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Power source structure has developed significantly because of the increasing share of renewable energy sources (RESs) in the
power system. RESs bring inevitable impacts on power system frequency, voltage regulation, and power system stability. )e
conventional automatic generation control (AGC) loops which relay only on the synchronous generating units cannot meet the
requirements of these new circumstances. )is paper presents an ESS-integrated PV/wind station topology and its control
structure for AGC auxiliary service in order to provide existing RESs the additional functionality of AGC auxiliary service without
changing their control strategies conceived forMPPTmode.)e shifting operationmodes and external disturbances make ESSs in
an ESS-integrated PV/wind station inherently nonlinear and time variable. )erefore, an adaptive robust sliding-mode control
(ARSMC) system is proposed. )e ARSMC colligates the advantages of adaptive control and SMC contains state feedback term,
robust control term, and adaptive compensation term. )e strictly logical and rigorous proof using Lyapunov stability analysis
indicates the ARSMC system is insensitive to parametric uncertainties and external disturbances; meanwhile, it guarantees fast
response speed and high control precision. )e case studies on NI-PXI platform validate the effectiveness of the
proposed approach.

1. Introduction

Power systems see more and more photovoltaic (PV) and
wind generation integration. Within increasing renewable
energy sources (RESs) penetration level, despite the ad-
vantages like environmental friendly and sustainable de-
velopment, they also bring problems to the utility grid [1–3].
Adjusting power source structure brings an inevitable im-
pact on power system primary frequency response due to the
conventional generators reduction and consequent loss of
inertia [4]. )erefore the provision of ancillary services is
becoming an increasingly challenging task to system
operation.

To deal with these issues, some grid corporation released
related regulation and technical standards requesting fast
frequency response from PV station and wind farm [5]. Xu
et al. [6] proposed dynamic gain tuning control approach for

AGC with effects of wind power. Wei et al. [7] proposed an
optimal automatic generation controllers in a multiarea
interconnected power system with utility-scale PV plants. In
general, the typical PV and wind generation operate with
maximum power point tracking mode [8–10], and the
corresponding control algorithms have been developed and
refined along the years, being now a mature technology
available in the market. It is nearly impractical to request
primary frequency response from these intermittent RESs.
And the resultant damages of reserve capacity requirements
from RESs are solar/wind power curtailment and lower
economic efficiency.

Energy storage systems (ESSs) offer a promising capa-
bility of voltage and frequency control for power systems due
to recent developments in technologies and plummeting
cost [11–14]. Research work indicates that one 10MW/
3.66MWh battery energy storage system can replace a
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36MW conventional automatic generation control (AGC)
units without compromising on the AGC performance of
the system for day-to-day variations experienced in the
system load [15]. Using ESSs to add regulation capacity and
improve dynamic performance of AGC, particularly at the
high RESs penetration power systems, is a feasible solution
[16–18].

)erefore, it is more practical to use commercial PV/
wind generation and add extra customized ESSs to provide
extra functionalities, namely, ESS-integrated PV/wind sta-
tions.)e ESSs can eliminate peak and filling the through for
PV/wind generation system, equip these stations with fast
frequency response, and avoid voltage fluctuations and other
power quality issues in the main grid. )ese features are
important as prime movers are renewable energy sources
which are characterized by having a stochastic and inter-
mittent behavior.

Beside fast dynamic response, the ESSs are expected to
have the characteristics of high control precision and
strong antidisturbance capacity, along with the basic re-
quirements like high efficiency and low output current total
harmonics distortion. Many techniques have been pro-
posed for ESSs to achieve those control objectives, in-
cluding proportional-integral-derivative control, model-
based control, robust control, and fuzzy control [19–24].
Most likely, traditional control technique only guarantees
the desired closed-loop response at the expected operating
point, and there are trade-offs between control like per-
formances response speed, static precision, robustness, and
tracking performance [25–28]. In addition, power elec-
tronic equipment and disturbance give ESSs multivariable
structure and highly coupled nonlinearity which brings
great challenges to conventional control techniques.
Hence, it seems natural to explore other nonlinear controls
that can overcome the uncertain challenges and to achieve
better compensation and global stability in all operation
modes.

