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Abstract: Communication networks are used in load frequency control (LFC) for transmitting
remote measurements and control commands, and in demand side response (DSR) for aggregating
small-scale controllable loads. This paper investigates modeling and controller design for LFC
together DSR in a deregulated environment, considering multiple time delays introduced by the
usage of communication channels. Time delay model of the deregulated multi-area LFC with dy-
namic demand control (DDC) is obtained at first, in which a typical thermostatically controlled
appliance, air conditioner, is used for DDC. A robust proportional integral derivative (PID) load
frequency controller is designed, through the H∞ performance analysis and the particle swarm
optimization (PSO) searching algorithm, to deal with the load disturbances and multiple delays
in the LFC loop and the DDC loop. Case studies based on a three-area deregulated LFC system
demonstrate the effectiveness of the proposed load frequency controller and the performance im-
provement from the DDC. Simulation results show that the DDC can increase the delay margin of
the LFC scheme. Moreover, several delay stable regions are revealed via simulation method.

1. Introduction

Load frequency control (LFC) maintains the frequency of each control area and regulates the tie-
line power flows between neighboring control areas [1, 2, 3]. In a deregulated environment, the
power system consists of generation companies (Gencos), transmission companies (Transcos) and
distribution companies (Discos) and is operated in an open assess policy [4, 5, 6]. The purpose of
deregulation of power industry is to restructure the electric industry so that power production and
distribution are competitive, but the delivery is still regulated, monopoly franchise business [7, 8].
Thus, the independent operator needs to develop a more reliable LFC service. On the other hand,
the increasing penetration of intermittent renewable energy sources increases the complexity of the
LFC in the deregulated environment [9].

Traditionally, the Gencos are designed to provide enough backup generation capacity to meet
the peak load, which makes substantial backup capacity be idle for most hours within a year. In-
stead of providing enough generation capacity, demand side response (DSR) controls the load to
balance the demand and the supply and becomes a promising smart grid technology, especially for
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accommodating intermittent renewable generations [10, 11, 12]. Dynamic demand control (DDC)
is one promising DSR technology which can provide the following two benefits in frequency con-
trol markets, providing an additional control [13] and reducing the spinning capacity [14]. DDC
seeks to reduce the peak demands during period when the frequency stability is under threaten or
electricity market prices are high. Market performance benefits refer to demand responses value
in mitigating suppliers ability to exercise market power by raising electricity prices significantly
above the production costs. Then market-wide financial benefit are the lower wholesale market
prices because demand response averts the need to use the most costly-to-run power plants dur-
ing periods of otherwise high demand, driving production costs and prices down for all wholesale
electricity purchasers [15]. These savings may be passed onto most retail customers as bill savings.

Lots of efforts have been devoted to investigate the DDC for the LFC scheme [11, 12, 16].
Reference [11] investigates whether a degree of built-in frequency stability could be provided by
incorporating DDC into certain consumer appliances. In [12], it introduces demand response con-
trol loop in the traditional single-area LFC scheme. This LFC with DSR model has the feature of
optimal operation through optimal power between the supply side and the demand side. Conven-
tionally, most DDC employs the thermostatically controlled appliances (TCAs), such as electric
water heaters [17, 18], refrigerators [8, 11] and air conditioners [16, 19]. Compared with active
energy storage device, for example, a battery or flywheel, the main advantage is that TCAs do
not require expensive auxiliary equipment such as power converters to provide the service, while
the disadvantage is that it is not energy source and cannot provide electricity to other end users
when the grid power is lost [20, 21]. The potential of DSR for facilitating the integration of wind
power in power system has been investigated [22, 23]. Most of those results have been carried out
for the traditional LFC. To the best of authors’ knowledge, the LFC with DDC in the deregulated
environment has not received much efforts, while most DDC/DSR services are naturally expected
to operate in the deregulated environment and competitive market.

Both the LFC scheme and the aggregation of DDC will use the communication channels to
transmit the measurements and control commands, which will introduce time delays [24, 25].
Time delays will deteriorate the dynamic performance or even cause instability of the closed-loop
system [26, 27, 28, 29, 30]. The maximum time delay which allows an LFC scheme embedded
with controllers to retain stable is denoted as delay margin for stability analysis [2, 24]. The
delay margin of the LFC scheme has been calculated and applied in the design of load frequency
controller [27, 31]. The impact of the time delay on the DDC scheme has been investigated as
well[11, 25]. However, to the best of authors’ knowledge, the impact of multiple delays for the
LFC with the DDC has not been investigated yet.

