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Modeling of Offshore Wind and Tidal Current
Turbines for Stability Analysis

Hamed H. H. Aly and M. E. EI-Hawary

Abstract— Offshore wind and tidal current are of the most
common energy resources for generating electricity in the near
future because of the oil problems (crises and pollution). The
dynamic model of the offshore wind and tidal current is very
important topic for dealing with these renewable energies. This
paper describes the overall dynamic models of offshore wind
and tidal current turbine using three different types of
generators (doubly fed induction generator (DFIG), squirrel
cage induction generator (SCIG) and direct drive permanent
magnet synchronous generator (DDPMSG)). The state space
for all types of the generators are concluded. All models are
validated using a common property of the generator for the
validation.

Index Terms— Offshore wind, Tidal current, Direct drive
permanent magnet synchronous generator (DDPMSG), Doubly
fed induction generator (DFIG).

NOMENCLATURE

Viide Tidal current speeds.

Vit Neap tide speed.

Vg Spring tide speed.

Pis Tidal in-stream power.

p Density of the water (1025 kg/m®)

A Cross-sectional area perpendicular to the flow
direction.

T Mechanical torque applied to the turbine.

A Cross-sectional area perpendicular to the flow
direction.

Cp Marine turbine blade design constant in the
range of 0.35-0.5.

ws, o, Stator, rotor electrical angular velocities, and

o turbine speed at hub height upstream the rotor.

Te Electrical torque of the generator.

D, Shaft stiffness damping.

H, ,Hq Turbine and generator inertia constants.

Ks Shaft stiffness coefficient.

6:,6; Turbine and generator rotor angles.

s Tidal turbine pitch angle.

S Rotor slip.

d, q Indices for the direct and quadrature axis
components.

S, r Indices of the stator and the rotor.
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v, R, 1, Voltage, resistance, current, and flux linkage
7 of the generator.

Ky, K;;  Coefficients for the proportional-integral
controller of the pitch controller.

Py Poc  Active power of the AC terminal at the grid
side converter and DC link power
respectively.

Vpg,Vog D and Q axis voltages of the grid side
converter.

ipg lgg D and Q axis currents of the grid side
converter.

C Capacitance of the capacitor.

Vpc, ipc  Voltage and current of the capacitor.

Kp1, K2, Proportional  controller  constants for  the

Kps generator side converter controller

Kii, Kiz  Integral controller constants for the generator

Kis side converter controller.

ipg: log D and Q axis grid currents.

Vpg Vog D and Q axis grid voltages.

Koa Kps,  Proportional controller constants for the grid

Kos side converter.

Kis, Kis,  Integral controller constants for the grid side
Kis converter.

Xe Grid side smoothing reactance.

x State variable

I. INTRODUCTION

Wind is hardly predictable source of energy. Tidal
current turbines extract electric energy from the

water. Tidal currents are fluctuating, intermittent but
a predictable source of energy compared to wind. Its use is
very effective as it relies on the same technologies used in
wind turbines. The electrical-side layout and modeling
approaches used in tidal in-stream systems are similar to
those used for wind and offshore wind systems. The speed
of water currents is lower than wind speed, while the water
density is higher than the air density and as a result wind
turbines operate at higher rotational speeds and lower torque
than tidal in-stream turbines which operate at lower
rotational speed and high torque [1-5].

The easier predictability of the tidal in-stream energy
resource makes it easier to integrate in an electric power
grid. Recognizing that future ocean energy resources are
available far from load centers and in areas with limited grid
capacity will result in challenges and technical limitations.
With the growing penetration of tidal current energy into the
electric power grid system, it is very important to study the
impact of tidal current turbines on the stability of the power
system grid and to do that we should model the overall
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system. The model of the ocean energy system consists of
three stages. The first stage contains the fluid mechanical
process. The second stage consists of the mechanical
conversion and depends on the relative motion between
bodies. This motion may be mechanical transmission and
then using mechanical gears or may be depending on the
hydraulic pumps and hydraulic motors. The third stage
consists of the electromechanical conversion to the electrical
grid [4-9].

