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Abstract: Wind farms (WFs) can provide controlled inertia through synthetic inertial control (SIC) to support system frequency
recovery after disturbances. This paper proposes a model predictive control (MPC) based SIC for a WF consisting of wind turbines
(WTs) and a battery storage energy system (BESS). In the proposed MPC-SIC, the active power output of the WTs and BESS
during the SIC are optimally coordinated in order to avoid over-deceleration of the WTs’ rotor, and minimize the loss of extracted
wind energy during the SIC and degradation cost of the BESS. The IEEE 39 bus system with a WF consisting of 100 WTs and
a BESS is used to validate the performance of the proposed MPC-SIC. Case studies show that, compared with the conventional
SIC, the minimum rotor speed among all WTs with MPC-SIC can be improved by 0.08-0.11 p.u., the loss of captured wind energy
of WF with MPC-SIC can be reduced by 12%-64% and the degradation cost of the BESS with MPC-SIC can be reduced by
72%-83%. The results proves that with the proposed MPC-SIC, the wind farm can avoid the over-deceleration of the WTs’ rotor
and reduce the operation cost of the WF by improving the efficiency of wind energy usage and lifetime of the BESS.

List of Abbreviations
BESS battery energy storage system
DFIG doubly-fed induction generator
MPC Model predictive control
MPC-SIC MPC based synthetic inertial control
MPPT maximum power point tracking
PCC point of common coupling
QP quadratic-programming
RES renewable energy source
RoCoF rate of change of frequency
SIC synthetic inertial control
SOC state-of-charge
SOE index of state of energy
TSO transmission system operator
WF wind farm
WT wind turbine

Nomenclature
β pitch angle of the WT
∆ωr,ave average rotor speed of all WTs in the WF
∆ωr change of the rotor speed of the WT during one

control period
∆f frequency deviation at the PCC of the WF
∆Pref total incremental power of the WF during inertial

control process
∆PESS

ref incremental power of the BESS
∆Pref,i incremental power of the ith WT
∆TP prediction horizon of MPC-SIC
γESS rated cycle life of ESS
λ tip speed ratio of the WT
λω weighting coefficient for the objective of improving

the minimum rotor speed of all WTs

λB weighting coefficient for the objective of minimizing
the degradation of the BESS

λE weighting coefficient for the objective of minimizing
the loss of captured wind energy

µESS capital cost of ESS
ωr0 initial rotor speed of the WT during one control

period
ωr,i rotor speed of the ith WT
ρ air density
a1−4 coefficients of the ESS life cycle
Cp power coefficient of the WT
ER capacity of ESS
Eloss,i loss of captured wind energy of the ith WT during

inertial control process
fmea frequency measured from the PCC of the WF
fref nominal system frequency
Ht inertia constant of the WT
iD DC-current of the BESS
kpd, kid proportional and integral gains of the PI controller of

the DC-current control loop of BESS
Kp,Kd control parameters of the synthetic inertial controller
PESS

charge,max charge power limit of the BESS

PESS
discharge,max discharge power limit of the BESS
Pmax,i capacity of the ith WT generator
PESS

e active power output of the BESS
Pint integral of the error between PESS

ref and PESS
e

Pm mechanical power of the WT
Pref active power output of the WT calculated by the

MPPT function
Pe,i active power output of the ith WT
Qc capacity of BESS
R rotor blade radius of the WT
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SOC0 initial SOC level of ESS
SOCref SOC reference of ESS
Tc control period of MPC-SIC
TESS temperature of the BESS
Tid, Tfd time constants of the active power control loop and

DC-current control loop of BESS
UD DC-voltage of BESS
vw,i wind speed of the ith WT
Zi internal resistance of BESS
Nc number of the WT clusters in the WF
Nw number of the WTs in the WF

1 Introduction

With the rapid development of renewable energy sources (RESs), an
increasing number of conventional power plants in the power sys-
tem are replaced by wind farms (WFs). Since the rotor speed of
the inverter-based wind turbines (WTs) is decoupled from the sys-
tem frequency, WTs do not inherently contribute to system inertia.
Consequently, with high penetration of wind power generation, the
inertia of the power system is decreasing. This threatens system fre-
quency stability and leads to a higher risk of under-frequency load
shedding and possibly even cascading outages. In recent years, the
problem of reduced system inertia caused by high penetration of
wind power has drawn considerable attention [1].

To address the problem of decreasing inertia, synthetic inertial
control (SIC) of WTs was proposed [2]. The concept is to increase
the power output by releasing the kinetic energy stored in the rotat-
ing mass of the WT temporarily after disturbances in order to
contribute to system frequency recovery. Over the past years, the
effect of SIC on the power system has been widely investigated [3]-
[5]. Furthermore, SIC has been designed and implemented by WT
manufacturers in their new products [6],[7].

