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Abstract — This paper presents the dynamic modelling framework for Automatic Generation
Control (AGC) in a two area hybrid power system. Each control area consists of a diesel generator
represented by cascaded governor—turbine transfer functions, and a BESS unit operating under a
Virtual Inertia Control (VIC) strategy that emulates synchronous machine inertia by responding to
the rate-of-change of frequency (RoCoF). The two areas are interconnected through a tie-line that
is modelled using the standard synchronizing coefficient formulation. The Area Control Error
(ACE) integrates both local frequency deviation and tie-line power deviation that help drive the
AGC loop. Four simulation case studies are conducted which are a single area load disturbance to
verify area autonomy; simultaneous same direction load steps to assess coordinated recovery;
opposing load changes to examine inter — area tie — line dynamics; and time — varying load profiles
to evaluate robustness under continuous disturbances. In all cases the proposed scheme
successfully restores nominal frequency and returns the tie-line exchange to its scheduled value at
steady state. The results demonstrate that the BESS virtual inertia significantly reduces the
frequency nadirand RoCoF during the initial disturbance period, complementing the slower diesel
governor response. Moreover, the integral AGC controller ensures 0 steady — state error in both
frequency and tie — line power and thus, confirms the effectiveness of Diesel — BESS hybrid AGC
architectures for frequency regulation in multi — area power systems.
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I. Introduction

Power system frequency is a fundamental indicator of the
real time balance between electrical power generation
and load demand such that any imbalance between
generation and consumption results in frequency
deviations from its nominal value. Frequency deviations
can negatively impact system stability, power quality,
and the performance of connected equipment. Therefore,
a critical operational objective in modern power systems

is to maintain the system frequency within acceptable
limits [1,2].

The AGC serves as the primary secondary control
mechanism for regulating system frequency and
maintaining scheduled power exchanges between
interconnected areas. The ACE is a combination of local
frequency deviations and tie-line power exchange errors
and thus, the continuous monitoring of the ACE enables
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the AGC to restore the generation — load balance as well
as ensure reliable operation of multi - area
interconnected power systems [3,4].

The global transition toward low-carbon energy systems
has substantially altered the operational landscape of
modern power grids. The rapid expansion of renewable
energy sources (RES), particularly solar photovoltaic
(PV) and wind generation, has been driven by
decarbonisation imperatives and falling technology costs
[5]. Hybrid power systems that combine RES with
conventional generation and energy storage have
emerged as a practical and economically viable solution
for improving both sustainability and operational
flexibility  [6,7]. However, unlike  conventional
synchronous generators, converter-interfaced renewable
sources contribute little or no inherent rotational inertia
to the grid, which reduces overall system inertia and
accelerates frequency dynamics following generation-
load imbalances. The intermittent and stochastic nature
of renewable output further complicates AGC design,
introducing uncertainty in both frequency regulation and
tie-line power control, particularly in isolated microgrids
and multi-area interconnected systems [8 — 10].

Battery Energy Storage Systems (BESS) have attracted
significant research attention owing to their fast power
response capability and versatile control flexibility.
Virtual Inertia Control (VIC) enables a BESS to emulate
the inertial behaviour of synchronous machines by
injecting or absorbing active power in proportion to
RoCoF [11]. This synthetic inertia response effectively
reduces frequency nadirs, limits RoCoF, and enhances
system resilience under transient disturbances. It helps to
bridge the response gap before slower governor — turbine
dynamics engage [12]. When integrated with diesel
generation units in hybrid configurations, BESS-VIC has
demonstrated considerable potential for improving AGC
performance in both isolated and interconnected power
systems [13,14].

Conventional  proportional-integral-derivative  (PID)
controllers remain widely used on AGC, due to their
simplicity; however, their effectiveness can degrade
under nonlinear and uncertain operating conditions [15].
To overcome these limitations, a range of advanced
approaches has been proposed, including fractional-order
PID (FOPID) controllers [16], fuzzy logic controllers
[17], model predictive control [18], and sliding mode
control [19]. Additionally, metaheuristic optimisation
algorithms such as Grey Wolf Optimiser [20], and the
recently proposed Quadratic Interpolation Optimisation
[21] have been applied to automate controller parameter
tuning and improve dynamic performance. Despite these

advances, comparatively limited attention has been given
to the coordinated frequency regulation of multi — area
Diesel — BESS hybrid systems. Specifically, the coupled
dynamics of diesel governor turbine response, BESS
virtual inertia support, and tie-line power regulation
under realistic and diverse disturbance profiles require
further investigation.

