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 A B S T R A C T

With the advancement in computations and the introduction of renewable energy sources, flexible demands 
can play the main role in load frequency control. Some industrial and domestic loads can provide synthetic 
inertia that aids the natural inertia provided by conventional generators. This enhances small signal stability 
performance, as the total system inertial would be larger. The load frequency control (LFC) system with flexible 
demand-side control capability, in general, forms a time delay system. In this paper, a new approach to analyse 
the stability of the LFC system with controllable loads and communication delay is proposed by transforming 
the transcendental characteristic equation to a nonlinear equation in the complex frequency domain. The 
marginal frequencies are used to determine the DM. The sweeping test, together with the binary iteration 
algorithm, is implemented to find these marginal frequencies, yielding accurate DM computation. The method 
offers advantages in terms of accuracy and easy implementation. The paper also examines the influence of the 
flexible demand response on frequency stability as the flexible load participation factor is increased beyond 
0.2. As the flexible demands participation factor is increased beyond 0.2, the stability of the system becomes 
delay-dependent.
. Introduction

The growing expansion of renewable energy sources and the rapid 
mprovements in computing technology have paved the way for new 
nnovations and creative ideas. The centralised power system control 
as the dominant idea since the early days of the power system. To 
reserve stability, the demands and generation should be matched in 
eal-time by the central control system. This task is the well-known 
oad frequency control (LFC). The LFC must assure stability and consis-
ency, distribute the load evenly between the generators, and provide 
 function that enables the control of the tie line [1]. The Automatic 
eneration Control (AGC) and the LFC are performed in a centralised 
anner [2]. The frequency is used as an indicator of the imbalance 
etween the generation and the demand. The control signals in the 
FC system are usually distributed through dedicated communication 
inks. The telephone lines are used as backup when a fault occurs in 
he communication link [3].
Renewable energy sources have emerged as alternatives to fossil-

uelled power plants. These energy sources are characterised by a 
andom nature, which can result in sudden loss of generation and lead 
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to power system instability [4]. Fossil-fuelled power plants are not fast 
enough to compensate for this variation. The demand-side response 
can be implemented to counterbalance any sudden loss in generation 
caused by intermittent renewable energy generation. The percentage 
of renewable energy share in traditional power systems will increase in 
the foreseeable future [4], which will place further stress on the control 
system.

The DSC improves efficiency and enhances the security of the 
power system while reducing the CO2 emissions. In the traditional 
LFC system, the generators are responsible for satisfying the load in a 
predetermined manner. Renewable energy sources are fast-acting, and 
conventional generators are slow and incapable of following the fast-
changing renewable energy sources. The demand side control can be 
achieved through load controllability. The controllable loads can be 
switched ON and OFF very fast. Additionally, throughout the power 
grid, the controllable loads are properly distributed. If the generators 
cannot balance the loads, the frequency will drop below the allowed 
level, and the load shedding is usually performed to secure the power 
system stability. The load shedding is undesirable where complete 
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List of Abbreviations
ACE Area Control error
 AGC Automatic Generation Control
 DR Demand Response
 DSC Demand Side Control
 FWM Free Weighting Matrices
 GCE Generator Control Error
 ICT Information and Communication Technol-

ogy
 LFC Load Frequency Control
 LMIs Linear Matrix Inequalities
 PI Proportional Integral
 V2G Vehicle to Grid
Nomenclature

𝛥𝑃𝑇 (𝑠) The turbine power
 𝛥𝑃𝐺(𝑠) The generator power
 𝛥𝑃𝐿(𝑠) The load power
 𝛥𝑓 (𝑠) Frequency deviation
 2𝐻𝑒𝑞 Equivalent inertia constant
 𝐷 Equivalent load-damping coefficient
 𝛼 Participation factor of conventional genera-

tion
 𝛼0 The participation factor of the dynamic load
 𝐾𝑃𝑆 , 𝐾𝐼𝑆 The proportional and the integral gains of 

the supplementary control
 𝐾𝑃𝐷𝑅 The proportional gain of the DR control
 𝐾𝐼𝐷𝑅 The integral gain of the DR control

reas are disconnected. Fortunately, in the case of the controllable 
oads, the disconnection is partial, and it may be unnoticed. All home 
ppliances can be considered as controllable loads, for example in-
ine water heaters, air conditioners, refrigerators, washing machine, 
nd cookers. The heat storage units, electric vehicles and batteries can 
lso be used as controllable loads [5]. Using centralised, hierarchical 
r distributed management techniques, demand side control can be 
arried out [6]. The new and digitised control of the power system 
hould be comparable with traditional power system control and must 
e completely responsive and non-disruptive [7]. The demand side 
ontrol improves the voltage and the frequency stability [5]. In [8], 
mart metres are used to perform the demand side control, where the 
ome appliances are arranged in five groups. The controllable loads 
ithin the LFC system are displayed in Fig.  1.
The participation factor is the rate of change of the generation 

nit or load demand output with respect to the change in the system 
hare. The LFC system shown in Fig.  1 has three control loops. The 
rimary control loop implements droop control, where the speed of the 
enerator is regulated based on the droop coefficient. The elimination 
f the steady-state frequency deviation error is the main feature of the 
upplementary PI control loop. The third loop represents the flexible 
emand control, which has the ability to switch the load ON or OFF 
r to regulate the power in the case of electrode boilers, batteries 
r electrolysers. The time delay will be present in the supplementary 
nd the dynamic demand control loops, which could lead to system 
nstability if it is not considered in the design. The maximum DM 
DM) is identified as the maximum margin the system can tolerate 
ithout sacrificing its stability. Dynamic demand control offers two 
dvantages: enhancing the dynamic stability and increasing the power 
ystem efficiency. The dynamic demand control can mitigate the fluc-
uation resulting from the intermittent nature of the renewable energy 
ources [9]. A three-area power system was investigated in [9], and 
2 
Fig. 1. LFC system with controllable loads.