SIC can significantly improve the system frequency response
after disturbances mainly for two reasons: 1) The kinetic energy
stored in the rotating mass of WTs is higher than that in conven-
tional synchronous generators [8]. 2) Since the rotor speed of WTs
is decoupled from the system frequency, it can operate in a wider
range. Take the doubly-fed induction generator (DFIG) based WT
for example, its rotor speed can vary in the range of 0.7 p.u. to 1.2
p.u. If the rotor speed drops from 1.0 p.u. to 0.7 p.u., more than
half of the kinetic energy can be released to the power system and
contribute to system frequency recovery after disturbances.

However, the SIC also has some shortcomings. Firstly, during
SIC, the rotor speed of the WT may decelerate to the minimum
threshold. Then, the WT has to terminate the SIC and switch back
to the normal operating mode to recover the rotor speed, leading to
decreased power output. This termination can cause a severe sys-
tem frequency drop which is called “secondary frequency drop" [9].
Therefore, to mitigate the secondary frequency drop, it is necessary
to avoid the over-deceleration of the rotor speed of the WT. Secondly,
in normal operating conditions, the WT operates in maximum power
point tracking (MPPT) mode, which means that the wind power cap-
tured by the WT is the highest at the MPPT point. During SIC, due
to the deceleration of the rotor speed, the operating point of the WTs
will deviate from the MPPT point, which causes loss of the wind
energy captured by the WT [9]. The wind energy loss results in a
considerable reduction of the annual profit of the WF. Therefore, it
should be minimized during the SIC.

In recent years, a considerable number of studies have been done
to address the aforementioned shortcomings of the SIC of WTs.
The over-deceleration of the WT’s rotor speed can be avoided by
adopting variable control parameters of the SIC [10]-[15]. In [10],
the parameters of the SIC were tuned based on the WT’s operating
point to ensure the stable operation of the WT. In [11], a variable
SIC controller based on the rate of change of frequency (RoCoF) of
the system was proposed. When the RoCoF is too severe, the WT
reduces its power output by changing the coefficient of emulated

inertia in order to keep the WT’s rotor speed in a safe range. In [12],
the concept of “stability boundary" of the WT was proposed. The
droop coefficient of the SIC controller was tuned to ensure that the
WT can be kept within the stable region where the rotor speed is in
its allowed range during the SIC. In [13]-[15], an adaptive gain was
applied to the SIC controller based on both the RoCoF of the system
and the rotor speed of the WT to ensure the stable operation of the
WT under various wind and disturbance conditions. Moreover, var-
ious approaches have been proposed to reduce the loss of captured
wind energy during the SIC. In [16], a linear-quadratic regulator
based adaptive inertial control scheme was proposed with the objec-
tive of guaranteeing an optimal balance between the inertial response
provision and the required energy use. Accordingly, the loss of cap-
tured wind energy can be reduced. In [17], the captured wind power
during the SIC was accurately estimated based on an extended state
observer. Then a novel rotor speed recovery strategy was proposed
to restore the rotor speed quickly after the SIC and reduce the loss
of captured wind power. In [18], the impact of the SIC on harvested
wind energy was minimized by firstly extracting DC-link capaci-
tor energy and subsequently rotor kinetic energy during the SIC. In
[19], the droop gain of the SIC was adaptively adjusted according to
WTs’ rotor speed to harvest as much wind energy as possible during
over-frequency disturbances. An index of state of energy (SOE) was
defined in [20], which can adequately exploit the kinetic energy of
WTs and reduce the loss of captured wind energy during the SIC. In
[21], the loss of captured wind energy was minimized by formulating
the SIC as an optimal control problem.

Due to the flexible charging and discharging characteristics of
battery energy storage systems (BESSs), the combined operation
of WTs and a BESS in a WF has been recognized as a feasible
and effective way to suppress the wind power fluctuations [22],[23]
and also help WTs improve the performance of the SIC [24]-[28].
As mentioned in [23], compared with the conventional WF without
BESSs, the WF equipped with a BESS can have a better perfor-
mance of power reference tracking from power system operators,
and the mechanical load of WTs can also be alleviated. In [24], a
RoCoF-based inertia emulation control for BESSs was proposed to
enhance the inertia of the power system and its effectiveness was val-
idated on an experimental test-bed. In [25], a coordination control
scheme between the BESS and the WT was proposed to expedite the
WT’s rotor speed recovery after the SIC by fully taking advantage
of the BESS’s fast and accurate active power control ability. In [26],
a control strategy for a WT equipped with a BESS during inertial
response provision was proposed in order to support the power sys-
tem in maintaining the frequency within the normal operating range.
In [27], a fuzzy-logic based coordinated SIC strategy for a WT-
BESS system was designed so that its capability of inertial response
is adaptive for various wind speed conditions. In [28], an control
strategy was proposed to optimally coordinate the BESSs, WTs, and
photovoltaic systems during frequency regulation of a power system
with high penetration of RESs.

