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ABSTRACT In this paper, the load frequency control problem of multi-area interconnected power systems
containing PV and energy storage system is considered. First, based on the traditional load frequency control
model, the model of photovoltaic and energy storage system is established. Then, when the upper and lower
bounds of disturbances are known, a fast terminal sliding mode controller is designed, which compensates
the influence of disturbances effectively. Further, by introducing an adaptive law to estimate the bound of
the unknown disturbances, an adaptive fast terminal sliding mode controller is designed, which reduces the
dependence on the disturbance boundary. By designing the controller, the stability of the system is analyzed.
Finally, simulations are performed with two area power systems to verify the effectiveness of the designed
controller. The simulation results show that the adaptive fast terminal sliding mode controller can overcome
the effects of disturbances. In addition, when the energy storage system and the controller participate
in frequency regulation, the load frequency deviation fluctuation is further reduced, which enhances the
performance of system.

INDEX TERMS Multi-area interconnected power systems, load frequency control, terminal sliding mode
control, adaptive control.

I. INTRODUCTION
In recent years, with the increasingly serious situation of
global warming, concerns about energy security and anxi-
ety about environmental degradation have deepened, making
full use of renewable energy has become global consensus.
Grid-connected power generation from large-scale renewable
energy sources, represented by solar and wind power, has
become an unstoppable trend for new power systems. Among
them, solar energy is widely used due to its advantage of
large storage capacity, wide distribution and positive peak-
ing [1]. However, with the increasing penetration of renew-
able energy generation in the power systems, the frequency
modulation ability of the traditional generators is failed to
satisfy the requirements. Meanwhile, the continuous devel-
opment of grid technology has further strengthened grid con-
nections between different areas, which forms the multi-area
interconnected power systems [2]–[4]. With the more com-
plex power conditions, the requirements of load frequency
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control (LFC) in interconnected power systems have been
gradually increased.

To cope with the impact of failures in power equipment
and changes in load demand on system operation, the instal-
lation of energy storage systems (ESS) in power systems
has been found to be an effective method. ESS can respond
quickly in load frequency changes of the power systems.
Many researches have been focused on power systems with
ESS. Combined with the energy storage joint frequency mod-
ulation project of the Southern China Power Grid, the energy
storage joint frequency regulation can improve the frequency
regulation performance index of generators is verified in [5].
In [6], the interconnected power systems containing superca-
pacitors is considered. The Buck-Boost structure and fuzzy
control strategy are proposed to control the charging and
discharging of supercapacitors, thereby achieving the index
of LFC. A hybrid energy storage system consisting of super-
capacitors and fuel cells is considered in [7], which combined
neural networks with adaptive control to achieve LFC in
multi-area interconnected power systems. In [8], the cases
containing superconducting magnetic and capacitive energy
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storage models are considered. A model predictive con-
troller is designed to implement LFC for three-area inter-
connected power systems. In [9], the energy storage of idle
electric vehicles is fully utilized. To address the possible
cyber-attacks during grid connection of electric vehicles [10],
a memory-based event-triggered H∞ LFC method is pro-
posed. Although the above research results have achieved
LFC for systems containing energy storage, the renewable
energy generation connected to the grid has not been consid-
ered. In [11], the inherent uncertainty of renewable energy
generation systems and the interconnection of area power
systems are considered. The pumped storage power plants are
used as the energy storage part of the system. By designing
the fractional-order PID controller, the LFC of the inter-
connected power systems is implemented. An optimization
scheme for the controller is focused on in [12]. By proposing
a new control method with variable structure gain scheduling,
the advantages of different PI controllers are integrated. The
control of the load frequency is achieved and the performance
of the system operation is further improved. As the power
systems structure becomes more complex, more efficient
control strategies are needed for power systems.

