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ABSTRACT
In the context of larger renewable energy harnessing, combining offshore wind farm (OWF) and
marine current farm (MCF) at the same location is often found suitable in terms of geographical
conditions and economic reasons. However, stochastic nature of wind speed and marine cur-
rent speedwith increased penetration level significantly affects the system stability, grid voltage
and raises some control and stability problem; furthermore, the parametric uncertainty of gen-
erators brings additional challenges under grid voltage distortion. Therefore, in this article, we
present a consolidated application of STATCOM and BFCL in the context of stability assessment
of integrated system. Consequently, a robust H∞ loop-shaping controller has been proposed
in the presence of parametric uncertainties. In this context, optimizing controller performance
with respect to the undesired parametric uncertainties and external disturbances has been pro-
posed. The control effort is initiated by formulating the robust H∞ loop-shaping controller in
the context of evaluating the controller parameters and gain with respect to desired robust sta-
bility margin. The efficacy of the proposed control scheme is measured through different case
studies in real time digital simulation (RTDS) environment. The comparative analysis of simula-
tion results demonstrates the effectiveness of the proposed control strategy in the context of
integrated system stability and reliability.
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1. Introduction

The remarkable growth of power demand worldwide
and concerns for protection of environment have
renewed interest in large-scale investments in non-
conventional energy options. In the last couple of years,
OWF has been found attractive as an energy solu-
tion and is being considered as an alternate resource
for considerable electricity generation. The ocean has
untapped energy resources in the formof tidal wave [1],
geothermal, offshore wind etc. at different geographi-
cal locations. They form formidable energy resources
especially in the Gulf Stream, Florida straight and Cal-
ifornia straight which is capable of making up for a
large share of the future energy needs. OWF com-
bined with MCF, owing to their natural availability in
close proximity, would become a new kind of inte-
grated energy generation system in near future. Fur-
ther high correlation between offshore wind energy
and marine current energy operating characteristic is
arguably convenient of grid integration without rais-
ing much ancillary issues to address. However, the
wind energy and marine current energy resources are
stochastic in nature. Thus, high penetrations of OWF
andMCF into the national grid rise some critical issues
of stability [2,3] power quality and fault ride through

the ability of the integrated system and the grid code
requirement [4,5] takes a nose dive to take care of such
issues.

One of the simple methods of running an OWF
is to aggregate several doubly fed induction genera-
tor (DFIG)-based generator driven by offshore wind
turbine and then connected to on-shore grid through
step-up transformers and under-sea cables. Similarly,
to run a marine current farm (MCF), we may use an
aggregated model of squirrel cage induction genera-
tor (SCIG)-based generator driven by marine current
turbine, directly connected to the grid through step-
up transformers and under-sea cables. Both WTs and
MCTs have similar operating characteristic, but SCIG
required reactive power for magnetization, while DFIG
operates close to unity with the control of back to
back PWM converters. The active power generated by
an SCIG-based MCF is varied because the stochastic
nature of marine current speed, the absorbed reactive
power and terminal voltage are significantly affected.
These generators are very sensitive to the voltage distor-
tion, e.g. grid faults, when connecting large-scale high
capacity OWF andMCF to the power grid a fact device
or a control device is required to compensate the power
fluctuations and grid voltage distortion under dynamic
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or transient conditions. Also required are current lim-
iting devices to limit the transient current and improve
the stability of the studied system. In this context, the
authors used the aggregatedmodel of DFIG-based gen-
erator for OWF andMCF ismodelled by the aggregated
model of SCIG-based generator driven by marine cur-
rent turbine that is integrated with STATCOM and
bridge type fault current limiter (BFCL). Voltage fluc-
tuations, current harmonics, unbalance current and
change in flux density create overheating [6] in the gen-
erator windings and other control problems are com-
monwith integrated system.Due to this, the parameters
of the generator and associated devices are varying,
the variation in parameters is considered as a paramet-
ric uncertainty which affects the control signals of the
studied system [7].

