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ABSTRACT: This paper deals with the development of a Mat lab-simulink model of a new proposed scheme for grid connected
off shore wind farm (OWF) and marine current farm (MCF) on a static synchronous compensator (STATCOM). The purpose of this
simulation Model to getting better damping enhancement and voltage control. An equivalent Doubly fed Induction Generator is
used here to operate the Off shore wind farm while an equivalent Permanent magnet Synchronous Generator is used to operate the
marine current farm. The PMSG is used to guide for an equivalent marine current turbine and the DFIG is used to guide for an
equivalent Wind turbine. To design a damping controller for this proposed scheme model control theory is used here for getting the
effective characteristics. The STATCOM controller plays an important role here. A frequency-domain approach based on a
linearized system model using Eigen value techniques and a time-domain scheme based on a nonlinear system model subject to
various disturbances are both employed to simulate the effectiveness of the proposed control scheme. It can be concluded from the
simulated results that the proposed STATCOM joined with the designed damping controller is very effective to Balance the studied
system under disturbance conditions. The proposed scheme of this AC bus system can easily control the voltage fluctuations.

Keywords: PMSG, Dynamic stability, doubly fed Induction Generator, marine-current farm, offshore wind farm,
FACTS Controllers, Eigen values.

I.INTRODUCTION

During the last decades, Wind Energy Conversion System (WECS) has grown dramatically. Variable-speed wind
Turbines (VSWTs) attract considerable interest around the world, which is one of the solutions with the highest
potential to reduce wind energy cost. The VSWT systems are usually based on doubly fed induction generators
(DFIGS) or permanent magnet synchronous generators (PMSGs). Basically wind farm consists of many wind turbines
that are connected with each other to produce small amount of electrical power that becomes powerful after connecting
with the transformer. Areas that consists of the number of wind turbines for the sake of power generation from wind
and are connected with each other in the different way is called wind farm. Basically wind farm consists of many wind
turbines that are connected with each other to produce small amount of electric power. Different strategies are used to
build the wind farms in different locations or area. Generators driven by marine-current turbine (MCT) combined with
offshore generators driven by wind turbine (WT) will become a novel scheme for energy production in the future.
Since oceans cover more than 70% surface of the earth, a hybrid power generation system containing both offshore
wind farm (OWF) and marine-current farm (MCF) can be extensively developed at the specific locations of the world
in the future. One of the simple methods of running an OWF is to connect the output terminals of several DFIGs
together and then connect to a power grid through an offshore step-up transformer and undersea cables. To run an MCF
may use several Permanent Magnets synchronous generators (PMSGs) connected directly to the power grid through an
offshore step-up transformer and undersea cables.

This paper is organized as below. The configuration and the employed models for the studied integrated OWF and
MCF with STATCOM are introduced first[1]. Then, the design procedure and design results for the PID damping
controller of the proposed STATCOM using pole-placement technique are depicted. Both steady-state operation points
under various wind speeds and marine-current speeds and the comparative dynamic responses of the studied system
with the designed PID damping controller under different operating conditions can be elaborately done here. Finally,
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specific important conclusions of this paper are drawn.
Il. MODELS OF THE OFF SHORE WIND FARM AND MARINE CURRENT FARM

Figure 1, shows the structure of the studied integrated DFIG based OWF and PMSG based MCF with the proposed
STATCOM. The 80MW OWF is represented by a large equivalent aggregated DFIG driven by an equivalent
aggregated variable speed WT through an equivalent aggregated gearbox. The 40MW MCEF is represented by a large
equivalent aggregated PMSG driven by an equivalent aggregated variable speed MCT through an equivalent
aggregated gearbox. The OWF, the MCF, the STATCOM and a local load are connected to an AC bus that is fed to the
onshore power grid through an offshore step-up transformer and undersea cables [9]. The employed mathematical
models of the studied system are described as below.
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Fig.1. Composition of the integrated OWF and MCF with STATCOM

