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Abstract

Open communication system in modern power systems brings concern about information staleness which may

cause power system frequency instability. The information staleness is often characterized by communication delay.
However, communication delay is a packet-centered metric and cannot reflect the requirement of information
freshness for load frequency control (LFC). This paper introduces the age of information (Aol), which is more compre-
hensive and informative than the conventional communication delay modeling method. An LFC controller and com-
munication are integrated into the design for LFC performance improvement. An Aol-aware LFC model is formulated

to the delay-dependent controllers.

first, and considering each allowable update period of the smart sensor, different Aol-aware Pl controllers are then
designed according to the exponential decay rate. The right Aol-aware controller and update period are selected
according to the degree of frequency fluctuation of the power system. Case studies are carried out on one-area

and two-area power systems. The results show the superior performance of the Aol-aware controllers in comparison

Keywords Power system, Load frequency control (LFC), Age of information (Aol), Pl controller

1 Introduction

Load frequency control (LFC) is one of the fundamental
applications of the cyber-physical power system [1, 2].
LEC aims to maintain frequency and power interchanges
with neighborhood areas at scheduled values by regulat-
ing generation units [3, 4]. LFC works in a sampled-data
form due to the discrete information update process and
continuous physical plant operation process. The infor-
mation update process involves smart sensors, commu-
nication system, and control center. The information is
updated by smart sensors and is transmitted through the
communication system to the control center. The infor-
mation update process inevitably increases information
staleness, especially in the open communication system
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widely used in LFC [5]. However, severe information
staleness may threaten the frequency stability of a power
system [4, 6, 7].

Communication delay is often applied to the LFC study
to characterize the information staleness [8]. To deal with
the delay-constrained LFC problem, the previous stud-
ies on the stabilization of power system frequency are
mainly from two perspectives: the modeling of commu-
nication delay and the design of the controller [9]. For
example, delay-dependent stability for a traditional LFC
scheme with constant and time-varying delays is inves-
tigated in [10], while a delay-dependent robust control-
ler is studied in [11]. In addition, there are different LFC
algorithms, such as robust decentralized PI-based LFC
[12-14], decentralized sliding-model LFC [15], active
disturbance rejection control [16], model-based control
[17] and model predictive control [8]. However, most of
these advanced methods suggest complex state feedback
or high-order dynamic controllers. As shown in [18],
power systems still prefer conventional PI controllers.
However, the communication delay is not the optimal
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metric to describe the information staleness [19]. Com-
munication delay is an information-packet-centered met-
ric. It overlooks the control factors of the update process
such as the update period, the routing selection, and the
retransmission mechanism [20]. Therefore, it cannot pro-
vide the controllability of the communication system.
Therefore, the above delay-dependent controllers may be
conservative and cannot provide good solutions for the
LEC performance based on the delay model [18].

This paper introduces the age of information (Aol) to
the LEC study to characterize the information staleness,
and to capture the randomness of state updates [19, 21].
Aol is the length of time that elapsed from the generation
of the most recently delivered packet [22], and contains
richer connotations than communication delay, includ-
ing the effects of the control factors of the information
update process. In this study, an Aol-aware method is
made to couple the LFC controller and communica-
tion as an integrated entity, which is called as Aol-aware
controller.

This paper consider the control factors of the informa-
tion update process and the information update period,
to show the design process. With the right update period,
the control center can receive fresher information and
make better decisions to regulate the output of gen-
eration units. Thus, the LFC performance is improved.
Compared with the communication delay, Aol is more
accurate to describe the information staleness. The pro-
posed Aol-aware controller shows superiority to stabilize
the power system theoretically.

The design of the Aol-aware PI controller contains
three steps. The Aol-aware LFC model of the power
system is formulated first. Different Aol-aware PI-type
controllers are then designed for different update peri-
ods according to the exponential decay rate (EDR). The
values of EDR are adjusted by the performance evalua-
tion conditions of parameter Hoo performance. Finally, a
right Aol-aware PI-type controller and update period are
selected according to the degree of frequency fluctuation
of the power system because the optional update period
is relatively limited in practical power systems [4, 23].

The Main contributions of this paper are:

1. Formulate an Aol-aware LFC model, and Aol is
used instead of communication delay to describe the
information update process in the LFC.

2. Design an Aol-aware PI controller to improve LEC
performance. The LFC controller and the communi-
cation are integrated as a single design entity.

Reference [24] introduces the Aol in the communica-
tion area to describe the information staleness of LFC and
optimizes the controller parameters from the perspective
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of the information update process. The main differences
in novelty, analysis, and case study parts between [24]
and this paper can be summarized as follows.