Various FACTS controllers, fault current limiters
and control techniques are proposed to address the
power oscillation damping, voltage distortions and sta-
bility of the system. The authors in [8] have discussed
the stability enhancement of grid-interactive OWF and
MCF using STATCOM. A PID-based damping con-
troller has been proposed to enhance the dynamic and
transient stability of an integrated system without con-
sidering the uncertainty present in the system. In [9],
a robust control is proposed for wind farm consisting
of STATCOM, it is not fully explored the parametric
uncertainty in controller design. In [10], authors dis-
cuss the FSIG/DFIG-based WTGs directly connected
to a weak grid with unified power quality compensators
(UPQCs) and investigate the reactive power compen-
sation and enhancement of voltage stability, FRT capa-
bility. In [11], a comparative study of reactive power
compensation to WTGs directly connected to the AC
grid is performed to investigate the efficacy of the STAT-
COM, static synchronous series compensator (SSSC)
and static VAR compensator (SVC).

Consequently, various control techniques have been
reported in the literature, some of these control tech-
niques are proportional integral and resonant control
[12–14] or fuzzy logic-based control [15] or sliding
mode control [16] or predictive control [17] whichmay
give optimal performance if system parametric uncer-
tainty is fully considered. The authors in [18] proposed
a sliding mode control-based controller for variable
speed WTs and similarly in [19] authors have pro-
posed a fuzzy logic-based controller for grid-integrated
WTs. These controllers can give satisfactory perfor-
mance when the parametric uncertainty or disturbance
is considered in controller design. In [20,21] authors
have discussed repetition control and predictive direct
power control under grid voltage distortion. They have
not fully explored the parametric uncertainties present
in the system. In [22–25], the authors have proposed an
adaptive current control regulator for grid-connected
PV solar applications. They have explored the har-
monic suppressions present in the grid PV system and

proposed robust fuzzy logic-based active filter to pre-
vent malfunctioning of devices.

The controller, based on the robust H∞ control,
considers all parametric uncertainty and exogenous
input in the controller design [26]. It gives satisfac-
tory performance and achieves robustness under para-
metric uncertainty and exogenous disturbance [27].
Many electrical control fields have successfully used the
H∞-based robust controllers, such as dynamic voltage
restorer (DVR), uninterruptible power supplies (UPS)
and voltage source inverter (VSI) [28,29].

To the best of the authors’ knowledge, none of the
existing research papers fully explore the consolidated
and simultaneous application of STATCOM and BFCL
and their dynamic behaviour in transient and steady-
state conditions. Thus, this paper proposed a robust
H∞ controller of the hybrid system that consists of
OWF, MCF, STATCOM and BFCL under parametric
uncertainty, to achieve power flow control and stability
of the studied system. The performance of the proposed
controller is evaluated under dynamic and transient
scenario.

The paper is organized as follows: mathematical
modelling ofOWF,MCF, STATCOMandBFCL is given
in Section 2, time domain and frequency domain analy-
sis based on simulation results are presented in Section
3, results and discussion is given in Section 4.

2. System configuration

A DFIG-based OWF and SCIG-based MCF is used
as a system simulation, as shown in Figure 1(a).
It has included BFCL and STATCOM at the PCC,
the centralized control schemes are represented in
Figure 1(b). Twenty DFIGs are aggregated to a 40MW
OWF, whereas twenty SCIGs are combined to deliver
a 40MW MCF. DFIGs were used for the variable wind
speed turbines, while SCIGs were used for variable
speed marine current turbines. Both OWF and MCF
are connected to the collector platform at offshore and
exchange the power to the onshore grid through under-
sea cables. The STATCOM and local loads are con-
nected at onshore PCC of the studied system. The
BFCL is connected in both parallel lines which sub-
sequently connect the OWF and MCF with the grid.
The employed mathematical modelling of the studied
system is as follows.

2.1. Offshore wind turbinemodelling

The power captured by offshore wind turbine is
expressed by

Pm_owt = 1
2
ρw.Aw.V3

w(t).Cpw(λw,βw) (1)

where ρw and Vw(t) are the wind density and velocity,
respectively, Aw is the turbine area, Cp_owt is the power
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Figure 1. (a) Configuration of the studied system (b) centralized control scheme of studied system.
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coefficient which can be expressed by

Cp_owt(ψw,βw)

= c1
(

c2
ψw

− c3.βw − c4.βd5w − c6
)
e(−

c7/ψw) (2)

in which
1
ψww

= 1
λw + c8.βw

− c9
β3w + 1

, λw = Rbw.ωbw

vw
(3)

where ωw, βw and λw are angular velocity pitch angle
and tip speed ratio of turbine, respectively, c1–c9 are the
constant-coefficients of Cp_owt .