Sliding-mode control (SMC) [29–31] is one of the most
effective nonlinear robust control strategies since it provides
the system dynamics with an invariance property to un-
certainties once the system dynamics is controlled in the
sliding mode [32, 33]. SMC has been applied to ESSs for
frequency regulation [34–36], power management [37],
operation state [38], and voltage control [39]. Morstyn et al.
[40] proposed a multiagent sliding-mode control for state of
charge balancing between battery energy storage systems.
)e switching frequency variable or chattering is an inherent
problem of SMC, and many intelligent control strategies
have been used to improve the conventional SMC [41, 42]
and avoid chattering. Sebaaly et al. [43] proposed a constant
switching frequency operation that allows chattering com-
pensation. Wang et al. [44] proposed SMC-based ESSs to
improve the controllability of the microgrid and guarantee
seamless transition between its grid connected and islanded
operation modes and use PWM to avoid chattering prob-
lems. Su et al. [45] developed an adaptive sliding-mode
control with hysteresis control strategy for hybrid ESSs to
eliminate the current fluctuating and improve its operating
stability.

ESSs in practical ESS-integrated PV/wind stations face
various disturbances continuously, and these uncertainties
and parameter variations make accurate mathematical
model building challenging. More seriously, detection
limitation and time delay bring more problems to the
control system. It is very difficult to achieve outstanding
results by conventional SMC.)erefore, this paper proposes
an adaptive robust sliding-mode control (ARSMC) system to
colligate the advantages of adaptive control and SMC,
eliminate the control error under various disturbances, and
guarantee fast response to AGC demand, providing quali-
tative improvements over existing AGC auxiliary service.

2. Proposed ESS-Integrated PV/Wind Station

In this section, the construction of the proposed ESS-inte-
grated PV/wind station is presented in Figure 1, which
includes photovoltaic (PV) system, wind generation, and
ESSs. )e ESS-integrated PV/wind station is connected to
the power grid through a circuit breaker (CB) and
transformer.

Note that most PV/wind stations integrate to the utility
network through cable or overhead line and the RESs output
power variations aremore likely to cause voltage fluctuations
or voltage sags. )ese problems may enforce RESs discon-
nection from the power grid. )erefore, it is necessary to use
the ESSs to smooth active and reactive power and improve
the power quality.

)e ESSs can flexibly import/export power from/to the
grid and compensate the power variations or reduce the
power fluctuations caused by the RESs. It also can fix the
station output voltage and frequency or response to power
grid dispatching from AGC.

3. AGC Auxiliary Service Control

)e control structure of ESS-integrated PV/wind station-
based AGC auxiliary service control is shown in Figure 2. All
generators in power systems operate based on daily dispatch
schedule of dispatching center. Meanwhile, AGC monitor
network parameters like frequency, tie-line power flow, and
output power of generators calculate the area control error
(ACE) according to the control scheme.

Once the voltage/frequency reaches a boundary layer, a
voltage/frequency regulation power is produced, and it is
defined as follows:

ΔPrequest
Σ � 

i�1,2,3,···

ΔPrequest
ΣCi + 

i�1,2,3,···

ΔPrequest
ΣLi , (1)

where ΔPrequest
Σ is the total amount power demand that

contains three time scales. )ey are ΔPdaily×request
Σ ,

ΔPhourly×request
Σ , and ΔPminutes×request

Σ . ΔPrequest
ΣC is the power

demand from conventional power plant (e.g., frequency
regulation power plants). ΔPrequest

ΣL is the power demand
from ESS-integrated PV/wind station.

Once the local energy management system (LEMS) of
the ESS-integrated PV/wind station receives the dispatch
instruction or ΔPrequest

ΣL , it decomposes as
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ΔPrequest
ΣL � ΔPrequest

ΣPV + ΔPrequest
Σwind + ΔPrequest

ΣESSs , (2)

where ΔPrequest
ΣPV is the power demand from PV generation.

