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Abstract

This study presents load-frequency-control of a two-area hybrid power
system (HPS) incorporating distributed generation, geo-thermal plant, ther-
mal plant and electric-vehicle. Such a complex system with non-linearities
leads the power system towards more complexity and accordingly requires
a resilient controller to handle such complexity. In this regard, optimal
cascaded proportional integral – multistage proportional integral derivative
(cascaded PI-MSPID) is explored for developed power system. The efficiency
of optimal controller is validated by comparing it with other controllers. The
influence of flywheel energy storage on system dynamics is demonstrated.
Further, the electric vehicle’s participation in enhancing the system stability
is presented. Moreover, the developed system is subjected to an intense
load deviation which is a practical data taken from one of the literature. It
is demonstrated that responses achieved for proposed cascaded PI-MSPID
controller effectively handles the system disturbances, which reflects the
strength of proposed cascaded PI-MSPID controller.

Keywords: Load frequency control (LFC), hybrid power system (HPS),
optimization technique, robust control, electric vehicle (EV).
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1 Introduction

The mismatch between the generation and load results in the deviation of
system frequency and tie line power. For the reliable supply of power, the
frequency and tie line power should be maintained at the nominal level.
Load frequency control (LFC) aims at maintaining the frequency and tie line
power at the scheduled level [1, 2]. LFC problem has been studied by many
researchers and there exists ample amount of research in literature [3, 4].

The authors in [5] presented the dynamic frequency control for a two area
thermal system. Frequency control of different multi-area thermal system
using integral plus double derivative controller is presented in [6]. Automatic
Generation Control of multi-area thermal system is reported in [7] where
several parameters like integral controller gains, frequency bias parameters
and governor speed regulation are optimized using bacterial foraging algo-
rithm. The authors in [8] combined the robust control with an adaptive control
technique and hence proposed a new resilient adaptive controller for the
load frequency control of an isolated system. A novel method (based on
Type-2 fuzzy system) for load frequency control of two-area interconnected
thermal system was adapted by authors in [9] by considering generation
rate constraint (GRC) and governor dead band (GDB). A cascaded Propor-
tional Integral-Proportional derivative controller for the frequency control of
four-area thermal system is proposed by authors in [10]. The Automatic Gen-
eration Control of interconnected hydrothermal system is presented in [11].
The authors in [12] proposed an optimal controller for the frequency control
of interconnected hydro-thermal system. References [5–12] have discussed
the frequency control of conventional power generation.

The majority of electric power comes from conventional generation like
hydro and thermal power. The fossil fuels are depleting due to various
factors such as overpopulation, overconsumption, deforestation, pollution etc.
Alternate energy sources like wind and solar reduce the reliance on the fossil
fuels and are considered as a green energy source since these reduce the
environmental pollution. Hence, the renewable energy generations are being
integrated to the existing power system [13–15]. The authors in [13] proposed
a new secondary controller for the frequency control of three-area wind-
thermal-hydro system. LFC of a hybrid power system (HPS) incorporating
the photovoltaic system, wind turbine generator, diesel engine generator,
battery energy storage system and superconducting magnetic energy storage
is reported in [14]. In a HPS, the integration of distributed generation (DG)
resources with the conventional generations meets the increased demand
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of power. These DG’s supply power to its nearby loads. Authors in [15]
presented the LFC of the three-area thermal system by integrating DG
resources in one of the areas. A robust controller for the load frequency
control of HPS integrated with DG is reported in [16]. The authors have not
considered the system nonlinearities. A genetic algorithm based controller for
isolated hybrid generation/energy storage system consisting of solar thermal
system, wind turbine generators, solar photovoltaic, fuel cells, diesel engine
generators, battery energy storage system, flywheel, ultra-capacitors and aqua
electrolyser is proposed in [17]. The authors in [18] incorporated geothermal
power plant and also designed a controller for the conventional thermal,
hydro, wind, and solar photovoltaic generations.