For the SIC of WTs, although different approaches have been pro-
posed to address the shortcomings of the SIC, most of the research
focuses on a single WT to provide an inertial response, while the
coordination among WTs in a WF has not been fully studied. Fur-
thermore, the model of the WT equipped with the SIC is a highly
nonlinear model. When the WT experiences large deviations from its
normal operating point during the SIC, the proposed approaches in
the existing studies designed with a linearized model of the WT may
not achieve a good performance since the dynamic change of the WF
cannot be precisely predicted. For the combined operation of WTs
and a BESS in a WF during SIC, the existing studies focus on the
improvement of the control performance of the SIC without consid-
ering the impact on the lifetime of the BESS. As mentioned in [29],
different control strategies have a significant influence on the life-
time of the BESS. Therefore, considering the high cost of the BESS,
it is necessary to balance the degradation of the BESS and the control
performance of the SIC of the WF. To fill the research gap, it is nec-
essary to develop a new inertial control scheme that can be applied
at the WF level to achieve coordination of the WTs/BESS and can
precisely predict the dynamic change of the WF to achieve good
control performance. The control scheme should also overcome the
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Fig. 1: Structure of conventional SIC of WTs.

aforementioned shortcomings of the SIC of the WT and reduce the
degradation cost of the BESS.

Model predictive control (MPC) is an advanced control method
that can be used to control a process while satisfying a set of control
constraints. In recent years, MPC has been extensively applied in
WFs for active and reactive power control [30]-[32]. The advantage
of MPC is that it is applicable at the WF level. Therefore, coordina-
tion of the WTs and BESS with different operating conditions can
be achieved. Furthermore, although the WF model is a nonlinear
model, it can be considered to be a linearized model over the predic-
tion horizon of the MPC. Using the linearized predictive model and
the latest measurements of the state variables, the dynamic change
of the control process can be precisely predicted and updated. There-
fore, the control performance can be improved with MPC compared
with traditional control methods.

The main objective of this paper is to propose a novel MPC based
SIC strategy (MPC-SIC) for a WF with a BESS in order to avoid
over-deceleration of the WTs’ rotor speed, minimize the loss of
extracted wind energy and reduce degradation cost of the BESS dur-
ing the SIC. During the control process, the MPC controller collects
the measurements from individual WTs and BESS, predicts their
dynamic changes, and regulates their active power outputs in order
to achieve the control objectives. Main contributions of this paper
can be summarized as follows:

1. A predictive model of the WF consisting of WTs and a BESS is
developed. The predictive model can precisely predict the dynamic
change of the WTs and BESS over the predictive horizon of the
MPC-SIC.
2. The MPC-SIC is designed for the WF. Compared with conven-
tional approaches, the MPC-SIC is implemented at the WF level.
Thus, the active power outputs of the WTs and the BESS can be coor-
dinated. The differences and variations of the operating conditions
of the WTs and the BESS are also taken into account to improve the
control performance.
3. The optimization problem for the MPC-SIC is formulated. Com-
pared with conventional SIC, the MPC-SIC mitigates the secondary
frequency drop and the operation cost of the WF by solving the
formulated optimization problem in each control period.

The rest of this paper is organized as follows: In Section 2, the
structure of the MPC-SIC is presented. In Section 3, the predic-
tive models of the WT, BESS and WF are developed. In Section 4,
the mathematical formulation of the MPC-SIC is derived. Section 5
presents the simulation results and followed by the conclusions.

2 Control Structure of MPC-SIC

2.1 Control Structure of SIC for WT

The structure of the conventional SIC of WTs is illustrated in Fig. 1
[2]. During normal operation, the WT operates in the MPPT mode
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Fig. 2: Structure of MPC-SIC.

and its active power reference Pref is calculated by the MPPT func-
tion based on its rotor speed ωr and sent to the rotor-side converter.
fref is the nominal system frequency, and fmea is the measured
system frequency. After the disturbance, the power system experi-
ences a frequency excursion, causing a frequency deviation ∆f =
fref − fmea. The synthetic inertial controller of the WT then cal-
culates an incremental active power reference ∆Pref which is in
proportion to ∆f and RoCoF df/dt, and add it to Pref . When the
rotor speed of the WT decreases to the threshold, the rotor speed pro-
tection will be activated, terminating the SIC by setting ∆Pref as 0,
and then the rotor speed will recover to the normal operating speed.

2.2 Control Structure of SIC for BESS

The conventional SIC of the WT can also be applied to the BESS.
However, two main differences need to be considered: Firstly, during
normal operation, the active power reference for the BESS is calcu-
lated by the WF to compensate the power mismatch between the
actual output of the WF and the set-point from the transmission sys-
tem operator (TSO). Secondly, the termination of the SIC happens
when the state-of-charge (SOC) of the BESS exceeds the feasible
range.

2.3 Control Structure of MPC-SIC

Instead of calculating ∆Pref locally at the WT/BESS level, this
paper proposes an MPC-SIC which calculates ∆Pref of the WTs
and the BESS at the WF level.

