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EID-based Load Frequency Control for
Interconnected Hybrid Power System
Integrated with RESs
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Abstract—By considering the influence of renewable energy
sources (RESs) integration on multi-area interconnected hybrid
power systems, this paper proposes an equivalent input dis-
turbance (EID)-based load frequency control (LFC) strategy,
which can effectively overcome the factors of random distur-
bance, model uncertainties and communication delay. First, an
equivalent mathematical LFC model of an interconnected system
is constructed. Then, the proposed robust controllers, based
on the idea of EID, are designed to suppress the randomness
and volatility of the renewable energy grid connection and
coordinate the frequency fluctuation of the interconnected power
system. Finally, the validity and superiority of the established
topology structure and the superiority of the proposed strategy
are demonstrated by dynamic time domain response experiments
under the condition of high penetration of renewable energy.

Index Terms—Interconnected hybrid power system, LFC,
renewable energy sources (RESs), robust controllers.

I. INTRODUCTION

N interconnected system includes independent power ar-
eas with multiple generation types connected by tie lines.
LEC is usually considered as an important part of automatic
generation control (AGC) for interconnected systems. With the
development of renewable energy integration, such as solar
energy and wind energy, its randomness and volatility bring a
negative impact on the interconnected system, causing difficul-
ties in frequency control. In order to guarantee power quality,
it is very important and necessary to design an effective LFC
strategy to enhance the stability of system frequency to the
ideal value by considering the balance between the power
generation and load consumption [1]-[3].
As a typical renewable energy source (RES), wind or solar
energies are the most common sourdes in the research of
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power system load frequency control. Electric power sys-
tems, especially wind energy conversion systems, have been
discussed over the past few decades [4]-[7]. PID and other
classical controllers were often used as load frequency con-
trollers [8], [9]. However, these controllers did not have good
control performance when facing multi-source power systems
containing volatile renewable energy. For a modern power
system, system oscillation was more likely to expand in the
system and lead to power outage. Therefore, advanced control
algorithms have been widely studied in LFC, such as robust
control, variable structure control, adaptive control and so on.
Advanced control methods, such as fuzzy logic [10], neutral
network [11], and genetic algorithm (GA) [12] can indeed
improve the system performance, but these methods either
need all the state information of the system or need effective
online identification, which is difficult to realize in practice.
In [13], a model predictive control (MPC) was proposed,
which showed great robustness to the variation of governors
and turbine parameters, as well as the uncertainties caused
by load disturbance. A LFC method based on the flexible
AC transmission system (FACTS) devices was presented for
the power systems with RESs [14]. The sliding mode control
(SMC) was used to deal with the uncertainties in the LFC
problem [15]. [16] presented a mixed thermal system and
used the bionic optimization technology to optimize controller
parameters. So far, there is very little research on the LFC of
interconnected systems with the coexistence of RESs under
the combined influence of model uncertainties and the com-
munication delay between areas.

An EID-based controller does not need to know the pertur-
bation information and its design process is simple [4]. Based
on the extended EID, this paper proposes a load frequency
control strategy to design the controllers, which can enhance
the dynamic performances for uncertain communication delay
interconnected systems integrated with RESs. It can equate all
disturbance information of load random disturbance, model
uncertainties, communication delay, renewable energy gen-
eration fluctuation, such as wind speed fluctuation, etc., to
the input end in the interconnected systems and implement
compensation. The robust stability condition is analyzed by the
LMI matrix, and the load frequency controllers are designed.

The remainder of this paper is organized as follows:
Section II investigates the impact of the renewable energy
grid connection on interconnected systems load frequency
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and establishes an equivalent model of the interconnected
system with PV power and doubly-fed wind turbines (DFIG).
Considering the model uncertainties, stochastic fluctuation
characteristics of RESs and the communication delay between
multi-region interconnected systems, we design the load fre-
quency controller based on EID for interconnected system in
Section III. The implementation of the EID-based controller
and the performance test are carried out in Section IV. Finally,
Section V provides some conclusions.