2.2. DFIGmodelling

The per unit dynamic equations of the DFIG-based
OWF can be describe by [2]

vsw = rswisw + dψsw

dt
− ωrefψsw (4)

vrw = rrwirw + dψrw

dt
− (ωref − ωrw)ψrw (5)

where rrw and rrw are the winding resistance of gener-
ator, isw, and irw are stator and rotor currents of gen-
erator, ωref , ωrw, ψ swand ψ rw are angular speed and
fluxes of generator, respectively. The dynamic equations
of DFIG in dq reference frame are rewritten as⎡

⎢⎢⎣
vdsw
vqsw
vdrw
vqrw

⎤
⎥⎥⎦ = [R∗]

⎡
⎢⎢⎣
idsw
iqsw
idrw
iqrw

⎤
⎥⎥⎦ + [L∗]

d
dt

⎡
⎢⎢⎣
idsw
iqsw
idrw
iqrw

⎤
⎥⎥⎦

− [ω∗][L∗]

⎡
⎢⎢⎣
idsw
iqsw
idrw
iqrw

⎤
⎥⎥⎦ (6)

⎡
⎢⎢⎢⎢⎢⎣

•
ids•
iqs•
idr•
iqr

⎤
⎥⎥⎥⎥⎥⎦

= [[ω∗] − [R∗][L∗]−1]

⎡
⎢⎢⎣
ids
iqs
idr
iqr

⎤
⎥⎥⎦

+ [L∗]−1

⎡
⎢⎢⎣
vds
vqs
vdr
vqr

⎤
⎥⎥⎦ (7)

in which

[R∗] =

⎡
⎢⎢⎣
rsw 0 0 0
0 rsw 0 0
0 0 rrw 0
0 0 0 rrw

⎤
⎥⎥⎦ ,

[ω∗] =

⎡
⎢⎢⎣

0 ω0 0 0
−ω0 0 0 0
0 0 0 �ω0
0 0 −�ω0 0

⎤
⎥⎥⎦

[L∗] =

⎡
⎢⎢⎣
Lsw 0 Lmw 0
0 Lsw 0 Lmw

Lmw 0 Lrw 0
0 Lmw 0 Lrw

⎤
⎥⎥⎦ ,

�ω0 = (ωs − ωr)

where rsw and rrw are the winding resistances of
DFIG, ωs and ωr,are synchronous and rotor angular
speed,Lsw , Lrw and Lmw are the winding inductance of
stator, rotor and mutual inductance, respectively. The
control circuit of the DFIG is shown in Figure 1(b).

2.3. Marine-current turbinemodelling

The power captured by marine current turbine can be
stated as [1]

Pm_mct = 1
2
ρm.Am.V3

m(t).Cp_mct(λmr,βmr) (8)

where ρm is the wind density, Vm(t) is the marine cur-
rent velocity, Am is the turbine area, and Cp_mct is the
power. The power coefficient and Pitch angle controller
of both the turbine are the same except the employed
parameters.

The speed of marine current is demonstrated
through JONSWAP Spectrum [30] which is an aligned
model to address the stability issues that are expressed
as

Vm(t) = Vm0 +
∑
i

2πai
Ti

cosh
(
2π z+d

Li

)

sinh
(
2π d

Li

)

× cos 2π
(

t
Ti

− x
Li

+ φi

)
(9)

where Vm0 is the rated marine current speed, while the
second term represents oscillation in marine current
speed caused by the swell effect, while φi represents the
phase angle of each frequency component.

where amplitude ai of each frequency component is
defined as

ai =
√
2S(fi)�fi (10)

where S(fi) is calculated by

S(fi) = βi
Hs

T4
p

1
f 5
e
(− 4

5
1
T4P

1
f 5
)
γ Y (11)

where

Y = e

(
− (Tpf−1)2

2σ2

)
, σ =

{
0.07, f ≤ 1/Tp
0.09, f > 1/Tp

}
and

βi = − 0.0624(1.094 − 0.0295 ln γ )
0.22 + 0.0338γ − 0.185(1.9 + γ )

The parameter γ is known as the peak enhance-
ment factor which controls sharpness of the spectral
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peak, Tp is the time between two spectral peaks and f is
the spectral frequency. The rated speed of oceanic cur-
rents is 2.5m/s, whileHs=3.0m, Tp = 13.20s, γ =7.0,
x = z=1.0, d=30.0m.