This paper targets to investigate the modeling and controller design of the LFC together with
DDC, considering the impact of multiple delays in the control loops. Multiple time delays have
been considered to formulate a time delay model of the LFC with DDC. A robust PID load fre-
quency controller is designed to handle the multiple delays in the control loops, through the H∞
performance analysis and the particle swarm optimization (PSO) searching algorithm, guarantee-
ing robustness to time delay and load disturbances. Case studies are based on a three area LFC
schemes in deregulated environment. Effectiveness and robustness of the designed controller a-
gainst to parameters uncertainties and delays are verified by simulation studies. Contribution of
the DDC to frequency regulation has been compared, in terms of performance indices. Delay mar-
gins of the LFC scheme equipped with a PID-type controller have been obtained via trial-error
simulation method. And the first and second delay stable region have been found, which reveals
the fact that some large delays will stabilize the system again.
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The rest of this paper is organized as follows. The time delay model of the deregulated multi-
area LFC with DDC is obtained in Section II. Section III develops a method to design a robust
PID controller. In section IV, case studies on a three-area deregulated LFC system with DDC are
presented. Conclusions are drawn in Section V.

2. Time Delay Model of LFC with DDC

The model of power system with N frequency control areas in deregulated environment is dis-
cussed in this section. Figure 1 shows the control diagram of the i-th control area, in which the
deregulated multi-area LFC scheme with n Gencos and m Discos, discussed in [27], and the DDC
part are included. τ1i and τ2i are the communication delay in LFC control loop and DDC control
loop, respectively. The communication delay τji is represented by e−sτji in Figure 1. The following
gives the model of LFC part, the model of the DDC part, and the state-space model of the whole
closed-loop system.
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Fig. 1. Time delay model of the ith control area of the multi-area deregulated LFC with DDC
power system

2.1. Model of Deregulated Multi-area LFC

Without loss of generality, all generators are assumed to equip with non-reheat turbine. The details
model of deregulated multi-area LFC scheme including N control areas with n Gencos and m
Discos in each area has been given in our previous work [27]. Here, we just recall some important
parts strongly linked to following sections.

For a modern power system under deregulated environment, each Genco can contract with
various Discos located in or out of the area this Genco belonging to. Those bilateral contracts are
visualized by an augmented generation participation matrix (AGPM) [2]:

AGPM =

AGPM11 · · · AGPM1N
... . . . ...

AGPMN1 · · · AGPMNN

 (1)
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where

AGPMij =

gpfsi+1,zj+1 · · · gpfsi+1,zj+m
... . . . ...

gpfsi+n,zj+1 · · · gpfsi+n,zj+m

 (2)

si = n(i− 1), zj = m(j − 1). The gpf ij denotes the ‘generation participation factor’ of the Genco
i in the total load following requirement of the Disco j based on the possible contracts. As there
are many Gencos in each area, the relationship of gpf ij is

∑n
i=1 gpfij = 1.

In Figure 1, the dotted line represents the new load demand signals corresponding to the possible
contracts. They can be treated as additional disturbances of the traditional LFC scheme as follows
[32]:

υ1i = ∆PLi +∆Pdi =
m∑
j=1

∆PLj−i +
m∑
j=1

∆PULj−i (3)

υ3i =
N∑

k=1,k ̸=i

∆Ptie,ik,sch (4)

∆Ptie,ik,sch =
n∑

j=1

m∑
t=1

gpfsi+j,zk+t∆PLt−k −
n∑

j=1

m∑
t=1

gpfsk+j,zi+t∆PLt−i (5)

∆Ptie−i = ∆Ptie−i,actual − υ3i (6)

υT
4i = [υ4i,1 · · · υ4i,k · · · υ4i,n] , υ4i,k =

N∑
j=1

m∑
t=1

gpfsi+k,zj+t∆PLt−j (7)

∆Pmk−i = υ4i,k + αki(
m∑
j=1

∆PULj−i
+∆Pddc,i) (8)

where ∆PLi and ∆Pdi are the total contracted and un-contracted demand in area i, respectively;
∆PLj−i and ∆PULj−i are the contracted and un-contracted demand of Disco j in area i, respec-
tively; ∆Ptie,ik,sch and ∆Pm,k−i are the scheduled tie-line power exchange between area i and area
k and the desired total power generation of Genco k in area i.