A. DOUBLE FED INDUCTION GENERATOR (DFIG):

DFIG is an abbreviation for Double Fed Induction Generator, a generating principle widely used in wind
turbines. It is based on an induction generator with a multiphase wound rotor and a multiphase slip ring assembly with
brushes for access to the rotor windings. It is possible to avoid the multiphase slip ring assembly, but there are
problems with efficiency, cost and size. A better alternative is a brushless wound-rotor doubly-fed electric machine.
Figure 2 indicates the doubly fed induction generator model. DFIG is of great advantage, and is widely used in large
capacity wind turbines in recent years.
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Fig.2. Doubly Fed induction generator model
B. PERMANENT MAGNET SYNCHRONOUS MACHINE:
A synchronous machine is an ac rotating machine whose speed under steady state condition is proportional to the
frequency of the current in its armature. Figure 3 indicates the PMSM Cylindrical rotor and Salient rotor structures.The
magnetic field created by the armature currents rotates at the same speed as that created by the field current on the
rotor, which is rotating at the synchronous speed, and a steady torque results. Synchronous machines are commonly
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used as generators especially for large power systems, such as turbine generators and hydroelectric generators in the
grid power supply. Because the rotor speed is proportional to the frequency of excitation, synchronous motors can be
used in situations where constant speed drive is required. Since the reactive power generated by a synchronous machine
can be adjusted by controlling the magnitude of the rotor field current, unloaded synchronous machines are also often
installed in power systems solely for power factor correction. The armature winding of a conventional synchronous
machine [3] is almost invariably on the stator and is usually a three phase winding. The field winding is usually on
rotor and excited by dc current, or permanent magnets. The dc power supply required for excitation usually is supplied
through a dc generator known as exciter, machine which is often mounted on the same shaft as the synchronous.

Schematic illustration of synchronous machines of
(a) round or cylindrical rotor and (b) salient rotor structures

Fig.3. Cylindrical rotor and Salient rotor structures
C. Detailed Modelling of PMSM:

Detailed modelling of PM motor drive system is required for proper simulation of the system. The d-q model has been
developed on rotor reference frame shown in Figure 4. At any time t, the rotating rotor d-axis makes and angle with the
fixed stator phase axis and rotating stator mmf makes an angle + with the rotor d-axis [13]. Stator mmf rotates at the
same speed as that of the rotor.

Figure.4. the d-g model has been developed on rotor reference frame
The Voltage equations are given by:

VR 1 +op Ay +pAy 1)
Vi =Rsly-o; ﬂ’d"'p;tq 2)
Flux Linkages are given by
/Iq =L, 1, 3)
Ag=Lglg+ A 4
Substituting equations 2 and 4 into 1 and 2
Vq:Rs|q+mr(Ld|d+ﬂf)+pﬂ“q (5)
Vg =Rlg- o, Lglg+ p(Lglg+iy) (6)
Arranging equations 5 and 6 in matrix form
Vil |[Ro+poLy oLy A -
Vi —ol,  Ri+ply || p
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The developed torque motor is being given by
3p
Te:EE(idlq'ﬂ“qld) (8)
The mechanical torque equation is

do,
T, =T, +Bw,+]

)
Solving for the rotor mechanical speed from equation 9
T,-T,-Bo,
w = [t (10)
And
2
W, = 0, (E) (11)

In the above equations o , is the rotor electrical speed © ,, is the rotor mechanical speed.
I1I.PITCH ANGLE CONTROL

When V , is lower than the rated wind speed of the WT (Vwrated ), Bw =0°. When V v >V yyraeq » the Pitch-angle

Control System of the WT activates and the pitch angle of the WT (B, ) increases. The control system structure used to
generate the pitch angle reference is depicted in Figure 5. The pitch controller consists of a nonlinear feed forward path,
which generates 8, and a linear feedback path, which generates A [6].

pitch B
B servo /‘_—"; ,
=) A
W I—,

Fig.5.Block diagram of the pitch-angle control system of the studied WT.

IV. Mass-spring-Damper System and Induction Generator:
Figure 6 shows the two-inertia reduced order equivalent mass- spring-damper model of the WT coupled to the rotor

shaft of the studied wind DFIG. The effect of the equivalent gearbox (GB, ) between the WT and the DFIG has been

included in this model. The per unit g-axis and d-axis voltage-current equations of an induction generator can be
referred to [16], [17] and they can be used for the electrical parts of the wind DFIG and the marine current PMSG.

Q=
57 s

Fig.6.Two inertia reduced-order WT model
V.MARINE-CURRENT SPEED AND MARINE-CURRENT TURBINE MODEL

The MCT is assumed to be driven by tide velocities, and the current velocity is determined by spring and neap tides.
The marine-current speeds are given at hourly intervals starting at 6 h before high waters and ending 6 h after. It is easy
to derive a simple and practical model for marine-current speeds under the knowing tide coefficients as follows:
Cmr —45)(Vst = Vpt)
Vwr=Vie * (12)
95-45
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Fig.7.Control block diagram of the proposed STATCOM including the designed PID damping controller

VI. STATIC SYNCHRONOUS COMPENSATOR (STATCOM):
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Fig.8. STATCOM operation in a power system
A STATCOM is a controlled reactive-power source. It provides voltage support by generating or absorbing
reactive power at the point of common coupling without the need of large external reactors or capacitor banks. Using
the controller, the VSC and the coupling transformer, the STATCOM operation is illustrated in Figure 8.The one-line
diagram of the studied STATCOM was shown in Figure 8. The per unit g-axis and d-axis output voltages of STATCOM
can be expressed by, respectively, [7].

