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Abstract: In this study, a new method for power transfer in
offshore wind farms is proposed. The proposal includes a
parallel arrangement of conventional synchronous
generators with excitation coils and a DC/DC converter,
which eventually is connected to a HVDC transmission
system. The excitation coil is fed by a DC link through a
power electronic DC/DC converter. Then the system is
modeled using the state space of the system. Dynamic and
transient response of proposed structure is evaluated based
on simulation results. Simulation results show thatthe
proposed model matches the real system properly.
Keywords: Synchronous generator, back-to-back converter,
DC link, HVDC

I. INTRODUCTION

In recent years, the micro grids are employed in power
system to supply the power demand with lower cost and
losses. Offshore wind farm micro grids have recently
attracted attentions as a renewable source of energy. Based
on the technical and economical studies, AC or DC transfer
of energy from large offshore wind farms to the power
network is carried out to avoided additional AC / DC
conversion that is associated with energy losses and cost.

The distance between these wind farms and their long
distances from the power transmission system make it
difficult to use long-air transmissions, and therefore the only
remaining way to transport electric energy produced by wind
farms is the sea cables that has high capacity capacitance [1].
If these lines are used as AC, then there should be
compensators for the reactive power at both ends and also in
the middle of the line. In contrary, in DC transmission, the
capacitors would not only make no problems in terms of
reactive current, but also help the stability of system against
transmission system transients [2]. The use of HVDC
technology as an offshore wind farm transmission line
requires AC / DC conversion terminals, which leads to high
cost HVDC technology in near distance. Recent studies
shown that for distances greater than 60-50 km, the cost of
compensators and the AC transmission line with a three-
phase cable goes up to an extent that replacing the AC
transmission line with the DC transmission line also finds
economic justification and comes with many benefits[3-5].

It should be noted that with the advance of power electronics
devices and the cost of AC / DC conversion terminals is
reduced, and it might be expected that HVDC technology
will be used in the near future for shorter lines. It can be
predicted with certainty that in the near future, most of the
large offshore wind farms will be connected to the
transmission system the HVDC technology [6]. Also, as
demand side control strategy getting mature day by day,

penetration of these sources of energy speeds up[7][8].
However, due to uncertain characteristics of renewables,
careful planning needs to be implemented to make the power
system robust against uncertainty[9-11]

Technically, the internal network of wind farms can also be
used for DC or AC technology. On the other hand, the
absence of local consumers makes the choice of the internal
network type for the offshore farms to be determined by the
designer. Therefore, it can be seen that in existing fields,
both AC and DC networks have been used [12].

In the case of using a DC transmission with an AC network,
an AC to DC converter will be inevitable at the point where
the wind farm is connected to the transmission line.
Considering the losses caused by the AC / DC conversion
and the discussion of the reduction of the excessive
conversions in the power grid, it can be concluded that the
choice of the local DC network for offshore wind farms with
the HVDC transmission line is not only efficient in term of
energy, but also it eliminates the need for an AC to DC
conversion terminal at the local network connection to the
transmission line and reduces the investment cost. Of course,
this conclusion is correct if the output of each wind turbine is
not AC [13].The choice of a local DC network makes it
possible to remove a DC/AC conversion phase which is
necessary at the electrical terminal of wind turbines and at
the point where they are connected to the AC network.As a
result,most of the energy losses and investment costs will be
reduced [14].

Moreover, there are some optimization algorithms that show
the best location for placing renewable resources in the
system to make the total costs that should be paid by
government to its minimum amount [15].

In this study, a new method for power transfer in offshore
wind farms is proposed. Dynamic and transient response of
proposed structure is evaluated based on simulation results.
This paper is organized as follows; in the section the
proposed structure will be introduced. The model of
proposed structure will be presented in section III.
Simulation results are demonstrated in section IV. Finally,
the conclusion is given in section V.