2.4. SCIGmodelling

The p.u. voltage equations of SCIG can be expressed as
[2]

vsm = rsmism + dψsm

dt
− ωrefψsm (12)

0 = rrmirm + dψrm

dt
− (ωsm_ref − ωrm)ψrm (13)

where vsm is the terminal voltage of SCIG,ism and irm
are stator and rotor currents, respectively, rsmand rrm
are winding resistances of stator and rotor, ψsmandψrm
are stator and rotor flux density, ωsm_ref and ωrm are
synchronous and rotor angular speed, respectively.

The above equation converted in synchronously
rotating dq frame of reference is described as

⎡
⎢⎢⎣
vdsm
vqsm
0
0

⎤
⎥⎥⎦ = [R∗

m]

⎡
⎢⎢⎣
idsm
iqsm
idrm
iqrm

⎤
⎥⎥⎦ + [L∗

m]
d
dt

⎡
⎢⎢⎣
idsm
iqsm
idrm
iqrm

⎤
⎥⎥⎦

− [ω∗
m][L

∗
m]

⎡
⎢⎢⎣
idsm
iqsm
idrm
iqrm

⎤
⎥⎥⎦ (14)

⎡
⎢⎢⎢⎢⎢⎣

•
idsm•
iqsm•
idrm•
iqrm

⎤
⎥⎥⎥⎥⎥⎦

= [[ω∗
m] − [R∗

m][L
∗
m]

−1]

⎡
⎢⎢⎣
idsm
iqsm
idrm
iqrm

⎤
⎥⎥⎦

+ [L∗
m]

−1

⎡
⎢⎢⎣
vdsm
vqsm
0
0

⎤
⎥⎥⎦ (15)

in which

[R∗
m] =

⎡
⎢⎢⎣

−rsm 0 0 0
0 −rsm 0 0
0 0 −rrm 0
0 0 0 −rrm

⎤
⎥⎥⎦

[ω∗
m]

=

⎡
⎢⎣

ωref 0 −ωref 0
0 −ωref 0 ωref

−(ωref − ωr) 0 (ωref − ωr) 0
0 (ωref − ωr) 0 −(ωref − ωr)

⎤
⎥⎦

[L∗
m]

=

⎡
⎢⎣
Xsm + Xmm 0 Xmm 0

0 (Xsm + Xmm) 0 Xmm
Xmm 0 Xrm + Xmm 0
0 Xmm 0 Xrm + Xmm

⎤
⎥⎦

where XsmandXrm are the winding reactance’s of
stator and rotor, respectively, Xmm is the magnetizing
reactance of the SCIG generator.

2.5. STATCOMmodelling and its controller design

The dynamicmodelling of STATCOMcan be expressed
as

Va_sta = −rsta.ia_sta + lsta
dia_sta
dt + Va_pcc

Vb_sta = −rsta.ib_sta + lsta
dib_sta
dt + Vb_pcc

Vc_sta = −rsta.ic_sta + lsta
dic_sta
dt + Vc_pcc

⎫⎪⎬
⎪⎭ (16)

The overall state spacemodel of STATCOMas devel-
oped in (16) is expressed as
⎡
⎢⎢⎣

•
iqsta•
idsta•
Vdcsta

⎤
⎥⎥⎦ =

⎡
⎣−rsta/lsta −ω 0

ω −rsta/lsta
0 kmsta/Csat 0

⎤
⎦

⎡
⎣ iq

id
Vdcsta

⎤
⎦

+ Vsta

lsta

⎡
⎣− sinαsta

cosαsta
0

⎤
⎦ (17)

Qc = Vsta
[− cosαsta sinαsta 0

] ⎡
⎣ id

iq
Vdcsta

⎤
⎦
(18)

in which

Idcsta = iqsta.kmsta. cos(θpcc + αsta)

+ idsta.kmsta. sin(θpcc + αsta) (19)

where rsta and lsta are the resistance and inductance of
coupling inductor, respectively. idsta and iqsta are the d-q
axis current of STATCOM, Vsta is the terminal voltage
of STATCOM, Idcsta is the dc current of STATCOM,
Vdcsta is the dc voltage of the STATCOM, kmsta is the
modulation index, respectively. The controller of the
STATCOM is shown in Figure 1(b).

