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Abstract— This paper presents a novel strategy for
static compensator based control of grid interfaced
OWF and M CF for dynamic stability enhancement. The
performance of the studied OWF is simulated by an
equivalent doubly-fed induction generator (DFIG)
driven by an equivalent wind turbine (WT) while MCF
is simulated by an equivalent squirrel-cage rotor
induction generator (SCIG). A PID controller for the
STATCOM is proposed to contribute effective damping
characteristics to the studied system under different
operating conditions. The model studied is subject to
various disturbances, like noise wind speed distur bance,
marine current speed disturbance and a three phase
short circuit fault at grid. It can be concluded from the
simulated results that the proposed STATCOM is very
effective to stabilize the studied system under
disturbance conditions. The voltage fluctuations of the
AC bus subject to the active-power variations of the
studied system can also be effectively controlled by the
proposed control scheme, MATLAB/SIMULINK results
verified the effectiveness of proposed control scheme.

|. INTRODUCTION

The wind energy and ocesn energy have been
integrated together in the U. K. [1]. Ocean energy may
includetida energy, wave energy, therma energy, offshore
wind energy. Offshore generators driven by wind turbine
(WT) combined with generators driven by marine-current
turbine (MCT) will become hybrid scheme for energy
production in future. Since oceans cover more than 70%
surface of the earth, this hybrid scheme can be extensively
developed a different parts of the world in future. One of
the method of running OWF is to connect the output
terminas of DFI Gstogether and then connect to power grid
through an offshore step-up transformer and undersea
cables. To run an MCF we may use squirrel-cage induction
generators (SCIG) connected to power grid through an
offshore step-up transformer and undersea cables The WT
and MCT have same operating characterigtics

The OWF with DFIG operde at close to unity power
factor, while MCF with SCIG requires reactive power for
magnetization. When the generated active power of an
DHG based OWF is varied due to noise wind speed
disurbance, the active power generated by MCF is
affected, the reactive power generated by OWF and MCFis
a o affected, the common AC bus voltage dso affected. In
the event of marine-current fluctuations the absorbed and
generated active power dso affected and grid disturbances
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like faults at grid, an energy Sorage sysem or a control
device for a large-scde high-capacity power generation
system is generdly required to compensate fluctuating
components when connected to a power grid. A large scde
OWF may combine with different FACTS devices or
energy-dorage systems such as STATCOM [2], super
conducting magnetic energy storage system (SMES) [3]
EtC.

The andyzed results of stability improvement of power
systems using STATCOMSs and the damping controller
design of STATCOMswere presented in [4]. The design of
an output feed-back linear quadratic controller for a
STATCOM and a variable-blade pitch of a wind energy
conservation system to perform both voltage control and
mechanical power control under grid-connection or
idanding conditions were shown in [5]. Sysem modding
and controller design for fast load voltage regulation and
mitigation of voltage flicker usng a STATCOM were
demongrated in [6]. A new D-STATCOM control
a gorithm enabling separate control of poditive and negative
sequence currents was proposed, and the agorithm was
based on the developed mathematicad model in the co-
ordinates for a D-STATCOM operating under unbalanced
conditions[7].

An in-depth investigation of the dynamic performance
of a STATCOM and a datic synchronous series
compensator  (SSSC) using digitd  dmuldions was
performed in [8]. The results of a sudy on the application
of the recently developed STATCOM for the damping of
torsgona osdillations occurred in a series compensated AC
system were sudied while dynamic performance of the
nonlinear system with an optimized STATCOM controller
was evauated under a threephase fault condition [9].
Discussion and comparison of different control techniques
such as PSS, datic VAR compensator (SVC) and
STATCOM for damping undesirable inter area oscillations
in power sydems were caried out in [10]. The
conventiond method of Pl control for a STATCOM was
compared and contrasted with various feedback control
drategies and a linear optima control based on LQR
control was shown to be superior in terms of response
profile and control effort required [11]. A STATCOM
based on a current-source inverter (CSl) was proposed and
the nonlinear modd of the CSl was modified to be alinear
modd through a novel modding technique [12]. The
integrated STATCOM/BESS was introduced for the
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improvement of dynamic and trandent ability and
tranamission capability. The performance of the different
FACTSBESS combinations was compared and provided
experimentd verification of the proposed controls on a
scaled STATCOM/BESS system.