Il. PROPOSED STRUCTURE OF OFFSHORE WIND
FARM

The Electric generator in the proposed structure is a wound
rotor type that can be with or without a gearbox. AC electric
power at the three-phase stator terminal of this generator is
rectified through a three-phase diode bridge and delivered to
a local DC network. The control of this generator is done
through a DC / DC converter, which is located between the
rotor actuator and the local DC network (Fig. 1)
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Fig.1 Electrical part of proposed wind turbine structure

The new structure DC / DC converter will have a nominal
power as much as the nominal power of the coil excites the
generator or just beyond that. Therefore, the generator
controller converter is chosen with a nominal capacity of 5 to
6 percent of the rated power of the wind turbine, and a DC /
DC converter is simpler than the three-phase converter. On
the other hand, the rectifying task which was used to be done
by back to back converter in the common turbines, is now
assigned to the diode bridge connected to the generator
terminal, that is much less expensive than the converter of the
common turbines (back-to-back VSC converter) (Fig. 2). It
must be noted for medium voltage applications, isolated
modular multilevel converter based DC / DC converters are

proven to be preferred solutions [16].
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Fig.2 Comparison of proposed model and the conventional
one

In this way, it is seen that in the new structure, the cost of the
wind turbine converter will be significantly lower than that of
the wind turbine with the conventional synchronous
generator, and the cost of the electrical portion of generator
will remain unchanged compared to the turbines. Therefore,
the total cost of the turbine will decrease

In conjunction with the control structure used in the new
wind turbine, it is necessary to point out that according to the
concept of control of synchronous generator excitation, it
may be thought that this option is more suitable for
controlling reactive power and would not affect the actual
power as much. In other words, at first it seems that by
controlling the current of the wind turbine synchronous
generator, it is not possible to control the actual power and
eventually MPPT [17][18].

However, considering the diode bridge of the generator
terminal, it is observed that the generator operation will
always be carried out with a power factor of one and a
reactive power of zero, and the effect of the change of
excitation current will not affect the reactive power of the
generator. Thus, keeping the current and voltage phase the

PLD DA

PHD
DV 0]

P

0 e

ISSN (Online): 2347 - 4718

same through the diode bridge of the generator terminal,
changes in the excitation current, which is the same as the
change in the internal voltage of the generator stator, leads to
a change in the current magnitude and eventually the actual
change of the generator terminal power. The potential
benefits expected from the new structure are [19]:

Significant reduction in wind turbine prices

Possibility of faster response to transients and wind speed
variations due to the strong and fast control of the excitation
current that is supplied through the DC voltage of the local
area network and the DC / DC converter on the actuator that
can make the excitation current (wind turbine control
parameter) to change quickly.

Possible disadvantages of this structure include:

The slip ring of generator excitation coil can cause a low
reliability and high maintenance for a turbine generator
compared with the PMSG generator.

There may be restrictions on the generation of harmonics
injected into generators due to the use of a diode bridge for
the generator.

In relation to the first disadvantage and the problem of
sliprings, first of all, in wind turbines with a high number of
poles without a gearbox, because of the relatively low speed
of the rotor of the generator, compared to the wind turbines
of the induction generator with gearbox (which means the
lower number of rotor turns during a year),the problem of
erosion of the slip ring is not as large as the induction
generators. Secondly, the problem can be solved with the use
of slip ring free excitation technology, which is a solution to
synchronous generators, and solves the problem at low cost.
As it is seen in Fig. 3, in the new wind farm, rectifier
converters GTO switches on the wind turbine output are
replaced with a full diode bridge rectifier, which is expected
to result in a significant reduction in costs in this section. The
full diode-bridge rectifier connects the new structure via an
inductor and operates as a current source. On the other hand,
the excitation of the rotor in the new structure is carried out
through a DC / DC converter with a nominal power of some
percentages of the nominal power of the turbine, which is fed
from the local network and is responsible for controlling the
generator excitation to apply MPPT and other necessary
turbine controls. It is obvious that the cost of this converter
will be negligible with regard to its low nominal power
compared to the reduction in the cost of the turbine
converter. Also, Fig. 3 shows that VSC is used to connect the
wind farm through HVDC line to the AC grid. The dynamic
modeling of the VSC and its transient performance due to
uncertainty of the wind power is discussed in [20].