Il. OFFSHORE WIND AND TIDAL CURRENT MODEL USING IG

A. The Speed Signal Resource Model for the Tidal
Current and Offshore Wind

The tidal current speed may be expressed as a function of
the spring tide speed, neap tide speed and tides coefficient.
Paper (10) proposed different algorithm models for the tidal
current speed.

The Wind Speed Signals Model (v,,) consists of four
components related to the mean wind speed (vn,), the wind
speed ramp (V) (which is considered as the steady increase
in the mean wind speed), the wind speed gust (vg,), and the
turbulence (Viw). Vi = Viw + Vgw + Vrw + Viw

The mean wind speed is a constant; a simple ramp
function will be used for ramp component (characterized by
the amplitude of the wind speed ramp (A, (m/s)), the starting
time (T4), and the ending time (T,,)). The wind speed gust
component is characterized by the amplitude of the wind
speed gust (Ag (M/s)), the starting time (T,g), and the ending
time (Tey). The wind speed gust may be expressed as a
sinusoidal function. The most used models are given by:

Vgw= Ag(1-cos(2I1(t/Dy-Tsy/Dy))) Ty <t<Tegg

Vgw =0 t<Tgor t>Tg

Dg= Teg- Ty

A triangular wave is used to represent the turbulence
function which has adjustable frequency and amplitude [11].

B. The Rotor Model

For the offshore wind the rotor model represents the
conversion of Kinetic energy to mechanical energy. The
wind turbine is characterized by C, (wind power
coefficient), A (tip speed ratio), and B (pitch angle). A =
w{RN, , where R is the blade length in m, v, is the wind
speed in m/s, and w; is the wind turbine rotational speed in
rad/sec. Cp-A-f3 curves are manufacturer-dependent but there
is an approximate relation expressed as

RC
C,=2(=L— 0026 - 2)e~02957 |
Cs is the wind turbine blade design constant. The rotor
model may be represented by using the equation of the
power extracted from the wind (P, = 0.5p/7R%C,v] ) [11].
For the tidal current turbines the rotor model may be
represented by using the equation of the power extracted
from the wind (P,, = 0.5p/7TR*C, v, ),
The power (Pi) may be found using: P = Y2 pA(Viie)®. The
turbine harnesses a fraction of this power, hence the power
output may be expressed as: P, = % pCpA(Vﬁde)3. The power
output is proportional to the cube of the velocity. The
velocity at the bottom of the channel is lower than at the
water column above seabed. The mechanical torque applied
to the turbine (T,,) can be expressed as [4-9]:
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0.5pITR?*C,v} 4, (1)

m (l)t

The shaft system for tidal current and offshore turbines may
be represented by a two mass system one for the turbine and
the other for the generator as shown:

2HE = T~ Ky(0,-6) - D; (0 ) @)
dwr _

2H{ = = T, - Ky(6,-61) - D (- ) ©)

Oy = 6,-6; 4

dotr _ - O (5)
- Wrm Wt

dt
There is a ratio for the torsion angles, damping and stiffhess
that need to be considered when one adds a gear box as all
above calculations must be referred to the generator side and

@ @
calculated as : a::’—: Lo = I, o= - k® =a?k9,

D,(,:f):a2 D,(,;"). The same model used for the offshore wind is
used for tidal in-stream turbines; however, there is a number
of differences in the design and operation of marine turbines
due to the changes in force loadings, immersion depth, and
different stall characteristics.