Notably, in order to adjust the energy structure, the penetra-
tion rate of renewable energy generation in the power systems
is increasing. If only relying on the ESS to modulate the
frequency deviation, it is necessary to allocate large capacity
storage devices, which will increase the construction cost of
the power systems. To reduce the cost of grid construction and
improve the system stability effectively, this paper utilizes
the ESS and sliding mode controller (SMC) in cooperative
mode. SMC has better robustness for external disturbances
and internal parameter variations of the system, which are
also easy to realize in engineering. For example, in order to
suppress the load frequency deviation of the interconnected
system containingwind power, a hybrid control method based
on fuzzy logic and nonlinear sliding mode control is pro-
posed in [13]. A case containing wind power and ESS is
considered in [14]. A coordination control strategy for the
sliding model load frequency controller and ESS is proposed.
However, compared with the traditional SMC, terminal slid-
ing mode controller (TSMC) has shorter convergence time
and the inherent jitter phenomenon is not obvious, which
improves the system performance. In addition, the TSMC
enables the system to converge to the equilibrium point in
finite time, which further improves the convergence speed.
Thus, many researches have been focused on robots [15],
electric motors [16], and rail transportation [17], [18]. For
power systems, to achieve tracking of the maximum power
point for PV systems, a TSMC is designed in [19]. In [20],
the grid-connected wind power is considered. The LFC of the
system with generation constraints is achieved by designing
TSMC. Faced with the systems containing renewable energy
sources and ESS, TSMC is designed and optimized by artifi-
cial bee colony algorithm in [21], which achieved the control
objectives of LFC. However, the researches of single area
operation in [20], [21] cannot longer satisfy the requirements

of power systems development. Further studies are needed to
deal with the LFC problem formultiple area interconnections.

Based on the above analysis, LFC of interconnected power
systems has been researched with energy storage devices.
However, the renewable energy sources connected to the grid,
such as PV are not considered. In addition, LFC has been
researched by the improved PID and other control methods.
However, the algorithm is complex that it is not convenient
to implement in engineering. In contrast, the SMC has good
robustness to external disturbances. Moreover, it can speed
up the convergence of the system.

Motivated by the above discussions, the contributions of
this work are specified as follows:

i. In order to solve the influence of PV generation uncer-
tainty on load frequency deviation, a LFC model of
interconnected power systems containing PV and ESS
is proposed in this paper.

ii. Based on proposed LFC model containing PV and
ESS, a TSMC is designed to reduce the load frequency
deviation of interconnected power systems.

iii. By introducing the adaptive law to estimate the upper
bound of the disturbances, the adaptive terminal sliding
mode controller is designed to reduce the dependence
on disturbances boundary.

The subsequent sections of this paper are organized as
follows: Section 2 presents the system model. In Section 3,
we focus on the stability analysis. Section 4 develops the
simulation verification of the designed controller. Combining
the simulation results and analysis, we summarize the conclu-
sions in Section 5.

II. SYSTEM MODEL DESCRIPTION
In this paper, based on the traditional LFC model, the LFC
model ofmulti-area interconnected power systems containing
PV and ESS is constructed. Further, the adaptive fast terminal
sliding mode controller is designed to work with the energy
storage device cooperatively, which reduces the deviation of
frequency during the operation of the power systems. The
description of each part in the model is given as follows.

A. LFC MODEL INCLUDING PV AND ESS
For convenience of analysis, under stable operation of the
power systems, it is supposed that one generator is used to
represent the overall performance of the generator set in the
model built. This paper mainly analyzes LFC of power sys-
tems containing PV and ESS. Therefore, the phenomenon of
time delay in the signal transmission process can be ignored.
Based on the above assumptions, the model including PV and
ESS is shown in Fig. 1.

B. LFC MODEL INCLUDING PV AND ESS
The transfer function of the PV system is expressed as fol-
lows [22]:

Gpvi(s) =
kpi

λ1i + s
·
λ2i + s
λ3i + s

(1)
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FIGURE 1. LFC model including PV and ESS.

where kpi is PV gain factor, λ1i and λ3i are the opposite of the
transfer function’s polar horizontal coordinates, respectively.
λ2i is the opposite of the transfer function’s zero horizontal
coordinate.

Further, the PV output power is expressed as

1Ṗpi = −λ1i1Ppi + kpiαpviu(t) (2)

1Ṗpvi = −λ3i1Ppvi + (λ2i − λ1i)1Ppi − kpiαpviu(t) (3)

where αpvi is PV proportional factor, u(t) is control input.
By exchanging active power with grid, the frequency con-

trol function of ESS is achieved. When the ESS is used
for frequency control, a certain response time is required
to control its charging and discharging process. Therefore,
a first-order inertial segment is used to describe the process,
the ESS output power is expressed as:

1Ṗbi = −
1
Tbi
1Pbi +

αbikbi
Tbi

u(t) (4)

where 1Pbi is deviation of ESS output power, kbi is ESS
gain factor, Tbi is ESS time instants, Ri is governor speed
regulation, αbi is ESS proportional factor.