The structure of the MPC-SIC is illustrated in Fig. 2. The fre-
quency deviation ∆f is measured from the point of common cou-
pling (PCC) of the WF, and the total incremental power of the WF
∆Pref is then calculated by the synthetic inertial controller which is
the same as the local controller in Fig. 1. The loss of captured wind
energy of the whole WF and the rotor speed deviation of the WTs
during the next prediction horizon will then be predicted based on the
operating condition (including rotor speed ωr,i, active power Pe,i,
and wind speed vw,i measured at each WT) of the WTs. Meanwhile,
the degradation cost of the BESS during next prediction horizon will
be predicted based on the operating condition (including SOC, active
power PESS

e and the DC-current iD measured at the BESS) of the
BESS. Afterwards, the incremental power of the WTs ∆Pref,i and
BESS ∆PESS

ref will be calculated by the MPC controller and be sent
to the WTs and BESS. The control objectives of the MPC-SIC are
to improve the minimum rotor speed of all WTs, minimize the loss
of captured wind energy, and minimize the degradation cost of the
BESS. The cost functions with regards to the objectives are pre-
sented in 4.2. To achieve the control objectives, ∆Pref,i of the WTs
and ∆PESS

ref of the BESS must be coordinated and adjusted accord-
ing to the different operating conditions. ∆Pref calculated by the
synthetic inertial controller at the WF level need to be satisfied as an
equality constraint during the control process.
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3 Predictive Modelling

In this section, the predictive models of the WT, BESS and WF are
derived in detail. To realize the control objectives presented in 4.2,
the state variables of the WT’s model are the rotor speed and the
active power output of the WT, and the state variables of the BESS’s
model are SOC, active power output, integral of the error between
active power output and reference power, and DC side current of the
BESS.

3.1 Modelling of WT

The captured mechanical power by the WT can be expressed by,

Pm =
1

2
ρπR2Cp(λ, β)v3

w (1)

Cp(λ, β) = 0.22(
116

λi
− 0.4β − 5)e

−12.5
λi

1

λi
=

1

λ+ 0.08β
− 0.035

β3 + 1

(2)

Normally, β is set as zero when the active power of the WT is below
the rated power. Thus Cp is a function of λ only and it can be fitted
as a 3-order polynomial function,

Cp = m1λ
3 +m2λ

2 +m3λ+m4 (3)

Since λ is a function of rotor speed ωr,

λ =
ωrR

vw
(4)

the mechanical power of the WT can be expressed as,

Pm = n1ω
3
r + n2ω

2
r vw + n3ωrv

2
w + n4v

3
w (5)

where,

n1 =
1

2
πR5m1, n2 =

1

2
πR4m2

n3 =
1

2
πR3m3, n4 =

1

2
πR2m4

(6)

Equation (5) is used to calculate the initial mechanical power
Pm0. The swing equation of the WT generator is,

dωr

dt
=
Pm − Pe

2Htωr
(7)

During one control period,

ωr = ωr0 + ∆ωr (8)

Thus (7) can be written as,

d(ωr0 + ∆ωr)

dt
=

d∆ωr

dt
=

Pm − Pe

2Ht(ωr0 + ∆ωr)
(9)

Using the Taylor expansion of (9), the rate of change of the rotor
speed can be approximated as,

d∆ωr

dt
=

(
Pm

2Htωr0
− Pm

2Htω2
r0

∆ωr

)
−
(
Pe0 + ∆Pe

2Htωr0
− Pe0

2Htω2
r0

∆ωr

)
=
Pe0 − Pm

2Htω2
r0

∆ωr +
Pm − (Pe0 + ∆Pe)

2Htωr0

(10)

During the SIC, due to the fast tracking capability of the active power
control system of the WT, the change of the WT’s active power can

quickly track the reference ∆Pref , and during one control period Tc,
the rate of change of active power can be assumed to be constant, i.e.,

dPe

dt
= −∆Pref

Tc
(11)

For each cluster, its predictive model can be formulated as,

∆ẋi = Ai∆xi + Bi∆ui + Ei

∆yi = Ci∆xi
(12)

where,

∆xi = [∆ωr,i ∆Pe,i]
T

∆ui = [∆Pref,i], ∆yi = [∆ωr,i ∆Prme,i]
T

Ai =


Pe0,i − Pm0,i

2Htω2
r0,i

1

2Htωr0,i

0
−1

Tc



Bi =

 0

−1

Tc

 , Ei =

Pm0,i − Pe0,i

2Htωr0,i

0


Ci = [1 1]

(13)

3.2 Modeling of BESS

The BESS model used in this paper is from [33]. The SOC of the
battery is described as the integral of DC-current.

SOC = SOC0 − 1

Qc

∫
iDdt (14)

The dynamic behaviour of the control loops for active power and
DC-current is described by first-order lag functions.

∆iD =
1

1 + sTid

(
kpd +

kid

s

)(
∆PESS

ref −∆PESS
e

)
∆PESS

e =
1

1 + sTfd
UD∆iD

(15)

For the convenience of building the state space model for the BESS,
a state variable Pint is introduced as the integral of the error between
PESS

ref and PESS
e .