the dynamic demand LFC system within it was investigated. An en-
hancement to the LFC System performance could be noted from the 
simulation. In [10] the influence of the time delay on the LFC system 
with dynamic demand response is studied. The time delays exist in both 
the secondary control and the flexible demand control. The boundary 
of the dynamic demand controller parameters is determined for a 
specific time delay, utilising a frequency stability analysis method. The 
demand response is introduced in the LFC system model in [11]. It has 
been reported that the Demand Response (DR) enhances the stability 
margin. Pade approximation is used, and the stability of the system 
is carried out in the s-domain. In the DR loop, the time delay varies 
from 3.3 s to 4.6 s if a local demand control is implemented [8]. 
In [12] a robust 𝐻∞ controller is synthesised for LFC system with 
demand side control. Both the time delay within the dynamic response 
control loop and the secondary control loop were considered. In most 
of the published papers, two methods are found to be dominant for 
determining the DM with emphasis on different case studies; the first 
method focuses on Lyapunov-Krasovskii Theorem and the other method 
focuses on tracing the eigenvalues. This paper adopts the complex 
frequency domain approach as it has proved to provide accurate DM 
despite the fact that they are limited to fixed time delays. Time domain 
methods can be used to handle the time-varying delays, as a high 
rate of change of time delay could destabilise the system even if it 
does not exceed the maximum delay margin. The DM for the LFC 
system could be found through a solution of linear matrix inequalities 
(LMIs) [13]. A more accurate time DM can be attained by applying 
the Lyapunov-Krasovskii function while the Newton-Leibniz function 
replaces the time-delayed terms with the introduction of free weighting 
matrices [14]. The conservation value of the DM can be decreased 
by introducing the FWMs. Enhanced and less conservative criteria 
are implemented in [15] for the estimation of the DM, where func-
tional Lyapunov-Krasovskii is chosen. Wirtinger inequality and Jensen’s 
Integral Inequality are utilised to bound the rate of change of the 
Lyapunov function to minimise the conservativeness of the technique. 
The decision variables in [16,17] is less than that in [13], hence the 
results of [16,17] are less conservative. The solution of the transcenden-
tal characteristic equation is achieved using the Rekasius substitution 
method [18]. The Routh–Hurwitz criterion is utilised to evaluate the 
marginal frequencies, which are the keys for determining the time DM. 
In [19], the boundary of the controller parameters that ensure stability 
is determined. A straightforward procedure is implemented in [20] to 
calculate the DM. The transformation of the transcendental equation 
into a polynomial, denoted by 𝑗𝜔, is performed. In this study, the 
conservativeness of the results is relaxed without any approximation 
in the frequency domain. The exponential terms are omitted, and the 
transcendental characteristic equation is converted into a frequency 
domain equation, in which there are finite numbers of frequencies with 
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Fig. 2. A typical frequency code [8].

marginal imaginary access. For LFC system operation, determining the 
DM is essential. The fault counter waits for a given time until the 
LFC system is stopped or interrupted in the case of communication 
failure [13]. This waiting time, which is decided based on experience, is 
generally chosen to be somewhat strictly conservative. The DM is a very 
significant factor in deciding the upper bound of the sampling period 
and will help the control designer with the tuning [2,21]. A novel LFC 
sliding mode technique was recorded in [22] for a power system with 
wind energy penetration and different time delays. The results have 
shown the superiority of sliding mode control with smaller frequency 
deviation over conventional PI control, but without considering the DM 
determination. An analytical approach to the identification of DM and 
stability limits of microgrid frequency control along with fixed time 
delays was published in [23]. In [24] the LFC system with demand 
response is modelled as cyber–physical system, Lyapunov theory is 
used to design a robust PI controller in the form of LMIs. The results 
of the simulation prove the resilience of frequency control against 
communication delays. The authors in [25] investigated the impact of 
the demand response rate on the stability of the power system and it 
was concluded that faster demand-side response improves frequency 
nadir but can lead to oscillatory behaviour in case of large controller 
gains. In [26] a review on demand response for frequency control, 
where the authors highlight the research continuity and knowledge 
gaps. Considering the time delay it is classified as one of the key 
factors in the architecture of sensing/communication and demand side 
control. The findings of the paper in [26], show that large delay reduces 
the effectiveness of DR for fast frequency regulation and it is crucial 
to investigate how the time delay, controller parameters and system 
stability are interdependent. This paper proposes a tool to investigate 
the relation between time delay and the LFC controller parameters and 
can be used as a guide to design and tune the controller.

In this paper, we propose a method for delay-dependent stabil-
ity of the LFC system with demand response control. The proposed 
method is found to be judicious because it has an easy formulation 
and simple implementation while providing precise DM values that are 
very relevant and significant in practice, mainly for feasible practical 
implementation and operator training studies. The proposed approach 
has been implemented to find the DM in a power system [27], a one-
area LFC system [28,29], and an LFC system with plug-in electric 
vehicles, [30]. The system under study in this paper is composed of the 
equivalent conventional unit model that provides natural inertia and is 
incorporated with controllable loads for much improved LFC following 
frequency excursions. The contributions of the paper are as follows:

- The paper presents a method is to determine the exact DM of LFC 
system with flexible demands.

- The interdependence between the controller parameters and the 
DM is investigated using the proposed method.
3 
Fig. 3. Types of controllable loads.

- The influence of the participation factor of the demand response 
has also been investigated.

- Promising simulations have been reported to indicate the validity 
of the method.

In the next section, the model of a single-area LFC system with 
flexible demands and communication delay is briefly illustrated. The 
system is then formulated as a time delay system with both time delays 
in the demand response loop and the secondary control loop. Then, the 
LFC system’s stability analysis is performed in the frequency domain. 
After transforming the characteristic equation from s domain to 𝑗𝜔
domain a sufficient stability criterion based on the eigenvalues of the 
originated equation is derived. In order to determine the DM, binary 
iteration is used to find the marginal frequencies that will lead to exact 
DMs.

2. The model of LFC system with time delay and controllable loads

Fig.  2 shows a typical frequency code for the UK. The frequency is 
permitted to stay in the range 50 ± 0.5 Hz [8]. Under normal operating 
conditions, the frequency remains in the range of 50±0.2 Hz. If a large 
load happens, the frequency should not be below 49.2 Hz, and the LFC 
system should restore it to 49.5 Hz within 60 s. In a conventional power 
system, the fossil-fuelled power plants perform this function. When the 
demand side control is implemented, the loads can be switched ON 
and OFF quickly. In this manner, the DR can respond to frequency 
variations. The DR is distributed throughout the power system, which 
is advantageous for stability.

Electrical loads could be categorised into controllable and non-
controllable loads. Home appliances can be used as controllable loads, 
such as refrigerators, air conditioners, freezers, cookers, inline water 
heaters, and ICT appliances. Medium-scale and large-scale Lithium/Ion 
batteries, electrode boilers, vehicle-to-grid and power-to-x plants are 
also anticipated to function as flexible loads [5]. Residential loads, com-
bined heat and power (CHP) units, Vehicle-to-Grid (V2G) and storage 
batteries are common controllable loads. Microgrids and the virtual 
power plants [5] are also considered as medium-scale controllable 
loads. Fig.  3 shows a power system with flexible loads controlled with 
a smart metre.

