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Abstract: The goal of this study is to develop a disturbance observer-based prescribed performance
fault-tolerant controller (PPFTC) for a multi-area interconnected power system (MIPS) with a hybrid
energy storage system (HESS). The mathematical model of the MIPS with HESS is introduced
first. Then the load disturbance estimation is obtained using a disturbance observer (DO) approach.
By introducing two additional functions, the tracking error is bounded to achieve the desired response.
The PPFTC is further developed based on the DO ensuring that the area control error (ACE) of the
MIPS asymptotically converges to zero. Finally, the effectiveness of the given PPFTC and DO are
inspected through the use of the Lyapunov theory and simulated results.

Keywords: load frequency control; disturbance observer; fault-tolerant control; prescribed
performance; multi-area interconnected power system

1. Introduction

The requirement for ideal power quality has raised considerable concerns about multi-area
power systems, where each interconnected power subsystem shares power with neighboring power
subsystems through tie lines [1]. Naturally, the frequency of a power system is the basis of power
generation and load balance. The interconnection of power subsystems can improve the frequency
stability of the single system, which can also lead to the occurrence of malignant cascading accidents.
When the frequency of the system is unstable, the instability travels rapidly through the tie lines,
causing large-scale blackouts in serious cases. This can have a serious negative impact on people’s
lives and the economy. Therefore, the load frequency control (LFC) of multi-area interconnected power
system (MIPS) is particularly important. In recent years, many control strategies have been investigated
to solve LEC problems so as to achieve the desired dynamic performance, e.g., proportional-integral-
derivative (PID) control [2], optimal control [3], sliding-mode control (SMC) [4], and adaptive
control [5].

The primary frequency modulation approach for MIPS maintains the system frequency at
the rated value through LFC and makes the area control error (ACE) zero. This is achieved by
adjusting the generator sets under the condition of continuously adjustable active power, ensuring
that the power generation and load power is matched for the whole system. The grid structure
of the power system has increased with the deployment of diverse power system technologies
including high-voltage direct current (HVDC) transmission [6], flexible AC transmission technology [7],
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photovoltaic and wind power generation systems [8], and vehicle-to-grid (V2G) [9]. Nevertheless,
the negative effects containing, voltage fluctuation, electric power harmonic pollution, and complex
dynamic characteristics [10]. The participation of HESS in frequency modulation can effectively
solve the problems of harmonic pollution and voltage instability. For power generation plants,
HESS can delay the investment in power generation capacity, improve the performance of frequency
modulation and peak regulation, and avoid the risk of extremely low power prices in the market [11].
For power grid companies, energy storage can delay investment in transmission and distribution
equipment, alleviate local power grid congestion, provide peak and frequency regulation, voltage
support, emergency standby, and black start capability [12]. Electricity sales companies can profit
from peak and valley spreads, providing auxiliary services such as peak and frequency modulation.
Energy storage can be used with distributed photovoltaic configurations to avoid extreme high price
risks in the market, ensure a stable power supply, and avoid power outage risks [13]. Therefore, it is a
great necessity to reserve a hybrid energy storage system (HESS) to participate in frequency regulation.
Over the past decades, several types of advanced HESS technologies have been developed for the LFC
problem [14-18].

At present, the power grid interconnection and increasing dependence on each other make the
structure of a power system more complex, and the occurrence of faults inevitable. A breakdown of the
power system would have enormous social, economic, and political consequences. The design idea of
fault-tolerant control is that when one or a part of the component fails, the system can still run according
to the original performance index or the performance index is slightly reduced but within an acceptable
range, so as to ensure the normal operation of the system [19,20]. In [21], a fault detection observer
associated with the adaptive detection threshold is presented to detect the actuator faults. In [22],
an improved sliding mode observer is used to estimate the state of MIPS and sensor faults. Based
on the estimated values, a sliding mode fault-tolerant control scheme for sensor faults and external
disturbances is designed. To maintain wind turbine generator speed, the author in [23] combines a
fault tolerant controller with a proportional-integral (PI) controller to realize an adaptive sliding mode
observer to estimate the non-linear faults and eliminate the effects of actuator faults. The above FTC
methods usually set a tracking trajectory in advance and then design the controller to achieve the
tracking target, or adopt the technique of global SMC to achieve the control of ACE. However, those
methods cannot achieve the desired control objectives by selecting some parameters in advance, and
their effect mainly depends on the design of the controller and the selection of gain. The prescribed
performance control (PPC) can make the convergence speed, overshooting, and steady-state error of
the closed-loop system strictly controlled within the required range by introducing the performance
function [24]. The PPC scheme is being researched to ensure closed-loop stability by guaranteeing
the finite-time convergence of the output error to a desired region [25]. Various control systems
have applied PPC, e.g., the singular system [26], the multi-input multi-output (MIMO) nonlinear
system [27], the Markovian jump system [28], and chaotic systems [29]. Meanwhile, prescribed
performance fault-tolerant control has been widely put into use in practical dynamic systems, such as
in inverted pendulum systems [30], satellite systems [31], and power systems [32]. Considering the
advantages of the PPC method, it has great potential to be applied to interconnected power systems.