Motivated by this research gap, this paper presents a
dynamic model and comprehensive AGC analysis of a
two — area Diesel — BESS hybrid system interconnected
via a synchronising tie  line. Each area comprises a
diesel generating unit with governor — turbine dynamics
and a BESS equipped with Virtual Inertia Control.
Secondary frequency regulation is achieved using an
ACE integral controller. The proposed framework is
systematically evaluated under four disturbance
scenarios: single-area load changes, simultaneous multi-
area disturbances, opposing load variations, and
continuously varying load profiles. The simulation
results demonstrate that the proposed Diesel-BESS AGC
architecture effectively maintains frequency stability,
regulates tie-line power exchanges, and delivers
improved transient performance through fast BESS
virtual inertia support.

The principal contributions of this study include: (i) A
complete linearized dynamic model for a two — area
Diesel — BESS hybrid AGC system incorporating VIC;
(i) systematic evaluation of system performance under a
comprehensive set of disturbance scenarios; and (iii)
quantitative demonstration of the complementary roles of
BESS virtual inertia and diesel governor response in
achieving robust frequency regulation.

1. Methodology

This study considers a two-area interconnected power
system consisting of two geographically separated
control areas linked through a high voltage tie line, as
illustrated in Figure 2. Each area comprises a diesel
generator unit equipped with governor turbine dynamics
and a BESS operating under VIC scheme. The tie-line
enables exchange of active power between the areas
while maintaining overall frequency stability. The
objective of the AGC system is to restore nominal
frequency and scheduled tie line power interchange
following load disturbances. In accordance with the area
control principle, each control area is responsible for
compensating for its own load variations, thereby
preserving tie — line power schedules and minimizing
inter area interactions. The frequency deviation in Area i
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is governed by the linearized swing equation as defined
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Figure 1. Two — area interconnected hybrid power system interconnected through a tie-line

Where H; is the equivalent inertia constant of Area i(s),
D; load damping coefficient (p.u MW/Hz), Af is
frequency deviation, AP, ,, ; net power imbalance in Area
i, where i represents Area 1 or Area 2.

This can also be expressed as given in Eq 2.

(2H;s + D;)Af;(s) = APy, ;(s) ()
which shows that frequency changes whenever
generation supply and demand are mismatched.

Diesel Generator Dynamics
The diesel generating unit is modeled using cascaded
first order transfer functions representing the governor
and turbine dynamics and the resulting mechanical power
output is expressed as given in Eq 3:
1

AP, (s) = i+ Tg(s))(l N Tt(s))ui(s)
where u;(s) is the AGC command signal, and T, and T,
are the governor and turbine time constants, respectively.

3)

BESS with Virtual Inertia Control
Each control area is equipped with a BESS that provides
fast active power support to enhance transient frequency

stability following load disturbances. The combined

dynamics of the BESS and its power electronic interface

are represented by a first-order transfer function (Eq 4).
Uy (s)

APertia,its) = 1V‘I|'C,lTb_5 4)
where uy,;¢;(s) is the control input to the storage system
and T, represents the BESS time constant. The virtual
inertia controller emulates the inertia response of a
synchronous generator by responding to both Af; and
RoCoF defined by Eq 5.

Uy (&) = (s + Dy AF(s) (5)
where J,; is the virtual inertia constant and D,; is the
virtual damping coefficient. This supplementary control
action enables the BESS to provide fast frequency
support, bridging the response gap before the slower
diesel governor — turbine system becomes effective. The
VIC scheme is designed based on the multistage PID
(MSPID) control developed in the literature [22] because
they represent a proven BESS virtual inertia
configuration.
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Tie-Line Power Dynamics
The incremental tie-line, power exchange between Areas
1 and 2 is given by Eq 6:
2nT,,

AP, (s) = — [AF, (s) — AF,(5)] (6)
where T,
depends on the operating point and the characteristics of
the transmission network.
In the AGC model, the AF is related to the rotor angle
deviation through the well-known relationship defined by
Eq 7.

is the synchronizing coefficient, which

1dé
= a (7
In the present study, T,, is selected as 0.0866
p.u.MW/rad, representing a moderately coupled

interconnection between the two areas. This value can be
justified from the standard synchronizing coefficient
expression of Eq (8)
VA1A
X12
where V;and V, are the area voltages, X;, is the tie-line
reactance, and &, is the nominal power-angle difference.