C. Dynamic Model of DFIG

The DFIG model is developed using a synchronously
rotating d-q reference frame with the direct-axis oriented
along the stator flux position. The reference frame rotates at
the same speed as the stator voltage. The stator and rotor
active and reactive power are given by [4-10]:

Ps=3/2( Vgs igs + Vgs igs) + Pr=3/2(Var igr + Vor igr) 6)
Pg= P+ P, @)
Qs:3/2(vqs igs - Vas iqs) . Q=312 (Vqr igr = Var iqr) (8)

The model of the DFIG can be described as:

. d
Vgs = -RS lgs - @5 Wgs + allids (9)
. d
Vgs = -Rs Igst ©s Wgs + aqu (10)
. d
Var = Ry ar- s o5 Wgr+ - War ()
. d
Vgr =-Rr g+ s og ygr + aq—’qr (12)
Pis = -Lss lgs - L lgr qus = -Ls iqS - L iqr (13)
Por = Lo dar - Lin g , qu =-Ly lor - Lm ls (14)
s =( 05—y )/og (15)
dw, = -0, ds (16)
dt dt

Where, L= Ls+ Ly, Ly=L +Ln L, Lrand L, are
the stator leakage, rotor leakage and mutual inductances,
respectively. The previous model may be reduced by
neglecting stator transients and is described as follows:

Vgs = 'RS id5+ X' iqs + €y (17)
Vs = -Rys igs- X' igs + €q (18)
ded 1 3 L 19
E=—T—(ed+(X—X)qu)+sa)Seq—wSL—qur (19)
0 rr
de 1 ) L (20)
d_tq = —T—o(eq — (X —X)igs) —swseq + a)SL—:vdr

The components of the voltage behind the transient are
Oslm Ygr and e, = Dslom Yga-. The stator reactance

LTT LTT
X = ws Lgs = X +X.,, and the stator transient reactance X' =
ws (Les — Ln/Lr) = X + (Xr X))/ (X + Xq). The transient
open circuit time constant is T, = L/R, = (L, +L)/R,, and
the electrical torque is Te= (igsigrigsior)Xm/ws. Figure (1)
shows d and g — axis equivalent circuit of DFIG.

eq =
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Figure (1) d and q — axis equivalent circuit of DFIG.
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Figure (2) d and q — axis equivalent circuit of FSIG

D. Dynamic Model of SCIG

In the SCIG the rotor is short circuited and so, the stator
voltages are the = : as the DFIG. In the SCIG there are
capacitors to provide the induction generator magnetizing
current and for compensation. Figure (2) d and g — axis
equivalent circuit of FSIG.

E. The Pitch Controller Model

The pitch controller is used to adjust the tidal current turbine
to achieve a high speed magnitude. This may be represented

by a PI controller with a transfer function K,,ﬁ%
p

Ot

—>| KL —

Figure (3) Pitch angle control block

B=(Kpe+" Sy (21)
8
m Kpt ” +Kt(ot (22)

F. The Converter Model

A converter feeds or takes power from the rotor circuit and
gives a variable speed (a partial scale power converter used).
The rotor side of the DFIG is connected to the grid via a
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back to back converter. The converter at the side connected
to the grid is called supply side converter (SSC) or grid side
converter (GSC) while the converter connected to the rotor
is the rotor side converter (RSC). The RSC operates in the
stator flux reference frame. The direct axis component of
the rotor current acts in the same way as the field current as
in the synchronous generator and thus controls the reactive
power change. The quadrature component of the rotor
current is used to control the speed by controlling the torque
and the active power change. Thus the RSC governs both
the stator-side active and reactive powers independently.
The GSC operates in the stator voltage reference frame. The
d-axis current of the GSC controls the DC link voltage to a
constant level, and the g-axis current is used for reactive
power control. The GSC is used to supply or draw power
from the grid according to the speed of the machine. If the
speed is higher than synchronous speed it supplies power,
otherwise it draws power from the grid but its main
objective is to keep dc-link voltage constant regardless of
the magnitude and direction of rotor power The back to back
converter using a DC link is shown in Figure (4). The
balanced power equation is given by [13, 14]:

Pr:Pq+PDC (23)
H dv . ;

PDC_VDchC:'CVDC—d[ZCv Py=Vpgipg*+Voglqg (24)
dvpe R B A i

CVoc Ty = Vogiog*Vaglag - Var for - Var s (25)