Motivated by the aforementioned research, a disturbance observer based prescribed performance
fault-tolerant controller (PPFTC) scheme is designed for the MIPS with HESS. The core idea of the PPC
method is to convert the trajectory of the tracking error through the prescribed performance function,
so as to ensure that the error can converge to the set range while maintaining the desired transient
performance. The responses to two types of power fluctuation are compared to existing methods
for LFC of the MIPS to confirm and compare the effectiveness of the PPFTC technique. The main
contributions of this work are as follows:

e  To the best of the author’s knowledge, so far there have been few reports in published literature
that combine prescribed performance control with FTC and apply it to load frequency control of
the MIPS;
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e Compared to a few existing methods, by designing the finite time disturbance observer, the
performance of the observer is improved from asymptotic convergence to finite time convergence.

The paper is presented as follows: The mathematical model of the MIPS, command filter, and the
PPC strategy are presented in Section 2. Section 3 details the disturbance observer based prescribed
performance fault-tolerant controller. The comparison with several control approaches about MIPS is
given in Section 4, followed by conclusions in Section 5. The notations used in this paper are defined
in Table 1.

Table 1. The symbols and acronyms used in the paper.

Parameters Description

PPFTC Prescribed performance fault-tolerant control
LEFC Load frequency control

FTC Fault-tolerant control

SMC Sliding model control

PID Proportional-integral- derivative

MIMO Multi-input multi-output

ACE Area control error

DO Disturbance observer

MIPS Multi-area interconnected power system
V2G Vehicle-to-grid

HESS Hybrid energy storage system

HDVC High-voltage direct current

PPC Prescribed performance control

CCF Constrained command filter

T Tie-line power synchronization coefficient
Tpi Time constant of power system

T Time constant of governor

T;; Time constant of turbine

AP Exchange power of tie-lie

Xoi Governor valve positon

Py Load disturbance

Py Generator output power

P, Power delivered by the HESS to Area i
Kpi Power system gain

Af; Load frequency deviation

Bi Set value of frequency deviation

ACE; Control error of the i-th area.

R; Speed regulation gain

Kari Proportional feedback coefficient of frequency deviation

2. Problem Formulation and Preliminaries

2.1. Modeling of the MIPS

Consider a MIPS consisting of N LFC area, and each area includes the generator, turbine, and
governor [10,12]. The i-th control area of the LFC system in the MIPS with HESS is shown in Figure 1.
Therefore, each area can be modeled as:

.’)Zi(t) = Aiixi(t) + Biiui(t) + Biidi(f) + hij(t), (€))
yi(t) = Cix;i(t). )
where,
xi=[Afi Py X [ACE; APy ],

hij(t) = i (Ajjxj(t) + Bjju;(t)),
ey
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Figure 1. The i-th control area of load frequency control (LFC) in the multi-area interconnected power
system (MIPS).

Moreover, x; is the state vector, x; is the neighboring state vector of x;, u; = P, is the control input
which represents the input power of HESS, y; = ACE,; is the output vector, d; is the load disturbance,
Afi, Pgi, Xeiy ACE;, and APy,; are the load frequency deviation, the generator output power, the
governor valve position, the inner controller output, and the exchange power of tie-lie, respectively,
Tyi, Tgi, and Ty; are the time constants of power system, governor, and turbine, respectively, R; is the
speed regulation gain, B; is the set value of frequency deviation, K 4r; is the proportional feedback
coefficient of frequency deviation, and Tj; is the tie-line power synchronization coefficient.

In order to make the power system have a better dynamic performance, we should not only
ensure that the frequency deviation of the system tends to zero, but also ensure that the deviation of
the tie line switching power is close to zero. The concept of area control error (ACE) in load frequency

control is proposed. The ACE of area-i is formulated as:
ACE; = APy + @i fi, (4)
where ¢; = B;/R; denotes the frequency deviation constant.