ΔPrequest
Σwind is the power demand from wind generation, and
ΔPrequest
ΣESSs is the power demand from ESSs. )ere are three

operation modes for ESSs:

Mode 1 is the local control mode, whichmeans the ESSs
are controlled by LEMS with the shortest communi-
cation delay and most flexible and fastest response.
ESS-integrated PV/wind station operates as a self-
control unit. (a) Charge/discharge based on SOC and

the station operation status, for example, storage sur-
plus electricity to reduce solar/wind power curtailment.
(b) Smooth RESs output power. ESSs compensate the
power variations or reduce the power fluctuations
caused by PV/wind generation. (c) Voltage/frequency
control. ESSs fix the ESS-integrated PV/wind station
output voltage and frequency.
Mode 2 is the frequency/voltage regulation response
mode. ESSs generate power according to ΔPrequest

ΣESSs ,
quickly responding to the director of AGC.
Mode 3 is the dispatch curve follow mode. ESSs are
controlled to follow the dispatch curve or to com-
pensate PV/wind generation to decrease prediction
error.

After each control cycle, ESSs feedback their status in-
cluding themaximum adjustable capacity and time to LEMS.
)en LEMS integrates all system parameters as adjustable
capacity of ESS-integrated PV/wind station and feedback to
dispatching center:

ΔPcapacity
ΣL � ΔPcapacity

ΣPV + ΔPcapacity
Σwind + ΔPcapacity

ΣESSs � αj  PNj ,

(3)

where [Pj] is the rated power of each generation unit. [αj] is
a coefficient matrix, and αj is the corresponding adjustment
coefficient.

)e AGC auxiliary service control is integrated with
existing AGC control strategies for voltage/frequency reg-
ulation and power dispatching. Power grid dispatching
center only needs to add an instruction allocation module
for the ESS-integrated PV/wind station and update its co-
efficient matrix [αj]. Achieve the mutual cooperation of
frequency regulation resources within fewer changes in the
AGC system service modules, which is greatly engineering
significant.

4. ESSs Modeling and ARSMC System

In this section, the model of the ESS in PV station and the
proposed ARSMC system are presented.

4.1. ESSs Modeling. )e optimization objectives of a single
ESS can be summarized as follows.

Figure 3 shows the circuit topology of the ESS in ESS-
integrated PV/wind station. )e ESS consists an electric
battery and bidirectional DC-to-AC converter with induc-
tor-capacitor (LC) filter are connected to the AC bus to-
gether with the RESs.

In this figure, ua, ub, uc are the AC bus voltages (per
phase) and ia, ib, ic are the AC currents (per phase) of the
ESSs, and the convertor always works symmetrically.
La, Lb, Lc and Cfa, Cfb, Cfc are the filter inductor and ca-
pacitor values, respectively. ra, rb, rc represent the equivalent
series resistor (ESR) of the converter, inductor, and power
line. rfa, rfb, rfc represent the ESR of the filter capacitor.

)e states of the switches of the n-th leg (n� 1, 2, 3) can
be represented by the time-dependent variable Sn and

Grid

ESSs

CB

PV system

Wind generation 

Figure 1: ESS-integrated PV/wind station.
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Figure 2: Control structure of ESS-integrated PV/wind station-
based AGC auxiliary service.
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defined as Sn � 1, if T+
n is on and T−

n is off, while Sn � 0, if T−
n is

on and T+
n is off.

)is switching strategy, together with a small dead time
generator is able to avoid internal shorts between the two
switches of each bridge leg, and the switches will be in
complementary states. Assuming that compared to the
modulation and natural frequencies, the switching fre-
quency is relatively high. )erefore, the equivalent dynamic
model of Figure 3 is obtained as shown in Figure 4, where s is
the Laplace operator; the power gain is defined as
kPWM � (Udc/utri), where utri is the amplitude of a triangular
carrier signal.