∆Pint =
∆PESS

ref −∆PESS
e

s
(16)

The state space model of the BESS in a matrix form can be
obtained as,

˙∆xE = AE∆xE + BE∆uE + EE

˙∆yE = CE∆xE

(17)
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where,

∆xE = [∆SOC ∆PESS
e ∆Pint ∆iD]T

∆uE = ∆PESS
ref , ∆yE = [∆SOC ∆PESS

e ]T

AE =



0 0 0 − 1

Qc

0 − 1

Tfd
0

UD

Tfd
0 −1 0 0

0 −
kpd

Tid

kid

Tid
− 1

Tid



BE =


0
0
1
kpd

Tid

 , EE =

−∆i0D
0
0
0


CE =

[
1 0 0 0
0 1 0 0

]

(18)

UD could be assumed as linearly dependent on the SOC.

UD = UmaxSOC + Umin(1− SOC)− iDZi (19)

Zi can be assumed as constant since it is very small due to the high
current. Therefore, the SOC can be calculated from the measurement
of the UD,

SOC =
UD + iDZi − Umin

Umax − Umin
(20)

3.3 Modeling of WF

Based on the model of the WT and BESS, the continuous state space
model of the WF withNc WT clusters and a BESS can be formulated
as,

∆ẋ = A∆x+ Bu+ E

∆y = C∆x
(21)

where,

∆x =
[
∆x1,∆x2, . . . ,∆xN c,∆xE

]T
∆u =

[
∆u1,∆u2, . . . ,∆uN c,∆uE

]T
∆y =

[
∆y1,∆y2, . . . ,∆yN c,∆yE

]T
A = diag

[
A1,A2, . . .,AN c,AE

]
B = diag

[
B1,B2, . . .,BN c,BE

]
E = diag

[
E1,E2, . . .,EN c,EE

]
C = diag

[
C1,C2, . . .,CN c,CE

]

(22)

Based on the continuous model, the discrete-time state space
model with sampling time ∆TP can be expressed as,

∆x(k + 1) = G∆x(k) + Hu(k) + E

∆y(k + 1) = C∆x(k + 1)
(23)

where,

G = eA∆TP ,H =

∫∆TP

0
eAτBdτ (24)

0( )x t
(1)x
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Control point

0 P+t T

Input until 
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Fig. 3: Principle of MPC.

4 Formulation of MPC-SIC

In this section, the mathematical formulation of the MPC-SIC is pre-
sented. The control objectives are to improve the minimum rotor
speed of all WTs, minimize the loss of wind energy and minimize
the degradation cost caused by charging and discharging of the BESS
during the SIC.

4.1 MPC Principle

MPC is a widely used control method. In the MPC, the control input
is obtained by solving a discrete-time optimal control problem over
a given horizon. An optimal control input sequence is calculated,
while only the first control action is applied.

The principle of the MPC is illustrated in Fig. 3. The whole SIC
process normally lasts for 10∼20 seconds. To predict the dynam-
ics of the WF during the SIC, Tc is smaller than the duration of the
SIC process, but larger than the sampling time of the measurements.
The suitable prediction horizon is determined by the dynamic per-
formance of the control system. For a prediction horizon, the control
actions are only changed at the beginning of the control period and
maintained within the control period.

4.2 Cost Function

The cost functions of the MPC-SIC are presented as follows:
Objective 1: The first objective is to improve the minimum

rotor speed of all WTs. During normal operation, the WTs oper-
ate in the MPPT mode, and their rotor speeds vary with the wind
speeds. During the SIC, the WTs increase their active power output
by releasing kinetic energy stored in their rotating masses and con-
sequently decrease their rotor speeds due to the mismatch between
their mechanical and electrical power. As mentioned before, the min-
imum rotor speed of the WTs during the SIC represents the risk of
abrupt termination of the SIC. For the WTs in low wind speed con-
ditions, they cannot provide much additional active power because
their rotor speeds are already very low and the deceleration of their
rotors will cause the termination of the SIC. To improve the mini-
mum rotor speed, the difference of the rotor speeds among the WTs
is minimized, meaning that all WTs during the SIC converge to the
same rotor speed. The cost function of the first objective can be
described by,

Obj1 =

Nw∑
i=1

Np∑
k=1

∥∥∆ωr,i(k)−∆ωr,ave(k)
∥∥2 (25)

Objective 2: The second objective is to minimize the loss of cap-
tured wind energy caused by the deceleration of the WTs’ rotors,
thus its cost function can be described by,

Obj2 =

Nw∑
i=1

Np∑
k=1

Eloss,i(k) (26)
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Eloss,i can be approximated as [34],

Eloss,i =
1

4
ρπR2v3

w,i
R

vw,i

∂Cp,i

∂λi

∣∣∣∣
t=0

Tc∆ωr,i

+
1

12
ρπR2v3

w,i

(
R

vw,i

)2 ∂2Cp,i

∂λ2
i

∣∣∣∣∣
t=0

Tc∆ω2
r,i

(27)