+ For novelty, the role of Aol in [24] is to alleviate
the effect of limited communication bandwidth,
whereas in this paper it is used to stress the informa-
tion staleness issues for LFC. The difference between
Aol and communication delay is elaborated, while
[24] designs an LQR controller for the LFC system,
this paper designs a PI controller. Compared with
the complicated LQR controller, the PI controller is
much simpler and easier to implement in practice.

o For the analysis of LFC models, reference [24]
employs the event-triggered communication mecha-
nism while this paper uses the time-triggered com-
munication mechanism. Different communication
mechanisms involve different analyses and models.
Besides, this paper considers operating points and
practical nonlinear constraints, including the GRC
and GDB constraints. However, these nonlinear con-
straints are simplified in [24], which makes its model
limited.

« For the case study, this paper considers the scenarios
under the nonlinear GRC and GDB constraints and
different operating points while [24] does not study
such conditions.

The remainder of this paper is organized as follows.
Section 2 includes the structure of the communication
system and the Aol model, while Sect. 3 proposes the
Aol-aware LFC model and introduces the design process
of the Aol-aware PI controller. Section 4 presents the
results of one-area and two-area Aol-aware LFC perfor-
mances, and compares the abilities of delay-dependent PI
controllers and Aol-aware PI controllers. Finally, Sect. 5
concludes this paper.

2 Problem formulation

This section describes the communication process for
LEC, gives the comparison between communication
delay and Aol, and presents the metric descriptions.

2.1 Communication process for LFC

LFC aims to maintain the frequency stability and the
tie-lie power exchange in a scheduled value. Figure 1
illustrates the equivalent model of the ith area LFC
system. It includes the communication system and the
physical power system. The communication system
samples the area control error (ACE) message and gen-
erates the control command u(t;) to govern the out-
put of generation unit AP, The ACE of the ith area,
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Fig. 1 A dynamic model of the ith area LFC system

denoted as ACE,, is the combination of the frequency
deviation Af; and net exchange power deviation AP,
ie.

ACE; = BiAfi + APy (1)

where f5; is the frequency deviation factor.

The sensors, such as remote terminal units (RTUs),
sample the area control error signal ACE; at ;. The sen-
sor updating information interval is called update period
A. Then, the sampled packets y(#;) are queuing in front
of the communication channel for transmission. Subse-
quently, y(¢;) is transmitted through the communication
channel and is received by the controller. The controller
receiving information rate is called service rate y. Infor-
mation staleness will rise in the communication process
[7,25].

In this paper, the communication process is abstracted
as an M/M/1 queue system which means the update rate
17! obeys the Poisson distribution random process, and
the service rate y obeys the exponential distribution ran-
dom process. Additionally, the communication process
follows a first-come-first-serve (FCFS) principle.

2.2 Aol and communication delay

Aol is first proposed in [10, 26] to measure information
freshness at the destination node such as the control
center. Note that each information packet includes the
time stamp information that indicates the update time
and received time of the packet. Define the update time
of the information packet as £, the Aol gi(¢) at the con-
troller can be defined as [10, 27]:

g(@®) =t —max{t|t <t} (2)

Figure 2 shows the model of Aol g,(t) at the controller.
Information packet k is updated at time ¢; and received
at the time. Aol gi(¢), as a function of time ¢, is jagged.
Whenever the controller receives more fresh informa-
tion, the Aol drops to the next information’s communica-
tion delay. Otherwise, it grows linearly.
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Average Aol is the area under the jagged function in
Fig. 2 by the observation interval 7. Over the interval (0,
T), the average Aol E[g, ()] is

1 T
Elgeo)= lim [ g 3)

Considering the FCFS M/M/1 communication system,
its average Aol g, is expressed as:

3
Gave(A) =+ A+ EV R (4)
A% — A

It is clear from (4) that the average Aol g, is related
to the updating period A and service rate 4. To guarantee
that the sensors can update their status stably, the region
of the update period is 0<A,;, <A <A, ... The service rate
is associated with the communication infrastructure and
is a constant [19]. The average Aol g, (1) can be mini-
mized with respect to the update period A.

Let the service rate =1 message/second, the update
period 1=1.83 s, and g, (1.88) is minimal, the mini-
mized average Aol is obtained by choosing an update
period A that makes the communication channel to be
only slightly busier than idle.

Note that A~ — 4 can achieve maximum throughput
and A — 0 can minimize the communication delay. The
maximum throughput may cause a large communication
delay and the minimization of communication delay will
make the control center lack sufficient information for
decision-making. Thus, these two methods cannot make
information updated freshly.

The period time £; — # is called the communication
delay d; of information packet k, which includes the
queuing time and service time of information packet k
[28], as:

di = t//( — (5)

Table 1 shows the difference between Aol and commu-
nication delay in these aspects [29]. Firstly, Aol describes
the whole communication process, whereas the conven-
tional communication delay model is usually defined
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Table 1 Comparison of Aol and communication delay

Metric Aol Delay

Object The whole information update Each information packet
process

Definition g, ()=t — max{tJt; < t} de=t, =1

Model Communication queue model Random sequence [18]

Property  Provide the communication Cyber contingency

system observability and control-
lability

for each information packet. Secondly, Aol employs the
communication queue model to model the communica-
tion process while the conventional communication delay
model is characterized by random sequences. The Aol
model is more accurate because the sensor can update
the information according to its will. Thirdly, Aol model
takes into account the effects of control factors, such
as the frequency of information transmission, so that it
shows the controllability of the communication system.