In multi-area LFC system, the area control error (ACE) is defined as

ACEi = βi∆fi +∆Ptie,i (9)

where ∆fi and βi are deviation of frequency and frequency bias factor in area i, respectively.
Using ACE as the input of LFC, a PID controller is designed as

ui(t) = −KPiACEi −KIi

∫
ACEidt−KDi

d

dt
ACEi (10)

where Ki = [KPi KIi KDi] stands for proportional, integral and derivative gains, respectively.
The Ki(s) in Figure 1 stands for PID controller used in LFC system.
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2.2. Model of Dynamic Demand Control

Domestic electric appliances can be classified into five different groups based on their characteristics[34],
in which the thermostatically controlled load (such as air conditioners, refrigerators and water
heaters) and domestic wet-appliances with induction motors or heaters (for example washing ma-
chines and dryers) can be used as controllable load for frequency regulation, since they are relevant
directly to the frequency derivation. In this paper, a typical thermostatically controlled load, air
conditioner, is considered as the DDC loads, in which the controllable loads participate in the DDC
scheme by adjusting their usage of electricity based on the deviation of the system frequency [33].

The frequency dependent characteristic of thermostatical load can be expressed as:

∆Pddc,i = ∆PLC,i +Dac,i∆ωi (11)

where ∆PLC,i is the load change based on different load characteristic and Dac,i is damping coef-
ficient.

Based on the DDC model (11), ∆PLC,i depends on the characteristic of the air conditioner and
the set point (∆Tst,i) of a smart thermostat, and can be represented as follows:

∆PLC,i = (micp,i∆Tst,i)/EER (12)

where mi is the mass of air flow, cp,i is the specific heat capacity of the air, and EER is the
energy efficiency ratio (EER) defined as the ratio of the capacity output to electricity input of an
air conditioner [36].

The smart thermostat is usually controlled via an integral controller using the frequency devia-
tion (∆fi) from the ith control area as the input and the temperature set-point as the output. The
∆Tst,i is given as

∆Tst,i = k

∫
α∆fidt (13)

where k is the gain factor in the smart thermostat and given as 10 and α is a coefficient and given
as 0.5Rs/Hz. The temperature set-point is bounded and varies based on the weather condition
and different time interval in a day. In this paper, these variations are ignored and the thermostat
set-point is simply bounded as [24◦C, 29◦C].

Finally, the load model of air conditioner is given as:

∆Pddc,i = (micp,iK

∫
0.5∆fidt)/EER +Dac,i2π∆fi

= 0.5ki

∫
∆fidt+ 2πDac,i∆fi

(14)

where ki =
micp,ik

EER
is the combined integral gain.

Due to the small capacity of an individual household load, it is necessary to aggregate a number
of small domestic loads into a relative large and lumped DDC load to participate the LFC scheme
[35]. The scheme of DDC business model includes smart meters, smart sockets which communi-
cated through a home-area-network and a smart load controller [34]. Aggregation DDC model is
simplified as a linearly amplified of model (14) plus a time delay and this delay will be combined
with the delay of transmitting ∆fi and represented by τ2,i.
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2.3. Closed-loop State Space Model of LFC with DDC

When the DDC is included, based on the new power energy balance equation, the dynamic equation
of the frequency deviation will be changed as follows

d

dt
∆fi =

1

2Hi

[
n∑

j=1

∆Pmji − (∆Pdi +∆PLi)−∆Ptie−i,actual −∆Pddc,i −Di∆fi] (15)

Based on the transfer function of DDC (equation (14)), dynamic model of DDC considering the
time delay can be expressed as following:

d

dt
∆Pddc,i =(0.5KI −Dac,i

2πDi

2Hi

)∆fi(t− τ2,i) +
2πDac,i

2Hi

[
n∑

j=1

∆Pmji(t− τ2,i)