T, = cosé, ®

Assuming both areas operate at 1.0 p.u. voltage, a tie-line
reactance of approximately 0.1 p.u., and a nominal angle
difference of 309, the synchronizing coefficient becomes
0.866. After normalization to the selected per-unit system
base, the coefficient becomes 0.0866 p.u.MW/rad, which
is consistent with values commonly adopted in
benchmark two — area AGC systems. In the tie-line
power deviation model, the term (1/s) represents the
integration of frequency differences to obtain angle
differences, while the factor 2nT,, acts as the

synchronizing stiffness coefficient that converts angle
deviations into tie — line power deviations.

Table 1 presents the system parameters for the two — area
Diesel — BESS hybrid system assuming both areas are
equal. These parameters are selected from the validated
VIC microgrid model reported in [22], which provide
realistic diesel — generator, governor — turbine, and
energy — storage dynamics. Since the focus of this work
is the AGC performance of a two-area Diesel-BESS
system, the use of these validated parameters provides a
suitable basis for evaluating frequency regulation and tie-
line power control.

Reference [22] majorly focuses on frequency
stabilization of a single-area islanded microgrid through
optimization of a multistage PID - based VIC. In
contrast, the present work develops a two — area
interconnected Diesel-BESS Automatic  Generation

Control framework that explicitly incorporates tie-line
power exchange dynamics, ACE computation, and
secondary frequency regulation. Consequently, the
parameters adopted from [22] are used solely to represent
realistic diesel generator and BESS virtual inertia
dynamics, while the system architecture, control
objectives, mathematical formulation, and performance
evaluation scenarios are unique to the proposed AGC
model.

Table 1. System parameters for the two — area Diesel — BESS hybrid

system

Parameter | Description Value
H System Inertia constant 0.082 p.u.MW-s
D Damping coefficient 0.015 p.u.MW/Hz
T, Governor time constant 0.1ls
T, Turbine time constant 0.4s
T, BESS time constant 10s
Joi Virtual inertia constant 1.6 p.uMW:-s
D,; Virtual damping coefficient 1.2 p.uMW/Hz
Ty, Tie—line synchronising coeff. | 0.0866 p.u.MW/rad
K, AGC integral gain 1

I1l. Control Framework

The control framework is based on area control error
(ACE) defined by Eq 9, and AGC whereby the ACE
combines local AF, and AP, serving as the primary
feedback signal for AGC:

ACE; = B,AF, + APy, ©
where the positive sign is used for Area 1 and the
negative sign for Area 2. The frequency bias coefficient
is defined by Eq 10:

Bi=Di+y (10)

where R; denotes the governor droop characteristic of
Area i. To eliminate steady — state errors in both AF; and
AP,;,, an integral AGC strategy is implemented as given
by Eq 11.

Upoe () = =K, ; [ ACE,(t) dt (11)

where K, ; is the integral gain that is associated with Area
i

Closed-Loop Dynamic Model

By combining Eqs 1 — 6, the complete interconnected
frequency control system is obtained and can be
expressed in state vector formas defined by Eq 12:

T
X = [AFl AFZ APtie xgl xgz Xp1 X2 X1 x[z] (12)
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where x ,and x ,represent the governor — turbine
dynamic states, x,, and x,, are the inverter-based BESS
states arising from the first-order transfer function in Eq.
(4); and x, ,x, represent the AGC integral states for
area 1 and 2 respectively. The overall interconnected
system is expressed in compact state space formas given
by Eq 13.

x = Ax + Bu + Ed (13)

where u represents the BESS virtual inertia control
inputs, and d, denotes load disturbance inputs acting on
both areas. The resulting closed loop architecture
integrates conventional diesel generation with fast BESS
virtual inertia support that helps improve frequency
stability, reduce RoCoF, and enhance overall AGC
dynamic performance under load disturbances.