2.3 Metric descriptions

The LFC performance metric W, namely, average fre-
quency fluctuation, is introduced first to describe the
average frequency fluctuation. Then the EDR m and
Hoo gain y are respectively proposed to describe the fre-
quency convergence with load disturbance AP; = 0 and
disturbance rejection capability of the power system with
load disturbance APy # 0. W and EDR m are frequency
performance metrics, and their difference is that the LFC
performance metric W describes not only the frequency
convergence but also the amplitude of frequency fluctua-
tion. Generally, the Aol-aware PI controller is designed
according to the EDR m and Hoo gain y. The right Aol-
aware controller is then selected by the LFC performance
metric W.

The LFC design objective is to improve LFC perfor-

mance. The LFC performance metric W is defined as:

N (T

Jo ||t
W = T 6
; T (6)
where T is the observed time, Af; is the frequency
deviation of the ith area. Small W means that power sys-
tem frequency can converge to stable value quickly and
smoothly. The average frequency fluctuation W can be
minimized by the integration design of the update period
and LFC controller.

The EDR is introduced as a performance metric to
describe the controller’s robustness and frequency
response dynamic performance. It can vary in the inter-
val [0, co). When EDR m — 0, the robustness becomes the

Page 4 of 15

strongest, and the dynamic frequency response perfor-
mance becomes the worst. When EDR m — oo, the robust-
ness becomes the weakest, but the frequency response
dynamic performance is considered to be the best.

Hoogain y describes the disturbance suppression capa-
bility of a power system, and the small Hoo gain y means
strong disturbance suppression ability.

The design of the Aol-aware PI controller contains three
steps. The Aol guides first choose the update period of the
communication system. A right update period decides
a small Aol, which means the PI controller can receive
fresher information and then change the units to stabilize
the frequency more quickly. The EDR is then introduced
to guide the design of an Aol-aware PI controller. The val-
ues of EDR are adjusted by the given robust performance
evaluation conditions of Hoo performance. Finally, the right
Aol-aware PI controller is selected by the LFC performance
metric W.

3 Design of Aol-aware PI controller
This section formulates the Aol-aware LFC model and pro-
poses the Aol-aware PI controller.

3.1 Aol-aware LFC model
Considering the multi-area power system depicted in
Fig. 1, the generation units are equivalent to the model
of the governor and turbine. In this paper, the model of a
non-reheating steam turbine generator unit with a gover-
nor is considered, and its transfer function is 1/[(1+sT})
(1+sT,)], where T, and T, represent the governor time
constant and steam turbine time constant, respectively.

The frequency dynamics can be linearized for small-sig-
nal stability analysis:

{ ®(t) = Ax(t) + Bu(t) + FAPY (a)

y(t) = Cx(t) (b) )

where

T
xi(t) = [Afi APy APy; / ACE; APtiei]

r v T
yi(e) = [ACEi /ACE,}  By=[00 00]

_ D 1 9 _1
M; M; M;
0 _1 1 gp 0 0000
1 0 Tchi Tr:ht1 00 0 0000
Ay = | RTa Ty ,A;j=|0 0000
; 0 0 01 0 0000
n ..
> T, 0 0 00 -Tij 0000
j=Lj#i
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Define that x(2) = [x,(£) x,(2) ... xn(t)]T, () = [y,(8) y,(2)
e 9,15, (@) = [,(0) uy(t) ... u, ()], and AP(E) = [APy(2)
APy (1) ... APd,,(t)]T, where x(t), y(t), u/t), APy; (¢) represent
the state vector, the output of the sensor, the output of the
control center, load deviation of the ith area, respectively.
Define the system matrix A = [4,],,,,, the control matrix B
= diag[B,B, ...B,], the output matrix C=diag[C,C, ...C,],
the disturbance matrix F=diag[F,F, ... F,]. AP, and AP,
represent the generator mechanical power output devia-
tion and control valve position deviation of the ith area
LFC power systems, respectively. In addition, T is the syn-
chronization factor of the contact line between area i and
area j, where T;;= T},.

The ACE; acts as the input of the PI controller. The infor-
mation staleness of the ACE messages herein is charac-
terized by Aol g;,(¢), where g;,(¢) represents the Aol of the
kthACE; at the controller at the time ¢ in the ith area LFC.
Based on (7b), the output of the LFC controller can be
expressed as:

u;(t) = —Kp;ACE; — Kj; /ACEL'
= —Kiyi(t — gu (D))
= —K;Cix; (t — g (D))

where K; = [K,,K,].
The multi-area closed-loop Aol-aware LFC system can
be expressed as:

(8)

&(t) = Ax(t) + Y Agix(t — g(t)) + FAPq
i=1

)

Defining Ay, = [0...-BK,C,...0] and assuming each area
has the same Aol with gy, ()=g,() = ...= g,(0)=g(0),
there is:

() = Ax(t) + Y Agix(t — g(®)) + FAPq  (10)
i=1

The discrete-time representation of multi-area Aol-
aware LFC model can be expressed as:

() = Ax(t) + Y Aqx(te — ge(£)) + FAPq o
i=1

e <t <tpq1
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3.2 Design of an Aol-aware PI-type controller

In this part, the Aol-aware PI controller can be
designed and the right Aol-aware PI controller can be
chosen to improve the LFC performance.