From (3), it can be derived that,

∂Cp,i

∂λi

∣∣∣∣
t=0

= 3m1λ
2
0,i + 2m2λ0,i +m3

∂2Cp,i

∂λ2
i

∣∣∣∣∣
t=0

=6m1λ0,i + 2m2

(28)

where,

λ0,i =
ωr0,iR

vw,i
(29)

Objective 3 The third objective is to minimize the battery degra-
dation caused by charging and discharging of the BESS. According
to [35], the ESS degradation cost model can be expressed as,

BC =
(P ch

ESS + Pdis
ESS)µESSγESSTc

a1[a2(1− SOC0) + a3]ea4TESSER(1− SOCref)
(30)

Therefore, the cost function of the third objective can be described
by,

Obj3 =

Nw∑
i=1

Np∑
k=1

‖BC(k)‖2 (31)

Accordingly, the overall cost function of the MPC-SIC is
expressed as,

min λω

Nw∑
i=1

Np∑
k=1

∥∥∆ωr,i(k)−∆ωr,ave(k)
∥∥2

+λE

Nw∑
i=1

Np∑
k=1

Eloss,i(k) + λB

Np∑
k=1

‖BC(k)‖2
(32)

The weighting coefficients of the three objectives λω , λE and λB
are determined through sensitivity analysis. To do this, the partial
derivatives of the cost functions Obj1−3 with respect to the deci-
sion variable factor ∆y of the MPC-SIC is firstly calculated and
then the weighting coefficients are determined by setting priorities
for these partial derivatives. In this paper, the priority ranking is
Obj1 > Obj2 > Obj3. Accordingly, the weighting coefficients are
selected by,

Nw∑
i=1

(
∂∆ωr,i

∂y

)2
λω
Nw

>

Nw∑
i=1

∂Eloss,i

∂y

λE
Nw

>

(
∂BC

∂y

)2

λB

(33)

4.3 Constraints

4.3.1 Constraints on active power output of WTs and BESS:
During the control process, the active power output of each WT is
constrained by the WT generator’s capacity, i.e.,

0 ≤ Pe0,i + ∆Pref,i ≤ Pmax,i, i = 1, 2, . . . , Nw (34)
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Fig. 4: Configuration of the test system.
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Fig. 5: Co-simulation framework between PowerFactory and MAT-
LAB.

The BESS can operate in the charge or discharge mode, and its
output power should follow the charge/discharge power limit, i.e.,

−PESS
discharge,max < PESS

e + ∆PESS
ref < PESS

charge,max (35)

4.3.2 Constraints on total incremental power of WF: Dur-
ing MPC-SIC, the total incremental active power reference of the
WF ∆Pref is required to track the value calculated by the synthetic
inertial controller, such that,

Nw∑
i=1

∆Pref,i + ∆PESS
ref = ∆Pref = Kp∆f +Kd

d∆f

dt
(36)

The formulated MPC problem (32)-(36) can be transformed into
a standard quadratic-programming (QP) problem and efficiently
solved by commercial QP solvers in milliseconds.

5 Case Study

5.1 Test System

The proposed MPC-SIC is tested on a WF using DIgSILENT
PowerFactory.

The WF consists of 100 WTs and a BESS. The WTs are divided
into 10 clusters and the WTs in each cluster share the same wind
speed profile which is generated using the four-component wind
model proposed in [36]. The capacity of each WT is 5 MW, and
the capacity of the BESS is 50 MW, thus the total capacity of the
WF is 550 MW. The WF is connected to the IEEE 39 bus system at
bus 23. Fig. 4 shows the configuration of the test system.
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Fig. 6: Eigenvalues of the test system.

During the simulation, MPC-SIC is implemented as a MATLAB
script and it is connected to a DSL model in the WF in PowerFac-
tory through a co-simulation interface provided by PowerFactory.
In this co-simulation framework, the MATLAB script is invoked at
the beginning of every control period. It receives the operating con-
ditions (ωr,i, Pe,i, vw,i measured at each WT, and SOC, PESS

e ,
iD measured at the BESS), calculates the optimal active power ref-
erences (∆Pref,i and ∆PESS

ref ), and then sends them to the WTs
and BESS. The co-simulation framework between PowerFactory and
MATLAB is shown in Fig. 5. The control period Tc is set as 0.5s.

At time t = 20s, the active power of load 4 is increased from
500 MW to 750 MW, causing a frequency excursion in the power
system. MPC-SIC is activated at the same time to provide an inertial
response. The total simulation time is 40 seconds. The results include
the rotor speed of the WTs, loss of captured wind energy of the WF,
degradation cost of the BESS, active power of the WTs/BESS /WF,
and system frequency response. In order to test the performance of
the proposed MPC-SIC, the conventional SIC is also implemented
locally at the WTs and BESS, and the simulation results with MPC-
SIC and conventional SIC are compared.