The residential loads are classified into five categories as shown 
in Fig.  3. This classification is based on their priority. Water heaters, 
electric space heaters, freezers and refrigerators are considered the 
lowest priority (Type I). Type II includes appliances such as tumble 
dryers and washing machines. Cooking appliances are Type III. Type 
IV includes inline heaters. The highest priority is Type V, which is 
lighting loads. The demand control is activated when the frequency is 
greater than a predetermined threshold. The specific load will remain 
disconnected for a certain time, denoted as 𝑇 , as shown in Fig.  4. 
𝑂𝐹𝐹
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Fig. 4. The controllable loads timing flowchart.

Fig. 5. The timing of the controllable loads.

Then, the smart metre measures the frequency in a period denoted as 
the monitoring time 𝑇𝑚. When the frequency is greater than 𝑓𝑂𝑁  the 
load is reconnected. In case the frequency does not recover during this 
time interval, the load will remain disconnected for a period denoted 
as 𝑇𝐷. After that, the load will be OFF for a random time delay, 𝑇𝑅, 
before the process is repeated again [9]. The different times are shown 
in Fig.  5 and are aggregated as 𝜏𝑑𝑟. The percentage of the loads that are 
willing to participate in the demand response is denoted as 𝛼0.

There are various LFC models in accordance with the targeted 
study [31]. For a multi-area generation system, each area is simply 
modelled by the natural inertia of the system. Such systems may be 
coupled by AC or DC tie lines as proposed. However, since our paper 
4 
focuses on determining the time DM incorporating load demand re-
sponses, the system is simply modelled by one equivalent conventional 
supply integrated with the demand response model.

The LFC system model with demand response is shown in Fig.  1
[10]. In the model, both the time delay in the secondary control loop 
and DR loop are included. The modelling of the LFC system is based 
on the basis of a mismatch between the generation and the demands; 
with the addition of the DR loop, we have: 
𝛥𝑃𝑇 (𝑠) − 𝛥𝑃𝐿(𝑠) + 𝛥𝑃𝐷𝑅(𝑠) = 2𝐻𝑒𝑞𝑠𝛥𝑓 (𝑠) +𝐷𝛥𝑓 (𝑠), (1)

with 𝛥𝑃𝑇 (𝑠) − 𝛥𝑃𝐿(𝑠) the incremental power mismatch, 𝛥𝑓 (𝑠) the fre-
quency deviation, 𝐷 the equivalent load damping coefficient and 2𝐻𝑒𝑞
the equivalent inertia constant.

The control has participated between the secondary control and the 
DR control as follows: 
𝛥𝑃𝑆 (𝑠) = 𝛼𝐻(𝑠)𝛥𝑓 (𝑠) (2a)

𝛥𝑃𝐷𝑅(𝑠) = (1 − 𝛼)𝛥𝑓 (𝑠) = 𝛼0𝛥𝑓 (𝑠), (2b)

where 𝛼 is the participation factor of the conventional generation, and 
𝛼0 is the participation factor of the DR. The conventional PI controllers 
stabilise the two control loops. In both the control loops, the linear 
time-domain mathematical representation of the LFC system with DR 
and time delay is given as: 

𝛥 ̇𝑓 = − 𝐷
2𝐻

𝛥𝑓 (𝑠) + 1
2𝐻

𝛥𝑃𝑑 (3a)

𝛥𝑃̇𝑇 = − 1
𝑇𝑡
𝛥𝑃𝑡 +

1
𝑇𝑡
𝛥𝑃𝑔 (3b)

𝛥𝑃̇𝑔 = − 1
𝑇𝑔

𝛥𝑃𝑔 +
1

𝑅𝑇𝑔
𝛥𝑓 (3c)

𝑥̇4 =(1 − 𝛼)𝛥𝑓 (3d)

𝑥̇5 =𝛼𝛥𝑓, (3e)

where 𝜏𝑠 is the time delay in the supplementary control loop and 𝜏𝑑𝑟 is 
the time delay in the DR control loop. 𝛥𝑃𝐷𝑅 and 𝛥𝑃𝑆 are related to 𝑥4
and 𝑥5 through the following equations: 
𝛥𝑃𝐷𝑅 = −𝐾𝑃𝐷𝑅(1 − 𝛼)𝛥𝑓 (𝑠) −𝐾𝐼𝐷𝑅𝑥4 (4a)

𝛥𝑃𝑆 = −𝐾𝑃𝑆𝛼𝛥𝑓 (𝑠) −𝐾𝐼𝑆𝑥5 (4b)

𝛥𝑃𝐷𝑅 =𝛥𝑃𝐷𝑅(𝑡 − 𝜏) (4c)

𝛥𝑃𝑆 =𝛥𝑃𝑆 (𝑡 − 𝜏). (4d)

Assuming 𝜏𝑠 = 𝜏𝑑𝑟, writing (3) in a compact form we get: 
𝑥̇ = 𝐴𝑥(𝑡) + 𝐵(𝑡 − 𝜏) + 𝐹𝛥𝑃𝑑 , (5)

where

𝐴 =

⎡

⎢

⎢

⎢

⎢

⎢

⎢

⎣

− 𝐷
2𝐻 − 1

2𝐻 0 0 0
0 − 1

𝑇𝑡
1
𝑇𝑡

0 0

− 1
𝑅𝑇𝑔

0 − 1
𝑇𝑔

0 0

1 − 𝛼 0 0 0 0
𝛼 0 0 0 0

⎤

⎥

⎥

⎥

⎥

⎥

⎥

⎦

, 𝐹 =

⎡

⎢

⎢

⎢

⎢

⎢

⎣

1
2𝐻
0
0
0
0

⎤

⎥

⎥

⎥

⎥

⎥

⎦

,

𝐵 =

⎡

⎢

⎢

⎢

⎢

⎣

− (1−𝛼)𝐾𝑃𝐷𝑅
2𝐻 0 0 −𝐾𝐼𝐷𝑅

2𝐻 0
0 0 0 0 0

− 𝛼𝐾𝑃𝑆
𝑇𝑔

0 0 0 − 𝛼𝐾𝐼𝑆
𝑇𝑔

0 0 0 0 0

⎤

⎥

⎥

⎥

⎥

⎦

.