IV. Results and Discussion

To evaluate the dynamic performance of the proposed
two — area AGC system, four operating scenarios were
investigated under different load disturbance conditions
as summarized in Table 2.

Table 2. Load disturbance profiles for the four case studies

Case | APLI APL2 Purpose
1 +0.1p.u [ O Area autonomy verification
2 +0.1p.u. | +0.05 Coordinated recovery under
p.u. simultaneous disturbances
3 +0.1p.u. | -0.05 Opposingdisturbances: area
p.u. coupling and tie — line
dynamics
4 Variable | Variable | Dynamic variable load
tracking in both areas

These case studies were designed to assess the ability of
the AGC framework to maintain system frequency
stability, regulate tie — line power exchange, and preserve
area autonomy following load variations. The responses
of key system variables, including AF, and AF,,AP,,,
and generator mechanical power changes AP, ; and
A P, ,, were analyzed to examine the effectiveness of the
control strategy.

Case 1: Load change in Area 1 only (AP;; =0.1p.u)

In this scenario, a step load increment of 0.1 p.u. is
applied exclusively to Areal while Area2 remains
undisturbed and thus verifies the area autonomy principle
that the disturbance in Area 1 must be absorbed entirely
by Area 1’s own generation, leaving Area 2’s mechanical
power and the steady state tie — line flow unchanged. As

shown in Figure 2(a), the mechanical power output of
Area 1 AP,, increases monotonically and settles at
0.1 p.u., precisely matching the applied load
disturbance, thereby confirming complete local
compensation. In contrast, the mechanical power of Area
2, AP, exhibits only a small transient deviation
induced by inter — area frequency coupling; however, it
returns to 0 at steady — state and 4P,;, also converges to
0, demonstrating preservation of area autonomy.

As shown in Figure 2(b), AF, and AF, initially
experience a downward deviation due to the electrical
coupling through the tie-line, which causes the power
imbalance in Area 1 to be immediately reflected across
the interconnection. However, the BESS in Area 1 and 2
provides a rapid power injection proportional to the
RoCoF as shown in Figure 2(c) and (d) respectively.
This helps to mitigate effectively the initial RoCoF
during the first instants of the transient. Subsequently the
diesel governor in Area 1 increases mechanical power
output 4P, to fully compensate for the 0.1 p.u. load
increase. The AGC integral action drives the ACE
toward zero ensuring restoration of AF, and AF, to its
nominal value. It can be observed that once the slower
diesel governor response reaches the required steady —
state power level, the BESS output decays smoothly to
zero, confirming that energy support is localized to the
disturbed area only.
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(a) Power Deviations
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Figure 2.. Dynamic response of (a) AP,,; and AP,;, and (b) AF; in response toa loadincrementof 0.1 p.u. in Area 1 (c) Power contribution mix in
Area 1 (d) Power contribution mix in Area 2

Case 2: Simultaneous load changes (P;; =0.1 p.u, P,
=0.05p.u)

In this scenario, simultaneous load disturbances are
introduced in both areas of the interconnected power
system, with a load increase of 0.1 p.u. in Area 1 and
0.05 p.u. in Area 2. The objective is to evaluate the
coordinated performance of the two — area AGC scheme
under concurrent disturbances and each control area is
required to compensate for its respective load increase
while maintaining the scheduled tie-line power exchange.
The steady-state mechanical power outputs settle at
AB,,; = 0.1 p.u. and 4B,,, = 0.05 p.u., indicating that
each area fully compensates for its own load disturbance
as shown in Figure 3(a).

The A4P,;,, exhibits transient oscillatory behavior
resulting from the dynamic interaction between the AGC
loops of the two interconnected areas. Nevertheless, the
AGC mechanism effectively regulates the tie-line
exchange, driving APtie back to zero in steady state. This
confirms that neither area relies on sustained support
from the other and that the scheduled inter-area power
transfer is successfully restored. Owing to the larger load

increase in Area 1, AF: experiences a deeper frequency
nadir than AF: as seen in Figure 3(b). The Battery Energy
Storage Systems (BESSs) in both areas respond rapidly
to the disturbance, providing fast frequency support that
reduces the Rate of Change of Frequency (RoCoF) as
seen in Figure 3(c) and (d) for areas 1 and 2 respectively.