The power that is generated from renewable energy based systems like
wind and solar is uncertain and intermittent in nature. In such systems, the
frequency deviation due to the imbalance between the generation and demand
is controlled by using energy storage systems (ESS). Hence ESS has an
important role in maintaining the efficiency of electrical power when there
is a mismatch between the supply and load demand due to the penetration
of renewable energy sources. There exists literature on the frequency con-
trol supported by ESS. The type of energy storage devices that have been
employed in the LFC of both conventional and deregulated systems include
battery energy storage system [19], redox flow batteries [13], capacitive
energy storage [20], superconducting magnetic energy storage [21] and fly-
wheels [22] etc. Therefore, the authors are in view to incorporate the energy
storage devices in the presented system.

The majority of the research present on the frequency control in renew-
able energy systems is employing battery as the storage device. However, the
battery is expensive, requires maintenance and has a shorter life span. So, the
researchers proposed a new storage technique (EVs) in order to control
the frequency fluctuations in renewable energy systems. There exists little
literature where EVs have been employed as a regulatory source in system
dynamics control [23–25]. Hence there is scope for the implementation of
EVs to highlight their regulating characteristic in hybrid power system.

Non-linearities in the power system makes it more practical, but they also
create undesired oscillations. Further, the unpredictable nature of renewable
resources and load demand variation further adds to the system’s uncertainty.
A robust controller is required to remove the disturbing influences caused
by oscillations and uncertainty situations. Classical control [6], optimum
control [26], adaptive control [27], robust control [28], and other systems
have been proposed and developed to solve automatic generation control
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(AGC) problem. As per the literature survey, basic proportional-integral (PI)
controllers are commonly used in AGC due to their ease of implementation
and ability to provide appropriate system response. Furthermore, advanced
controllers including fractional-order [29], two-degree-of-freedom internal
mode [30, 31], disturbance observer based [32], sliding mode [33, 34],
cascaded [35–37] and model prediction [38] have been developed. In [39], the
control of frequency for a hybrid power system is done using a multi-stage
fuzzy logic proportional integral derivative controller. From the literature
discussed above, cascaded and multi-stage based controllers in dynamic
frequency control performed well over conventional controllers. Hence, the
authors got motivation to apply cascaded multi-stage form of controllers.

Furthermore, as system parameters and loading circumstances change,
the performance of fixed gain controllers reduces. Secondary controllers
perform best when their gains and other parameters are optimized. Classi-
cal and meta-heuristic algorithms can both be used to find optimal values.
Particle swarm optimization [40], firefly algorithm [41], ant colony opti-
mization [42], marine predator algorithm [43], symbiotic organisms search
algorithm [44, 45], back-tracking search algorithm [46], Jaya algorithm [47],
grey wolf optimization technique [48], whale optimization algorithm [49],
and other bio-inspired optimization techniques have been used in the LFC.
A powerful bio-geography based krill herd (BBKH) optimization [50] is also
available which is successfully used by the authors in [52] to optimize the
different controller gains. Therefore, the present analysis is carried using
BBKH as the optimization approach.

1.1 Objectives of the present Study

Based on the above discussion, the objectives of this study are mentioned
below:

I. Establishment of a matlab model for EV and DG based hybrid power
system, in addition to the geo-thermal and conventional thermal plant.
The cumulative model is modelled for load frequency control.

II. Contemporaneous optimization of different secondary controllers viz.
PID, multistage-PID, cascaded PI-PID and cascaded PI-multistage-PID
(PI-MSPID) utilizing BBKH optimization technique.

III. To select optimal controller from secondary controllers mentioned
in (II).

IV. To inspect the system behaviour in existence of flywheel energy storage
(FES).
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Figure 1 Work flow presented in the manuscript.

V. To examine the influence of EVs on system dynamic control.
VI. To test the developed power system against practical load deviations.

1.2 Manuscript Organisation

The Figure 1 portrays the details of the work presented in this manuscript.

2 Power System Modelling

An unequal two-area HPS is chosen for examination. Area-1 incorporates
DG in the form of wind-turbine-system and solar-thermal-system in addition
to the thermal plant and EV while as area-2 incorporates thermal plant with
additional generation support from the geo-thermal and EV. The Figure 2(a)
portrays the linearized transfer function model of system considered while as
Figure 2(b) portrays the transfer function model of DG. The capacity-ratio
of two areas is taken as 1:2. An appropriate system non-linearities in the
form of GRC (3% per minute) and GDB (0.06%)) is provided with thermal
plants for realistic implementations. MATLAB Simulink software is used to
develop the simulation model and execute the optimization codes. The system
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(a) Transfer function model  

 
(b) Distributed generation model 

Figure 2 Transfer function model of developed two-area power system with DG and EV.

nominal values are referred form [15, 18, 25]. The objective function for the
study presented is integral squared error (ISE), given in (1).