The constant time delay assumption is made based on the justifica-
tions that follow: (i) Flexible demand control is assumed to be achieved 
using a fast communication network such as a 5G network, where it 
is characterised by low latency in the range of milliseconds. The LFC 
system response is usually in the order of seconds due to the inertia 
and the governor’s response. (ii) The assumption of constant time delay 
simplifies understanding the interdependencies between the various 
system parameters, for example, the parameters of the turbine, the 
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power system inertia, the flexible demand participation factor and the 
parameters of the PI controller. (iii) Time domain stability approaches 
can handle time-varying delays; however, solutions of LMIs are re-
quired, which is not a straightforward procedure. Furthermore, the 
computation time increases for higher-order systems. It is much easier 
to study the stability margin in 𝑠−domain. Therefore, to determine the 
DM 𝜏𝑑 , we apply Laplace transform to (5), and obtain the characteristics 
equation as: 
𝑠𝐼 − 𝐴 − 𝐵𝑒𝑠𝜏 = 0. (6)

Unfortunately, (6) is a transcendental, and is hard to solve. In case 
all the eigenvalues of (6) have negative real parts, then the system 
represented by (5) is asymptotically stable for a specific time delay. 
It is presumed that the eigenvalues of 𝐴 + 𝐵 are all on the left-half 
plane. When the time delay is getting larger, some of the eigenvalues 
will cross the imaginary axis, which results in system instability.

3. Delay dependent stability

Generally, there are two types of control systems that are af-
fected by time delay: delay-independent and delay-dependent systems. 
Delay-independent systems are stable irrespective of time delay. Delay-
dependent systems become unstable if the DM is exceeded. To examine 
the stability of delay-dependent systems, two primary methods are 
available; the first is based on assumed constant time delay and is a 
frequency domain method, while the second is based on the Lyapunov 
Krasovskii stability theorem in the time domain.

This paper concerns the frequency domain method. The equation 
with transcendent attributes is transformable into an equation in the 
frequency domain. With the sweeping test and the binary iteration, the 
determination of the marginal frequency is achieved. The DM can be 
computed by knowing the marginal frequency.

The delay-dependent system behaves differently under different 
time delays. For a specific time delay 𝜏 and a maximum DM 𝜏𝑚, the 
system is:

• asymptotically stable if 𝜏 < 𝜏𝑚
• marginally stable if 𝜏 = 𝜏𝑚
• unstable if 𝜏 > 𝜏𝑚

The system represented by (5), the LFC system with demand-side 
response, is asymptotically stable regardless of time delay if: 
det(𝑠𝐼 − 𝐴 − 𝐵𝑒𝑠𝜏 ) ≠ 0, ∀𝑠 ∈ 𝐶̄+,∀𝜏 ≥ 0, (7)

where 𝐶̄+ represents the right-half plane. This means positive roots are 
non-existent as long as (7) is satisfied. If the system is delay-dependent, 
there are one or more eigenvalues lying on the imaginary axis when 𝜏 =
𝜏𝑚. To carry out the analysis, the substitution of 𝑠 with 𝑗𝜔 is performed. 
The system (5) is then said to be asymptotically stable regardless of the 
delay if (7) is satisfied along with the following condition: 
𝛥(𝑗𝜔𝐼 − 𝐴 − 𝐵𝑒𝑗𝜔𝜏 ) ≠ 0, ∀𝜔 ∈ (0,∞),∀𝜏 ≥ 0. (8)

For the system to be delay-dependent stable, there are some roots 
that lie on the imaginary axis for some specific time delay, or in 
mathematical interpretation, we must have: 
det(𝑗𝜔𝐼 − 𝐴 − 𝐵𝑒𝑗𝜔𝜏 ) = 0. (9)

The solution of (9) yields an infinite number of solutions. The 
number of eigenvalues of (9) depends on the rank of 𝐵. To reach the 
solution of (9), we introduce a new variable, 𝛾, defined as: 
𝜆𝑘𝑖 (𝜔) = 𝑒𝜎𝑚𝑒−𝑗𝜔

𝑘
𝑖 𝜏 . (10)

Substituting (10) into (9) yields: 
det(𝑗𝜔𝐼 − 𝐴 − 𝜆𝑘(𝜔)𝐵) = 0. (11)
𝑖

5 
Fig. 6. The marginal frequency.

It should be noted that 𝜆𝑘𝑖 (𝜔) must satisfy the following condition: 

|𝜆𝑘𝑖 (𝜔)| = 𝑒𝜎𝑚𝑒−𝑗𝜔
𝑘
𝑖 𝜏 = 1. (12)

The solution of (11) yields 𝜆𝑘𝑖 (𝜔) solutions, where k is the rank of 𝐴𝑑 . As 
the eigenvalues are nonlinear functions of 𝜔, each eigenvalue can cross 
the imaginary axis more than once, denoted here as 𝑖. The solutions 𝜆𝑘𝑖
can be represented as: 
𝜆𝑘𝑖 (𝜔) = 𝑒𝜎𝑚𝑒−𝑗𝜔

𝑘
𝑖 𝜏 = 𝑒−𝑗𝜃

𝑘
𝑖 . (13)

When 𝜎𝑚 = 0 the eigenvalues becomes: 
𝜆𝑘𝑖 (𝜔) = 𝑒−𝑗𝜔

𝑘
𝑖 𝜏

𝑘
𝑖 = 𝑒−𝑗𝜃

𝑘
𝑖 (14)

From (14) the following theorem can be derived.

Theorem 3.1.  For the system represented by (5) to be stable at 𝜏𝑚 = 0, 
i.e., (𝐴 + 𝐵) should be stable and rank(𝐵) = 𝑞, the DM is defined as: 

𝜏𝑖 ∶= min
1≤𝑘≤𝑛

𝜃𝑖𝑘
𝜔𝑖
𝑘
. (15)

Then 𝜏𝑚 ∶= min1≤𝑘≤𝑛 𝜏𝑖 and the system (5) is stable for all 𝜏 ∈ [0, 𝜏𝑚) and 
is unstable at 𝜏 = 𝜏𝑚.  ■

Solving (12) produces the marginal frequency, 𝜔𝑐 . As 𝜆𝑘𝑖 (𝜔) = 𝑒𝛼𝑚

𝑒−𝑗𝜔
𝑘
𝑖 𝜏 , the marginal frequencies are computed when 𝑒𝛼𝑚 = 1 or 𝛼𝑚 = 0

as shown in Fig.  6. When 𝑒𝛼𝑚 > 1 or 𝛼𝑚 > 0 the system is unstable, and 
if 𝑒𝛼𝑚 < 1 or 𝛼𝑚 < 0 the system becomes stable. If 𝑒𝛼𝑚 < 1 for any 𝜔, 
then the system is unstable irrespective of the time delay.