[1. INTEGRATED OWF AND MCF MODELS

Fig.1 shows the configuration of the studied
integrated DFIG-based OWF and SCIG-based MCF
with the proposed STATCOM. The80-MW OWF is
represented by a large equivalent aggregated DFIG
driven by an equivalent aggregated variable-speed WT
through an equivalent aggregated gear box. The 40-
MW MCF is represented by a large equivalent
aggregated SCIG driven by an equivalent aggregated
variable-speed MCT through an equivalent aggregated
gear-box. The OWF the MCF, the STATCOM and a
local load are connected to an AC busthat is fed to the
on shore power grid through an offshore step-up
transformer and under sea cables. The employed
mathematical models of the studied system are
described as below.

A. Wind Turbine

The mechanica power (in W) produced by aWT
can be expressed by

Pr= > P A Vo’ Cou (M, Bu) (D)

Where p,, isthe air density in Kg/m®, A, isthe blade
impact areain ', V,, isthewind speed inmvs, and G,y is
the power coefficient in m/s of the WT . The wind speed
V,y ismodded asthe dgebraic sum of abasewind speed, a
gust wind speed, a ramp wind speed and a noise wind
spead. The detailed equations for these four wind speed
components can be referred to [15] while the power
coefficient of the WT isgiven by [16].

The cut-in, rated, and cut-out wind speeds of the studied
WT are4, 15, and 24 nvs, respectively. When V,, is lower
than the rated wind speed of the WT (Viaet), B = 0° .
When V>V 4 , the pitch angle control system of the
WT ( By) increases. FHg. 3. shows the characteridtics of the
captured per-unit mechanica power versus the per-unit
generator rotor speed of one of the forty 2-MW WTsof the
studied 80-MW OWF from cut-in wind speed to rated wind
speed. The optimd output points in Fig.3 are the ided
maximum output mechanica power of theWT.

B. Mass-Soring-Damper systemand Induction Generator

Fg. 4 shows the two-inertia reduced-order equivaent
mass-spring-damper model of the WT coupled to the rotor
shaft of the studied wind DFIG [17]-[19].The effect of the
equivaent gear box (GB,,) between the WT and DFIG has
beenincluded in thismodd.
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Fig.1. Configuration of theintegrated OWF and MCF with
STATCOM.
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Fig.2. Block diagram of the pitch-angle control system of
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damper modd of theWT coupled to the rotor shaft of the
studied wind DFIG.
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The per-unit g- and d-axis voltage - current
equations of an induction generator can be referred to [26]
and they can be used for the dectrica parts of the wind
DH G and the marine-current SCIG.

C. Power Convertersof DFIG

Fig.5 shows the one-line diagram of the studied
wind DFIG. The stator windings of the wind DFIG are
directly connected to the low-voltage side of the 0.69/23-kv
step-up transformer while the rotor windings of the DFIG
are connected to the same 0.69-kv side through arotor-sde
converter (RSC), aDC link, a grid-sde converter (GSC), a
step-up transformer,, and aconnection line.

Doubly-Fed Induction Generator

(DFIG)
iy by
1.1 o
R.+
il
RSCW yonrs Coan | GSC
va'“
Fig. 5. One-line diagram of the studied doubly-fed
induction generator.
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Fig. 6. Control block diagram for the RSC of the DHIG

For normd operation of awind DFIG, the input
AC-dde voltages of the RSC and the GSC can be
effectively controlled to achieve the aims of smultaneous
output active-power and reective-power control. Fig.6
shows the control block diagram of the RSC of the studied
DHG. As shown in Fig. 6, the operation of the RSC
requiresiq,, and idrw to follow the varying reference points
that are determined by maintaining the output active power
and the daor-winding voltage a the sdting values,
respectively. The required voltage for the RSC (V) is
derived by controlling the per-unit g- and d-axis currents of
the RSC [21]-[23]. The control block diagram of the GSC
of the studied wind DFIG is shown in Fig. 7. The per unit
g and d-axis currents of the GSC, gy and gy , have to
track the reference points that are determined by
maintaining the DC link voltage V4, & the setting value
and keeping the output of the GSC at unity power factor,

respectively. The required per-unit voltage of the GSC (vgy
) isderived by controlling the per-unit g- and d-axis currents
of the GSC[21]-[23].
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Fig. 7. Control block diagram for the GSC of the DFIG.
D. Marine-Current Speed and Marine-Current Turbine