II. SYSTEM DESCRIPTION AND MODELLING
A. Description of The Interconnected Power System

In this section, the four-area interconnected power system
is considered, where each area contains conventional thermal
power units, wind power generation and PV solar power
generation, as shown in Fig. 1.
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Fig. 1. Diagram of four-area interconnected hybrid power system.

B. PV Solar Power Model

The model of solar power generation composed of a parallel
string of Ns, which is formed by Np PV cells is shown in
Fig. 2. Upc and Ipy are the output voltage and current of the
solar power generation. Since the operational characteristics of
PV cells are consistent, the Upc — Ipy mathematical model
of PV power generation can be obtained by:

qUpc + Ipv R
Ipyv = Ipn — ILgat (AKT—ls

I = (50 ) Usc + K (T~ 2]

Figure 3 shows the equivalent circuit of the PV power cell
and the DC output of the PV array which varies with the
solar isolation and temperature. The relevant equation for the
simplified frequency response model for the PV solar power is:
J(t)

S\
Jstc [

6]

Ppy(t) —a-AT] 2

= Pstc -
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Fig. 2. Schematic diagram of PV solar power generation.
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Fig. 3. Equivalent circuit of solar power cell.

where Pstc and Jstc are fixed constants, and AT and AJ are
the temperature coefficient and illumination coefficient.

The input of the PV boost converter is influenced by
solar radiation, while the output is always influenced by load
changes [17]. In order to simplify the model, the influence of
temperature can be ignored for a relatively short time. The PV
system transfer function is expressed by:

APpy 1

GPV( ) AJ - 1 + STPV (3)

C. WTG Linearized Model

In practice, variable speed wind turbines has become one
of the most frequently seen wind turbines in recent years.
They are described in more detail in [18]. Fig. 4 displays
a simplified power system model with DFIG wind turbine
frequency response [4].
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Fig. 4. Simplified frequency response model of DFIG wind turbine.

The following equations can be used to describe the struc-
ture of the DFIG model:

. 1) . X
g = — <T1> iqe + (Tf) Vi )
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. X3\ . 1
W= — (M) qu + (M) Tm (5)
DPe = wXSiqr (6)

Through linearization, Equation (6) can be rewritten as:

Pe = woth3iqr (7)
and
. L,, .
T, = lqs = *Lilqr = *XSqu ®)
where Xo = A, X3 = £= and T} = L% Otherwise,
L2
LO = er + L7m7 Lss = Ls + Lma er = Lrs + Lm (9)

Table I shows the meanings of the relevant parameters, and
the parameters in Fig. 4 are shown in the Table II.

TABLE 1
SYSTEM PARAMETERS

Symbol  Quantity

Wopt Rotational speed’s operating point
Te Electromagnetic torque

Tm Mechanical power change

w Rotational speed

P. Wind turbine’s active power

igr Rotor current’s Q-axis component
Vr Rotor voltage’s Q-axis component
M Wind turbine’s equivalent inertia constant
Ly, Magnetizing inductance

L, Rotor’s inductance

Lg Stator’s leakage inductance

Ly Rotor’s self-inductance

Lss Stator’s self-inductance

Ws Synchronous speed

TABLE 11
WIND TURBINE PARAMETERS AND OPERATING POINT

Symbol  Quantity Value (p.u.)
R, Magnetizing inductance 0.3

Rs Stator resistances 0.1

X - 0.05

Xis - 1.0

Xm - 21.0

M Equivalent inertia constant of wind turbine 10.0

Based on the simplified frequency model of DFIG shown
in Fig. 4, the equivalent pattern of the grid-connected DFIG
can be obtained. The equivalent parameters are calculated by:

N N
Sea =S,  6=S/)_Si
i=1 i=1

N 1 N
Xeq = z_;ézXz» Ceq = N ;Cz

in which S is the wind turbine capacity; ¢ is for the capacity
weighting coefficient; X represents other generator parame-
ters; C' represents wind energy utilization.