− 2πDac,i

2Hi

∆Ptie−i,actual(t− τ2,i)−
2πDac,i

2Hi

∆Pddc,i(t− τ2,i)

− 2πDac,i

2Hi

(∆Pdi +∆PLi)

(16)

In [27], it presents the multi-area deregulated LFC system in state-space. Based on this refer-
ence and dynamic equations (15) and (16), the state-space model of multi-area LFC with DDC in
deregulated environment can be obtained as:{

ẋi(t) = Aixi(t) + Adixi(t− τ2i) + Biui(t−τ1i) + Fiνi
yi(t) = Cixi(t) + Eiνi

(17)

where

xT
i = [∆fi,∆Ptie−i,∆Pm1i, · · ·,∆Pmni,∆Pg1i, · · ·,∆Pgni,∆Pddc,i]

yi = ACEi, ν
T
i = [ν1i, ν2i, ν3i, ν4i]

Ai =


A11i A12i 02×n A14i

0n×2 A22i A23i 0n×1

A31i 0n×n A33i 0n×1

01×2 01×n 01×n 0

 , Adi =


02×2 02×n 02×n 0
0n×2 0n×n 0n×n 0
0n×2 0n×n 0n×n 0

A41di A42di 01×n −2πDac,i

2Hi

 , Bi =


02×1

0n×1

B3i

0



Fi =


F11i F12i 02×1 02×n

0n×1 0n×1 0n×1 0n×n

0n×1 0n×1 0n×1 F33i

−2πDac,i

2Hi
0 0 0

 , Ci =
[
βi 1 01×2n 0

]
, Ei =

[
0 0 − 1 01×n

]T

A11i =

[
− Di

2Hi
− 1

2Hi

2π
∑N

j=1,j ̸=i Tij 0

]
, A12i =

[
1

2Hi
· · · 1

2Hi

0 · · · 0

]
, A14i =

[
− 1

2Hi

0

]

A22i = −A23i = diag
{

− 1
Tt1i

, · · · ,− 1
Ttni,

}
, A31i =

[ −1
Tg1iR1i

· · · −1
TgniRni

0 · · · 0

]T
A33i = −F33i = diag

{ −1
Tg1i

, · · · , −1
Tgni

}
, A41di =

[
0.5KI − 2Dac,iπDi

2Hi
− 2πDac,i

2Hi

]
A42di =

[
2πDac,i

2Hi
· · · 2πDac,i

2Hi

]
, B3i =

[
α1i

Tg1i
· · · αni

Tgni

]T
, F11i =

[ −1
2Hi

0
]T

, F12i =
[
0 − 2π

]T
F33i = diag

{ 1
Tg1i

, · · · , 1
Tgni

}
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The ∆Pgki is valve position. The 2Hi, Di, Tgki, Ttki and Rki are the moment of inertia of generator
unit, generator unit damping coefficient, time constant of the governor, time constant of the turbine
and speed drop, respectively. The αki is participation factor. vi, i = 1, 2, 3, 4 are the disturbances
of area i caused by the possible contracts and load changing (Refer to [26] for more details).

To obtain the state space model of the closed-loop system, the PID-type control problem should
be transformed into a static output feedback control problem. Define the following virtual vectors
x̄i = [xT

i

∫
yTi ]

T and ȳi = [yi
∫
yidt (d/dt)yi]

T , the closed-loop system can be rewritten as{
˙̄xi(t) = Āix̄i(t) + Ādix̄i(t− τ2i)− B̄iKiC̄ix(t− τ1i) + (F̄i − B̄iKiD̄i)νi
ȳi(t) = C̄ix̄i(t) + D̄iνi

(18)

where

Āi =

[
Ai 0
Ci 0

]
, Ādi =

[
Adi 0
0 0

]
, B̄i =

[
Bi

0

]
, C̄i =

 Ci 0
0 1

CiAi 0

 , F̄i =

[
Fi

0

]
, Ēi =

 Ei

0
CiFi


Ki =

[
KPi KIi KDi

]
3. Robust Controller Design

This section develops a method to design a robust PID controller through the H∞ performance
analysis and the PSO searching algorithm. Firstly, a performance criterion is derived to construct
the relationships among the delay, robust performance index, and PID gains. Then, the tuning of
the PID gains is transformed into an optimization problem solved by PSO algorithm.