2.6. BFCLmodelling

The detailed configuration of BFCL is zoomed out in
Figure 1(a); it consists of two parts: one is the shunt
part and the other is the bridge part, which inserts
two different impedances in transmission lines. This
includes a bridge path with low impedance in normal
operating condition, during transient/fault condition
this includes high impedance shunt impedance Xsh,Rsh
path by opening the bridge path through IGBT switch,
so the BFCL damps out the power oscillation and lim-
its the fault current by consuming the excessive power
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during fault. Furthermore, it enhanced the transient
stability of the integrated system. The power consumed
by each line steady state is expressed as [31] follows.

PBFCL ≤ Pg
2

(20)

During fault

PBFCL = V2
PCCRsh

R2sh + X2
sh

(21)

After simplifying Equations (20) and (21)

Rsh ≥
V2
PCC +

√
V2
PCC − P2gX2

sh

Pg
(22)

Rsh is a real number, so

Xsh ≤ V2
PCC
Pg

(23)

The value of shunt impedance Rsh and Xsh has been
calculated according to power Pg and PCC voltage
VPCC.

3. Proposed controller design

In this section, H∞-based centralized control scheme
for OWF and STATCOM is discussed. The objective
of centralized controller design is to optimize the con-
troller gain subjected to parametric uncertainty and
exogenous input. Loop-shaping H∞ controllers have
the ability to stabilize the control parameter under
parametric uncertainty and external disturbances. The
undertaken steps enumerating the controller design are
as follows:

• Parametric uncertaintymodelling of the studied sys-
tem.

• State space modelling of the closed loop plant with
parametric uncertainty and exogenous input.

• Formulation of optimal H∞ controller for the stud-
ied system.

3.1. Parametric uncertaintymodelling

The parameters of offshore wind generator, marine cur-
rent generator and STATCOM are time varying due to
current harmonics, unbalance current or voltage dis-
tortion. Thus, variation in parameters is considered as
parametric uncertainty. Its poses a challenge in the con-
troller design which need to be addressed adequately.
It consists of a nominal part plus uncertain or vari-
able part. i.e. lsowf +�lsowf , lmowf +�lmowf , rsowf +
�rsowf , rrowf +�rrowf , rsta +�rsta, lsta +�lsta, Csta +
�Csta.

Figure 2(a) shows the schematic representation of
state space of studied system consisting of nominal

Figure 2. 13(a) Schematic state space model of studied sys-
tem (b) Effect of parametric uncertainty on control signal.

parameters and uncertain parameters. Consequently,
Figure 2(b) represents the frequency response of con-
trol signal under parametric variations. The bold sig-
nal is obtained with a nominal parameter and the
remaining is obtained with uncertainty in parameters
of the hybrid system. Its shows the impact of paramet-
ric uncertainty on the control signal and it is plotted
between the control parameters, vds to idr and vqs to iqr.
The fundamental frequency has been taken for the plot
with the 20% of parametric uncertainty in the system.

It is seen that the frequency characteristic of control
signal vds, iqr have a range of variationwith an uncertain
model. This represents the effect of parametric uncer-
tainty over the control signal. Therefore, it is considered
in the controller design of studied system.

3.2. State space formulation of uncertain system

The state space structure of the studied system with
uncertainty is described as

◦
x = Âx + B̂1w + B̂2u
y = Cx + Du

(24)

where Â is the state matrix of the studied system with
parametric uncertainty (Â = A +�A), similarly B̂1 =
B1 +�B1, B̂2 = B2 +�B2. “x” represents state vec-
tor. u, w and y are the control input, exogenous input,
and controlled output of the studied system, respec-
tively. The state space equations of the entire plants with
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parametric uncertainty are defined as

Â = [ÂDFIG, ÂSCIG, ÂSTA],

B̂1 = [
B̂1DFIG B̂1SCIG B̂1STA

]
B̂2 = [

B̂2DFIG B̂2SCIG B̂2STA
]

The vector of state Equation (24) is defined as

x = [
xDFIG xSCIG xSTA

]T ,
w = [

wDFIG wSCIG wSTA
]T

u = [
uDFIG uSCIG uSTA

]T ,
y = [

yDFIG ySCIG ySTA
]T

3.3. H∞ control structure formulation

The basic structure of H∞ controller has two control
inputs: “W” as an exogenous input and u as a con-
trolled input, two control outputs : “z” is the error signal
and y is the observed output available for feedback.
The design of proposed H∞ loop-shaping controller is
based onN-� control structure. The typical description
of N-� control structure is shown in Figure 3, which
consists of uncertain part plus real system.