ISE =

∫ T

0
[(∆f i)

2 + (∆Ptie−ij)
2 dt, i = 1, 2 (1)

The parameters in = n (1) are;

(a) Output frequency deviation of each area “∆fi” (i = 1,2).
(b) Tie-line power deviation between the two areas “∆Ptie−1−2”.
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Figure 3 EV simulation model [25].

2.1 Electric Vehicle (EV) Modelling

Figure 3 depicts the collective simulation model of EV incorporated in the
presented work. It comprises of a battery charge management (BCM) which
ensures of reliable power flow control among grid and battery. A circum-
stance can arise where EVs may get abruptly disengaged from the grid,
leading to an unacceptable system performance. To handle such an issue,
the frequency range is limited to ±10 mHz. An EV’s charging/discharging
scenario is linked to its capacity and management, which unswervingly
determines the expanse of regulatory work allocated to the EV [25]. The reg-
ulatory management is determined by the capacity and power-load mismatch.
Moreover, EVs that engage in regulatory actions necessitate adequate time to
charge the batteries to the expected level. As all generating units comprising
EVs takes care of the regulation, any power imbalance will be divided into
two portions. One component of the task will be done by all of the generating
units in a certain location, with the remainder handled by BCM. Equations (2)
and (3) are utilized to compute the maximum and minimum output power.

Pmax
AG = +

(
1

NEV

)
(∆PEVI) (2)

Pmin
AG = −

(
1

NEV

)
(∆PEVI) (3)

Where, NEV is the EV quantity, ∆PEVI is the incremental power varia-
tion in EVs, Pmax

AG is the extreme output power and Pmin
AG is least power output

of EVs.

3 Bio-geography Based Krill Herd (BBKH) Optimization
Technique

The authors in [50] gave the BBKH optimization concept. The krill herd
(KH) approach is based on the krill swarm behaviour and is used to address
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optimization problems. Three things in KH have the most influence on the
situation.

• Other krill have an influence on their migration.
• Hunt exploit
• Physical diffusion

The lagrangian model is used in the following way inside a defined search
space:

dYi

dt
= Pi + Qi + Ri (4)

Where, the movement generated by other krills is denoted by Pi, the hunt
action is denoted by Qi and the erratic diffusion is denoted by Ri. The first
part’s direction is defined by factors such as target impact, local impact, and
repellant impact. The definition is presented as:

Pi = Pmaxαi + ωnPold
i (5)

Where, Pmax, ωn, Pold
i are maximum speed, inertia mass and last

movement.
The second one, Qi, is calculated using two variables: food position and

previous experience, reported below:

Qi = Sfβi + ωfQ
old
i (6)

Where,
βi = βfoodi + βBest

i (7)

And Sf represents foraging speed, ωf represents mass inertia and Qold
i is

final one.
The final one is an erratic process that is calculated using the highest

diffusion speed and an erratic directional vector, which is expressed as:

Ri = Rmaxγ (8)

where, Rmax represents the largest diffusion speed and γ represents the
random directional vector.

Hence, KH location from t to t + ∆t is estimated as:

Yi(t+∆t) = Yit +
dYi

dt
(9)

The KH can carry out exploration quickly and locate the most favourable
position. KH, on the other hand, has a limited capability for exploitation.
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Figure 4 Algorithm 1: Krill Migration (KM) operator [50].

The krill migration (KM) operator is combined with the krill herd technique
to provide an effective BBKH optimization approach that overcomes the
constraints of the krill herd technique. In BBKH, the KM operator is in
charge of controlling the new krill herd solution for each krill. This improved
search method might increase population variety and help krill design a small
prospective zone more carefully at a later stage of the process, avoiding
early convergence. The KM operator procedure are illustrated in algorithm
1, presented in Figure 4.