The stability of the test system with the MPC-SIC can be inves-
tigated by conducting eigenvalue analysis to the test system in
DIgSILENT PowerFactory. The eigenvalues of the test system with
the MPC-SIC are calculated and shown in Fig. 6. It can be seen from
Fig. 6 that the eigenvalues of the test system are all located in the left
half of the complex plane. Therefore, the test system is stable with
the implementation of the MPC-SIC.

5.2 Simulation Results

5.2.1 Rotor speed: Figs. 7 and 8 show the rotor speeds of the
WTs with the conventional SIC and MPC-SIC, respectively. Fig. 9
compares the minimum rotor speed of all WTs with the conven-
tional SIC and MPC-SIC. Before the disturbance, the WTs operate
in the MPPT mode and their rotor speeds vary because of the wind
fluctuation. At t = 20s, the disturbance occurs, and the rotors of
the WTs with conventional SIC begin to decelerate and extract the
kinetic energy stored in the rotating masses to contribute to system
frequency recovery. However, it can be seen from Fig. 8 that, after
t = 20s, with the MPC-SIC, while some WTs’ rotors begin to decel-
erate, some WTs’ rotors under low wind speed conditions begin to
accelerate. The acceleration is due to the first control objective of
the MPC-SIC presented in 4.2, which is to minimize the difference
among the rotor speeds of the WTs and it is achieved by assigning
different ∆Pref,i to the WTs. For the WTs operating in low wind
speed conditions, to prevent their rotor speeds reaching the thresh-
old, their ∆Pref,i assigned by the MPC controller can be negative,
which means that instead of extracting kinetic energy to the power
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1.2 Rotor speed (p.u.)

Time (s)

Fig. 7: Rotor speed of the WTs with conventional SIC.
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Fig. 8: Rotor speed of the WTs with MPC-SIC.
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Fig. 9: Minimum rotor speed among all WTs with conventional SIC
and with MPC-SIC.

system, these WTs should reserve more kinetic energy by decreas-
ing their active power output. It can be seen from Fig. 9 that, during
the control process, the minimum rotor speed among all WTs with
the MPC-SIC is significantly improved, compared with conventional
SIC. At t = 40s, the minimum rotor speed among all WTs with the
conventional SIC reaches 0.85 p.u., while the minimum rotor speed
among all WTs with the MPC-SIC is 0.94 p.u. With higher mini-
mum rotor speed, the risk of abrupt termination of the SIC can be
effectively reduced and the secondary frequency drop caused by the
termination of the SIC can also be mitigated.

5.2.2 Loss of captured wind energy of WF and degrada-
tion cost of BESS: The losses of captured wind energy of the
WF with the conventional SIC and MPC-SIC during each control
period of MPC-SIC are compared in Fig. 10. The mean values of
the loss of captured wind energy are 0.0559 kWh with the conven-
tional SIC, and 0.0293 kWh with the MPC-SIC. The result shows
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Fig. 10: Loss of captured wind energy of WF with conventional SIC
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Fig. 11: Degradation cost of BESS with conventional SIC and MPC-
SIC.
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Fig. 12: Incremental active power references for WTs with conven-
tional SIC.

that, compared with the conventional SIC, the wind energy loss can
be significantly reduced with MPC-SIC, by 48% in this case. There-
fore, the proposed MPC-SIC can improve the wind energy usage of
the WF during the SIC.

The degradation cost of the BESS with the conventional SIC and
MPC-SIC during each control period of MPC-SIC are compared in
Fig. 11. The mean values of the degradation cost of BESS are 0.5776
$ with the conventional SIC, and 0.1625 $ with the MPC-SIC. There-
fore, the degradation cost of BESS is significantly reduced with
MPC-SIC, by 71.87% in this case. In this way, the lifetime of the
BESS can be extended.

5.2.3 Active power: The incremental active power references
of the WTs/BESS with the conventional SIC and MPC-SIC are
shown in Fig. 12 and Fig. 13, respectively. The incremental active
power references of the WF ∆Pref with conventional SIC and with
MPC-SIC are compared in Fig. 14. It can be seen from Fig. 12
that with conventional SIC, the incremental active power references
of all WTs and the BESS are equal, because they are calculated
locally at individual WTs and BESS with the same control param-
eters (Kp,Kd), regardless of operating conditions of the WTs and
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0.6 Active power (p.u.)
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Fig. 13: Incremental active power references for WTs with MPC-
SIC.

20 25 30 35 40
0

0.02

0.04

0.06

0.08

0.10

Time (s)

Active power (p.u.)
SIC

MPC-SIC

Fig. 14: Incremental active power references of the WF with
conventional SIC and with MPC-SIC.
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Fig. 15: System frequency responses with conventional SIC and
with MPC-SIC.

the BESS. However, with the MPC-SIC, the incremental power ref-
erences of the WTs and the BESS are different from each other and
also time-varying, since they are calculated and dispatched by the
MPC controller in order to satisfy the control objectives for each
control period.