(10)
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D. The LFC System Model

Since different areas of the power systems are connected
to each other by contact lines or high-voltage transmission
lines, the frequency variation of each individual area will affect
the frequency of the interconnected region, so the frequency
control system in any area of the four-area hybrid power
system must restrain the power exchanged between areas and
the frequency of the area [14]. Power signals of tie lines are
considered in the dynamic frequency control model, as shown
in Fig. 5.

To sum up, the matrix form of the dynamic equation of each
area can be uniformly expressed by:

xl(t) = Aixi(t) + Biui(t) + Z Eija:j (t) + FiAPdi(t)
JEN,j#i
(11
In fact, the balance point is always changed with the load
change. This causes the system parameters to be uncertain. To
describe the power system more accurately, the equation (11)
can be expressed as:

T (t) = (Ai + AA())wi(t) + (Agi + AAgi(t))zi(t — hy)
+(Bi + AB;(1)ui(t) + 3 e v joi Bijrj (t)
— F;(APy;(t) + APrgssi(t))
y = Ciw;(t)
(12)

where the state x;(t) is equal to [Af; AP,; AP, AE;
AP/ Aigi Aw; APpyi] € R, and AE; = ACE; =
APy + BiAf;, is the control vector, APy and A PFrgss
are the perturbation vector and Renewable energy generation
fluctuation, A; € R™*™ B, € RM*mi (), ¢ RmxXmi E;; €
Rmixmi [ ¢ RMXMi o gre constant value matrices of the
system with appropriate dimensions, AA;(t), AAg(t) and
AB;(t) are parameter uncertainties with the general form in
(13), h; is the time delay of the communication signal.

[AA;(t) AB;(t) AAg(t)]= MN(t)[Ey Ew Eg (13)

where the matrices M, E,;, Ey;, Eg4 are known; and the
matrix N(t) is unknown when satisfying NT(¢)N(t) < I,
Vvt > 0 with its elements being the Lebesgue measurable.

III. PROPOSED FREQUENCY CONTROL METHOD

This section is devoted to designing the load frequency
controller based on EID to constitute the control system of
the studied multi-source interconnected power system. The
original EID method cannot be directly applied to the system
with uncertain parameters or communication delay, because
these factors cause the controller parameters to couple with
each other and the separation principle is no longer effec-
tive. Therefore, we extend this method to the system with
uncertainties and communication delay [19], a new design
framework is proposed for the studied interconnected power
system with model uncertainties and communication delay.
The closed-loop system model is established by using three
states contained in the control structure, so both SF controller
and state observer gains can be obtained.
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Fig. 5.

A. Description of EID

The EID method was proposed by She [20] and later
introduced into the field of power system load frequency
control [4]. The EID’s idea is that the disturbance, w,(t) in
Fig. 6(b), has a similar influence for the system, while the
practical external disturbance w(t) is as shown in Fig. 6(a). It
can be used to reversely compensate the control input channel.
Therefore, the disturbance w, (t) is considered as an equivalent
input signal for actual disturbance. Both the prior information
of disturbance and the inverse dynamics of plants are not
required [21].

. (0

®

(b)

Fig. 6. The core point of EID. (a) Plant with disturbance. (b) Plant with
EID compensation.

According to the above, parameter uncertainties are de-
scribed as a state and input-dependent disturbance. Assuming a

LFC model of the studied four-area renewable energy sources integrated interconnected hybrid power system.

disturbance, w.;(t) is imposed only on the control input chan-
nel, and it has a similar influence for output like AA;(t)x;(t)
+AAG(t)zi(t — hi) + ABi(0)ui(t) + > en jzi Eigai(t) —
F;(AP4;(t)+APrEssi(t)). In addition, in the described multi-
region power system, there may be multiple delay quantities
h;, which are considered to be equal for simplification of the
analysis, then any area’s plant for this interconnected hybrid
power system can be decomposed as:

.’El(t) = Ale(t) + Adl.’Ez(t — h) + BZ(UZ(t) + wei(t))
yi(t) = CZ{,EZ (t)

where we;(t) = [AP; AT, AV;)T, AT, represent wind speed
fluctuation and AV represent the area interface quantity.