Due to its quick convergence, krill herd is utilised in BBKH to limit
the krill cluster to a confined area. After that, a KM operator with the best
exploitation is used to hunt locally for the best krill. The KH in BBKH
concentrates on early optimization exploration, whereas the KM operator
emphasizes on later optimization exploration, causing the majority of krill
to gather around the ideal solution. As a result, BBKH uses the KH operator
to fully explore the region while simultaneously taking use of the crucial
information offered by the KM operator. Hence, the BBKH approach can
overcome the KH’s low exploitation. Figure 5 shows the steps used for
tuning the controller gains for the present study using BBKH optimization
technique.

4 Cascaded PI-MSPID Controller

Cascaded controller’s concept originated from the sequential processes where
the outcome of interior loop is supplied as an input to the outer loop. The
measurement variables are related to both the loops of the system. The main
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Figure 5 Algorithm 2: BBKH technique [50].

characteristics of cascaded controller as described in [35, 36] are mentioned
below.

I. The effect of perturbations given to the outer process in succession is
muted by inner measurement.

II. The measurement of the outer processes governs the ultimate output
quality.

The prime objective of the cascaded controllers is to retort rapidly to
disruptions before they scatter to other plant sections. The Figure 5 reports
the structure of Cascaded PI-MSPID controller. The Equations (10) and (11)
reports the transfer function equations of PI and MSPID controller.

F1(s) = GPi(s) +
GIi(s)

s
(10)

F2(s) =

(
GPi(s) +

sGDi(s)
1

sNi (s)+1

)(
GPi(s) +

GIi(s)

s

)
(11)
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Figure 6 Cascaded PI-MSPID controller structure.

The loop (outer- Q1(s)) of cascaded PI-MSPID controller contains the
plant to be controlled. The prime focus of Q1(s) is to track the reference, area
control error (ACE) against any load disturbance d(s). Hence, the present
study incorporates PI controller in outer loop. The loop (inner – Q2 (s)) of the
proposed secondary controller comprises of several generation sources. Its
main aim is to lessen the system modelling impact and considerably improve
the system performance. Henceforth, the MSPID controller is incorporated
in its inner loop with high proportional and derivative gains to achieve
reckless disruptions. The equation given in (12) reports the transfer function
of cascaded PI-MSPID controller depicted in Figure 6.

O(s) =

[
Q1(s)Q2(s) F1(s) F2(s)

1 + Q1(s)Q2(s)F2(s)

]
ACE(s)−

[
Q1(s)

1+ Q1(s)Q2(s)F2(s)

]
d(s)

(12)

5 Result and Discussion

MATLAB Simulink software is utilized to simulate the developed two-area
DG based power system and execute the BBKH optimization algorithm. The
concurrent system dynamic control is recognized in the present study. Area-1
is supplied with a step load perturbation (SLP) of 1%.

5.1 Optimal Controller Selection

In this section, optimal secondary controller is chosen from different con-
trollers considered. Several controllers viz. PID, MSPID, cascaded PI-PID
and cascaded PI-MSPID are inspected separately in DG and EV based power
system. BBKH optimization approach is employed to optimize the controller
gains. The developed system is simulated for each controller mentioned
above. The responses for frequency and tie-line power in both areas are
achieved and displayed in Figure 7. The Table 1 reports the optimized gains
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(a) ∆f1 

 

(b) ∆f2 

 

(c) ∆Ptie12 
Figure 7 Comparison of several secondary controllers.

of different controllers. The comparison of responses in Figure 7 exposes
better performance with cascaded PI-MSPID, as the responses achieved for
cascaded PI-MSPID controller are non-oscillatory with lesser value of over-
shoot, undershoot and better response settling (Table 2). The supremacy of
cascaded PI-MSPID controller is validated as it possesses very low deviations
to disturbance and forces the output responses to zero when any disturbance is
applied to the system. Further, the ISE values mentioned in Table 1 validates
the supremacy of cascaded PI-MSPID controller. The Figure 8 reports the
convergence curve achieved for different secondary controllers considered in
terms of ISE values optimized with BBKH optimization approach.
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Table 1 BBKH optimized secondary controller gains and their ISE values
GI GD N GP ISE