Corollary 3.1.  Irrespective of the time delay, the system is stable if:
(1) 𝐴 + 𝐵 is stable,
(2) 𝐴 is stable, and
(3) |𝜆𝑘𝑖 (𝜔)| < 1, 𝜔 > 0  ■

Corollary  3.1, implies three conditions for the delay-independent 
stability. The first condition means that the system is stable with zero 
delay, and the second condition implies that the system is stable for 
large delays, and the last states that the spectral radius is less than one 
for all values of the time delay. It should be noted that in [32] results 
equivalent to Corollary  3.1 and Theorem  3.1 are derived using the 
spectral radius. By testing the following conditions, we can determine 
whether the system is independent of time delay or not: 
|𝜆𝑘(𝜔)| < 1 ∀𝜔 ∈ (0,∞). (16)
𝑖
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Fig. 7. The algorithm for computing the DM.

If |𝜆𝑘𝑖 (𝜔)| < 1 for some frequencies, 𝜔, then there is a solution for 
|𝜆𝑘𝑖 (𝜔)| = 1. The test follows the following procedure:

Step 1: Given a set of the system’s parameter, compute 𝐴 and 𝐴𝑑 . 
The stability of the system, regardless of the delay, can be checked 
using the sweeping test whether |𝜆𝑘𝑖 (𝜔)| > 1 for 𝜔 ∈ (0,∞). With having 
a certain value of 𝜔 which computes |𝜆𝑘𝑖 (𝜔)| > 1, then go to Step 2, if 
not, then the system is delay-independent.

Step 2: Set 𝜔 ∈ (𝜔1, 𝜔2) where |𝜆𝑘𝑖 (𝜔)| < 1 at 𝜔1 and |𝜆𝑘𝑖 (𝜔)| > 1 at 
𝜔2. The marginal frequency 𝜔𝑐 is now in the range 𝜔𝑐 ∈ (𝜔1, 𝜔2).

Step 3: To determine the marginal frequency 𝜔𝑐 with predetermined 
accuracy, the binary iteration is to be used. Set 𝜔𝑛𝑒𝑤 = (𝜔1 + 𝜔2)∕2. If 
|𝜆𝑘𝑖 (𝜔)| > 1 then 𝜔2 = 𝜔𝑛𝑒𝑤 and if |𝜆𝑘𝑖 (𝜔)| < 1 then 𝜔1 = 𝜔𝑛𝑒𝑤. Every 
iteration improves the accuracy until the required precision is reached.

Step 4: The marginal angles 𝜃𝑖𝑘 are determined by solving equation 
𝜆𝑖(𝑗𝜔𝑖

𝑘𝐼 − 𝐴,𝐴𝑑 ) = 𝑒𝑗𝜃
𝑖
𝑘  when the desired accuracy is achieved. Finally, 

𝜏𝑑 = min1≤𝑘≤𝑛
𝜃𝑖𝑘
𝜔𝑖
𝑘
 is the DM. The algorithm is shown in Fig.  7.

4. Results

4.1. Delay margin computation

In this section, the stability of LFC system with time delay is 
examined. The parameters are given in Table  1.

The frequency deviations with different participation factors and 
without time delay are shown in Fig.  8. Clearly, the controllable loads 
improve the response, as the participation factor of the controllable 
loads increases, the frequency response improves. This test reveals the 
importance of using such loads as additional security and ancillary 
6 
Table 1
The parameters of the system.
 2𝐻 𝑇𝑔 𝑅 𝑇𝑡 𝐷 𝐾𝑃𝑆 𝐾𝐼𝑆 𝐾𝑃𝐷𝑅 𝐾𝐼𝐷𝑅 
 0.17 0.08 s 3 0.4 s 0.015 0.4 0.4 0.4 0.4  

Fig. 8. The frequency response with various participation factors.

services for the power system for better electricity trading in a secure 
and stable network.

To check the results of the method, the parameters of the LFC 
system in [10] are chosen: 2𝐻 = 0.1667, 𝑇𝑡 = 0.4 s, 𝑇𝑔 = 0.08 s, 
𝐷 = 0.015, 𝑅 = 3, 𝐾𝑃𝑆 = 0.05, 𝐾𝐼𝑆 = 0.05, 𝐾𝑃𝐷𝑅 = 0.05 and 
𝐾𝐼𝐷𝑅 = 0.05. With 𝛼 = 0.8, checking Step 1, the system is delay-
dependent. Choosing the range of 𝜔𝑐 ∈ [0, 50] rad/s, after 19 iterations, 
the marginal frequency is 3.0238 rad/s with 1𝑒 − 4 error tolerance, 
which is shown in Fig.  9. Solving (14), the marginal angle is 1.5106 
ra,d making the DM 0.4996 s. In [10] the DM is 0.5 s, the relative error 
is 0.08%. The frequency response with various time delays is shown 
in Fig.  10. From Fig.  10 it is clear that the system is unstable with 
0.51 s while nearly marginally stable with 0.4996 s. To examine the 
delay-dependent stability of the LFC system with controllable loads and 
communication delay, a number of scenarios are studied as follows:

- At first, the DM without controllable loads is calculated for differ-
ent controller parameters.

- In the second scenario, an investigation of the way the DM can be 
impacted by the changes in participation factors, where the time delay 
exists in the DR loop and the secondary control loop.

- In the third scenario only the delay in the DR loop is considered 
and in the fourth scenario the delay only presents in the secondary loop.

4.2. LFC system without controllable loads

Here we consider the case when there are no controllable loads, or 
in other words, 𝛼 = 1 (𝛼0 = 0). The DM as a function of the controller 
gains with 𝐾𝑃𝑆 = 𝐾𝑃𝐷𝑅 = 𝐾𝑃  and 𝐾𝐼𝑆 = 𝐾𝐼𝐷𝑅 = 𝐾𝐼  is given 
in Table  2, the marginal frequencies are shown in Table  3, and the 
marginal angles are given in Table  4. The DM is very small if 𝐾𝑃  and 
𝐾𝐼  are large. The DM decreases with increasing 𝐾𝑃 . The DM decreases 
dramatically if 𝐾𝐼  is increased while 𝐾𝑃  is small; however, the DM 
decreases marginally with rising 𝐾𝐼  for large 𝐾𝑃 . From Table  3, the LFC 
system oscillates with low frequencies for large DMs and vice versa.