Then, system (14) is used to design the EID-based con-
troller, in which we construct a closed-loop control structure
as shown in Fig. 7 based on EID’s idea. We can obtain the
RESs fluctuation information and the external random distur-
bance information through the full-dimension state observer.
Moreover, we can flexibly process the disturbance information
and compensate the disturbance by the disturbance estimator,
and then improve the frequency control performance of the
whole system. Using a single area as an example, we design
the controller as shown in part B.

(14)

B. Configuration of EID-based Controller

According to the influence of the doubly-fed wind power
generator speed deviation effect, tie line power deviation,
load disturbance and the PV power fluctuations, we define a
equivalent input disturbance from the outside world, through
the state observer to estimate and reverse compensation and
realize the effective disturbance suppression.

Figure 7 shows the LFC system structure of an EID-based
renewable energy integrated power system, and it includes 4
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SF control 1 "
3 Area-i of power y(t
system with
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Ky time delay

Fig. 7. The closed-loop control structure of each area based on EID.
parts: a full-dimension state observer, an EID estimator, the
controlled object, and a state-feedback(SF) controller. A fief
is the frequency deviation reference value of the closed-loop
system and K is the SF gain.

The inputs of the observer are u(t) and y(t) of the closed-
loop control power system. The observer state space is ex-
pressed as:

T(t) = Az(t) + Aqi(t — h) + Bugs(t) + ¥ (y(t) — 9(t))
y(t) = Ci(1)

15)
The state is a reconstruction of. For EID estimator,
BT =(B'B)™'BT (16)
Az = &(t) — z(t) (17
Similar to [19], there is:
W(t) = BTLOx(t) — &(t)] + up(t) —u(t)  (18)

where w0 (t) represents the estimated value of load disturbance.
The noise contained in w(¢) will affect the control perfor-
mance, so a filter is adopted to suppress it:

{ ip(t) = Apzp(t) + Bpi(t)

ﬁ)(t) = CFZL'F(t) (19)

Since measurement noise is inevitable in the output, F'(s)
is employed to choose an appropriate angular frequency band-

width for interference estimation, and is obtained as:
W (s) = F(s)W (s) (20)

where W (s) and W (s) are Laplace transforms of @ (s) and
w(s), respectively. The control law is:

u(t) = ug(t) — w(t) 2D
C. Optimal Design of Controller Parameters
Let w(t) = 0. Then, the plant studied is:
&i(t) = (A, + AA; (1) (t)
+ (Aai + AAg (1)) (t — hy)
+ (Bi + AB;(t))u;(t) (22)

+ 2 jen,jzi Bijri(t)
y = Cix(t)
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An infinite horizon quadratic cost function is:

J= / OO[xT(t)Rx(t) +uT (t)Qu(t)]dt
0

where R and () are given positive definite symmetric matrices.
Since there are three state variables, Z(t), Ax(t), zp(t) in
Fig. 7, define as follows:

p(t) =[27(t) Az (t) ap®)]"

(23)

(24)
then the closed-loop power system is described as:
Z(t) = AZ(t) + Agi(t — h) + Buy(t) + LCAx(t)
Ai(t) = (A— LC+ AA)Ax(t) + (Ag + AAqg)Az(t — h)
+ ABugs(t) — [B+ AB|Crxp(t)
+ AAZ(t) + AAyi(t — h)
.’)",'F(t) = AF.TF(t) + BFB+LCA.T(t) + BFCFZL'F(t).
So, we can obtain the system state-space model:

p(t) =(A+ Ad)p(t) + (Ag + AAg)p(t — h)

+ (B + AB)uy(t) (25)
where
A LC 0 B
A=1|0 A-LC —BCp ,B=10
0 BFB+LC Ap + BrCp 0
B B 0 0 0
Ad = diag{Ad Ad 0} AA=|AA AA —ABCF
0 0 0
B 0 0 0 B 0
AAg= |AA; AAy; 0|, AB= |AB
0 0 0 0
where
[AA()AB(t)AA4(t)] = MN(t)[E, Ey Ey (26)
M=[0 D* 0 E, =[E. E. —ECrl (@27)
E,=Ey, E;=[E; E; 0] (28)
The SF control law can be obtained as:
up(t) = Kop(t) (29)
in which:
K=[Kr 0 0 (30)
D. Stability Analysis
Assume the output matrix C' can be decomposed as:
C=VI[S 0T, (31)

where the matrix S is a positive-definite, and the matrices V'
and 77 are unitary. 7T is:

T=[T, T (32)

Based on Lemma 1 and Lemma 2 in [19], a low conservative
stability criterion for the interconnected power system with
uncertainty and time delay is oabtained.