C. THERMAL POWER UNIT MODEL
The governor is an important part of the prime mover.
By switching on/off of the steam gate, the control of the power
entering the prime mover and distributes the load among the
units are realized. The governor is expressed as:

1Ṗvi = −
1

RiTgi
1fi −

1
Tgi
1Pvi +

αgi

Tgi
u(t) (5)

where1fi is frequency deviation,1Pvi is control valve posi-
tion deviation, Tgi is governor time constant, αgi is turbine
proportional factor.

The turbine power output are as follows:

1Ṗmi = −
1
Tchi

1Pmi +
1
Tchi

1Pvi (6)

where1Pmi is generator mechanical power output deviation,
Tchi is turbine time constant.

D. TIE-LINE POWER AND REGIONAL CONTROL
DEVIATIONS
Ignoring the power loss generated during the transmission of
the tie-line, the tie-line power is described as:

1Ṗtie−i = 2π
N∑

j=1,i 6=1

Tij1fi (7)

where 1Ptie−i is tie-line power change, Tij is tie-line syn-
chronizing coefficient.

The area control deviation δi is described as:

δi = χi1fi +1Ptie−i (8)

where χi is frequency deviation factor.

E. FREQUENCY DEVIATION
The system load frequency deviation is shown as follows:

1ḟi = −
Di
Mi
1fi +

1
Mi
1Pmi −

1
Mi
1Ptie−i +

1
Mi
1Ppvi

+
1
Mi
1Pbi −

1
Mi
1Pdi (9)

where Di is generator set damping factor, Mi is rotational
inertia of the generator set, 1Pdi is system disturbances.

Combining Eq. (1)-(8), the system model is described as

ẋ(t) = Ax(t)+ Bu(t)+ Df (t),

y(t) = Cx(t), (10)

with shown at the bottom of the next page, where x(t) is
system state, A is state matrix, B is system input matrix, C
is output matrix,y(t) is system output matrix, u(t) is control
input and D is coefficient matrix.

Assume that the disturbances considered are bounded, it is
written as:

‖f (t)‖ ≤ L1,
∥∥ḟ (t)∥∥ ≤ L2,

where L1, L2are known constants.

III. MAIN CONCLUSION
A. PID CONTROLLER DESIGN
In interconnected power systems, PID controller takes the
area control deviation δi as input variable. The output signal
drives the actuator, which makes the steam valve of the
turbine act according to the set direction.

The traditional PID controller has the advantages of sim-
ple structure and easy adjustment of parameters. However,
PID controller cannot compensate for external interference
effectively, which is difficult to cope with the complex power
situation. In contrast, SMC is insensitive to external distur-
bances of the system, which can overcome the defects of PID
control.
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B. FTSMC DESIGN
First, when the upper and lower bound of the disturbances are
known, to reduce the influence of PV grid connection uncer-
tainty and system interference on frequency, the FTSMC is
designed. For system (10), the fast terminal sliding surface is
designed as:

s(t) = ẋ1 + αx1 + βxε1 , (11)

where α > 0, β > 0 is the designed parameters,
ε = p/q, 1 < ε < 2, and p, q are both odd number.

To improve the dynamic performance of the
system, the sliding mode convergence law is

designed as follows:

ṡ(t) = k1s(t)+ k2 |s(t)|ε sgn(s(t)), (12)

where k1, k2, ε are the convergence law parameters to be
designed.