)erefore, the dynamic equation of the ESS during the
positive-half period can be represented as

L
dia

dt
� ua − ria +

sb + sc − 2sa

3
Udc,

L
dib
dt

� ub − rib +
sa + sc − 2sb

3
Udc,

L
dic

dt
� uc − ric +

sa + sb − 2sc

3
Udc,

C
dUdc

dt
� saia + sbib + scic − idc.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(4)

And the dynamic equation of the ESSs under dq0
synchronous rotating coordinate system can be represented
as

ud � L
did
dt

− ωLiq + rid + sdUdc,

uq � L
diq

dt
+ ωLid + riq + sqUdc,

dUdc

dt
� −

idc

C
+
1
C

sdid + sqiq ,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(5)

where ud, uq and id, iq are the AC voltage and current under
dq0 synchronous rotating coordinate system, respectively.
ucond and uconq are the control signal under dq0 synchronous
rotating coordinate system. L is the equivalent inductor, and
C is the capacitor value on the convertor side. r represents
the equivalent series resistor of the converter, inductor, and

power line. Define irefd and irefq as the reference of id and iq.
Equation (5) is rearranged as

L _eid � ud + ωLiq − rid − ucond − L _irefd,

L _eiq � uq − ωLid − riq − uconq − L _irefq,

⎧⎪⎨

⎪⎩
(6)

where eid � id − irefd and eiq � iq − irefq. Equation (6) is
rearranged as follows:

_E � aI − bU + bUc + cPI − _Iref , (7)

where E � [eid · eiq]T, I � [iid · iiq]T, U � [uid · uiq]T,
Uc � [ucond · uconq]T, Iref � [drefd · qrefq]T, and

P �
0 1

− 1 0 . a � − (r/L), b � − (1/L), c � ω.

According to the aforementioned discussion, the ESSs
are nonlinear, time-variable system, and there are uncer-
tainties in the ESS-integrated PV/wind station, which are
caused by parametric variations or external disturbances.
)erefore, equation (7) should be modified as follows:

_E � (a + Δa)I − (b + Δb)U +(b + Δb)Uc +(c + Δc)PI

− _Iref + Um,

(8)

where Δa,Δb, and Δc represent the system parameter var-
iations and Um represents the external disturbances or
uncertainties. Define

W � ΔaI − ΔbU + ΔbUc + ΔcPI + Um. (9)

)us, equation (8) is rearranged as
_E � aI − bU + bUc + cPI − _Iref + W. (10)

)e bound of the uncertainty is assumed to meet the
following inequality:

|W|≤Q, (11)

where Q � [Qd,Qq]T represents the unknown positive
constants.

4.2.ARSMCSystem. )eproposed control system for ESSs is
divided into two main parts, as illustrated in Figure 5. )e
first part is the primary control which produces the reference
signals Iref based on ΔPrequest

ΣESSs and the operation mode of
ESSs.)e second part is the ARSMC system which generates
the control signal Ucontrol. In this part, the state feedback
term gives concise sliding surface while makes full use of

Udc/Utri 1/sC

r

1/sL

1/Z

Ucontrol Ui (s)+
__

I0 (s)

+
_IL (s) U0 (s)

Im (s)

+

Figure 4: Equivalent dynamic model of the ESS in ESS-integrated
PV/wind station.
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Figure 3: Circuit topology of the ESS in ESS-integrated PV/wind
station.
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pole assignment and state feedback. Robust control term
forms the structure of ESSs model. Adaptive compensation
term adjusts the control law based on uncertainties or
disturbance in real time. As the disturbance is unknown
variables and cannot be specified or determine as a fixed
value, introducing an adaptive strategy is a more practical
solution.

)e control objective of the ARSMC system is to make
the output power of the ESSs equal to ΔPrequest

ΣESSs . Specifically,
it has to enforce id, iq to track its reference irefd, irefq or
enforce I follow its reference Iref.

First, define a sliding surface as equation (12), to obtain a
sliding motion through the entire state trajectory, while
eliminate static control error:

S � E +  (a − bK)Eds, (12)

where S � [Sd, Sq]T and K � [Kd,Kq]T is the control coef-
ficient matrix.