On the other hand, from Fig. 14, it can be seen that there is not
much difference between the ∆Pref with conventional SIC and with
MPC-SIC, because the equality constraint in 4.3 is used for the MPC
controller to guarantee that the total active power output of the WF
with MPC-SIC is equal to that with the conventional SIC.

5.2.4 System frequency response: The system frequency
responses with conventional SIC and MPC-SIC are compared in
Fig. 15. During the control process, the system frequency at the nadir
with conventional SIC and with MPC-SIC are 59.79 Hz and 59.78
Hz, respectively, thus the difference is only 0.01 Hz. On the other
hand, the initial RoCoF of the system with conventional SIC and
with MPC-SIC are -0.32 Hz/s and -0.35 Hz/s, respectively. The dif-
ference is only 0.03 Hz/s. The difference of the system frequency
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responses between SIC and MPC-SIC is caused by the difference of
the total incremental active power of the WF as shown in Fig. 14.
However, it is negligible. To achieve better control performance, the
improvement of the system frequency response can be an objective
of the MPC-SIC, which will be investigated in future work.

In summary, the simulation results prove that the MPC-SIC can
effectively mitigate the secondary frequency drop and reduce the
operation cost of the WF by improving the efficiency of wind energy
usage and the lifetime of the BESS while maintaining the same total
active power output of the WF and the system frequency response as
those with the conventional SIC.

5.3 Robustness of MPC-SIC

The performance of the MPC-SIC can be affected by the wind pen-
etration levels and disturbance magnitudes. Therefore, in order to
show the effectiveness of the MPC-SIC over the conventional SIC in
different conditions, 3 more cases were performed by varying these
factors:

1. Case 1: wind penetration level is 20%, the active power of load
04 is increased by 400 MW at time t = 20s.
2. Case 2: Wind penetration level is 30%, the active power of load
39 is increased by 450 MW at time t = 20s.
3. Case 3: wind penetration level is 40%, the active power of load
39 is increased by 500 MW at time t = 20s.

The minimum rotor speed among all WTs, mean values of loss of
captured wind energy and degradation cost of BESS with the MPC-
SIC and conventional SIC are compared for the above three cases.
The results are listed in Tables. 1-3.

As can be seen from Tables. 1-3, in Cases 1-3, compared with
conventional SIC, the minimum rotor speed among all WTs with
MPC-SIC can be improved by 0.09 p.u., 0.11 p.u. and 0.08 p.u.,
respectively. The loss of captured wind energy with MPC-SIC can
be reduced by 12.25%, 46.54% and 64.42%, respectively. The degra-
dation cost of BESS with MPC-SIC can be reduced by 83.43%,
83.05% and 77.43%, respectively. Thus, it can be concluded that
the MPC-SIC is robust to different wind penetration levels and
disturbances.

6 Conclusion

In this paper, an MPC based SIC is developed to optimize the perfor-
mance of the SIC of a WF equipped with the BESS. The linearized
predictive model of the WF consisting of WTs and a BESS is firstly

Table 1 Comparison of Minimum rotor speed among all WTs (p.u.)

Case 1 Case 2 Case 3

MPC-SIC 0.8408 0.7866 0.7118
SIC 0.9267 0.8703 0.7983

Table 2 Comparison of mean value of loss of captured wind energy (kWh)

Case 1 Case 2 Case 3

MPC-SIC 0.0603 0.0737 0.0908
SIC 0.0687 0.1379 0.2551

Table 3 Comparison of mean value of degradation cost of BESS ($)

Case 1 Case 2 Case 3

MPC-SIC 0.1118 0.1869 0.3645
SIC 0.6747 1.1027 1.6145

derived in details. Afterwards, the MPC-SIC is designed for the WF
based on the predictive model of the WF. Compared with the conven-
tional SIC which is applied locally at the WTs/BESS, the proposed
MPC-SIC is implemented at the WF level. Furthermore, the differ-
ent operating conditions of the WTs and the BESS are measured
and updated during each control period. Therefore, the MPC-SIC
realizes the coordination of the WTs and the BESS and satisfies the
control objectives by regulating their active power output.

As the simulation results show, compared with the conventional
SIC, the minimum rotor speed among all WTs with MPC-SIC can
be improved by 0.08-0.11 p.u. in different cases, which proves that
the proposed MPC-SIC can effectively avoid the over-deceleration
of the WTs so as to mitigate the secondary frequency drop of the
power system. Furthermore, the loss of captured wind energy of WF
with MPC-SIC can be reduced by 12%-64% and the degradation
cost of the BESS with MPC-SIC can be reduced by 72%-83% in
different cases. The results prove that, with the proposed MPC-SIC,
the wind farm can reduce the operation cost of the WF by improving
the efficiency of wind energy usage and lifetime of the BESS.

During the control process, the MPC problem formulated in this
paper is solved at the MPC controller of the WF using centralized
optimization algorithms. For large-scale WFs with large number of
WTs, the MPC controller may suffer a heavy computational burden.
Therefore, the MPC problem will be decomposed and then solved
in a distributed manner to improve the computation efficiency in our
future research.
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