2.2. Command Filter

The controller design adopts a constrained command filter (CCF) to implement the differential
calculation of the variables that can solve the problems about input saturation and different expansion.
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In particular, the work of this paper is based on the assumption that there is no data delay and packet
loss. The input is the desired control signal, and the output is the signal and its derivative that the
actual control system can achieve. The structure of the CCF is shown in Figure 2 and its state space
expression is:

. 0
[Zj B [25“’” [SR (z%n (Sm(u) — %)) - 0]2}] ’ ®)

7 x¢
Lz] - L‘] =

and ¢ is the damping of the CCF and w), is the bandwidth of the CCE. Sj;(-) is the amplitude limit and
Sg(-) is the rate limit.

where

d 2
X, @y N /

2o, 1 L x
- 2w, «—/‘ _ s s

Magnitude Rate
Limiter Limiter

Figure 2. Configuration of the constrained command filter (CCF).

Define,
Zi1 = Xi5 — Xi5c, (6)

Zip = Xi1 — Xj1c- ()

In addition, x;5. = x;54 and x; 54 is the desired frequency deviation. x; . is the output of the CCE.
Define tracking error Z; as,

Zi=1zi1— G (8)
and the {; signal is chosen as
. n n
Li=—kinli+2m ), Tyxpie—2m Y. TjAw;—xjqq, )
i=1i#] i=1i#]

where x; 14 is the expected value of x; ;.

2.3. Prescribed Performance Control

When designing a controller, it is often expected that the state can converge to its desired trajectory
at a fast speed (such as exponential speed). In the process of convergence, the state can not appear
to have a high overshoot. In addition, in the steady state process, the state quantity should always
remain bounded under the action of interference. The following parts explain the main two process of
the prescribed performance control. One is to define a performance function to constrain the tracking
error Z(t). The other is to make an error transformation to solve the constraint problem.

Through introducing a performance function, the transient and steady state of the tracking error
Z(t) is set. Define the performance function as follow:

Definition 1. A smooth function p(t) : RT — R™ could be defined as a performance function if:

1) p(t) is a positive and decreasing function;
2) Timy—yo0 p(t) = poo > 0.

A widely used performance function that meets definition 1 can be written as:
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p(t) = (po — peo)e ™ + poo, (10)

where /, pg, and p are positive numbers. On the premise that the initial value of Z (0) is known, the
inequality constraint of the following form is given:
—Mp(t) < Z(t) < p(t), Z(0)>0 an
—p(t) < Z(t) < Mp(t), Z(0) <0’

where M € [0,1].

When inequality in Equation (11) is satisfied, taking Z(0) > 0 as an example, the error curve
will be limited to the area surrounded by p(t) and —Mp(t). In addition, according to the decreasing
characteristics of the function p(t) and M € [0,1], the error Z(t) will quickly converge to a samll
neighborhood of zero under the coaction of both function p(f) and —Mp(t). The above process can
be explained with reference to Figure 3. p represents the upper bound of the steady-state error.
Therefore, the stable state and transient performance of the output error can be limited by selecting an
appropriate performance function p(t).

2(0) ‘ ‘ ‘ ‘ Mp(0)
\ \
\ \
\ \
N \
2(0) N p(t) 1 ~ - Mp(t)
~ - ~
20 Y=o _ 2t) T T e e e e e e - - =
P e Z(0) [\A —————————————————
o7 —Mp(t) L7 olt)
7 4
, rs
—Mp(0) : : - : : —p(0) -
ime ime
(a) (b)

Figure 3. Curve of tracking error and performance function relationship: (a) Z(0) > 0 and (b) Z(0) < 0.

The constraint inequality shown in Equation (11) is transformed into a non-constrained form by
error conversion function, and the conversion function is defined as:

5(t) = p(£)£(e(t))- (12)

In Equation (12), e(t)is the transformed error. Also, the function ¢(-) should satisfy the following
conditions:

(1) Function £(-) is smooth and strictly increasing;
@)
~M< L) <1, Z(0)>0; (13)

—1</l(e) <M, Z(0)<0; (14)
®)

gm0 Z(0) > 0; 15
lim £(e) =1, ©)> (19

£—r00

{ lim ((¢) = —M,

{ lim £(e) = —1,
ey oo Z(0) < 0. (16)
lim /(e) = M,

£—00
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Choose a widely used function £(-) which meets all constrains writing as [33]:

le) = { e (17)

Me—e® if Z(0) <O.

efte=¢

{@E-M” if Z(0) >0

The inverse transformation of the function ¢(-) is:
Z
g(t) =071 ((t)) ) (18)
p(t)

Obviously, if &(t) is bounded, it can be inferred that the inequality constraint in Equation (11) is
established, which can further ensure that the tracking signal meets the requirements of the prescribed
performance.