EDR is introduced first to guide the design of the
Aol-aware PI controller shown in Theorem 1. This step
guarantees that the LFC system (11) is exponentially
stable and has EDR m. Next, the Hoo gain y metric is
introduced to evaluate the EDR of the designed control-
ler with non-zero load disturbance shown in Condition
1. The values of EDR can be adjusted by Hoo perfor-
mance, which describes the disturbance rejection capa-
bility of the power system while ensuring the frequency
convergence rate. Meanwhile, Algorithms 1 and 2 are
respectively proposed to introduce the process of Aol-
aware PI controller design.

Theorem 1 [9]: Consider Aol-aware LFC system (11)
with zero load disturbance AP; = 0. When given aver-
age Aol g,,,(A), EDR m and turning parameters [, and l,,
existing symmetric positive definite matrices P,, Py and
symmetric matrices P,, Z, and any appropriately dimen-
sioned matrices X, X,, S, Y, and R, satisfy the following
inequalities:

Oy=¢1+Tj+2 9y <0, j=12 (12)
+T; =27 'R

T
01 = Sym{ [zj Py [zﬂ + 9] Ry(c1 — Cz)}

(2] <[]+ [ mla] - 2] L]

+ Gave (A)cZ P3cs — (c1 —¢3)TP3(c1 — ¢3)

gave(i)
rj =y ys (STcs — (Ai + mD)STcy — n;B; Ycz)

X1 +X - X1 - X,
(X1 - X" Xa + X5

T c
@2 =c3 Zeg + Sym c
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Ce = [ng({;—l){ I O{x(ng)g],S =1,...,5
T T
V1= {ClTCzTcsT} » Yo = {cchZTcBTchST

Vs = [I; WI; L], g1 = €@ py = oM (Gave(D+271)

where ( is the dimension of the matrix A in (11). Then any
Aol smaller than g,,,(A) can keep the Aol-aware LFC sys-
tem stable with EDR m. The control gain of the Aol-aware
PI controller can thus be obtained by:
™\ T \ 7!

Ki = Y(s ) c’(cic; ) (14)
To evaluate the EDR of the designed controller, Hoo per-
formance analysis is introduced in Condition 1.

Condition 1 Here y is introduced to present Hoo perfor-
mance. Considering an Aol-aware LFC system (11) with
AP, # 0, when given Hoo gain y, existing symmetric posi-
tive definite matrices P;, P; and symmetric matrices P,,
Z, and any appropriately dimensioned matrices X;, X,, R,,
and L satisfy the following inequalities.

_ [e1 —y]LE
Q= Y, <0 (15)
[ —yILF
Q, = | ©2 [ 0 <0 (16)
| * —yI
Or=@+T+ 1 g <0 (17)
e+ T =27 WIR,
©2= [ * _tz | =0 (18)

I = Sym{y{ L(cs — Ajic1 — BiK;Cic2))

Then any Aol smaller than g (1) can keep the Aol-aware
LEC system stable with load disturbance AP; and Hoo gain
y. ¢,YC;'C;c, should be added into ¢, and the other matrix
notations are the same as Theorem 1. The proof of Condi-
tion 1 is given in [30].
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The algorithm of design of the Aol-aware PI controller
is discussed. For a given allowable average Aol g, .(1,), the
following Algorithm 1 is developed to determine the Aol-
aware PI controller gains K, Kj; with desired EDR, includ-
ing Hoo gain y.

Algorithm 1: Find Aol-aware Pl-type controller gain Kp, Ki

Given A, gave(A), ¥, and search EDR interval [Mmin, Mmax] With Mmin=0
and sufficiently large mmax, the accuracy coefficient mac=0.001.