Here r is the reference signal, d is the exogenous
disturbance, w = [r, d] that satisfied ||r|| ≤ 1. The
parametric perturbation of uncertainty present in the
original system are transformed in a block diagonal
matrix defined as �P. Where �P is defined as diag
[�1 . . . . . . . . . . . . �11] that includes [�lsowf , �lrowf ,
�lmowf , �rsowf , �rrowf , . . . �lSTA,�rSTA]. �P satisfied
||�P|| ≤ 1. The input voltage of �P is y� and the out-
put vector isu�. The perturbed plant is shapedwith two
weighting functions W1 and W2 which are defined as
pre- and post-compensator, respectively. The weighting
function controlled the output Z1 and Z2. The block
that included the controlled system with weighting
function is marked as P = W1G(s)W2.

The closed loop plant P(s) with controller K(s) is
marked as N(s).

Figure 3. H-∞ control structure of shaped plant.

The design of weighting function in controller as a
filter shapes the uncertain perturbation of controller
outputs and inputs. The sensitivity function of con-
troller is defined as

S = (1 + G(s)K)−1 (25)

The weighting functions are designed such as they
regulate the bandwidth and fundamental frequency
component of controller outputs and inputs of control
law. Generally, the W1is designed as a high-pass fil-
ter, and W2 is designed as a low-pass filter, the typical
function of weighting functions is given as

W1 = 1
W2 = s/M+ω

s+ω.A
(26)

whereA is the low frequency gain of 1/W2(jω) andM is
the high frequency gain of 1/W2(jω). The optimal con-
troller, based on H∞ loop-shaping, is bound by H∞
norms given in Equation (21), which guaranteed the
robustness and stability of the optimal controller.

||Tw→z(s)|| < γ (27)

Therefore, the necessary and sufficient condition for
designing robust controller K can be expressed as

∣∣∣∣|
[

I
K∞

]
(I − PsK∞)[I Ps]

∣∣∣∣ |∞ ≤ γ (28)

The controller K follows the H∞ norm and the gain
obtained by the controller is less than the stability mar-
gin γ , which ensures the robustness of the controller
and stability of the system, thus the robust controller K

Figure 4. Flow chart.
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Table 1. Performance indices.

ISE IAE ITSE ITAE

OWF+MCF+STATCOM+Conventional PI control 3.55E-02 7.45E-02 8.25E-03 4.5E-02
OWF+MCF+STATCOM+loop-shaping H∞ optimal control 1.12E-02 4.44E-02 1.25E-03 3.15E-02

can be realized. Therefore, the gain optimization can be
formulated as

Minimize
∣∣∣∣|
[

I
K∞

]
(I − PsK∞)[I Ps]

∣∣∣∣ |∞ (29)

The optimal controller has been evaluated with H∞
norms to ensure the robustness of the proposed con-
troller. The flow chart is given in Figure 4.

3.4. Performancemeasures of the proposed
controller

Performance measures of the proposed controller are
evaluated in terms of integral squared error (ISE), inte-
gral time squared error (ITSE), integral absolute error
(IAE) and integral time-weighted absolute error (ITAE)
of power signal, as mentioned in Table 1. It indi-
cates the significant improvement in the power oscil-
lations damping with the proposed controller. Hence, it
ensures the robustness of the proposed controller.

4. Simulation results

In this section, OWF and MCF comprising STATCOM
and BFCL are simulated and analysed with the pro-
posed controller under dynamic and transient condi-
tions. Different case studies are generated to evaluate
the performance and efficacy of the proposed controller
for minimizing the power oscillation and voltage devi-
ation of the integrated hybrid system. Furthermore,
Eigen values and participation factors are calculated to
ensure the stability of the studied system. The mod-
elling and simulation has been performed in the RTDS
environment. Three different case studies have been
generated to examine the efficacy of the proposed con-
troller.

Case 1: The stochastic wind and marine current
speed have been applied to the studied system, as shown
in Figure 6(c). The response of the hybrid system, con-
sisting of STATCOM and BFCL, has been recorded in
terms of active and reactive power of the OWF and
MCF, as shown in Figure 5(a–d). The response of the
proposed controller is achieved and compared with a
conventional PI controller to examine the efficacy of the
proposed controller in dynamic scenarios, the speed of
thewind andmarine current is stochastic in nature. The
simulation results suggest that the proposed controller
significantly enhanced the power oscillations damping
characteristic of the studied system and damped out the
oscillations due to stochastic wind and marine current
speed smother and faster, while it will remain oscil-
lating with the conventional controller. Furthermore,