Theorem 1. Given two matrices R > 0 and @ > 0, If there
are symmetric positive-definite matrices Y7, Ys, Y3, X1, X171,
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. . . 0

ng,Xg agd Fwo approprlate matnce§ W, Wy, the following J< LpT(O)Pgo(O) +/ @T(S)Sgo(s)ds (34)

linear matrix inequality (LMI) is feasible. For a constant € > —h

0, the time-delay power system (12) is asymptotically stable Xo T, T X1 0 35

for any constant time delay & > O under the control law (29). 2= [I1 Ty 0  Xoo (35)

The SF controller gain and the observer gain are solved by:

Yip W2 s Y Y15 U415 . o LAl
% —Way Wy 0 0 0 Kr=W1 X", L=WVSX 7S5V (36)
* * —el 0 0 0 0 (33 Reference [19] shows a detailed proof of this Theorem, so
R o o |9 G
* * oo the processes of additional proof are omitted here.
* * * * —Q! 0
* * * * * U IV. SIMULATION STUDIES
P WC 0 Through simulation experiments, four-area interconnected
Viu=|* Pn Py systems with EID-based load frequency controllers are estab-
* * Pa3 lished to verify its effectiveness and superiority, which has

&, = A X, +BW, + X, AT + wliBT

By = A1 Xy + XoAT —WC - C"WT e M™T
&y3 = C"WTBTTBL — BCr X3

b33 = X3AL + Ap X3 + BpCp X3 + X3CEBE

solar and wind energy for each area. Different load variations
are used to test the control performance of EID allocated to
different areas. Some main parameter selections are given in
Table III.

First, the random load variation suppression ability with

[A.Y, 0 0 X Eif + W1T EQT renewable uncertainties and communication delay of the pro-
Wy = 0 AgYs 0, W5 = X5 Eif posed EID-based controller is verified. The variation range of
0 0 0 ~X3CLEy the system parameters in Area-2 is H,, € [6 12], Hoy €
r X, W [0.97 1.37], Tpy € [1.0 2.6]. The communication time delay
_ is set to equal 0.2 s. In Fig. 8(a), when Area-2 suffers random

Uy = Xo s, Wis5=1 0 L )
Xs 0 load variation disturbance, frequency fluctuations of the four-
- - area systems with or without EID controllers are demonstrated
P16 = W_M ) from Fig. 8(b) to Fig. 8(c). Two cases are studied with/without
Y1 YiE] EID controllers respectively. It can be found that the frequency
Wy = Yo , W3 = |V2E] curves of the power system are very unstable without the
L Y; 0 | controller, while the frequency could approach zero under the

The cost function meets the condition (34),

actions of the EID controller. We can also see that under EID-
based controllers, the frequency fluctuation of Area-2 can be

o . x1073
= 0.05 S 5 - - - -
z g — Area 2 under EID-based controller
S = — Area 2 with No LFC
s =
0 § A
g z
:
=]
e g
& —0.05 ; . : - = -5 . . : .
0 10 20 30 40 50 0 10 20 30 40 50
Time (s) Time (s)
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5 5 T T T ] -~ b i T
E.': — Area 2 under EID-based controller a Ir :, — Upper ll_ml_t
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-2 ke s~ Normal value 1
k= Z I\
> \,h, A e
i 0 _\/‘\J\_/LAA\__.‘/“, % J)
5 g [
g 2 |
2 3 ]
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(©)