Repeat
Miest=(Mmin+Mmax)/2
If the LMIs (12) and (13) are feasible then
Compute Ky, Ki by equation (14).
Bring Ky, Ki into Condition 1 with y
Repeat
If the LMIs (15)-(18) are feasible then
Mmin=Mtest
else
Mmax=Mtest
else
Mmax=Mtest
until Mmax-Mmin<Mac

Return Kp, Ki

Next, Algorithm 2 is proposed to optimize the LFC
performance W. W can be minimized by following two
steps. The optional update period is relatively limited in
practical power systems. The first step is to design the
different Aol-aware PI controller gains for each allowed
update period according to EDR, while the second step
is to find the appropriate Aol-aware PI controller and
the update period based on the degree of frequency
fluctuation of power system W. The specific process to
optimize LFC performance is shown in Algorithm 2.
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Fig. 3 Comparison of the frequency deviation Af from the Simulink
results and simulation results based on the proposed Aol-aware LFC
model under the update period A=2.2 s for APy = 0.02 pu

Algorithm 2: Minimize the average frequency fluctuation W

Given the allowed update period collection A= {A1, A2... Ap}and the
observation interval T.

fori=1:n
Compute gave(Ai) by equation (4) then

Find the Aol-aware Pl controller gain Kp;, Kii with the desired
EDR by Algorithm 1 then

Compute Wi by the model (6)
end

Return minimum Ws from W;i=1, 2...n, As, and Kops, Kis.

Table 2 Parameters of one-area Aol-aware LFC system
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4 Case study

In this section, the correctness of the Aol-aware LFC
model is proved and case studies are carried out on one-
area and two-area power systems. The performances of
the system with different update periods are evaluated.
Additionally, the abilities of the proposed Aol-aware PI
controller and delay-dependent PI controller to stabilize
the system are compared.

4.1 Prove the correctness of the Aol-aware LFC model
Considering the one-area power system in Table 2, the
update period is 1=2.2 s, the Aol-aware PI controller
gains are K, = 0.6952, K; = 0.3752, and the load distur-
bance is APy = 0.02 pu. Figure 3 compares the frequency
deviation Af from the Simulink results and simulation
results based on the proposed Aol-aware LFC model.
As can be seen from Fig. 3 that the frequency deviation
curves are almost the same, which proves the correctness
of the Aol-aware LFC model.

4.2 One-area Aol-aware LFC

Considering a one-area Aol-aware LFC system, the sys-
tem’s parameters are reported in Table 2. It assumes that
a, =1, the constant load disturbance AP4=0.02 pu, and
the observation interval T=17 s. Let the tuning param-
eters [;=0, [,=2.03, and Hoogain y=20, the Aol-aware
PI controller gain parameters K, and K; with different
update periods are listed in Table 3.

Figure 4 demonstrates the performance of the one-
area system with different update periods. As the update
period grows from 1.4 to 2.2 s, the system performance
index W decreases rapidly. While the update period

Parameter M D B Ty Te R
Value 0.167 8.3e-3 0.24 0.08 0.30 240
Table 3 Aol-aware Pl controller parameters of one-area

Als) 1.4 1.6 1.8 2.0 2.2 24
Kp 0413 0.693 0.391 0422 0.695 0.645
K 0277 0317 0.353 0.343 0.375 0.361
A(s) 2.6 2.8 3.0 3.2 34 3.6
Kp 0.598 0.544 0.500 0.440 0411 0397
K 0.353 0.346 0336 0327 0314 0.300
Als) 3.8 4.0 4.2 4.4 4.6
K, 0.381 0.367 0.353 0.341 0327
K, 0.289 0278 0.268 0.259 0.251
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Fig. 4 Performance index W of the one-area Aol-aware LFC system
with different update periods when APy = 0.02 pu and the average
Aol with different update periods

increases from 2.2 to 4.6 s, the worse system frequency
performance is obtained. Thus, A=2.2 s is the right point
for optimal one-area power system performance. Figure 4
reveals that LFC performance and update period are
related. Therefore, the right update period can be found
directly for optimal performance. It also reveals that both
too long and too short update periods significantly dete-
riorate the one-area power system performance.

Additionally, it can be seen from Fig. 4 that the average
Aol is a convex function with the update period, while
both long and short update periods lead to larger average
Aol. A long update period means the control center may
not receive fresh information frequently, whereas a short
update period leads to information queuing in the com-
munication channel. Figure 4 shows that the average Aol
can reflect timely information updates.

Figure 5 compares the frequency deviations of the one-
area power system with update periods 1=1.4 s, 2.2 s,
and 4.6 s. It is observed from Fig. 5 that the fluctuation
and convergence time of Af with 1 =2.2 s are smaller and
shorter than the Afwith A =1.4 and 4.6 s. Thus, Fig. 5 ver-
ifies that system performance can be degraded by inap-
propriate update periods. For example, when A=1.4 s,
information packets are queued heavily in the communi-
cation channel, which increases the communication delay

-0.04

-0.05 - -update period=1.4s]]|

—update period=2.2s4
—-—update period=4.6s

-0.06

-0.07
0 12 14 16

Fig.5 Frequency deviation of the proposed one-area Aol-aware LFC
under different update periods
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Fig. 6 Performance of the proposed Aol-aware controller

and delay-dependent controller for AP = 0.02 pu

and Aol. In contrast, when 1=4.6 s, the control center
cannot receive enough information for decisions, which
leads to poor system performance. The above results are
consistent with Fig. 4, which also proves the correctness
of Algorithm 1 and Algorithm 2.

