change in
frequency is computed and found to be ∆f2max = −3.72 ∆PL and time
instant of maximum frequency change is found to be t2m = 1.0 sec.
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4.4 Comparative Analysis

To compare the various discussed schemes Figures 10–11 can be considered.
Figures 10 and 11 compare the frequency responses of the two areas

for the different case study schemes. It can be concluded from the above
mentioned figures that with the introduction of FCS (with and without PI
Controller), the variation of minimum frequency w.r.t the varying load is
improved and hence less load shedding results with the introduction of FCS
(with and without PI Controller). It shows that the schemes incorporating
FCS with PI Controller show the best results among the three discussed cases
or schemes. This is only because of the modulation of the FCS power output
with the introduction of the PI Controller.

4.5 Comparison of Fuel Cell Technology with Battery Energy
Storage System

Fuel cells are basically fossil-fuelled batteries, but unlike batteries, they do
not require charging and may operate eternally as long as they are provided
with a supply of fuel (most often hydrogen) and an oxidant (usually air).
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Figure 11 Minimum frequency variation of area 2 for different case schemes.

They provide a fundamentally different method of generating electricity than
fossil fuels, such as natural gas or gasified coal. A fuel cell is an electro-
chemical energy conversion device that converts fuel to electricity two to
three times more efficiently than an internal combustion engine. Fuel cells
based on modern technology are capable of producing electric power more
consistently and quietly, with less pollution and incredible fuel efficiency –
up to 50%, or half as excellent as the finest steam turbine units. Additional
benefit is that, like battery energy storage systems, fuel cells may be built on
an assembly line, in the form of small capacity stacks – as little as 1 kW – and
combined in groups if a bigger capacity is required. Because of its versatility,
the fuel cell is more suited to “distributed power resource” applications. One
or two can be utilized if just a little amount of electricity is necessary, while
hundreds can be installed if a large amount of power is required. Because fuel
cells are a source of electric power, they may be utilized to compensate for a
lack of production and moderate significant frequency excursions, reducing
the amount of load shedding and making the load shedding scheme more
effective.
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5 Conclusion

This work proposed the fuel cell technology, integrated with the PI controller
to design the under frequency load shedding scheme. Different results were
obtained under three different scenarios. A further nine different cases are
considered based on the load variation. A detailed comparative analysis of
three proposed scenarios is presented, which shows that the under frequency
load shedding scheme with fuel cell technology integrated with the PI con-
troller reduced the shaded load amount more compared to the other two
scenarios.

As a future enhancement of the work, the proposed technique can be
utilized for the multi area system, but in such cases the operation, control
and net power inter-change of tie lines plays major role and also affect the
working of the proposed FCS.
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