3.1. A performance criterion

By assuming the time delays in LFC and DDC loops be identical and defining the concerned output
z(t) = [∆fi,∆Ptie,i]

T , the closed-loop system for control areas shown in (18) can be described by
the following general form:{

ẋ(t) = Ax(t) + (Ad −BKCy)x(t− h) + (Bω −BKD)ω(t)
z(t) = Czx(t)

(19)

where x(t) = x̄i(t), h = τ1i = τ2i, ω(t) = vi(t), Bω = F̄i, Cy = C̄i, and Cz =
[
I2×2, 02×(2+2n)

]
.

The following criterion is derived by using the Lyapunov-Krasovskii functional (LKF) method
and the Jensen integral inequality.

Theorem 1. For given the delay h, the H∞ performance index γ, and the controller gains
K = [KP , KI , KD], the closed-loop system (19) is stable and has performance index, γ, against a
non-zero disturbance for any delays smaller than h, if there exist symmetric matrices P , Q, and R,
such that the following linear matrix inequalities hold

P > 0, Q > 0, R > 0 (20)
Φ = eT1 Pes + eTs Pe1 + eT1 (Q+ CT

z Cz)e1 − eT2Qe2 + h2eTs Res − γ2eT3 e3

−(e1−e2)
TR(e1−e2) < 0 (21)

where es =
[
A, Ad −BKCy, Bw −BKD

]
, e1 =

[
I, 0, 0

]
, e2 =

[
0, I, 0

]
, and e3 =[

0, 0, I
]
.
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Proof: Choose an LKF candidate as follows:

V (t) = xT (t)Px(t) +

∫ t

t−h

xT (s)Qx(s)ds+ h

∫ 0

−h

∫ t

t+θ

ẋT (s)Rẋ(s)dsdθ (22)

where P > 0, Q > 0, and R > 0, which indicates V (t) > 0. Calculating the derivative of LKF
and using Jensen integral inequality yield

V̇ (t) = 2xT (t)Pẋ(t) + xT (t)Qx(t)− xT (t− h)Qx(t− h) + h2ẋT (t)Rẋ(t)− h

∫ t

t−h

ẋT (s)Rẋ(s)ds

≤ 2xT (t)Pẋ(t) + xT (t)Qx(t)− xT (t− h)Qx(t− h)

+h2ẋT (t)Rẋ(t)− (x(t)− x(t− h))TR(x(t)− x(t− h)) (23)

where ζ(t) =
[
x(t), x(t− h), ω(t)

]
. It follows from LMI (21) that

V̇ (t) + zT (t)z(t)− γ2ωT (t)ω(t) < ζT (t)Φζ(t) (24)

where Φ is defined in (21). Then, the following holds

Φ < 0 ⇒
∫ ∞

0

[zT (s)z(s)− γ2ωT (s)ω(s)]ds ≤ 0 (25)

Therefore, the holding of LMI (21) leads to ∥z(t)∥
∥ω(t)∥ ≤ γ, which means the system is stable and has

a H∞ performance index, γ. This completes the proof.

3.2. PID Gain Tuning via the PSO Algorithm

Theorem 1 gives the relationships among the delay h, the H∞ performance index γ, and the PID
gains K. As discussed in [26], for fixed delay h and the controller gain K, one can find the minimal
value of the performance index γmin through the conditions of Theorem 1. That is, the minimal
value γmin is a function of the delay h and the controller gains K, as described as follows

γmin = f(h,KP , KI , KD) (26)

How to calculate the minimal value, γmin, for fixed delay bound h and the controller gains K can
be found in [26] and is omitted here due to page limitation.