It is clear from Fig. 6 that the frequency deviation
Af with the proposed Aol-aware controller, excels the
smaller settling time and overshoots compared to the
delay-dependent controller in [9]. The superiority of
the proposed controller over the delay-dependent one
may attribute to Aol. Long and short update periods
lead to a larger average Aol. The Aol-aware controller
can improve LFC performance by choosing the optimal
update period better than the delay-dependent control-
ler. Therefore, the Aol-aware controller has better per-
formance than the delay-dependent one.

Considering the scenario with random load distur-
bances depicted in Fig. 7a, it is clear from Fig. 7b that
the frequency deviation Af with the right update period
of 2.2 s, excels the smallest settling time and overshoots
than the others.

Figure 8 illustrates the frequency responses of the
one-area system by the proposed Aol-aware controller
and delay-dependent controller. It can be seen that fre-
quency convergence during random load disturbances
is quicker by the proposed Aol-aware controller than
the delay-dependent controller.

Consider the one-area Aol-aware LFC system in
Table 2 with GRC and GDB constraints. GRC is the
constraint on the rate of change in the generating power
due to physical limitations [31], while GDB is the total
magnitude of a sustained speed change within which
there is no change in the valve position of the turbine
[32]. The nonlinear model of the GRC and GDB shown
in Fig. 9 replaces the linear non-reheating steam tur-
bine generator model in Fig. 1. The GRC of the reheat
units is set as 3% of the rated power per minute [33] and
the GDB is 0.036 Hz [34]. Defining the update period
A=3.0s, the Aol-aware PI controller gains KP = 0.500



Jiao et al. Protection and Control of Modern Power Systems (2023) 8:39
0.025 T T T T T T
0.02 ‘\ .
— 0.015
=
o
~ 0.01 .
[ 9
5 NN
0.005 B
0 B
-0.005 v
3 10 15 20 25 30 35
1(s)
(a)
0.02 T
0.01 A~ AN 4

- —update period=1.4s|
—update period=2.2sH
---update period=4.6s|

1(s)
(b)

Fig. 7 Performance of the proposed one-area Aol-aware LFC
under design PI controller for random load disturbances AP,. a
Random load disturbances. b Frequency deviation Af

> |
0.04 — Aol-aware controller
/! —--delay-dependent controller
0,05 L L L I I I
0 5 10 15 20 25 30 35

«(s)
Fig. 8 Performance of the one-area system by the proposed
Aol-aware controller and the delay-dependent controller
with random load changes

U+sTy)! A

GDB GRC
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and K| = 0.336, the delay-dependent controller gains [9]
K, = 0.601, K; = 0.367 and the load disturbance APy =
0.02 pu, Fig. 10 shows the frequency responses of the
one-area system with GRC and GDB by the proposed
Aol-aware controller and the delay-dependent control-
ler. It is clear from Fig. 10 that frequency deviations are
relatively small with the proposed Aol-aware controller.
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Fig. 10 Performance of the one-area system by proposed Aol-aware
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It demonstrates that, when the one-area system consid-
ers the GRC and GDB, the frequency with the proposed
Aol-aware controller converges faster than the delay-
dependent controller.

The one-area Aol-aware LFC system in Table 2 with
generator temporary faults is considered, and four iden-
tical generators are selected with rated capacity of 100
MVA, i.e, S;=Sn2 = Sn3 = Syg = 100 MVA, and refer-
ence power value of 2000 MVA. Assume the load capac-
ity is 100 MVA and the four generators distribute the
power generation equally. Under normal operating con-
ditions, each generator produces 25 MVA power output.
In this case, it assumes that the first, second, and third
generators have temporary faults at 3-8 s, 12-18 s, and
11-15 s, respectively. The update period is 1 =2.2 s, the
Aol-aware PI controller gains are K, = 0.695, K; = 0.375,
the delay-dependent controller gains are K, = 0.698, K| =
0.243, and the load disturbance AP; = 0.02 pu.

Figure 1la shows that the frequency deviation Af
with the proposed Aol-aware controller excels the
smaller settling time and overshoots compared to the
delay-dependent controller with generator temporary
faults. Figure 11b, c respectively illustrate the generator
mechanical power output deviation under generator tem-
porary faults with the Aol-aware controller and delay-
dependent controller. It is clear that the generator
mechanical power output deviations with the Aol-aware
controller are relatively small.

4.3 Two-area Aol-aware LFC

Considering a two-area Aol-aware LFC system, the sys-
tem’s parameters are reported in Table 4. It assumes that
a; =a,=1, the constant load disturbance AP; = 0.02 pu,
the observation interval T=27 s, and /;=0, /,=2.03,
y=20. Different Aol-aware PI controller gain parameters
K, Ky, and K, Kj, are calculated by following Algo-
rithm 2 as shown in Tables 5 and 6, respectively. K,;, Kj;,
and K, Kj, represent the Aol-aware controller gains for
area 1 and area 2, respectively. the Aol-aware LFC system
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Fig. 11 Performance and generator mechanical power output

of the one-area system by proposed Aol-aware controller

and delay-dependent controller with generator temporary faults:

a Frequency deviation Af, b Generator mechanical power output
with an Aol-aware controller; ¢ Generator mechanical power output
deviation with a delay-dependent controller

performance W is then calculated by Algorithm 1 as
shown in Fig. 12.