Page 53



Ameze Big-Alabo et al/ International Journal of Energetica (IJECA) Vol. 11, N°1, 2026, pp. 48-58

(a) Power Deviations
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Figure 3. dynamic response of (a) AP,,; and AP, and (b) F; in response to a load increment of 0.1 p.u. in area 1 and 0.05 in area 2 (c) power
contribution mix in area 1 (d) power contribution mix in area 2

The BESS units in both areas provide an immediate
response proportional to the local RoCoF. Since the
disturbance in Area 1 is larger, the corresponding BESS
delivers a greater initial power injection than the BESS in
Area 2. As the diesel generators progressively assume the
load compensation responsibility, the BESS output
gradually decreases and eventually returns to zero. This
behavior demonstrates the effective coordination
between fast acting energy storage resources and slower
conventional generation units, highlighting the
complementary roles of BESS and diesel generation in
enhancing the dynamic performance of the AGC system.

Case 3: Opposing disturbances (P, =+0.1 p.u, P, =
—0.05 p.u)):

A load increase of 0.1 p.u. in Area 1 and a load decrease
representing generation surplus of 0.05 p.u. in Area 2 are
applied simultaneously. Thus, the two areas push power

in opposite directions across the interconnection before
AGC resolves the imbalance.

The steady state mechanical power outputs settle at
AB,,; = 0.1p.u. and APR,,, = —0.05 p.u,
representing a reduction in diesel output to match the
reduced load as shown in Figure 3(a). The AGC
mechanism effectively regulates the tie — line exchange
ensuring AP,;, returns to zero in steady state. This
confirms that neither area relies on sustained support
from the other and that the scheduled inter — area power
transfer is successfully restored.

As shown in Figure 3(b), AF: initially drops due to
generation deficit while AF. rises due to generation
surplus but the BESS in Area 1 injects power to arrest the
falling AF: while the BESS in Area 2 absorbs surplus
power to address the rising AF.. This set — up in Figure
3(c) and (d) helps to effectively dampen the inter — area
oscillation. This illustrates the value of including a BESS
in multi area frequency control under asymmetric
disturbances.
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(a) Power Deviations

(b) Frequency Deviations
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Figure 3. Dynamicresponse of (a) AP,,; and AP,;, and (b) AF; in response to a load increment of 0.1 p.u. in Area 1 and decrement of —0.05in Area?2
(c) Power contribution mix in Area 1 (d) Power contribution mix in Area 2

Case 4: Simultaneous variable load changes in both
Areas

Case 4 provides a rigorous assessment of the AGC
scheme's dynamic tracking capability and its
effectiveness in maintaining system stability under
sustained load fluctuations applied simultaneously in
both areas. Furthermore, it evaluates the coordinated
response of the Diesel-BESS hybrid generation system,
highlighting the ability of the BESS to provide rapid
power support while the diesel generator supplies the
longer term power balance required to satisfy the varying
load demand.

As shown in Figure 4(a) and (b), both BESS units track
the instantaneous RoCoF continuously, providing
frequency support in real time that prevents deviations

from accumulating. Unlike Cases 1-3, the frequency
deviations AF: and AF: oscillate around zero at 20 and 40
secs as the load profiles vary as shown in Figure 4(c).

The AGC integral controllers adjust the diesel setpoints
in real time to help keep the frequency error bounded
within acceptable limits throughout the simulation
window while 4B,,,, and 4B,,,, follow time — varying
trajectories that match their respective load profiles. As
illustrated in Figure 4(d), AP exhibits noticeable
fluctuations between 20 s and 40 s because of load
variations within the interconnected area. However, the
AGC  mechanism effectively suppresses these
disturbances, preventing the deviation from developing
into a significant and sustained offset.
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(a) Power Contribution Mix @ Area 1

(b) Power Contribution Mix @ Area 2
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Figure 4. Dynamicresponse of (a) Power contribution mix, total supply and load demand for (a) Areal and (b) Area 2 (c) corresponding frequency
deviations in response to a variable load and (d) the effect on the tie — line power deviation.