Further, the FTSMC can be designed as follows:

u(t)=−
1
H1

{
H2 + k1s(t)+ k2 |s(t)|ε sgn(s(t))

+

[(
Di
M2
i

−
α

Mi

)
L1+

1
Mi
L2

]
sgn(s(t))

}
, (13)

x(t) = [x1(t)x2(t) x3(t) · · · xn(t)]T ,

y(t) =
[
y1(t)y2(t) y3(t) · · · yn(t)

]T
,

xi(t) =
[
1fi 1Pmi1Pvi1Ptie−i

∫
δi1Pbi1Ppvi1Ppi

]T
,

yi(t) =
[
1fi

∫
δi

]T
,

f (t) = 1Pdi,

Aii =



−
Di
Mi

1
Mi

0 −
1
Mi

0
1
Mi

1
Mi

0

0 −
1
Tchi

1
Tchi

0 0 0 0 0

−
1

RiTgi
0 −

1
Tgi

0 0 0 0 0

2π
N∑

j=1,i 6=1
Tij 0 0 0 0 0 0 0

χi 0 0 1 0 0 0 0

0 0 0 0 0 −
1
Tbi

0 0

0 0 0 0 0 0 −λ3 λ2 − λ1
0 0 0 0 0 0 0 −λ1



Aij =



0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0

2π
N∑

j=1,i 6=1

Tij 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0


, B =



0
0
αgi

Tgi
0
0

αbikbi
Tbi

kpiαpvi
kpiαpvi


,

C =
[
1 0 0 0 0 0 0 0
0 0 0 0 1 0 0 0

]
, D =



−
1
Mi
0
0
0
0
0
0
0


,

120188 VOLUME 9, 2021



Z. Wang, Y. Liu: Adaptive Terminal Sliding Mode Based LFC

where

H1 =
αbikbi
MiTbi

+
kpiαpvi
Mi

,

H2 =

[(
Di
M i

)2

−
2πTij
M i
−
αDi
Mi

]
x1

+

(
Di
M2
i

−
1

MiTchi
+
α

Mi

)
x2 +

1
MiTchi

x3

+

(
Di
M2
i

−
α

Mi

)
x4 +

(
−
Di
M2
i

−
1

MiTbi
+
α

Mi

)
x6

+

(
−
Di
M2
i

−
λ3

Mi
+
α

Mi

)
x7 +

λ2 − λ1

Mi
x8

+

(
Di
M2
i

−
α

Mi

)
f (t)−

1
Mi
ḟ (t)+ βεxε−11 ẋ1

]
.

The Lyapunov function is chosen as:

V (t) =
1
2
s2(t), (14)

The derivative of (14) is written as

V̇ (t) =
1
2
s(t)ṡ(t), (15)

Deriving Eq. (11), it yields

ṡ(t) = ẍ1 + αẋ1 + βεx
ε−1
1 ẋ1

= −
Di
M i

ẋ1+
1
M i

ẋ2−
1
M i

ẋ4+
1
M i

ẋ6 +
1
M i

ẋ7 −
1
M i

ḟ (t)

+α

(
−
Di
M i

x1 +
1
M i

x2 −
1
M i

x4 +
1
M i

x6

+
1
M i

x7 −
1
M i

ḟ (t)
)
+ βεxε−11 ẋ1. (16)

Combining Eq. (13) and (16), Eq. (14) is written as:

V̇ (t)

= s(t)

[(
Di
M2
i

−
α

Mi

)
f (t)−

1
Mi
ḟ (t)−k1s(t)−k2 |s(t)|ε

× sgn(s(t)) −

(
Di
M2
i

−
α

Mi

)
L1sgn(s(t))−

1
Mi
L2sgn(s(t))

]

≤ −k1s2(t)− k2 |s(t)|ε+1 +

(
Di
M2
i

−
α

Mi

)
L1 |s(t)|

+
1
Mi
L2 |s(t)| −

(
Di
M2
i

−
α

Mi

)
L1 |s(t)| −

1
Mi
L2 |s(t)|

≤ −k1s2(t)− k2 |s(t)|ε+1 (17)

From the above analysis, it is shown that, when the
disturbances satisfy the condition that ‖f (t)‖ ≤ L1 and∥∥ḟ (t)∥∥ ≤ L2, V̇ (t) < 0 is obtained.