Figure 12 shows the performance index W with differ-
ent update periods. It shows that system performance is
improved as the update period grows from 1.4 to 2.2 s.
When the update period increases from 2.2 to 4.6 s, the
system frequency performance degrades. Therefore, the
update period 2.2 s is the right choice for the system. A

Table 4 Parameters of the two-area Aol-aware LFC system
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long or short update period makes the system perfor-
mance index W worse. The results are similar to those in
Fig. 4.

To show the superiority of the right update period on
improving the system performance, Fig. 13 compares
the performances with different update periods and
same load disturbance in the two-area system. It can be
seen from Fig. 13a that when area 1 has the right update
period of 2.2 s, the frequency converges faster with less
fluctuation. For area 2, similar results can be seen from
Fig. 13b. The above results are consistent with Fig. 12,
proving the correctness of Algorithm 1 and Algorithm 2.

Figure 14 illustrates the superiority of the Aol-aware
controller to stabilize the two-area power system with
load disturbance. It can be seen from Fig. 14a that the
Aol-aware PI controller stabilizes the frequency of area
1 in 15 s. However, the delay-dependent controller sta-
bilizes the system in around 25 s. A similar conclusion
can be seen for area 2 from Fig. 14b. 1 =2.2 s is the right
update period for the two-area system. The Aol-aware
controller can improve LFC performance through choos-
ing the right update period but the delay-dependent con-
troller is unable to. Therefore, the Aol-aware controller
has better performance than the delay-dependent one.

Considering the scenario with random load distur-
bances of area 1 and area 2, the results are depicted in
Fig. 154, b, respectively. Additionally, it can be seen from
Fig. 15c that the Aol-aware PI controller in area 1 with
the optimal update period of 2.2 s results in faster con-
vergence and less fluctuation in the frequency. Figure 15¢
shows that with the random load disturbance, the perfor-
mance of the area 1 system can be improved by using the
right update period. A similar conclusion for area 2 can
be seen from Fig. 15d.

Figure 16 shows the abilities of the proposed Aol-aware
controller and delay-dependent controller to stabilize the
two-area power system. It has random load disturbances
shown in Fig. 15a. It can be seen from Fig. 16a that fre-
quency convergence is quicker by using the proposed
Aol-aware controller for area (1) Additionally, Fig. 16b
demonstrates that Aol-aware LFC response is faster in
area (2) Above all, the Aol-aware controller shows supe-
riority in stabilizing the power system than the delay-
dependent controller.

Parameter M D B Ty Te R
Area 1 0.20 0.010 0.51 0.08 0.30 2.00
Area 2 0.24 0.015 0.51 0.15 0.30 2.00

T,,=0.0796 pu/rad
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Table 5 Aol-aware Pl controller parameters of area 1
Als) 1.4 1.6 1.8 2.0 2.2 24
Ko 0.381 0.520 0.352 0316 0.610 0.671
Ky 0.170 0.216 0.241 0.248 0.242 0.233
A(s) 2.6 2.8 3.0 3.2 34 3.6
Kon 0.566 0512 0.496 0.485 0.480 0475
Ky 0.226 0218 0.209 0.201 0.194 0.187
Als) 3.8 4.0 4.2 4.4 4.6
Km 0.465 0454 0.441 0.429 0415
Ky 0.183 0.176 0.170 0.162 0.156
Table 6 Aol-aware Pl controller parameters of area 2
A(s) 1.4 1.6 1.8 2.0 2.2 24
Koo 0.388 0.486 0329 0.363 0.773 0.589
Ky 0174 0.222 0.247 0.250 0.245 0.240
A(s) 2.6 2.8 3.0 3.2 3.4 3.6
Koo 0522 0499 0492 0.490 0.484 0474
K 0.233 0.225 0.217 0.211 0.206 0.196
Als) 3.8 4.0 4.2 4.4 4.6
sz 0.458 0.441 0.425 0411 0.397
Ky 0.189 0.181 0.174 0.166 0.160
22
21p b 0.06 T T T T T
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ﬁ Lok ] 0.02 -
S % . RETR N 2 e
1.8F 2 2]\
-0.02 -
g 1 - —update period=1.4s
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Fig. 12 Performance index W of the two-area Aol-aware LFC system ’((:))
under different update periods when AP = 0.02 pu iig
0.04 b
0.02
The two-area Aol-aware LFC system in Table 4 with z
GRC and GDB constraints is now considered. Set the < )
-0.0:
GRC of the reheat units as 3% of the rated power per - —apdate period=144
minute [33] and the GDB as 0.036 Hz [34]. Define the DT —update period=2.2s]
: : H -’-u'pdate pcnod=l4.6s

update period A;=1,=3.0 s, the area 1 Aol-aware PI

controller gains K,; = 0.496, K;; = 0.209, the
dependent controller gains K,; = 0.542, Ky
the area 2 Aol-aware PI controller gains K,

delay-
0.251,
0.492,

K, = 0.217, the delay-dependent controller gains K,

-0.06
0

15
1(s)
(b)