Figure 5. Under dynamic conditions (a) Active power of OWF,
(b) reactive power of OWF, (c) active power of MCF, (d) reactive
power of MCF.
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Figure 6. Under dynamic conditions (a) DC-link voltage ofDFIG
(b) Electrical torque of OWF (c) Dynamic speed of offshore wind.

robust H∞ controller has reduced overshoot and set-
tling time. The corresponding active and reactive power
of MCF is shown in Figures 6(c,d). It reflects a simi-
lar improvement in the dynamic response of the MCF.
Thus, the proposed controller enhanced power oscilla-
tion damping characteristic and ensured the dynamic
stability of the studied system.

Corresponding DC link voltage of DFIG-based
OWF and electrical torque angle of offshore wind gen-
erator are shown in Figure 6(a,b), respectively. From
simulation results, we observed that the proposed con-
troller of a hybrid system consisting of STATCOM
is able to stabilize DC-link voltage and minimize the
oscillation of electrical torque angle of the genera-
tor faster and smoother. Furthermore, the oscillation
damping characteristic is enhanced with the proposed
controller of the STATCOM.

The corresponding active and reactive power export
to grid is shown in Figure 7(a,b), respectively. It sug-
gested that the active and reactive power oscillation
at grid is less compared to the generator terminal and
the damping characteristic is faster and smoother with
the proposed controller at grid terminal. The reactive

Figure 7. Under dynamic conditions (a) active power at grid (b)
reactive power at grid (c) Reactive power share of STATCOM and
grid (d) PCC terminal voltage.
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power drawn from the grid is less because STATCOM
is connected at PCC. The reactive power shared by
grid, DFIG and STATCOM is shown in Figure 7(c),
it suggests that the STATCOM shared the maximum
reactive power requirement of system which is able to
stabilize the terminal voltage by locally supporting the
reactive power to MCF and the local loads connected

Figure 8. Under transient conditions (fault at t = 1s for 0.1s)
(a) active power of OWF (b) reactive power of OWF (c) active
power of MCF (d) reactive power of MCF.

to a hybrid system. The corresponding PCC voltage is
shown in Figure 7(d), it suggests that the proposed con-
troller regulates the PCC terminal voltage due to the fast
control action of STATCOM controller, which supplied
the required reactive power at PCC. Thus, STATCOM
with the proposed controller improves the damping
characteristic and stability of the hybrid system.

Case 2: Transient scenario: To examine the efficacy
of the proposed controller and consolidated applica-
tion of STATCOM and BFCL, the performance of the
studied systemhas been evaluated under transient/fault
condition by creating a fault at point F1 at t = 1sec for
0.1 sec. The response of the hybrid system is recorded
and compared with the conventional PI controller with
the consolidated application of the STATCOM and
BFCL. The wind and marine current speed are taken
constants for transient response because the duration
of fault is too small and slow dynamics of turbines does
not change significantly during faults. The correspond-
ing active and reactive power of OWF and MCF is
shown in Figure 8(a,d), respectively. Simulation results
show the damping characteristics of the BFCL during
faults. It provides high impedance in a fault condition
and power oscillation faster and smother compared
to the conventional PI controller. Furthermore, in the
reactive power, a requirement during fault is signifi-
cantly reduced due to the incorporation of BFCL,which
helps the machine to maintain the angular stability.

Correspondingly, DC-link voltage and electrical
toque angle of offshore wind generator are shown
in Figure 9(a,b), respectively. The DC-link voltage of
the DFIG-based OWF is significantly improved in the
presence of BFCL and STATCOM with the proposed

Figure 9. Under transient conditions (fault at t = 1s for 0.1s)
(a) DC-link voltage of DFIG (b) Electrical torque of OWF.
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controller due to current limiting by BFCL and reactive
power support through STATCOM during faults, cor-
responding electrical torque oscillation damping of the
generator is significantly improved with consolidated
application of STATCOM and BFCL.

Corresponding active and reactive power at grid are
shown in Figure 10(a,b), while the PCC voltage and

Figure 10. Under transient conditions (fault at t = 1s for 0.1s)
(a) Active power at grid (b) Reactive power at grid (c) PCC termi-
nal voltage (d) Reactive power of STATCOM.

reactive power support from STATCOM are shown in
Figure 10(c,d), respectively. Simulations results suggest
that the proposed controller of STATCOM offers bet-
ter damping characteristic to grid power in the pres-
ence of BFCL. Similarly, in the presence of STATCOM
and BFCL, the reactive power drawn from the grid is
significantly reduced which helps the voltage stability
during and after the faults. The significant reduction in
voltage fluctuation has been achieved in Figure 10(c)
through consolidated application of STATCOM and
BFCL. Thus, the proposed controller of studied system
with STATCOM and BFCL ensures overall stability and
reliability of the hybrid system.