C. AFTSMC DESIGN
To reduce the dependence on system disturbances bounds,
the controller is designed as

u(t) = −
1
H1

{
H2 + k1s(t)+ k2 |s(t)|ε sgn(s(t))

+

[(
Di
M2
i

−
α

Mi

)
L̂ +

1
Mi
L2

]
sgn(s(t))

}
, (18)

where L̂ is estimated value of the upper bound of disturbances
L, estimation error L̃ = L − L̂. The adaptive law is designed
as:

˙̂L =

(
Di
M2
i

−
α

Mi

)
s(t) (19)

Next, the Lyapunov function is chosen as

V (t) =
1
2
s2(t)+

1
2
L̃2 (20)

By deriving Eq. (20), it is obtained that

V̇ (t)

= s(t)

[(
Di
M2
i

−
α

Mi

)
f (t)−

1
Mi
ḟ (t) − k2 |s(t)|ε sgn(s(t))

− k1s(t)−

(
Di
M2
i

−
α

Mi

)
L̂sgn(s(t))−

1
Mi
L2sgn(s(t))

]
− L̃ ˙̂L

≤ −k1s2(t)− k2 |s(t)|ε+1 +

(
Di
M2
i

−
α

Mi

)(
L̃ + L̂

)
s(t)

−

(
Di
M2
i

−
α

Mi

)
L̂ |s(t)| − L̃ ˙̂L

≤ −k1s2(t)− k2 |s(t)|ε+1 +

(
Di
M2
i

−
α

Mi

)
L̃s(t)

+

(
Di
M2
i

−
α

Mi

)
L̂ |s(t)| −

(
Di
M2
i

−
α

Mi

)
L̂ |s(t)| − L̃ ˙̂L

≤ −k1s2(t)− k2 |s(t)|ε+1 + L̃

[(
Di
M2
i

−
α

Mi

)
s(t)− ˙̂L

]
(21)

Substituting Eq. (19) into Eq. (21), one obtains

V̇ (t) ≤ −k1s2(t)− k2 |s(t)|ε+1 <0 (22)

From Eq. (23), it can be derived that, when the adaptive

law is ˙̂L =
(

Di
M2
i
−

α
Mi

)
s(t), V̇ (t) < 0 can be guaranteed,

which means that s(t) = 0 is satisfied under AFTSMC.When
s(t) = 0, according to Eq. (11), we have

ẋ1 = −αx1 − βxε1 (23)

Further, define the Lyapunov function as

V (t) =
1
2
x21 (24)
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TABLE 1. Area system parameters.

By deriving Eq. (24), it yields:

V̇ (t) = x1ẋ1
= x1(−αx1 − βxε1 )

= −αx21 − βx
ε+1
1 (25)

Since 0 < ε < 1, 1 < ε + 1 < 2, V̇ (t) < 0 is
guaranteed, which shows that x1 converges to zero in finite
time. Combining with Eq. (25), V̇ (t) and the convergence
time ts is written as: V̇ (t) ≤ −aV (t)− bV η(t)

ts =
1

a(1− b)
ln
b+ aV 1−η(0)

b

(26)

where a = 2α, b = 2ηβ, η = 1
2 (ε + 1).

IV. SIMULATIONS
In this section, interconnected power systems with PV and
ESS in two areas are considered. The simulations of three
cases are carried out, mainly including: a) comparison with
the conventional PID control strategy, b) comparisonwith and
without ESS and c) simulation results compared with differ-
ent controller parameters.

Assuming that system with disturbances at t ≥ 0. The
magnitude of the disturbances in two areas takes the values as
1Pd1 = 1Pd2 = sin(t). In the two areas, ESS proportional
factor αe1 = 0.3, αe2 = 0.4, turbine proportional factor
αg1 = 0.6, αg2 = 0.5, PV proportional factor αpv1 = 0.1,
αpv2 = 0.1. The system parameters of the two areas are
shown in Table 1.

A. COMPARISON OF SIMULATION RESULTS OF PID,
FTSMC AND AFTSMC
Firstly, when ESS is participated in frequency modulation,
the convergence of load frequency deviation 1fi under PID,
FTSMC, and AFTSMC is considered. The controller param-
eters are shown in Table 2 and Table 3, respectively. The
simulation results of the power systems with two areas are
shown in Fig. 2.

As shown from Fig. 2 and Table 2, it is seen that under
the configuration of ESS in the power systems, the load fre-
quency deviations1fi of the three control methods are differ-
ent. The maximum values of frequency deviation under PID,

TABLE 2. PID controller parameters.

TABLE 3. FTSMC, AFTSMC parameters.

FIGURE 2. (a) Simulation comparison of PID, FTSMC and AFTSMC in
area 1. (b) Simulation comparison of PID, FTSMC and AFTSMC in area 2.