Figure (4) Back to back converter

G. Rotor Side Converter Controller Model

(- o)L

Vadr

Vs
e gl (0 0)Lle /

Figure (5) Generator side converter controller

The rotor side converter controller used here is represented
by four states (x;, x,, %3 and x,), %, is related to the
difference between the generated power of the stator and the
reference power that is required at a certain time, x, is
related to the difference between the quadrature axis
generator rotor current and the reference current that is
required at a certain time, x5 is related to the difference
between the stator terminal voltage and the reference
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voltage that is required at a certain time, and x, is related to
the difference between the direct axis generator rotor current
and the reference current that is required at a certain time

[13, 14]. Figure (5) shows the rotor side converter
controller. This is described by equations (26-34).

%1= Pret -Ps (26)
%= - Kiof KpaXq + 1 Kpg ligr ref 27)
K= lgr ref -igr (28)
%= KpaXy + Kig Xg - gr (29)
Xz == Kip IKpaXo +1Kp Vor - 0sln! Kpz igs -0sled Kpoige + (30)
(L sz) igscoy +(Ly/ sz)idrwr

X3= Vs ref = Vs (31)
%3= - Kig/ KpaXs + 1/ Kygligr ref (32)
x4: idr ref = idr (33)
%y == Kip IKpoXs +1Kp; Vyr - skl Kpy igs ~0sbnd Kpoige + (34)

Lo/ sz) iqsa)r +(Lo/ sz)iqrwr

H. Grid Side Converter Controller Model

The grid side converter controller used here is represented
by four states (x5, x¢, %, and xg), Xs is related to the
difference between the DC voltage and the reference DC
voltage required at a certain time, X¢ related to the
difference between the grid terminal voltage and the
reference terminal voltage required at a certain time, X is a
combination of x5 and direct axis grid current and Xg is a
combination of xg and quadrature axis grid current as shown
in equations (35-40). Figure (6) shows the grid side
converter controller.

Hig
\-'Derf—_.?_’ Kot

Voo

Kps% :O-_!Dg

Xe

Figure (6) Grid side converter controller

X5= VpC ref ~VDC (35)
%= Kpats +KigXs-ipg (36)
X7 Vi ref—Vy (37)
%= Kpgy +Kigks-iog (38)
VDq:K05x6+Ki5X6+XCqu (39)
Vog=Kystg +KisXe- Xeipg (40)

I1l. TiDAL CURRENT TURBINE MODEL USING DDPMSG

A. The Dynamic Modeling of The DDPMSG
The DDPMSG can be modeled as the following [3, 13]:

. d
Vs =-Rs X lgs - @5 X ygs + awds (41)
. d

Vs =-R¢ x lgs T g X Ygs + alqus (42)
The flux linkages and the torque can be expressed as:

Vs = - Lg X igs + 1 (43)
V4 = -Lg ><_ igs _ (44)
Te= (3/2)p igs ((La-Lq) ias + wr) (45)
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Lg, and Lq are the direct and quadrature inductances of
the stator. W¢ is the excitation field linkage, and p is the
number of pair poles. Figure (7) shows the d-q axis
component of the DDPMSG. In this paper for simplicity we
will assume that Ly=L,=L,, and so the generator model can
be rewritten in a state space representation as:

a . - .

Ls e ds =T Vgs -Rs X lgs + L% w5 Xlgs (46)
d . . .

Ls Elqs =-Vgs -Rs x lgs - Lsx ws Xigs +o % y; (47)

The converters models used for the DFIG are the same
converters that used for the DDPMSG keeping in mind that
a full scale power converter is used.

Wy Lalg
e
—\A—e-

q ./(-)\*
L+
¥ R, ¥q Re u") w, ¢
g L .