Overall, the results obtained from Cases 1 - 4
demonstrate the key advantage of the Diesel-BESS
architecture. The virtual inertia provided by the BESS
acts as an immediate energy buffer that mitigates large
frequency deviations during rapid load disturbances. This
fast dynamic support allows sufficient time for the
comparatively slower diesel governor—turbine system to
respond and restore power balance resulting to a well —
regulated frequency. These results therefore validate the
effectiveness of the AGC strategy across a wide range of
operating conditions, confirming the robustness and
reliability of the implemented integral control scheme.

Sensitivity Analysis

A sensitivity analysis as shown in Table 3was conducted
by varying the virtual inertia and damping parameters /.,
and D, by #20% around their nominal values, to
evaluate the impact of battery parameter variations on
system stability. The simultaneous variable load changes
in both Areas presented in case 4 is used for this analysis
as this is considered the worst-case scenario for this
study. The term ‘c’ represents constant value or no
change in parameter

Table 3. Sensitivity analysis of BESS virtual inertia and damping

param eters
Case Ju | Du| AF, | AF, | AP,
Nominal | 1.60 | 1.20 | 00060 | 0.0060 | 9.5382-
05
T 0.0064 | 00065 | 1L4227e-
o) | Y] ¢ 04
T 0.0064 | 0.0064 | 3.8110e-
Co |1 ¢ P
D,, 0.0062 | 0.0062 | 2.3714e-
o) | © | 1# 04
D,; 0.0061 | 0.0062 | 7.5647e-
2o | ¢ | 0% o

The results confirm that the proposed AGC scheme
exhibits robust performance under individual +20%
variations in BESS virtual J,; and D,; parameters, with
AF; and AP,;, remaining within acceptable bounds in all
parameter cases.

Comparison with related work

A structured comparison of the proposed AGC
framework against closely related studies is given in
Table 4.
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Table 4. comparison of the proposed AGC framework against related studies

System Control VIC Tie-line .
Reference type Areas strategy included modelled Disturbance types
Kerdphol et li:isrﬁ:;ecj 1 Robust - Heo es no Step load
al. [13] randec VIC y P
microgrid
RES + FC Cascaded
Roy et al |+ BESS fractional-
[14] multi-area 3 order PID + | Y®® yes Step load
microgrid BESS VIC
Islanded .
microgrid Multistage
Nath et al. (diesel + |1 PID - es no Step load
[22] RES+ modified golf | ¥ P
BESS) optimisation
Disel. Integral ACE: Cimtansous  and
Proposed B 2 based AGC + | yes yes . .
BESS BESS VIC opposing loads) + time-
hybrid varying loads
deviations to zero at steady state while preserving area
autonomy. The BESS virtual inertia significantly
Table 4 compares the proposed method with

representative VIC AGC approaches reported in the
literature [13], [14] and [22]. The comparison highlights
differences in system configuration, number of control
areas, control strategies, inclusion of virtual inertia and
tie — line dynamics as well as the range of disturbance
scenarios considered. This comparison demonstrates that,
unlike previous studies, the proposed method integrates
ACE based AGC with BESS virtual inertia control while
evaluating both conventional step-load disturbances and
more challenging time-varying loading conditions,
providing a more comprehensive assessment of controller
performance.

V. Conclusion

This paper presented a dynamic model and Automatic
Generation Control analysis of a two — area power
system interconnected through a tie — line. Each area
consists of a diesel generator with governor—turbine
dynamics and a BESS equipped with VIC. Secondary
frequency regulation is achieved using an integral Area
Control Error that is based on the AGC scheme. Four
operating scenarios were considered which are (1) single-
area disturbances, (2) simultaneous load changes, (3)
opposing disturbances, and (4) time — varying load

profiles, were investigated to evaluate system
performance.
Simulation results show that the AGC strategy

effectively restores both frequency and tie — line power

improves transient frequency performance by mitigating
the rate of change of frequency and reducing frequency
nadir during sudden load disturbances. The BESS
therefore helps to complement the slower diesel
governor—turbine response. The tie — line model
accurately captures inter — area power exchanges under
various disturbance conditions and exhibits stable
transient behavior. Furthermore, the AGC controller
maintains robust performance under continuously
varying loads, ensuring bounded frequency and tie-line
power deviations.

Overall, the results validate the effectiveness of the
proposed Diesel-BESS hybrid architecture for multi-area
frequency regulation and tie-line power management in
islanded microgrids. This study therefore provides a
practical and reliable framework for enhancing system
stability and dynamic performance.
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