The MCT is assumed to be driven by tide velocities,
and the current velocity is determined by spring and negp
tides The marine-current speeds are given a hourly
intervals garting at 6 h before high waters and ending 6 h
after. It is easy to derive a Smple and practical mode for
mearine-current speeds under the knowing tide coefficients
asfollows

VMR - Vn + (cmr :55)_(:? vnt) (2)
Where C,, is the marine coefficient, 95 and 45 are the
Spring and negp tide medium coefficients, respectively, and
V¢ and V,, are the soring and negp marine-current speeds,
respectively [1]. The employed marine-current mode is
between France to England area[1]. The mechanica power
(inW) generated by the studied MCT can be expressed by

P = %2 Proe A .VsMR - Comr Aav s Brr) €)

Where py, isthe seawater density in kg/m? (0 = 1025
kg/m?), Any is the blade impact area in n?, Vg is the
marine velocity in Vs as depicted in (2), and Cyy is the
power coefficient of the MCT.

The cut-in, rated and cut-out speeds of the sudied
MCT ae 1, 25, and 4 nv/s, respectively. When Vg is
higher than the rated speed, the pitch-angle control system
of the MCT activates to limit the output power of the MCT
at the rated value. Since the employed turbine modd, pitch-
angle control system, and mass-spring-damper mode of the
studied MCF are similar to the ones that are employed in
the OWF, some mathematicad models employed in the
OWF can be dightly modified to be used in the MCF
except the parameters.

E. STATCOM

The oneline diagram of the sudied STATCOM was
shown in Fg. 1. The per-unit g- and d-axis output voltages
of STATCOM can be expressed by, respectively, [11]

Vga = Vcsa KM .COS( By + ) 4
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V aga =V gega KM SIN( B+ 1) ©)]

Where Vg, and Vg, are the per-unit - and d-axis voltages
at the output terminals of the STATCOM, respectively, B
is the phase angle of the AC-bus voltage, Vs iSthe per-
unit DC valtage of the DC capecitor C,,,, and km and o
ae the modulation index and phese angle of the
STATCOM, repectively. The per-unit DC voltage-current
equation of the DC equivdent cgpecitance C,, can be
written as

(Cn)s (Ve ) =0y locsa— (Vocsa! Ro)] ©)
Where

l gesta = Tga KM .COS( B + ) + igga . KM .SIN( B+ @)

™

is the per-unit DC current flowing into the positive terminal
of Vgsa » Ry IS the per-unit equivdent resgance that
condders the equivdent dectricd losses of the
STATCOM, and i, and igys e the per-unit g- and d-axis
currents flowing into the terminds of the STATCOM,
respectively. The contral block diagram of the proposed
STATCOM including the proposed STATCOM including
a damping controller is shown in Fig. 8. The per-unit DC
voltage Vgsa IS controlled by the phase angle o while the
voltage Vg, isvaried by changing the modulation index km.
The employed parameters of thispaper areligedin Teblel.
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Fig. 8. Control block diagram of the proposed STATCOM
including the PID damping controller.

[11. SIMULATION RESULTS

This section uses the nonlinear system
model developed in Section Il to compare the
damping characteristics contributed by the proposed
STATCOM joined with PID damping controller on
dynamic stability improvement of the studied system under
a noise wind-speed disturbance, a marine-current speed
disturbance, and a three-phase short-circuit fault a the grid,
respectively.