GP11 GP21

GI11 GI21 GP12 GP22

Controller GI12 GI22 GD11 GD21 N11 N21 GP13 GP23

PID 0.97 0.03 0.01 0.03 23.87 85.93 0.07 0.14 0.0012218
MSPID 1.32 0.69 0.11 0.19 84.59 10.13 0.98 0.61 0.0006521

0.95 0.53
Cascaded 1.72 1.64 0.56 0.99 77.09 31.38 0.50 0.24 7.926e-05
PI-PID 0.52 0.65
Cascaded 1.99 1.58 0.79 0.85 48.56 87.37 1.08 1.64 3.40e-05
PI- MSPID 1.67 1.31 0.77 1.19

1.56 1.97

Table 2 Observations of Figure 7
Parameter Controller PU PO ST
∆f1 PID −0.0295 0.0180 25.4

MSPID −0.0242 0.0134 17.4
Cascaded PI-PID −0.0108 0.0067 15.2
Cascaded PI-MSPID −0.0054 0.0031 8.57

∆f2 PID −0.0150 0.0047 24.4
MSPID −0.0114 0.0028 22.5
Cascaded PI-PID −0.0041 0.0024 15.8
Cascaded PI-MSPID −0.0015 0.0007 9.72

∆Ptie-error PID −0.0116 0.0026 22.6
MSPID −0.0088 0.0014 19.4
Cascaded PI-PID −0.0046 0.0028 18.1
Cascaded PI-MSPID −0.0019 0.0012 12.2

Figure 8 Convergence characteristics of different secondary controllers.
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5.2 Flywheel Energy Storage (FES) Influence on System
Dynamics

Renewable generation sources are majorly preferred at present times due to
which energy storage becomes a major concern. Therefore, energy storage
devices (ESD) have to play a major role in today’s power system. ESDs
have high capability to decrease frequency fluctuations and stabilize systems
impacted by the system transients. In this respect, flywheel energy storage
(FES) as ESD is placed in both areas. The power system in presence of FES
is simulated utilizing optimal cascaded PI-MSPID controller. The system
responses for FES based HPS are achieved and represented in Figure 9.
The Table 3 reports the optimized gains of cascaded PI-MSPID controller.
The investigation of Figure 9 discloses the intended performance of the HPS
in the presence of FES. Further, the values noted for minimum value and

 
(a) ∆f1 

(b) ∆Ptie12 
Figure 9 Response comparison in presence and absence of FES.
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Table 3 BBKH optimized cascaded PI-MSPID controller gains
FES PI Controller MSPID Controller
Proportional gain GP11 1.49 GP12 1.23

GP13 1.43
GP21 0.36 GP22 1.68

GP23 1.30
Integral gain GI11 0.01 GI12 2.27

GI21 1.57 GI22 1.96
Derivative gain – GD11 1.22

GD21 1.75
Filter Coefficient – N11 79.26

N21 72.44

Table 4 Observations of Figure 9
Parameter Combination PU PO ST
∆f1 Without FES −0.0054 0.0031 8.57

With FES −0.0038 0.0007 8.17
∆f2 Without FES −0.0015 0.0007 9.72

With FES −0.0010 0.0001 9.71
∆Ptie-error Without FES −0.0019 0.0012 12.2

With FES −0.0001 0.0008 10.4

maximum value of the responses achieved in Table 4 validates the better
performance in existence of FES.

5.3 EVs Effect on System Stability

EVs are being frequently used in present times due to fast depleting conven-
tional sources. EVs have been able to improve the power system dynamics
significantly [35] due to its rapid characteristics. To analyse the EVs influence
in developed power system, EV in area-1 and area-2 are removed. The system
dynamics under this condition are achieved and compared with the responses
previously attained with EVs existing in the system as presented in Figure 10.
The Table 5 reports the optimized gains of cascaded PI-MSPID controller
without EVs. The understandings from Figure 10 reports the substantial per-
formance in existence of EVs. Further, the values for undershoot, overshoot
and settling time of the response in Table 6 validates the better performance
with EVs in the system. This is because EVs serve as supportive energy
storage devices and high frequency elements that emerge in established power
system are properly addressed by EVs.
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(a) ∆f1 

 
(b) ∆Ptie12 

Figure 10 Response comparison in presence and absence of EV.