For the development of the PPFTC with the CCF method and disturbance observer, the following
assumptions and lemmas are required:

Assumption 1. |d;| < d;, d; is a positive number.

Lemma 1. [34] For any given positive scalars, 0 < yo < 1, A1, Ay > 0, once the continuous positive definite
Lyapunov function V (x) satisfies the following inequality:

V(x) + AV (x) + A V70 (x) <0, (19)
then the Lyapunov function V (x) approaches 0 within Tye,.;, and the convergence time Ty, satisfies that:

1 MVI=10(0) + Ay
T, < In .
reach > /\1 (1 — ,)/0) AZ

(20)

Lemma 2. [35]For0 <m < landx; € R,i =1,...,], the following inequality holds,

I ) I ) (m+1)/2
Yo x> <2|xi| ) : (21)
i i

3. Main Results

3.1. Finite Time Disturbance Observer Design

The observer is designed in this section for the dynamic equation of MIPS with HESS in order to
obtain the estimation values about disturbances which can be described by the following form:

d; = —K;s; — Esgn (si) — || Aiixi||l1sgn (s;) — Ajixi — 1; sig)L (si), (22)

Si = zi — Xj, (23)

2; = —K;s; — d;sgn (s;) — || Ajixil|1 sgn (s;) + Biu; — 1; sigA (si), (24)

where K; > 0, ¢ > 0, O < A < 1, and sig'(s;) =
[Isia A sgn(si1), [si2 A sgn(si2), [sis3 A sgn(siz), [Sia A sgn(sia), [Sis A sgn(s,—l5)}T. Therefore, the

disturbance tracking error d is defined as:
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Ji = c’i\i — di
= —K;s; —d;sgn (s;) — | Aiixi||, sgn (si) — Aiixi — 17; sig/\ (si) —d;
= —Kisi — disgn (s;) — || Aiixilly sgn (si) — 1 sig’ (si) + Bijui — %; (25)
=z — %
= Sl

Theorem 1. Considering the power system in Equation (1) with the external disturbance, a sliding mode-based
finite time disturbance observer is designed in Equations (22)—(24). Then the disturbance tracking error d is
asymptotically stable. In addition, the convergent process of the disturbance approximation error is guaranteed
within a finite time Ty,1.

Proof. Considering the following Lyapunov candidate function:
V; = =s;s;. (26)
The time derivative of V; yields:
Vi = s}
= 51T< — Kisi — disgn(si) — || Auxill1 sgn(si) — Aixi — 17isig’ (si) — di)
= —Kis]si — | Auxill1s] sgn(si) — s] Aixi — dis] sgn(s;) — dis] — ;s sigh(si)  (27)
< —Kisl's; — yistsig*(s;) — dsfsgn(s;) — st d;

5

T
—Ksisi—1i )
j=1

A+1

IN

Si,j

According to Lemma 2, it can be further obtained that:

A+1

5 e
Vi < —Kisisi — 1 <Z Sij 2) . (28)
j=1
Noting that V; = %siTsi, the derivation of V; satisfies that:
. A+l
Vi < —2K;Vi— 2V, 7 (29)

Therefore, by implementing Lemma 1, the convergence time T, for the sliding mode variable s; can
be obtained as:

1 20C; V= (Ty) + 21
Tpoi < Ti + n =1 i L 30
=TT oK+ A 21 0

Consequently, the time derivation of the sliding mode variable s; converges to 0 within Tj,; and the
disturbance tracking error d; tends to be 0 within Tj,; as well. [

3.2. Prescribed Performance Fault-Tolerant Controller Design

In order to make the power system have a better dynamic performance, not only to ensure the f;
of the MIPS tends to zero, also to ensure that the deviation of the tie line switching power tends to
zero. The ACE; = y; for area i can be expressed as:

Yi= %xm + x5, (31)
1
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where,
1 K K,i K, K,
g = =g Xin %Xzz %xi,5 - %Pdi - %Pg, (32)
pi pi pi pi pi
n n
Xi5 = 270 Z Ti]'xl',l — Z Ti]‘Awi . (33)
j=Li#] j=Li#
Denoting fi(x) = _T%,z-xi,l + %xhz — %xi,& F = %Pdi, b; = %’ Equation (32) can be simplified
as follows:
tiq = fi(x) + biu; + F. (34)

The time derivative of ¢;(t) yields:

, ot 1/ , . PZ
€= 377+ (xi,5—xi,5c—Ci—p l>

3(2i/p) p P
n n .
=ri(2m Yy, Tyxip—2m Y TijAw; — ks — i+ vi), (35)
i=11#] J=Li#]
where r; = 5 (aé;/lp) %, V= — PTZ’ Design an integral sliding surface for the inner loop as follows:

t
si = zip + ﬂi/ zip"/"dt, (36)

0

where 7 is an odd integer greater than m and both are positive. The form of reaching law is selected as:
i = —ki3s; — Tysgn(s;), (37)

where k;3 > 0 and 7; > 0 are two positive real numbers. Choose x; 14 as:
Xind = —kinli + Xise — vi — kipe;. (38)

The controller is designed as:

ui = b (—f(x) + 210 — aizig" " — Kizsi — Efi) ~ (39)
Theorem 2. For the power system in Equation (1), if Assumptions 1 and 2 hold, Z; is going to approach the
neighborhood of 0 under the action of prescribed performance. The MIPS can achieve stability under the designed

controller in Equations (38) and (39).

Proof. Select the Lyapunov function as:
2. (40)

The time derivative of V; yields:

n
Vi=¢- <27T Y Ty(xip —2mAw;) — %isc — Gi + Vi) + s (Zi,Z + ﬂiZi,zm/n>
=Tt

n
=¢g- (2” Y Tizip+kinli — Xise +vi+ xi,l) +si (Zi,z + aiZi,Zm/n) . (41)
i=1iA]
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Substituting Equation (38) into Equation (41), it can be obtained that:

n
Vi = —kip-g;+2m Z Tijzinei +si (f(x) +biuA+d; — X+ aiZi,Zm/n> . (42)
J=LI#]
Noting that:
1,1 >
F& + %" <
- & 2,2 < 2., 2
2m Y, Tje-zip<m Y T (e +zl-,2) <m ). Ty (ei +si) .
J=11#] J=11#] JELIF]

Substituting Equation (39) into Equation (42),

2
Si,

N

slz--i—

N —

€ - 2ip <

. 1 1
Vi< — (ki,Z — > . 812 + *SZZ +s; (f(x) +bju; +d; — Xo,e + aizz12/n>

2 2
< 2 . 2 7
< — ki,z—ﬂf 2 Tij & — ki,3_7T Z Tij Si +5; (di_di)-
=114 =11

It is noted that d; = d; — d; is the disturbance estimation error which could converge to zero
asymptotically by choosing a suitable observer. Meanwhile, large enough k», k3 can be selected which
make the inequality hold,

n n

< — (ki,Z — 7T Z Tl]> . 812 - (ki,S — 7T Z TZ]> Siz <0. (43)
=114 i=1,14i

This implies that the transformation error ¢; and z; , are asymptotically stable by using the designed

disturbance observer based PPFTC. [

4. Simulations

For simulation studies, a four-area MIPS with HESS is shown in Figure 4, where each area
represents the LFC scheme of each power system, and each red line is the tie-line. In order to
analyze the stability of the MIPS, system parameters defined in Equation (3) are tabulated in Table 2.
The parameters of the disturbance observer and prescribed performance FTC is shown in Table 3.

4 N 4 N
’ L ’
/ \\ Tie-line / \\
|/ G \ / G \
P—{ I
\ ! \ !
\ / \ /
N / \ 7/
N N 7
S e T N -7
S~ -7 Tie-line S~_ -7
Tie-line Tie-line

Figure 4. Four area interconnected power system with hybrid energy storage system (HESS).
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Table 2. Parameters of a four-area MIPS.

Areai Ty (s) Ty (s) R; (Hz/lpuMw) T (s) K, (Hz/fpuMw) T, (s) B; (Hz/p.uMw) Kyur;

1 0.08 0.3 24 0.0707 120 20 0.425 1.1
2 0.072  0.33 27 0.0707 112.5 25 0.425 1.1
3 0.07 0.35 25 0.0707 125 20 0.425 1.1
4 0.085 0.375 2 0.0707 115 15 0.425 1.1

Table 3. Parameters used in the proposed disturbance observer (DO) and prescribed performance
fault-tolerant controller (PPFTC).