To provide the optimal robust performance against to the delays and the disturbances, control
gains tuning can be transformed to the following optimization problem:

Minimize : γmin = f(h,KP , KI , KD) (27)
subjectto : KPmin ≤ KP ≤ KPmax (28)

KImin ≤ KI ≤ KImax (29)
KDmin ≤ KD ≤ KDmax (30)

The above optimization problem can be solved by various algorithms. This paper chooses the
PSO searching algorithm as it is a meta-heuristic algorithm and has been widely used due to its
decent performance in numerical optimization [37]. The details are omitted here since the PSO is
standard algorithm and can be easily achieved by Matlab (The MathWorks, Natick, Massachusetts,
USA).
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4. Case Studies

Case studies are based on a deregulated three-area LFC system, as shown in Figure 2. Each control
area consists of two Gencos, two Discos, and one DDC. The related parameters are given in [16, 32]
and listed in Table 1. The robust PID controllers for each control area are designed based on
the linear time-delay model given in Section 2 and the method proposed in Section 3, and their
effectiveness, robustness against to parameter uncertainties and time delays as well, is verified via
simulation studies completed based on Figure 2 with some nonlinearities, including the generation
rate constraint (GRC) and the dead bands. All calculations and simulations are carried out by
using Matlab 7.10.0 (R2010a) running on a PC with 2.80-GHz Intel Core i7 CPU, 8GB RAM, and
Windows 7 64-bit Ultimate.
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Fig. 4. Frequency deviation and tie-line power exchange of the three-area power system: Solid
(with DDC), Dashed (without DDC). (a) Frequency deviation in area 1. (b) Tie-line power ex-
change in area 1. (c) Frequency deviation in area 2. (d) Tie-line power exchange in area 2. (e)
Frequency deviation in area 3. (f) Tie-line power exchange in area 3.

4.1. Controller design and its verification

1) Control design: To simplify the design procedure, the time delays of three areas are preset
as the same value, 0.2 s. The search regions for PID gains are set to be [-1,1]. By using the
robust performance index (RPI)-based objective function calculated by the method in [26] and the
standard PSO-based search method, all achieved through Matlab platform, the PID gains for three
areas are obtained as follows:

K1 = [0.79133,−0.56537,−0.19693]

K2 = [−0.05968,−0.96936,−0.26727]

K3 = [−0.13721,−0.84983,−0.41357]

2) Simulation verification: During the construction of simulation platform of the concerned
three-area LFC, the linear model of governor and turbine in Figure 1 is replaced by the nonlinear
model shown in Figure 3, in which the GRC is assumed to be 0.1 pu/min and the dead band range
is assumed to be 0.036 Hz [2].

The communication time delays in LFC and DDC loops are given as 0.2s. The power supply
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Fig. 5. Response of six Gencos mechanical power of the three-area power system: Solid (with
DDC), Dashed (without DDC). (a) Mechanical power of Genco1 in area 1. (b) Mechanical power
of Genco2 in area 1. (c) Mechanical power of Genco1 in area 2. (d) Mechanical power of Genco2
in area 2. (e) Mechanical power of Genco1 in area 3. (f) Mechanical power of Genco2 in area 3.

Table 1 The parameters of the concerned system

Gencos Areas Areas
1-1 2-1 1-2 2-2 1-3 2-3 1 2 3 1 2 3

TT 0.32 0.30 0.30 0.32 0.31 0.34 H 0.0833 0.1042 0.0800 cp 1.01 1.01 1.01
TG 0.06 0.08 0.06 0.07 0.08 0.06 D 0.0083 0.0083 0.0080 m 0.25 0.05 0.15
R 2.4 2.5 2.5 2.7 2.8 2.4 β 0.4250 0.3966 0.3522 k 8 15 10
α 0.5 0.5 0.5 0.5 0.6 0.4 T12 = 0.0389, T13 = 0.0337, Dac,i 0.025 0.015 0.01

T23 = 0

contract among all Discos and Gencos related follows the following AGPM [32]:

AGPM =


0.25 0 0.25 0 0.5 0
0.5 0.25 0 0.25 0 0
0 0.5 0.25 0 0 0

0.25 0 0.5 0.75 0 0
0 0.25 0 0 0.5 0
0 0 0 0 0 1

 (31)

Assume that a step load of 0.1 pu is demanded by each Disco in the areas, and Disco 1 in area 1
and area 2, and Disco 2 in area 3 demand 0.05 pu, 0.04 pu, and 0.03 pu as un-contracted loads, i.e.,
∆PLj−i = 0.1pu, i = 1, 2, 3; j = 1, 2; ∆PUL1−1 = 0.05pu; ∆PUL1−2 = 0.04pu; and ∆PUL1−3 =
0.03pu.