20 25

Fig. 13 Performance of the proposed two-area Aol-aware LFC
under different update periods for AP;=0.02 pu: a Area 1 frequency
deviation; b Area 2 frequency deviation
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Fig. 14 Performance of the two-area system by proposed Aol-aware
controller and delay-dependent controller in [9] for APy = 0.02 pu: a
Area 1: b Area 2

= 0.540, K}, = 0.253 and the load disturbance AP, =
0.02 pu. Figure 17 shows the superiority of the pro-
posed Aol-aware controller compared with the delay-
dependent controller in stabilizing the two-area power
system with GRC and GDB. It can be seen from Fig. 17a
that frequency convergence is quicker by using the pro-
posed Aol-aware controller for area 1, while Fig. 17b
demonstrates that LFC with an Aol-aware controller
response is also faster in area 2.

The two-area Aol-aware LFC system in Table 4 with
generator temporary faults is considered. Each area elects
four identical generators with a rated capacity of 100
MVA, and the reference power value of this two-area sys-
tem is 2000 MVA. Assume the load capacity is 100 MVA
and the four generators in each area distribute the power
generation equally. In area 1, the first, second, and third
generators have temporary faults at 10-15s, 7-16 s, and
9-13 s, respectively. Additionally, with the update period
A=2.2 s, the Aol-aware PI controller gains Kp1 = 0.610,
Ky, = 0.242, the delay-dependent controller gains K,; =
0.502, K;; = 0.136, and the load disturbance AP; = 0.02
pu, Fig. 18a shows area 1 frequency deviations with the
proposed Aol-aware controller and the delay-dependent
controller under generator temporary faults. Figure 18b, ¢
respectively illustrate area 1 generator mechanical power
output deviations under generator temporary faults with
the Aol-aware controller and the delay-dependent con-
troller. As seen, Fig. 18 clearly illustrates the superiority
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Fig. 15 Performance of the proposed two-area Aol-aware LFC
under different update periods for random load disturbance: a
Random load disturbance of area 1; b Random load disturbance

of area 2; ¢ Area 1 frequency deviation; (d) Area 2 frequency deviation
Af

of the Aol-aware controller in stabilizing the area 1 sys-
tem with generator temporary faults.

In area 2, the first and third generators have temporary
faults at 5-16 s and 17-23 s, respectively. The update
period is A=2.2 s, the Aol-aware PI controller gains
are K, = 0.773, K},=0.245, the delay-dependent con-
troller gains are K, = 0.440, Kj, = 0.181, and the load
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Fig. 17 Performance of the proposed two-area Aol-aware LFC
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disturbance is AP; = 0.02 pu. Figure 19 illustrates the
superiority of the proposed Aol-aware controller com-
pared with the delay-dependent controller in stabilizing
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Fig. 18 Area 1 performance and generator mechanical power
output of the one-area system by proposed Aol-aware controller
and delay-dependent controller with generator temporary faults:

a Frequency deviation; b Generator mechanical power output

with an Aol-aware controller; ¢ Generator mechanical power output
deviation with a delay-dependent controller

the area 2 system. The area 2 generator mechanical power
output deviations under generator temporary faults with
an Aol-aware controller and a delay-dependent control-
ler are respectively shown in Fig. 19b, c. It can be seen
from Fig. 19a that frequency convergence is quicker by
using the proposed Aol-aware controller for area 2.

5 Conclusion

This paper designs an Aol-aware PI-type controller to
optimize LFC performance. Aol is first applied to char-
acterize information staleness, and in comparison with
communication delay, Aol contains control factors of the
update process and provides the communication system
model controllability. Compared with the delay-depend-
ent controller, the Aol-aware controller greatly improves
the LFC system performance. Different Aol-aware PI-
type controllers are then designed for different update
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Fig. 19 Area 2's performance and generator mechanical power
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and the delay-dependent controller with generator temporary
faults. a Frequency deviation b Generator mechanical power output
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periods according to EDR based on the Aol-aware LFC
model. A right Aol-aware PI-type controller and update
period are selected according to the degree of frequency
fluctuation of the power system. The case studies show
the effectiveness of the proposed Aol-aware PI-type con-
troller. When the LFC system has the right Aol-aware
PI-type controller and update period, high performance
can be achieved. It also illustrates the superiority of the
proposed Aol-aware controller over the delay-dependent
controller in stabilizing the LFC system. In the future,
redesigning a controller based on the Aol-aware LFC
model with the GRC and the GDB may be considered by
chaos-based firefly algorithm or firefly algorithm.
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