Figure (7) d-q axis component of PMSG

B. The Generator Side Converter Controller Model for
DDPMSG

The generator side converter controller used here is
represented by two states only (X3, and x,), X; related to the
difference between the generated power and the reference
power that required at a certain time and x, related to the
difference between the direct axis generator current and the
reference current that required at a certain time [13-15].
Figure (8) shows the generator side converter controller
described by:

J.Cl :Ps'Pref (48)
J.C2:ids'ids ref (49)
Vgs=Kp1; +KigXg-LsWigs (50)
Vas=Kpa Xz +KigXo+LsWigs (51)

Where: K, Ky, represent the proportional controller
constants and Kj;, K represent the integral controller
constants for the generator side converter controller.

Pry ﬁ—» Ky
2

Ig:
ol owls

igs
wls

Tds_ref

Figure (8) Generator side converter controller for DDPMSG

C. The Grid Side Converter Controller Model for
DDPMSG

The grid side converter controller used here is represented
by four states (xs, X4, Xs, Xs), X3 related to the difference
between the DC voltage and the reference DC voltage that
required at a certain time, xs related to the difference
between the terminal voltage and the reference terminal
voltage that required at a certain time, X, is a combination of
Xz and direct axis grid current and Xg is a combination of x,
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and quadrature axis grid current. Figure (9) shows the grid
side converter controller.

‘L‘Dc_-e;_"‘( Vg Kpa .

_’O_’"D:

Kio y Kis - .
a(%)—» Kyttt Voe

Figure (9) Grid side converter controller for DDPMSG

X3=Vspe_ref-Vbe (52)
)&4:Kp3)€3 +Ki3x3'iDq (53)
x 5 :Vt_ref_ Vi (54)
%6 =Kipay +KigXs-igg (55)
VDg:Kp55C4+Ki5X4+XCng (56)
Voq:Kp55C6+Ki5X6-XciDq (57)

Where: Vpc is the DC link voltage, ipg, igqg are the D and Q
axis grid currents, vpg, Voqu are the D and Q axis grid
voltages, Ky, Kpa, Kps represent the proportional controller
constants, X, is the grid side smoothing reactance, and Kjs,
Kis, Kis represent the integral controller constants for the grid
side converter.

Per unit value of the rotor resistance
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.09 0.1

-4000 -3500 -3000 -2500 -2000 -1000
Real part of the eigen value
Figure (10) The relation between different values of the rotor resistance and
the eigenvalues of the changed mode in case of DFIG.

IV. VALIDATION OF THE MODELS

As the value of the resistance or inductance changes the
stability degree will change. Figure (10) shows the relation
between different values of the rotor resistance and the
eigenvalues of the changed mode in case of DFIG. Figure
(11) shows the relation between different values of the stator
resistance and the eigenvalues of the changed mode in case
of DDPMSG. Figure (12) shows the relation between
different values of the rotor inductance and the eigenvalues
of the changed mode in case of DFIG. Figure (13) shows the
relation between different values of the stator inductance
and the eigenvalues of the changed mode in case of
DDPMSG. As the resistance value of the rotor increase, the
stability degree will increase and as the inductance value
increase as the stability will decrease because of increasing
the delay time.
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Figure (11) The relation between different values of the stator resistance
and the eigenvalues of the changed mode in case of DDPMSG.
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Figure (12) The relation between different values of the rotor inductance
and the eigenvalues of the changed mode in case of DFIG.
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Figure (13) The relation between different values of the stator self
inductance and the eigenvalues of the changed mode in case of DDPMSG.

V. CONCLUSION

The use of offshore wind and tidal current as a
renewable source of energy is very effective as it relies on
similar technologies. The overall dynamic system of the
offshore and tidal current turbine based on three different
types of generators for a single machine infinite bus system
has been modeled. The converter used has been modelled.
Different controller models are also discussed for different
machines. The state space representation of the overall
system is concluded. All models are validated using a
common property of the machine for the wvalidation
(changing the degree of the system stability by changing of
the value of the resistance and the inductance). If the
resistance value of different generators increases, the
stability degree will increase and if the inductance value of
the machine increases, the stability degree will decrease.
The tidal current energy is more predictable compared to
offshore wind energy. It is beneficial to use a hybrid of
offshore wind and tidal current turbine.
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