Case 3: Frequency-domain characteristic: the fre-
quency domain response of the integrated system is
evaluated using Eigen values and participation factors.
It ensures the small signal stability of studied system in
steady-state operation. The Eigen values are derived for
the linearized state space model of the hybrid system in
nominal operating point by the following question

det(λ[I] − [A]) = 0 (29)

where λ is the Eigen value and A is the system matrix
of the augmented plant and I is the identity matrix.
The obtained Eigen values are listed in Table 2. It

Table 2. Eigen values of the studied system.

OWF+MCF+STATCOM+
conventional PI

controller

OWF+MCF+
STATCOM+

loop-shaping H∞
control+ BFCL

A1,2 XDFIG −0.03 ± j314.159 −0.03 ± j314.154
A3,4 −0.02 ± j146.365 −0.02 ± j146.362
A5,6 XSCIG 0.0 ± j314.159 0.0 ± j314.154
A7,8 −12.58 ± j0.00 −12.585 ± j0.00
A9,10 XSTA −70.94 ± j349.54 −71.02 ± j348.06
A11 −15.13 −15.148
A12,13 XBFCL – −1.50, −.2655

Table 3. System parameters.

Base parameters
Vb = 690 V , Sb = 2MW, Wb = 2π fb , fb = 50Hz
DFIG-based OWF parameters
rsw = 0.00706pu, rrw = 0.005pu, Lsw = 0.171pu
Lrw = 0.156pu, Lmw = 2.9pu, βw min = 0o , βw max = 30o

vcut−in = 4m/s, vrated = 15m/s, vcut−off = 25m/s
SCIG-based MCF parameters
rsmct = 0.0048pu, Xsmct = 0.0924pu, rrmct = 0.0054pu
Xrmct = 0.0995pu, Xmmct = 3.9527pu
vcut−in = 1m/s, vrated = 2.5m/s, vcut−off = 5m/s
βmr min = 0o , βmr max = 30o

STATCOM parameters
Rsta = 0.05pu, Xsta = 0.2pu, Rm = 500pu, Cm = 0.07F
BFCL parameters
Rsh = 0.0075pu, Xsh = 0.029pu, Rdc = 0.30m�, Ldc = 1mH
Transmission lines, capacitor banks and local load parameters
Rw = Rmr = 0.02pu, Xw = Xmr = 0.4pu
Rt = 0.04pu, Xt = 0.8pu, Cmr = 0.3125pu
Rl = 8.0pu, Xl = 4.0pu

Constants of Cp in OWF and MCF
C1 = 0.345, C2 = 128.2, C3 = 0.41, C4 = C5 = 0, C6 = 11.2
C7 = 11, C8 = 0.08, C9 = 0.011
d1 = 0.19, d2 = 85.2, d3 = 0.4, d4 = 0.25, d5 = 0.52, d6 = 10.5
d7 = 6.21, d8 = 0.025, d9 = −0.045
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shows the efficacy of the proposed controller and sug-
gests that the stability and robustness of the studied
system has been significantly enhanced with the H∞
loop-shaping-based proposed controller. All the sys-
tem parameters used in this study has been shown in
Table 3.

5. Conclusion

This paper presents the stability improvement of grid
interactive OWF and MCF using STATCOM and
BFCL. A robust H∞ loop-shaping-based controller is
designed under parametric uncertainty to enhance the
controller performance and enhance the power oscilla-
tions damping characteristic, voltage stability and reac-
tive power support. STATCOM and BFCL have con-
solidated their application for suitable enhancement
of power oscillation damping and stability margin of
the studied system. The performance of the proposed
controller with STATCOM and BFCL was evaluated
under dynamic and transient conditions in RTDS plat-
form. Furthermore, Eigen values have been calculated
to ensure the small signal stability of the proposed con-
troller. The simulation results show the efficacy of the
proposed controller and ensure the significant improve-
ment in the oscillation damping and voltage stability
margin with consolidated simultaneous application of
STATCOM and BFCL.
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