The responses of system are shown in Figure 4. The frequency deviation and tie-line power
exchange are quickly convergent to schedule values, which means the designed PID controller
is effective. Using equation (5), the value of tie-line power exchange is calculated and given as
follows: ∆Ptie1 = 0 pu MW, ∆Ptie2 = 0.025 pu MW and ∆Ptie3 = −0.025 pu MW. Moreover,
it can be found that the LFC with DDC can provide better dynamic performances, shorter settling
time and smaller overshoot, compared with the one without DDC, which shows that the introducing
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Fig. 6. Frequency deviation of area 2 under system parameters variation: Solid (normal value),
Dashed (increased 25%), Dashdotted (decreased 25%). (a) LFC with DDC. (b) LFC without DDC.

of the DDC enhances the transient response of frequency regulation. Mechanical power changing
of Gencos in LFC with DDC and LFC without DDC is displayed in Figure 5. When the DDC part
is participated in LFC deregulated power system, the mechanical power change of each Genco is
smaller than LFC without DDC. The value of power deviation from each DDC can be obtained via
solving the equilibrium point from the state space of equation (17) as follows: ∆Pddc,1 = 0.054
pu MW, ∆Pddc,2 = 0.010 pu MW and ∆Pddc,3 = 0.064 pu MW. Then using equation (8), the
value of mechanical power change of each Genco in LFC with DDC is calculated and given as
follows: ∆Pm11 = ∆Pm21 = 0.098 pu MW, ∆Pm12 = 0.090 pu MW, ∆Pm22 = 0.165 pu MW,
∆Pm13 = 0.061 pu MW and ∆Pm23 = 0.080 pu MW. The simulation results reveal that the LFC
scheme with the DDC can drive the power system in stable faster and have smaller fluctuation.

4.2. Robustness against to parameters uncertainties

The PID controller aforementioned is tuned for the nominal systems parameters. However, in
reality, there exist uncertainties in the system parameters due to measurement errors etc., as well in
the controller gains during the implementation procedure. Therefore, the robustness against those
parameters uncertainties also is tested. To indicate the dynamic performances, the following two
indexes, the integral of the time multiplied absolute value of the error (ITAE) and integral of the
time multiplied square of the error (ITSE), with respect to ACE (ACEi) are defined:

ITAE =
∫ t

0
t(|ACE1|+ |ACE2|+ |ACE3)|)dt (32)

ITSE =
∫ t

0
t(ACE2

1 +ACE2
2 +ACE2

3)dt (33)

Two cases, including uncertainties in system parameters (within ±25%), and uncertainties in
both system parameters and controller gains (within ±25%), are simulated. Note that other op-
eration conditions (time delays, load changes) are the same to ones given in Section 4.1. When
only the system parameter uncertainties are considered, the values of ITAE and ITSE for some
typical uncertainties are given in Table 2. Also, Figure 6 shows the frequency deviation of control
area 2 when system parameters are in normal value, 125% and 75% of normal value, respectively.
When the uncertainties exist in both system parameters and controller gains are in normal value,
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Fig. 7. Frequency deviation of area 2 for system and controller uncertainties: Solid (normal value),
Dashed (increased 25%), Dashdotted (decreased 25%) (a) LFC with DDC. (b) LFC without DDC.

125% and 75% of normal value, the frequency deviation of control area 2 are shown in Figure 7,
respectively.

From Table 2 and Figures 6 and 7, it can be found that the designed PID controller stabilizes the
LFC system even the uncertainties exist, which shows the robustness of controller against to pa-
rameter uncertainties. Meanwhile, it can be found that the introducing of DDC can stabilize LFC
system more quickly with smaller fluctuation and provide better performance indexes. Further-
more, from Figure 7(b), which shows that, when both system and controller parameters increase
25%, the LFC without DDC can not maintain stable while the LFC with DDC is still stable, it is
concluded that the DDC can not only improve the transient responses of system but also provide
better robustness against to parameter uncertainties.