A. Noise Wind-Speed Disturbance

The noise wind-speed disturbance shown in Fig. 10(h) is
added to studied system, but the marine-current speed is
still kept at Vi = 2.5 m/s. Fig 10(a)-(g) illustrates the
studied system with and without the STATCOM and
the designed PID damping controller under the noise
wind-speed disturbance.
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©)
Fig. 10. Dynamic response of the studied system with and
without PID STATCOM damping controller under noise
wind speed disturbance (&) Py ,(0) Qw ,(€) Prr ,(d) Qe , (€)
l:)grid ’ (f) Vbus ’ (g) Vw-

The dynamic smulation results shown in Fg.
10(9)-(g) are andyzed asbelow.
1) It can be seen that STATCOM can effectively
maintain the AC bus voltage at 1.0 p.u by properly
adjusting a to tune the quality of the reactive power of
the STATCOM dedlivered to the AC bus and
fluctuations of active and reactive power are
minimized.
2) STATCOM can offer adequate damping
characteristics to the studied system, the oscillations
of Pw ’ Qw ’ Pmn er I:)grid ’ Qgrid and Vbus due to
random noise wind speed disturbance can be fast
damped .
3) The Py, Qny @and Vs have the smallest amplitudes
in three curves with PID controller.
4) The generated active power DFIG P, shown in fig
10(a) is not affected by the addition of STATCOM
with PID controller.

B. Marine-Current Speed Disturbance

The marine current speed disturbance shown e
in fig 11(h) is added to the system but the Wind farm
speed is till kept at V,, =12 m/s. (9)

Fig 11(a)-(g) illustrates the studied system
with and without the STATCOM and STATCOM
with PID damping controller.

g.

Lin

(h)

Fig. 11. Dynamic response of the udied system with and
without STATCOM damping controller under marine-
current speed disturbance (&) Py ,(b) Qu ,(C) Prr /() Qrr
{(€) Pyid »(f) Qgid +() Vious ,(N) Vi -
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It is observed from simulations that all
guantities are dlightly deviated from steady state
operating points at t = 0 s due to small variations of
marine current speed.

Since marine-current speed is closely related
to the output active power of the MCT, it is seen that
the response of Pmr shown in Fig. 11(c) is similar to
the one of V., shown in Fig. 11(h) and the high-
frequency components existing in shown in Fig.
6.2(h) have been filtered out. Comparing the dynamic
responses of Quy shown iN Fig. 11(d) with Vmr shown 2
in Fig. 11(h), it is found that the magnitude of Q. .
gets higher when V.. increases This is due to the fact
that the 1G-based MCF requires larger reactive power
for magnetization when the rotational speed and the
output active power of the SCIG of the MCF
increase. The system has better damping and peak
magnitude of oscillations are minimum with the
proposed scheme.

T
“

dnipg

C. Three-Phase Short-circuit Fault at Power Grid

= e sy A

iz i it

The OWF operates under a base wind speed
of Vy, = 12 m/s and MCF operates under a base
marine current speed of V,, = 2.5 m/s. A three phase
short circuit fault is applied to the grid at t = 0.1 sand i o
cleared at t = 0.125s. R R

It is seen when fault is applied all the values
drop to low values and when fault is cleared all the
responses stably return to the original steady-state LU T
operating conditions. The STATCOM can offer better |

damping characteristics to the studied system. The Jobs o
peak magnitude of oscillation reached is minimum l
with STATCOM. : ;
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ua

da - |

Fig. 12. Trangent response of the sudied system with and
without STATCOM damping controller under three-phase
feuilt & power grid (a) P, (6) Qu; (€) Prr, (d) Qur, (€) Pyia

(f) Qgiar (@ Waw» () W , () Vau ,() Vi » (K) Vipus , (1)

w.

V. CONCLUSION

This paper presented the enhancement and
stability improvement of an integrated OWF and
MCF using STATCOM. Time domain simulations
are carried out for the studied system. The studied
system is subjected to a noise wind-speed
disturbance, a marine-current speed disturbance a
three phase short circuit fault at the grid have been
systematically performed to demonstrate the

effectiveness of proposed controller for STATCOM
on suppressing fluctuating active and reactive powers
of the studied system and improving the dynamic
stability and transient stability under different
operating conditions. It can be concluded from
simulated results that the proposed STATCOM is
capable of improving the performance of the studied
integrated OWF and MCF under variable situations.
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