From Table  2, the DM with 𝐾𝐼  = 0.05 and 𝐾𝑃  = 1 is 0.0877 s, 
while with the time-based simulation, the DM is 0.089 s. Fig.  11 shows 
the frequency deviation with 0.0877 s and 0.09 s, the system is almost 
marginally stable when 𝜏 = 0.0877 s and unstable with 𝜏 = 0.09 s.
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Fig. 9. The eigenvalue as a function of the frequency.

Fig. 10. The frequency deviation with various time delays and 𝐾𝐼 = 0.05 and 
𝐾𝑃  = 1.

Fig. 11. The frequency response with different time delays and 𝐾𝐼 = 0.05 and 
𝐾𝑃  = 1.
7 
Table 2
The DMs without DR.
 𝜏, s 𝐾𝐼

 𝐾𝑃 0.05 0.1 0.2 0.4 0.6 1.0  
 0 10.4147 4.9193 2.1169 0.5660 0.0585 NA  
 0.05 11.2932 5.3556 2.3328 0.6655 0.1308 NA  
 0.1 11.9001 5.6541 2.4691 0.7052 0.1797 NA  
 0.2 11.9012 5.6178 2.3605 0.5516 0.2116 NA  
 0.4 0.4079 0.3865 0.3404 0.2458 0.1611 0.0355 
 0.6 0.2086 0.2000 0.1823 0.1458 0.1094 0.0430 
 1.0 0.0877 0.0845 0.0781 0.0651 0.0519 0.0259 

Table 3
The marginal frequencies.
 𝜔, rad/s 𝐾𝐼

 𝐾𝑃 0.05 0.1 0.2 0.4 0.6 1.0  
 0 0.1439 0.2896 0.5956 1.3318 1.9729 NA  
 0.05 0.1454 0.2929 0.6028 1.3549 1.9908 NA  
 0.1 0.1502 0.3028 0.6265 1.4318 2.0438 NA  
 0.2 0.1761 0.3579 0.7688 1.8306 2.2403 NA  
 0.4 2.5689 2.5744 2.5960 2.6700 2.7659 2.9714 
 0.6 3.1756 3.1772 3.1833 3.2067 3.2432 3.3423 
 1.0 3.9929 3.9933 3.9950 4.0015 4.0122 4.0448 

Table 4
The marginal angles.
 𝜃, rad 𝐾𝐼

 𝐾𝑃 0.05 0.1 0.2 0.4 0.6 1.0  
 0 1.4988 1.4248 1.2608 0.7537 0.1154 NA  
 0.05 1.6424 1.5685 1.4063 0.9017 0.2605 NA  
 0.1 1.7874 1.7120 1.5468 1.0097 0.3673 NA  
 0.2 2.0963 2.0107 1.8147 1.0097 0.4741 NA  
 0.4 1.0480 0.9951 0.8837 0.6563 0.4455 0.1054 
 0.6 0.6624 0.6354 0.5803 0.4675 0.3549 0.1438 
 1.0 0.3501 0.3375 0.3120 0.2604 0.2084 0.1047 

Table 5
The DMs with 𝛼0 = 0.4.
 𝜏 𝐾𝐼

 𝐾𝑃 0.05 0.1 0.15 0.2 0.4 0.6  
 0 10.6067 5.10770 3.25185 2.30296 0.74021 0.23336 
 0.05 11.4852 5.54759 3.54270 2.51898 0.83884 0.30558 
 0.1 12.0921 5.84279 3.73210 2.65402 0.87454 0.35421 
 0.2 12.0932 5.80464 3.66150 2.53756 0.71015 0.38602 
 0.4 0.57040 0.55012 0.52884 0.50672 0.41754 0.33718 
 0.6 0.37977 0.37170 0.36345 0.35507 0.32080 0.2867  
 1.0 0.26191 0.25902 0.25613 0.25320 0.24139 0.22947 

4.3. LFC system with flexible demands and communication delay

Here we consider the case when the controllable loads are activated 
with 𝐾𝑃𝑆 = 𝐾𝑃𝐷𝑅 = 𝐾𝑃  and 𝐾𝐼𝑆 = 𝐾𝐼𝐷𝑅 = 𝐾𝐼 . The time delay 
is present in both the DR and the secondary control. The effect of 
the demand participation factor on the DM is studied. The DM with 
various values of the controller gains and different participation factors 
is shown in Tables  5–8.

The tables show the positive influences of increasing the control-
lable loads’ share on the time DM in the LFC system. In the range 
of 𝐾𝑃 < 0.4 and 𝐾𝐼 < 0.4 the DM increases with increasing 𝐾𝑃  and 
𝐾𝐼  while in the range of 𝐾𝑃 < 0.4 and 𝐾𝐼 < 0.4 the DM decreases 
with increasing 𝐾𝑃  and 𝐾𝐼 . Increasing the demand participation factor 
(decreasing the conventional unit participation factor) increases the 
stability region. The deviation of frequency with 𝐾𝑃  = 0, 𝐾𝐼  = 0.6 
and different participation factors is shown in Fig.  12. From Fig.  12 the 
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Table 6
The DMs with 𝛼0 = 0.6.
 𝜏 𝐾𝐼

 𝐾𝑃 0.05 0.1 0.15 0.2 0.4 0.6  
 0 10.7027 5.19635 3.33493 2.38106 0.77723 0.27335 
 0.05 11.5812 5.63288 3.62452 2.59578 0.8722 0.34533 
 0.1 12.1747 5.92866 3.81328 2.72881 0.89552 0.39332 
 0.2 12.1786 5.88498 3.72861 2.58400 0.70754 0.42420 
 0.4 0.57838 0.56085 0.54248 0.52351 0.44646 0.37583 
 0.6 0.4028 0.3959 0.38883 0.38171 0.35249 0.32318 
 1.0 0.28299 0.28073 0.27845 0.27615 0.26684 0.25738 

Table 7
The DMs with 𝛼0 = 0.8.
 𝜏 𝐾𝐼

 𝐾𝑃 0.05 0.1 0.15 0.2 0.4 0.6  
 0 10.7985 5.28112 3.41117 2.44708 0.76982 0.28461 
 0.05 11.6770 5.71786 3.69962 2.66074 0.85822 0.35659 
 0.1 12.2705 6.01091 3.88664 2.78938 0.86079 0.40415 
 0.2 12.2639 5.95477 3.77699 2.59380 0.66812 0.43448 
 0.4 0.55296 0.53852 0.52341 0.50786 0.44436 0.38483 
 0.6 0.39098 0.38546 0.37984 0.37412 0.35060 0.32681 
 1.0 0.26716 0.26552 0.26387 0.26221 0.25543 0.24851 