\4 gsta =V dcsta K m -COS (Hbus +CL) (13)
\4 dsta = \4 desta * K m sin (gbus +0L) (14)
\

VII. DESIGN OF A PID DAMPING CONTROLLER FOR STATCOM USING MODAL CONTROL THEORY
This section presents a unified approach based on modal control theory to design the PID damping controller of
the proposed STATCOM shown in Figure 7. For dynamic stability improvement of the studied system. The nonlinear
system equations developed in Section Il are first linearized around a nominal operating point to obtain a set of
linearized system equations in matrix form of [18].

PX = AX+BU+VW (15)
Y = CX+DU (16)
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TAELEII
TABLE | EIGENVALTES (RAD'S) [DANMPING RATIOS] OF THE
$TUDIED 3 YSTEM UINDEF. WIND SPEED OF 13 LIS AND
EMPLOYED SYSTEM PARAMETERS MARINE-CURRENT SFEED OF 2.5 WS
OWE-MCF OWF-MCF-~ OWF-MCF-STA e
STATCOM TCOM-PID S finee = 60 HE
Al X oo 6112 37114 799 17118 $.06% 37114 e | A Akt
a [0.0191] [0.0188] [0.01902] mele WIS of rhe smdl -
' -6.03% j3720 -6.09+ j37.882 6,42+ jaT.100 ¥ e =0.00706 pu. X oqr=0.171 pui . ¥ o= 0.005 pu
) [0.13368] [0.1331€] [0.144£2] K =0.156 pu . Xy =2.8 pu. € 3oe=1.0 pu
A, X 2126 j340.62 22,241 §360.76 233413706 e e o ooe
. FMEG 10,0346 10,0463 0.04600] H o, =0.f£ pu, Hpgn =25 pu, Ky, =0.3 pu, Dy, =0.05pu
Hpw =102, Kppe=30.0. T g =100z Brmpe= 0% B =307
Single AICT_PAIS G of the smadied 40 AOW MCF
Mg -120.074 j14.12 121454 j3.63 -124.51 §9.82 Yo = 0.00458 pu, X o = 0.08241 pu, r = 0.0054% pu
10.8867 10.8862 10.8862] o B o eens
fom Xsgon L3431 j5.8212 5624 j4.6687 FYETE Ty = 0-US9SE P, Xy =3.95278 pu
: 10.56643 10,7588 [0.76345] H .= 0.5 pu, Hyy = 3.5 pu, Kyp,,= 0.1 pu, Dy, = 0.1 pu
Ann 13,641 j0.8578 18441 §0.5578 L5 4L 0,56 B pae = 200, Ky =300, T o =120 % By =0% Brpmae =30°
10.998833] 10.99944 [0.99933] STATCONIE 32 Avam)
o REITRT] Ry =500 pu, Cp =0.074 F,
[0.28333 Roga=0h 08 pu, Xgp=02 pu, T, =001 =, K =01
Ay -6.62,-4.01 T =001: K, =05 Kmg. =10 kmgy =00, Km =05
Aris 2,03, 284 Cmane =483, 06 pa = 485 06 =09 Voo =02, Vg, = 0.2
A % T 2 Ty 3 Tran:zmizzion line:, capacitor bank: and lecal load
X 36554 44315 -38.421 j4434 — —
1920 FIFC 10008566 10.008976] R, =0.02 pu, X, =04 pu
Ay 734122 j376.6 73601 j376.8 Ry =0.02 pu. X i =0.4 pu, Cpp=0.3125 pu
- 10.998967 [0.998762] R —oadom % i _ o
- =0.04 pu, X, =0.5pu, Cpy,=0.125pu R ;=50 pu, X ;=40 pu
Ay ]igg: _ Constant: of power coefcentz]of W I and MCT
AH =0 1 -7 = = =
o tem 53852 7853 Cy=0.34, ©4 =125, Cx=0.4, C5=0, Cg=11
[0.11687] C7 =10.8, Cg=005, Co=001
A 12243% 2154 119,76 % j217.54 @015 d. =85 dam0.35 d. =025 405 ro102
10484656 [0.456576] L7005 B2 TES TSR Ba TS S STEE ST
A 92,08 92,11 dy =62, dg=0.028, dg=-0.0443
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The Eigen values and the corresponding damping ratios of the studied integrated OWF and MCF without and with the
STATCOM under V,,=12 m/s and Vr=2.5 m/s are listed in the third and the fourth columns of Table 11, respectively.