Second, design the control scheme as follows:

Uc � U1 + U2 + U3, (13)

where

U1 � U + bKI,

U2 � b
− 1

(− εsign(S)) + cPI + aI − _Iref ,

U3 � bSabs(− bS)
− 1 Q,

(14)

where U1 is the state feedback term, U2 is the robust control
term, and U3 is the adaptive compensation term. ε is a small
positive constant, sign(S) � [sign(sd) · sign(sq)]T, being
sign(·) the sign function and abs(·) the absolute value
function. Q is the estimated value ofQ; define the parameter
deviation as Q � Q − Q and the adaptive law as

Q
·

� abs(− bS). (15)

Proof. Sliding surface and parameters composing the
adaptive law are based on the difference between the
nominal nonlinear system and the uncertain nonlinear
system, and it satisfies the global Lyapunov stability con-
dition. Using Lyapunov stability analysis to derive the ex-
istence condition of the sliding mode and setting the
Lyapunov function as

V �
S2 + Q2

2
. (16)

Taking the derivative of equation (16),

_V � S _S + Q Q
·

. (17)

Taking the derivative of equation (12) along (9) and
substituting (13) and (15) into (17) to simplify equation (17)
as

_V � S − bU3 + εsign(S) + W + KE(  + Q Q
·

≤ ε · abs(S).

(18)

)erefore, _V< 0 when abs(S)≠ 0 which ensures the
asymptotically stable behavior for the sliding-mode system
on the sliding surface (12).

Once the system trajectory reaches the sliding surface, it
yields S � _S � 0:

_S � aI − bU + bUc + cPI − _Iref + W − aE + bKE � 0.

(19)

Deduce the equivalent control from equation (19) as

Ueq � − b
− 1

aIref − bU + cPI − _Iref + W − aE + bKE .

(20)

Substitute equation (20) into equation (8):
_E � aE − bKE. (21)

It implies that probably designed state feedback coeffi-
cient K guarantees the robustness of sliding mode (21) along
with dynamics features like rising time and maximum
overshoot. □

5. Case Studies

A simulation platform under MATLAB environment based
on Figure 1 is developed to validate the AGC auxiliary
service performance of the ESS-integrated PV/wind station;
furthermore, case studies were conducted on the NI-PXI
(PCI Extensions for Instrumentation, PXI) platform to
verify the proposed ARSMC system as shown in Figure 6.

)e key parameters of the developed model are given in
Table 1. )e ESS-integrated PV/wind station in Figure 1 is
connected to the grid through a 380V/10 kV transformer. A
12MW synchronous machine in the 10 kV grid works as a
conventional regulation power source responds to AGC.
According to the sliding surface (12), the control coefficient
matrix is designed to guarantee the robustness of the sliding
mode show as equation (21), as well as the dynamic per-
formance and stability; set K � [0.0180.5].

)e synchronous machine delivers 10MW active power
to the power grid. )e ESSs in ESS-integrated PV/wind
station deliver 100 kW active power to the power grid. Set
dispatch instruction from AGC ΔPrequest

Σ to 500 kW to
eliminate the frequency deviation. Figure 7 gives the fre-
quency of this 10 kV power system with the synchronous

Adoptive 
compensation 

term

u3

u1

Robust control 
term

State feedback 
term

Ucontrolu2

ARSMC system

Mode 3 

Mode 2 

Mode 1 

Primary control 

IrefΔPΣESSs
request

ΔPΣESSs1
request

ΔPΣESSs2
request

ΔPΣESSs3
request

Figure 5:)e control system of the ESS in ESS-integrated PV/wind
station.
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machine working as a regulation power source response to
AGC, which means

ΔPrequest
Σ � 

i�1,2,3,···

ΔPrequest
ΣCi + 

i�1,2,3,···

ΔPrequest
ΣLi ,

� 500 + 0 � 500 kW.

(22)

)en in the same scenario, both the synchronous ma-
chine and ESS-integrated PV/wind station provide AGC
auxiliary service, which means

ΔPrequest
Σ � 

i�1,2,3,···

ΔPrequest
ΣCi + 

i�1,2,3,···

ΔPrequest
ΣLi ,

� 200 + 300 � 500 kW,

(23)

ΔPrequest
ΣL � ΔPrequest

ΣPV + ΔPrequest
Σwind + ΔPrequest

ΣESSs ,

� 0 + 0 + 300 � 300 kW.
(24)

Table 1: Key parameters of ESSs and heat pumps.