Table 8
The DMs with 𝛼0 = 1.
 𝜏 𝐾𝐼

 𝐾𝑃 0.05 0.1 0.15 0.2 0.4 0.6  
 0 10.8798 5.3584 3.4789 2.5018 0.7099 0.2768 
 0.05 11.7586 5.7954 3.7663 2.713 0.7902 0.3488 
 0.1 12.3529 6.0862 3.9493 2.8343 0.7762 0.3965 
 0.2 12.3386 6.014 3.8042 2.5425 0.6161 0.4269 
 0.4 0.5106 0.4989 0.4868 0.4744 0.4232 0.3741 
 0.6 0.3601 0.3558 0.3514 0.347 0.3287 0.31  
 1.0 0.2365 0.2353 0.2342 0.233 0.2282 0.2232 

Fig. 12. The frequency deviation with different participation factors.

system is obviously unstable with 𝛼0 = 0.0 (𝛼 = 1.0), and stable with 
𝛼0 = 0.2 (𝛼 = 0.8) and 𝛼0 = 0.4 (𝛼 = 0.6). With 𝛼0 = 0.4 (𝛼 = 0.6) the DM 
is 0.23336 s. The frequency deviation with 𝐾𝑃  = 0, 𝐾𝐼  = 0.6, 𝛼0 = 0.4 
(𝛼 = 0.6) and different time delays is shown in Fig.  13. This clearly 
shows that DM increases from 0.0585 s to 0.23336 s as the participation 
factor increases from 0 to 0.4.
8 
Fig. 13. The frequency deviation with different time delays.

Fig. 14. The frequency deviation with different time delays.

4.4. LFC system with controllable loads and communication delay in the 
DR loop

Here we consider the case when only the delay in DR control is 
taken into account. For comparison, the parameters in [33] are used. 
The parameters are: 2𝐻 = 0.1667, 𝑇𝑔 = 0.08 s, 𝑅 = 3, 𝑇𝑡 = 0.4 s, 
𝐷 = 0.015, 𝐾𝑃𝑆 = 0.15, 𝐾𝐼𝑆 = 0.15, 𝛼0 = 0.4. The DM as a function of 
the DR loop PI controller parameters are given in Table  9 along with 
the results from [33]. If the participation factor is below 0.3, regardless 
of the time delay, the LFC system is stable. Tables  10–13 display the 
DM with various control gains and participation factors. LFC system is 
dependent, and the DM decreases as the participation factor increases. 
The frequency deviation when 𝐾𝑃  = 0, 𝐾𝐼  = 0.05, and 𝛼 = 0.4 is shown 
in Fig.  14, clearly the LFC system can tolerate high time delays in the 
DR loop.

4.5. LFC system with controllable loads and communication delay in the 
supplementary loop

Here we consider the case when the time delay exists only in the 
secondary control loop and the time delay is negligible in the DR 
loop. In Tables  14 and 15, the DM with different controller gains 
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Table 9
The DMs with 𝛼0 = 0.4 using Theorem 3.1 and the method in [33].
 𝜏 𝐾𝐼

 𝐾𝑃 0.2 0.4 0.6 0.8 1.0  
 0.4 2.9741 0.6578 0.4723 0.3864 0.3314 
 0.6 0.9921 0.5535 0.4372 0.3689 0.3210 
 0.8 0.5362 0.4697 0.4030 0.3512 0.3106 
 1.0 0.3961 0.4035 0.3709 0.3337 0.3002 
 1.2 0.3136 0.3510 0.3415 0.3168 0.2898 
 1.4 0.2580 0.3088 0.3149 0.3005 0.2796 

Table 10
The DMs with 𝛼0 = 0.3.
 𝜏 𝐾𝐼

 𝐾𝑃 0.05 0.1 0.15 0.2 0.4 0.6  
 0 ∞ ∞ ∞ ∞ ∞ ∞  
 0.05 ∞ ∞ ∞ ∞ ∞ ∞  
 0.1 ∞ ∞ ∞ ∞ ∞ ∞  
 0.2 ∞ ∞ ∞ ∞ ∞ ∞  
 0.4 ∞ ∞ ∞ ∞ ∞ ∞  
 0.6 ∞ ∞ ∞ ∞ 0.67566 0.52618 
 1.0 0.4098 0.40348 0.3973 0.39116 0.36738 0.34470 

Table 11
The DMs with 𝛼0 = 0.6.
 𝜏 𝐾𝐼

 𝐾𝑃 0.05 0.1 0.15 0.2 0.4 0.6  
 0 34.6672 16.7431 10.6731 7.58846 2.3109 0.31974 
 0.05 37.6782 18.2718 11.7423 8.42601 2.9731 0.42327 
 0.1 40.3765 19.6685 12.6920 9.16417 3.48364 0.49787 
 0.2 44.9964 22.0150 14.3135 10.4153 4.26348 0.54686 
 0.4 51.7274 25.4259 16.6437 12.1939 5.26356 0.46231 
 0.6 0.47693 0.46759 0.45824 0.44892 0.41194 0.37651 
 1.0 0.30121 0.29891 0.29661 0.29429 0.28494 0.27547 

Table 12
The DMs with 𝛼0 = 0.8.
 𝜏 𝐾𝐼

 𝐾𝑃 0.05 0.1 0.15 0.2 0.4 0.6  
 0 16.1108 7.84249 5.04309 3.6033 0.94950 0.29531 
 0.05 17.4678 8.5339 5.51697 3.96381 1.13097 0.37768 
 0.1 18.5877 9.0959 5.89277 4.24801 1.17576 0.43379 
 0.2 19.9749 9.79057 6.33973 4.56391 0.76653 0.46987 
 0.4 0.60124 0.58327 0.56487 0.54628 0.47345 0.40806 
 0.6 0.40457 0.39872 0.39281 0.38679 0.36232 0.33780 
 1.0 0.26515 0.26358 0.26201 0.26041 0.25394 0.2473  

Table 13
The DMs with 𝛼0 = 1.
 𝜏 𝐾𝐼

 𝐾𝑃 0.05 0.1 0.15 0.2 0.4 0.6  
 0 10.8798 5.3584 3.47886 2.50175 0.70988 0.27685 
 0.05 11.7586 5.7955 3.76634 2.71301 0.79020 0.34882 
 0.1 12.3529 6.08617 3.94927 2.83434 0.77621 0.39652 
 0.2 12.3386 6.01403 3.80422 2.54252 0.61605 0.42689 
 0.4 0.51058 0.49894 0.48682 0.47437 0.42315 0.37410 
 0.6 0.36008 0.35580 0.35144 0.3470 0.32871 0.31001 
 1.0 0.23649 0.23533 0.23416 0.23298 0.22817 0.22324 

and participation factors is given. The system delay is independent of 
reducing the participation factor (increasing the participation factor of 
demands) below 0.6.