Table 2 Dynamic performance indices (ITAE and ITSE)

Para- Parameter Change Controller Parameter
meter Change

change without DDC with DDC without DDC with DDC
(%) ITAE ITSE ITAE ITSE ITAE ITSE ITAE ITSE
0% 1.74 0.11 4.64 0.33 1.74 0.11 4.64 0.33
+5 1.90 0.13 4.86 0.40 1.81 0.12 5.13 0.35
-5 1.63 0.10 4.59 0.28 1.68 0.11 4.26 0.31

+10 2.11 0.15 5.42 0.49 1.90 0.12 5.81 0.37
-10 1.56 0.09 4.59 0.24 1.63 0.11 3.96 0.30
+15 2.36 0.18 6.54 0.62 2.01 0.12 6.74 0.40
-15 1.53 0.08 4.67 0.21 1.59 0.11 3.71 0.28
+20 2.66 0.21 8.50 0.81 2.14 0.13 8.07 0.44
-20 1.55 0.07 4.82 0.18 1.57 0.11 3.50 0.27
+25 3.02 0.26 11.56 1.10 2.30 0.13 10.06 0.49
-25 1.65 0.06 5.01 0.15 1.54 0.11 3.31 0.26
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Fig. 8. Deviation of frequency and and tie line power exchange of the three-area power system
with time-varying delay: Solid (with DDC), Dashed (without DDC). (a) Frequency deviation in
area 1. (b) Tie-line power exchange in area 1. (c) Frequency deviation in area 2. (d) Tie-line
power exchange in area 2. (e) Frequency deviation in area 3. (f) Tie-line power exchange in area
3.

4.3. Robustness against to time delays

The PID controller designed in Section 4.1 is tuned by setting all delays to be constant, 0.2s. How-
ever, in reality, there usually exist time-varying delays and the delays for different areas and loops
are not identical. Therefore, this subsection tests the robustness against to time-varying/random
delays and finds the delay margin for different areas.

1) Random delays: The different random delays within the range [0s,0.4s] are added into the
LFC and DDC loops of three areas. The responses of the LFC system are given in Figure 8.
Although the upper bound of the random delay (0.4s) is bigger than the delay (0.2s) for control de-
sign in Section 4.1, the frequency deviation is still quickly back to zero and power exchanges back
to schedule value with short setting time, which shows the robustness of the designed PID con-
troller against to time-vary and random delays. Moreover, the LFC with DDC has better dynamic
performance.

2) Multiple delay stable regions: The contribution of the DDC to improve the dynamic per-
formances of LFC systems has been revealed in the previous simulation results. During testing
such contribution, an important factor needed to consider is the time delay. If the time delay is too
big, the introducing of DDC may no contribution to improve the performance and even leads to
instability phenomenon. The time delays in LFC loop of each area are assumed to be 0.3s. This
part tests the admissible delay ranges, under which the LFC with DDC remains stable, by manual
increasing the delay in the DDC loop step by step and observing the whole system stability. Figure
9 shows one example for area 2 under different time delays. The results are found and listed in
Table 3. It is found that there are multiple delay stable regions, only two of them are given in this
paper, defined as the first stability region (FSR) and the second stability region (SSR) respectively.
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Fig. 9. Frequency deviation of area 2 for different delay in DDC loop. (a) FSR. (b) SSR.

Table 3 Delay stable regions for each area

Control Area First stable Region (s) Second Stable Region (s)
1 [0 3.15] [5.70 11.10]
2 [0 0.89] [1.94 11.50]
3 [0 0.48] [1.87 11.00]

5. Conclusions

This paper has investigated a robust PID-type controller for LFC with DDC in a deregulated multi-
area power system. A robust PID controller design method has been proposed, through the H∞
performance analysis and the PSO searching algorithm, to design a PID load frequency controller
providing the robustness to the load disturbances, the parameter uncertainties, and the multiple
delays in the LFC loop and the DDC loop. Case studies are based on a deregulated three-area LFC
system. Simulation results demonstrate that the effectiveness of the proposed PID controller, and
robustness against parameter uncertainties and multiple time delays. It also shows that the LFC
with DDC can provide better dynamic performance, in terms of performance index ITAE and ITSE.
Moreover, delay margins of LFC with DDC are obtained via trial-and-error simulation method, and
multiple stability regions have been found, which shows that large delay may re-stabilize the LFC
system.

Future work will focus on theoretically investigating the multiple stability regions of LFC with
multiple delays and also designs/synthesises of controller considering those delay regions.
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