(d

Fig. 8. Dynamic response of power system. (a) Load disturbance applied to Area-2. (b) Frequency deviation of Area-2 with EID-based controllers and No
controller. (c) Frequency response of four areas under EID-based controllers. (d) Frequency fluctuation of different system parameters of Area-2 under EID
controller.
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TABLE IIT
PARAMETERS OF FOUR CONTROL AREAS

Symbol Quantity Areal Area2 Area3 Area4

Ten (s) Thermal power unit governor 0.3 0.4 0.1 0.4
time constant

Tg (s) Steam turbine time constant 0.1 0.17 0.1 0.17

R; (p.u.)  Speed droop coefficient of 0.05 0.05 0.05 0.05
Area-i

D; (p.u.) Equivalent damping 1.0 1.5 1.0 1.5
coefficient of Area-i

M; (p.u.) Inertia constant of generator 10 12 10 12
of Area-i

Tpv (p.u.) Temperature coefficient of PV 1.8 1.3 1.8 1.3
modules

damped in the range of [-5 5] x 1073 pu and the frequency
fluctuations of other areas are almost negligible, as shown in
Fig. 8(c). It should also be emphasized that the EID controller
is insensitive to the parameter uncertainties and can effectively
improve the system stability in Fig. 8(d).

Then the superiority of the EID-based controller is studied.
In Fig. 9, the different load variations are shown to measure the
control effects while the EID-based controllers are allocated
to different areas. The dynamic responses of the renewable
energy integrated uncertain time-delay system equipped with
fuzzy PID controllers, MPC controllers or EID-based con-
trollers are demonstrated in Fig. 10, respectively. Fig. 10(a)-
(d) show the response curves of each area under different
controllers, it can be determined that the designed EID-based
controllers have smaller overshoot, faster adjustment speed and
better robustness compared with fuzzy tuning PID controllers
and MPC controllers. The simulation results in Fig. 10 indicate
that the EID-based controllers can estimate and compensate
the disturbances, have good dynamic performance, and can
control different types of random load disturbances in the
studied renewable energy integrated power system.

= 0.02 T T T T
a, —— EID-based controller
et - Fuzzy PID controller
S 0.01F - -- MPC-based controller ]
8 # 7
i oo A
z
§—0.01} ]
=]
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Frequency deviation (p.u.)
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Time (s)
©
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Fig. 10. Dynamic frequency deviations with different controller under suffered load power variations. (a) Area-1. (b) Area-2.

2153

0.1 0.05
~ 0.05 -
3 =
g, g,
5 5 0
a a
< -0.05 <
—0.1 ~0.05
0 10 20 30 40 50 0 10 20 30 40 50
Time (s) Time (s)
(a) (b)
0.1 0.05
0.05
E E
£ —0.05 =z
< <
-0.1
-0.15 —-0.05
0 10 20 30 40 50 0 10 20 30 40 50
Time (s) Time (s)
(c) (d)
Fig. 9. Load power variations of four areas. (a) Area-1. (b) Area-2.

(c) Area-3. (d) Area-4.

Figure 11(a) shows the PV power generation in four areas
under the EID controllers, and Fig. 11(b) shows the rotor speed
deviation of doubly-fed wind turbines in the four regions under
the EID controllers. The simulation results indicate EID-based
controllers have better regulation effects for renewable energy.
Moreover, we can see from Fig. 12 that the controller can
maintain better control performance and effectively eliminate
the area control error (ACE).

V. CONCLUSION
Aiming at overcoming the negative impact of large-scale
uncertain renewable energy power connections on the stability
and security of power systems, and on the consideration of the
influence of renewable energy randomness and volatility on
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this system, EID-based controllers are presented in this paper
to maintain the frequency stability of four-area interconnected
hybrid power systems integrated with RESs. Against the
established uncertain renewable energy integrated four-area
interconnected system load frequency control to design an
EID-based LFC controller, the LFC model is set up and
experimental results indicate the validity and superiority of
the proposed controller. It is obvious that the proposed EID-
based controllers have great robustness and stability, can
effectively and quickly prevent the influence of external ran-
dom disturbance, model uncertainties, renewable energy and
communication delay on power system frequency stability.
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