FTSMC, and AFTSMC are −1.5858Hz, −1.1875Hz, and
−0.6154Hz, respectively. In addition, by applying AFTSMC,
fluctuations of 1fi are further reduced in stabilization pro-
cess. In comparison, the FTSMC and AFTSMC can reduce
the frequency deviation during area interconnection effec-
tively, which enhances the performance of the system.
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FIGURE 3. (a) Load frequency deviation with and without ESS under
AFTSMC in area 1. (b) Load frequency deviation with and without ESS
under AFTSMC in area 2.

B. COMPARISON RESULTS WITH AND WITHOUT ESS
In this section, experiments are carried out to illustrate the
frequency modulation effect of ESS. Under the condition that
the system model parameters remain unchanged, the simula-
tion is performed with AFTSMC with two cases that with or
without ESS in the system. The simulation results are shown
in Fig. 3.

In Fig. 3, the simulation results indicate that the variation
of the load frequency deviation 1fi with and without ESS.
Compared with the case without ESS in the system, when
ESS is applied, the overshoot of load frequency deviation
1fi is smaller. Meanwhile, the number of oscillations is
reduced, enabling the stabilization be realized in shorter time.
Therefore, it is shown that, when ESS and AFTSMC work
in coordination, the fluctuation of the area interconnection
systems is further reduced. The feasibility and effectiveness
of ESS participation in frequency control is verified.

C. THE RESULTS OF FREQUENCY DEVIATION WITH
DIFFERENT ε
In Eq. (11), ε is the index of the higher order term in sliding
surface s(t) = ẋ1 + αx1 + βxε1 . Different from the general

FIGURE 4. (a) Load frequency deviation 1fi with different ε in area 1.
(b) Load frequency deviation 1fi with different ε in area 2.

TABLE 4. Simulation data of different α, β and ε.

TSMC, the purpose of the higher order term is to speed
up the convergence of the system state. Meanwhile, accord-
ing to Eq. (26), when parameters α, β and ε are changed,
the convergence progress of the system is also influenced.
Next, to compare the control effects, based on the AFTSMC
parameters in Table 3, the control parameters are selected as
in Table 4. The simulation results are shown in Fig. 4.

According to Eq. (26), when the parameter of β, ε increase
and α decrease, the maximum value of frequency deviation
1fimax decrease. In addition, the convergence time ts reduce.
Combining Fig. 4 and Table 4, it is seen that when the two
area parameters are chosen as α1 = 1.6, β1 = 0.6, ε1 =
0.7, α2 = 1.6, β2 = 0.6, ε2 = 0.7, the 1f1max and 1f2max
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decrease by −0.2694 Hz and −0.2894 Hz, respectively. The
fluctuations of are also reduced.

In contrast, when the parameters of β, ε decrease and α
increase,1fimax and ts will increase. In the simulation results,
when the two area parameters are chosen as α1 = 2.5,
β1 = 0.4, ε1 = 0.3, α2 = 2, β2 = 0.3, ε2 = 0.5, 1fimax
also increases to −0.4965 Hz and −0.6086 Hz, respectively.
During the convergence process of 1fi, its fluctuation also
increases. Through the simulation results in this section, it is
illustrated that we can obtain control effects corresponding
to the theoretical analysis by selecting appropriate controller
parameters α, β and ε, which further improve the perfor-
mance of the system.

V. CONCLUSION
In this paper, considering the grid integration of renewable
generation energy and the increasing scale of the power grid,
LFC of interconnected power systems containing PV and
ESS is studied. To compensate the uncertainty of renewable
energy generation and the influence of disturbances, a control
strategy of ESS and FTSMCcooperatively is proposed. Based
on the model of LFC containing PV and ESS, FTSMC and
AFTSMC are designed. By introducing the adaptive law, the
dependence on the upper bound of the system disturbances
is reduced with the designed AFTSMC. Furthermore, when
the ESS is involved in LFC, it has good suppression effect on
load frequency deviation, which improves the performance of
the power systems. However, other types of renewable energy
generation and numbers of areas are not considered. In the
future research, when multiple regions are interconnected,
the problem of LFC for multiple renewable energy generation
will be further investigated.
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