The deviation of the frequency with parameters 𝐾𝑃  = 1, 𝐾𝐼  = 1, 
and 𝛼 = 0.6 (𝛼0 = 0.4) is presented in Fig.  15. The DM is 2.3736 s 
comparing with the case without controllable loads (Table  2) the DM 
is 0.0259 s. This clearly shows the DM increase with increasing the 
demand participation factor.
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Table 14
The DMs with 𝛼0 = 0.2.
 𝜏 𝐾𝐼

 𝐾𝑃 0.05 0.1 0.15 0.2 0.4 0.6  
 0 15.8569 7.64926 4.89178 3.49736 1.27724 0.31247 
 0.05 17.2123 8.32539 5.34773 3.84182 1.46931 0.46581 
 0.1 18.3261 8.87311 5.71392 4.11829 1.61595 0.57718 
 0.2 19.7186 9.57040 6.17234 4.45838 1.76973 0.66620 
 0.4 18.3355 8.83473 5.62781 3.98442 0.96055 0.48780 
 0.6 0.62253 0.59602 0.56921 0.54244 0.44136 0.3546  
 1.0 0.31588 0.30940 0.30290 0.29639 0.27033 0.24482 

Table 15
The DMs with 𝛼0 = 0.4.
 𝜏 𝐾𝐼

 𝐾𝑃 0.05 0.1 0.15 0.2 0.4 0.6  
 0 35.3602 17.3629 11.38918 8.40108 3.86714 2.26217 
 0.05 38.2337 18.8259 12.36811 9.13429 4.25599 2.56209 
 0.1 40.8857 20.1465 13.24532 9.79862 4.60063 2.81875 
 0.2 45.3159 22.3972 14.77011 10.9381 5.19038 3.24117 
 0.4 52.0108 25.7396 16.97278 12.6018 6.03971 3.83808 
 0.6 55.7741 27.6753 18.27289 13.5941 6.54425 4.18936 
 1.0 56.3814 27.9762 18.47391 13.7433 6.64302 4.2790  

Fig. 15. The frequency deviation with different time delays.

To justify the performance of the proposed method compared with 
the most recent publications, the accuracy of our proposed approach 
is compared with the methods reported in [34,35]. For the purpose of 
comparison, we use the following parameters 𝑇𝑔 = 0.1, 𝑇𝑐ℎ = 0.3, 𝐷 =
1.0, 𝑅 = 0.05, 𝛽 = 21.0 and 𝑀 = 10 [28]. The results of the comparison 
are shown in Table  16, which proves the accuracy of the proposed 
method. The two methods presented in [34,35] are based on Lyapunov-
Krasovskii functional methods where the delay margin computation 
is obtained through solving sets of linear matrix inequalities, which 
requires high computations capabilities.

Determining the DM requires setting a frequency range. The spec-
tral radius equation can be converted to a nonlinear equation in 𝜔. 
The solution of this equation will help identify the exact marginal 
frequencies, and hence, the DM computation will be straightforward. 
Additionally, including the dynamics of the controllable loads and the 
characteristics of the time delay will lead to a more realistic model. 
In this paper, an aggregated model for the controllable loads is used; 
however, the dynamic models of the controllable loads are different. 
For more detailed modelling, the various models of the residential loads 
can be used. The demand-side response can greatly improve the power 
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Table 16
Delay Margin (single-area LFC system).
 𝐾𝑃 Method 𝐾𝐼

 0.05 0.1 0.15 0.2 0.4 0.6  
 
0

Theorem  3.1 30.915 15.201 9.960 7.335 3.382 2.042 
 [34] 30.853 15.173 9.942 7.323 3.377 2.04  
 [35] 30.15 14.83 9.77 7.22 3.34 2.04  
 
0.05

Theorem  3.1 31.875 15.681 10.279 7.575 3.501 2.122 
 [34] 31.751 15.648 10.259 7.561 3.496 2.119 
 [35] 30.41 15.23 10.11 7.48 3.45 2.09  
 
0.1

Theorem  3.1 32.751 16.119 10.571 7.794 3.610 2.194 
 [34] 32.139 15.968 10.529 7.776 3.604 2.191 
 [35] 30.03 15.31 10.3 7.73 3.54 2.16  
 
0.2

Theorem  3.1 34.226 16.856 11.062 8.162 3.792 2.313 
 [34] 31.455 15.850 10.600 7.929 3.765 2.309 
 [35] 26.17 14.05 9.82 7.64 3.7 2.29  
 
0.4

Theorem  3.1 35.834 17.658 11.594 8.558 3.980 2.426 
 [34] 26.496 13.695 9.371 7.160 3.594 2.256 
 [35] 22.15 11.47 8.32 6.54 3.49 2.36  
 
0.6

Theorem  3.1 34.922 17.195 11.278 8.312 3.826 2.281 
 [34] 19.570 10.429 7.267 5.611 2.826 1.736 
 [35] 15.59 8.72 6.35 5.15 2.9 1.94  

system stability and security. However, the real-time requirements for 
the control activation should be carefully considered. With increasing 
renewable energy generation, the inertia of the grid will be reduced, 
which will lead to higher deviations in the frequency and rate of change 
of frequency, which will increase the need for demand-side control. The 
presented work is proved through time domain simulation and it can 
be applied to investigate the real scenario using hardware and flexible 
loads such as electrode boilers.

5. Conclusion

A new approach for analysing the delay-dependent stability of the 
LFC system with demand-side control is presented in this paper. The 
characteristic equation is converted to a frequency-dependent equation 
where the sweeping test is applied to find the marginal frequencies. 
From the marginal frequencies, the DM can be easily found. The results 
are compared with the published ones and proved to be accurate with 
less computation. The demand-side control improves the stability of 
the system. By increasing the participation factor, the stability of the 
system will be improved. Increasing the participation factor of the 
controllable load increases the DM, which increases the security of 
the power system. The demand-side response improves the frequency 
stability and security by reducing the frequency nadir. When the time 
delay is negligible in the dynamic control loop, the LFC system can 
withstand a very large time delay.
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