VIIl. STEADY STATE OPERATING ANALYSIS FOR VARIOUS CONDITIONS OF THE STUDIED SYSTEMS
This section presents the steady-state operating condition results of the studied system when vy, is increased from 4 to
24 m/s while Vg is increased from 1 to 4 m/s. Figure 9 shows the 3-D plots for the calculated steady-state operating
conditions of the studied system under the selected values for vy and V. The steady-state operating conditions shown
in Figure 9 are analysed as below.
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Fig.9.Steady-state operating conditions of the studied system under various values of wind speed and and marine-

current speed(a) Pw ’ (b) Qw ’ (C) I:)mry (d) er > (e) Bw s (f) er ’ (g) I:)L ’ (h) QL ’ (l) F)grid ’ (J) Qgrid ’ (k) Vbus » (I) Qsta .

IX. SIMULATION RESULTS
In this section, to show the principle of power control of PMSG-based variable-speed wind turbine connected to the
grid, it is controlled in order to capture the maximum wind energy and its behaviour subjected to a variable speed wind
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will be illustrated using numerical simulations carried under the Matlab - SIMULINK. The damping characteristics

contributed by the proposed STATCOM joined with the designed PID damping controller to getting better dynamic
stability improvement of the studied system.

(a) : Output active power of the OWF (b) : Output reactive power of the OWF

,,,,,

-

(c) : Output active power of the MCF ~ (d) : Output reactive power of the MCF

(e) : Grid active power versus time (f) : Grid reactive power versus time
¥ == I.‘I‘anl ‘
’ .’ﬁ". p"‘\“. / 1'\J“I "l .‘{.‘I‘-‘ J"ﬂ“ ;'; ‘lu‘ﬂ‘- I .l\,f . U‘ u%\
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(9) : The AC bus voltage magnitude (h) :PID damping controller bus voltage under noise wind speed.

Fig.10. Dynamic responses of the studied system with and without the designated PID STATCOM damping controller under a noise
wind speed disturbance ()P, (b)Q, ()P (A)Q 1 (€IP grig (DQ grig AV pys MV
From the above simulation results it can be concluded that:

1) It can be seen from the dynamic response of Vs shown Fig. 10(g) that the proposed STATCOM with the designed
PID damping controller can effectively maintain the AC bus voltage at around 1.0 pu by properly adjusting & to tune
the quantity of the reactive power of the STATCOM delivered to the AC bus.

2) Because the proposed STATCOM joined with the designed PID damping controller can offer adequate damping
characteristics to the studied system, the oscillations of P ., W ..., V ur: Vous due to the random noise wind speed
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disturbance can be fast damped, and they have the smallest amplitudes in three curves.

3) The amplitudes of the active power delivered to the Power grid (P ;4 ) shown in Fig. 10(e) and the active Power
generated by the SCIG of the MCF shown in Fig.10(c) can be slightly reduced and the absorbed reactive Power from
the power grid (Q 44 ) shown in Fig. 10(f) can be decreased when the STATCOM joined with the PID Controller is
included in the studied system.

4) The generated active power of the DFIG P, shown in Fig. 10(a) is not affected by the addition of the STATCOM
with the PID controller.

X. CONCLUSION
The main focus of this paper has been the study and control of a direct-driven PMSG used in variable speed wind-
energy system connected to the grid. This wind system was modelled using d-q rotor reference frame and is interfaced
with the power system through an inverter and a filter modelled in the power system reference frame. This paper has
presented the dynamic stability improvement of an integrated OWF and MCF using a STATCOM. A PID damping
controller has been designed for the STATCOM by using a unified approach based on pole-assignment approach.
Eigen value calculations and time domain simulations of the studied system subject to a noise wind-speed disturbance,
a marine current speed disturbance, and a three-phase short circuit fault at the grid have been systematically performed
to demonstrate the effectiveness of the proposed STATCOM joined with the Designed PID damping controller on
suppressing voltage fluctuation of the studied system and improving system dynamic stability under different operating
conditions. It can be concluded from the simulation results that the proposed STATCOM joined with the designed PID
damping controller is capable of improving the performance of the studied integrated OWF and MCF under different
operating conditions.
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