ESS parameters
ESS battery size 50 kWh
DC voltage 1000V
AC voltage 380V
Filter capacitance 3 μF
Filter inductance 15mH
Power system parameters
Voltage (RMS) (phase) 10 kV
Frequency 50Hz

20 25 30 35 4015
Time (s)

49.8

49.85

49.9

49.95

50

50.05

50.1

ΔPΣCi
request

ΔPΣCi
request + ΔPΣESSs

request

Figure 7: )e 10 kV power system frequency.
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Figure 8: Output power of the ESS (output power increases from
10 kW to 40 kW).
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Figure 9: Voltage waveforms of the ESS (output power increases
from 10 kW to 40 kW).

Figure 6: )e NI-PXI platform.
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Figure 10: Current waveforms of the ESS (output power increases
from 10 kW to 40 kW).
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In order to verify an extreme condition, PV and wind
generation operate at MPPT mode and only the ESSs re-
spond to AGC. )e AGC auxiliary service control can
improve the existing AGC control performance with quick
response and steady state.

Figure 8 presents output power of one ESS, which is
10 kW at the beginning, and then it goes up to 40 kW re-
sponse to AGC demand. Voltage and current waveforms at
the AC side are shown in Figures 9 and 10. )e output

–20
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60

P 
(k

W
)

5.5 6 6.5 7 7.5 85
Time (s)

Figure 11: Output power of the ESS (output power falls from
40 kW to 10 kW).
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Figure 12: Voltage waveforms of the ESS (output power falls from
40 kW to 10 kW).
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Figure 13: Current waveforms of the ESS (output power falls from
40 kW to 10 kW).
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Figure 14: Experimental voltage waveform of the ESS (output
power is set to 10 kW).
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Figure 15: Experimental current waveform of the ESS (output
power is set to 10 kW).
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Figure 16: Experimental voltage waveform of the ESS (output
power is set to 40 kW).
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Figure 17: Experimental current waveform of the ESS (output
power is set to 40 kW).
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current of the ESSs does not have any inrush spikes during
the entire transition period, and there is no voltage per-
turbation along the operation.

Figure 11 presents the output power of one ESS, which is
40 kW at the beginning, and then it falls from 40 kW to
10 kW response to AGC instruction. Its voltage and current
waveforms at the AC side are shown in Figures 12 and 13.
)e output current of the ESSs does not have any inrush
spikes during the entire transition period, and there is no
voltage perturbation along the operation.

Figures 14 and 15 show the experimental waveforms of
the ESS when its output power reference is set at 10 kW.
Figure 14 is the voltage waveform of the ESS at the AC side,
and Figure 15 is the current waveform of phase A.

Figures 16 and 17 show the experimental waveforms of
the ESS when its output power reference is set at 40 kW.
Figure 14 is the voltage waveform of the ESS at the AC side,
and Figure 15 is the current waveform of phase A.

)ese results indicate smooth and stable operation of the
ESS-integrated PV/wind station and show that the ESSs
provide PV and wind generation additional AGC auxiliary
service functionality without changing their inner control
strategies conceived for MPPT mode.

6. Conclusions

)e AGC auxiliary service control proposed in this paper is
integrated with existing AGC control strategies. Power grid
dispatching center only needs to add instruction allocation
module for the ESS-integrated PV/wind stations. It uses ESSs
to add regulation capacity and improve dynamic performance
of AGC without changing the control strategies of RESs
conceived for MPPT mode. As the ESSs are inherently
nonlinear and time variable, the mathematical model is built
considering the system parameter variations and disturbances
or uncertainties. )e ARSMC-based ESS control system is
proposed to deal these control challenges and improve its
stability and dynamic performances. )e rigorous proof
process verifies the ARSMC strategy mathematically.)e case
studies on NI-PXI platform shows the fast dynamic response
and robustness performance of the ESSs, guaranteeing stable
operation of the ESS-integrated PV/wind station, as well as
voltage and frequency regulation capability.

)e ESSs provide additional AGC auxiliary service
functionality without changing RES inner control strategies.
)e ARSMC-based ESSs is suitable for existing RESs to
extend their functions and to form a ESS-integrated PV/
wind station. )e ESSs are independent from the use of
third-party commercial RESs units, which means they do
not need specific customized RESs.
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