Table 5 BBKH optimized cascaded PI-MSPID controller gains in absence of EVs
WTOTEVS PI Controller MSPID Controller
Proportional gain GP11 0.93 GP12 0.94

GP13 0.89
GP21 0.59 GP22 0.01

GP23 0.68
Integral gain GI11 0.65 GI12 0.57

GI21 0.98 GI22 0.36
Derivative gain – GD11 0.07

GD21 0.99
Filter Coefficient – N11 31.44

N21 80.92

5.4 Practical Load Variations

In this study, the developed HPS is provided with a practical random load
disturbance (∆PL) to check the system behaviour. The data is taken from
reference number [51]. The practical load variations (∆PL) with respect to
time (120s) is depicted in Figure 11(a). The developed DG and EV based
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Table 6 Observations of Figure 10
Parameter Controller PU PO ST
∆f1 Without EV −0.0165 0.0050 14.3

With EV −0.0054 0.0031 8.57
∆f2 Without EV −0.0057 0.0017 16.8

With EV −0.0015 0.0007 9.72
∆Ptie-error Without EV −0.0061 0.0017 16.9

With EV −0.0019 0.0012 12.2

 
(a) Load Pattern 

 
(b) ∆f1 

 
(c) ∆Ptie12 

Figure 11 Random load input and responses.
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Table 7 BBKH optimized cascaded PI-MSPID controller gains in presence of random load
deviations

RLP PI Controller MSPID Controller
Proportional gain GP11 0.72 GP12 1.12

GP13 0.85
GP21 1.48 GP22 0.84

GP23 0.25
Integral gain GI11 0.83 GI12 0.74

GI21 1.13 GI22 1.05
Derivative gain – GD11 0.05

GD21 0.58
Filter Coefficient – N11 30.75

N21 65.36

 
Figure 12 Effect of increase and decrease in load demand.

HPS in presence of optimal cascaded PI-PID controller is simulated for these
erratic load alterations. The system responses for frequency & tie-line power
are achieved, and displayed in Figure 11(b)–11(c), while as the Table 7
reports the optimized cascaded PI-MSPID controller gains. The detailed
valuation of Figure 11(b)–11(c) exhibits robust performance of the developed
system under defined ranges with rapid settling of responses following each
variation in demand.

5.5 Effect of Increase and Decrease in Load Demand

In this analysis, the performance of optimal cascaded PI-MSPID controlled
hybrid power system is tested by increasing and decreasing the load demand
to the power system. Figure 12 shows the frequency response of area-1 with
respect to the variation in load demand at time (t = 20s). The observations
from Figure 12 shows that with the decrease in load demand, the frequency
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starts to increase. The response is forced to steady state using the optimal
controller very quickly and vice versa.

6 Conclusion

The present paper endorses the optimal performance of a cascaded PI-MSPID
controller in a DG and EV based two-area power system. The concurrent
dynamic control of frequency and tie-line power control is efficaciously
recognized. The maximum and minimum value of the responses for cascaded
PI-MSPID controller are significantly improved with respect to other con-
trollers in addition to the improved settling of responses. The incorporation
of flywheel energy storage and EVs in present work further enhances the
performance of the power system. Further, the optimal cascaded PI-MSPID
controller effectively takes care of practical load variations within defined
limits of stability.

Appendix

Nominal system parameters:

f = 60 Hz; Di = 8.33 ×10-3 p.u.MW/Hz; Hi = 5s; Kpi = 120 Hz/
(p.u.MW); Biasi = βi = 0.425 p.u.MW/Hz; TPi = 20s; Ri = 2.4 Hz/p.u.MW;
loading = 50%;

Thermal unit: Tti = 0.3s, Tgi = 0.08s, Tri = 10s, Kri = 0.5.

Geo-Thermal Unit: g = 0.05, t = 0.1.

Electric vehicle: NEVi = 1, KEVi = 1, TEVi = 1s.

Flywheel energy storage: KFES = −0.01; TFES = 0.1s.

Solar thermal system unit : KSTS = 1; TSTS = 1.

Wind turbine system: KWTS = 1; TWTS = 1.5.
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