Parameters Values
E1:50 EZZSO £3:50 E4=50
DO parameters d =01 dp,=01 d3=01 d4=0.1

m=1 ap=1 a3=1 au=1

kip =12 kog =12 k313 =12 k43 =12
kip=12 kop =12 k3p =12 kyp =12

ki3 =12 koz =12 k33 =12 ky3=12

71 =001 =001 13=001 7 =001

p0 =002 po=001 M=05 m=3 n=5

PPFTC parameters

The simulation time is 100 s in total, five successive load disturbances are applied to area 1, with
descriptions as follows: +0.02 p.u. (+1500 kW) step disturbance is applied at 2 s; +0.01 p.u. (+750 kW)
step disturbance occurs at 20 s; —0.03 p.u. (—2250 kW) step disturbance occurs at 40 s; +0.04 p.u.
(+3000 kW) step disturbance occurs at 60 s; —0.02 p.u. (—1500 kW) step disturbance occurs at 80 s.
In order to highlight the superiority of the observer designed in this paper, the effect of the observer is
tested using the load disturbance as used in [36], and compared with the observer designed in [37].
It can be seen from Figure 5 that the observer designed in this paper converges faster on the estimation
of disturbances.

0.05 T T
- = =Proposed observer
— Load disturbances
Other observer
0.04 - APPSR |
0.03 r, B
N” 0.02 - S S — -
0.022 0.042
0.01 - 0.02 7= 0.04 'l\‘/ 4
0.018 ¢ |1 0.038 ),
0.016 [ 8-832 ]
! g i
0 0.014 i 0.032 ]
2 4 6 60 65
_001 Il Il Il Il Il Il Il Il Il
0 10 20 30 40 50 60 70 80 90 100

Time (seconds)

Figure 5. The value of the disturbance observer.

The simulation results of tracking error Z; is shown in Figure 6. It can be seen from the figure that
the magnitude of Z; is limited by p(t) compared with other method. Meanwhile, the participation
of the HESS also reduces the tracking error. Therefore, the dynamic and steady state performance of
the Z; is ensured. Figures 7 and 8 show the changes of ACE under the condition of step disturbances.
Figure 9 shows the change of ACE under the condition of renewable power fluctuation in [1]. From the
simulations, we can see that in the case of load disturbance, the PPTFC has good control performance,
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and the out ACE; and Af; of the MIPS are kept close to zero with a smaller overshoot and faster
response compared with the other approaches [10,12].

0.03F T T T T T T T ; 5
[= = = Performance upper boundary

Performance lower boundary

——PID with HESS H

erformance upper boundary
erformance lower boundary
| ——PID without HESS H

003 f 8 -0.03f 8
0.04 I I L I L I I I I 0.04 L I I I I I I I .
o 10 20 30 40 50 60 70 80 90 100 o 10 20 30 40 50 60 70 80 90 100
Time (seconds) Time (seconds)

T T T T T T T T 0.03F T T T T T T T : T -
erformance upper boundary. erformance upper boundary
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Figure 6. The time response of the tracking error 2 (t): (a) response under PID controller with HESS;
(b) response under PID controller without HESS; (c) response under proposed controller with HESS;

(d) response under proposed controller without HESS.
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Figure 7. The ACE; (area control error) of each area subjected to the load disturbances shown in Figure 5:

(a) ACEq; (b) ACEjy; (c) ACE3; and (d) ACEy.
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Figure 9. The ACE; of each area subjected to the fluctuated renewable power fluction shown in [36]:

(a) ACEy; (b) ACEy; (¢) ACE; and (d) ACE,.

5. Conclusions

A novel prescribed performance fault-tolerant control scheme with the capability of estimating
disturbances was presented to solve the LFC problem of the MIPS with HESS. The disturbance
observer developed could estimate the disturbance in a limited time. After using the command
filter, the PPFTC was simplified by reducing the calculation of the controller. The dynamic and
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steady-state performances of the compensated tracking error were verified by the Lyapunov theory.
The expected effectiveness of the proposed control scheme was investigated by comparing simulated
results with several existing control methods. We note that data delay and packet drop issues, along
with sensor/actuator faults are inevitable for MIPS. In future work, our proposed LFC scheme will be
improved by addressing the data delay and sensor/actuator faults.
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