In continue, modeling and simulation of the proposed
structure will be discussed and the simulation results will be
presented.

I1l. MODELLING OF PROPOSED STRUCTURE
First connection of a voltage source with a diode bridge
through an inductor is investigated. At this stage, it is
assumed that there is a large capacitor at the rectifier side.
This capacitor acts like a voltage source and its voltage is
almost constant. This is in contrast to the usual mode, which
usually exists at the rectifier side of the inductor, and the
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current is usually constant. After the capacitor, an inductor
can be used to reduce the ripple of DC current. As will be
seen, the presence of a capacitor will reduce the current
ripple as well as providing a DC voltage to the buck
converter.

After considering the equations with the same inductance in
the d and g axes, these equations will be extended in general
for different reactances, and a model will be extracted in this
case, then this model will be linearized, and its accuracy is
checked.

In continue the dynamic of buck converter is investigated and
it will be observed that the buck converter is much faster than
the oscillation of the generator itself, and therefore the
excitation voltage can be considered as a constant signal,
which has no dynamic. Then a suitable controller for the
excitation voltage will be designed to allow the power to be
set at the desired value. The controller will then be used to
simulate the overall system and the system response will be
checked for different wind speed variations.

A. Evaluating the Size of Capacitor

In Fig. 4, a three-phase rectifier of a full-wave diode is shown
in connection with a three-phase voltage source and source
inductor. The presence of a capacitor C reduces the output
voltage ripple and therefore the v, voltage is almost flat. On
the other hand, the presence of inductor L reduces the current
ripple and therefore the output current is approximately DC.
DC load is initially modeled as a constant voltage source, as
shown in Fig. 4. The value of this DC voltage is equal to

Vic = Va + Ry, @

—=|> @ HVDC e MVDC Local Grid
C DC

Fig.3Structural of proposed offshore wind farm in DC
transmission

Fig.4 Full bridge rectifier
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There are various ways to rectify the generator output
voltage, and each of which may have different costs,
advantages and disadvantages. The easiest way is to use a
diode bridge. In front of a diode bridge you can use an
inductor or capacitor. If the inductor is used, the DC side will
act like a current source and the AC side current ripple will
also be high and will require the use of large AC filters. But
if the capacitor is used, the DC side will act like a voltage
source, and the current harmonic level will decrease on the
AC side. In this situation, you will not need an AC filter, or
the filter used will be very small. Now, it may be a question
of how much capacitance will be used and how much is
practical

The frequency of the rectified voltage is six times the AC
frequency. In a time equal to half of a period,the capacitor
voltage reduction will be equal to:

1

12f

12
Av—lfl =P (2)
Tc) vV  12fCV?
0

Of course, since the frequency of the wind turbine generators
is less than 50 Hz, the amount of capacitance required is
large. Another option is the use of high frequency keys,
which will be associated with increased costs. However, at a
frequency of about 1 KHz for switches, the capacitance value
is reduced, but instead the AC filters are needed.

B. Power Transfer Capability
The amount of power in per unit can be obtained from the
following relationships:
P =E; I cos(8;;) 3)
Q = E I sin(6;,) — XI,2 4

In which E; is the effective value of the source voltage, I
and 6;,are the fundamental current harmonic magnitude and
angle.

In Fig.5, the magnitude and angle of the current are
plotted, and in Fig. 6, the active and reactive power of the
terminal is plotted for X = 1.
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Fig.5 Magnitude and phasor of fundamental harmonic
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Fig.6 Generated active and reactive power
As can be seen the magnitude of the current decreases with

mcreasmg ratlo but along with that, the power factor also

decreases. As a result, the transferred power capacity is
initially increased and then reduced. It is also observed that
the reactive power produced at the terminal is very small and
the load power factor is approximately equal to one. The

active power produced at the point VEﬂ=0.83has a

maximum value of 0.45 pu. If the value of X changes, the
point is the same, but the maximum value will be0.45/X. At
this point, the THD has a low amount of 4.2%, and the circuit
performance at this point is seems to be the best. Therefore,
to use the full system capacity, the systems should be
designed so thatit works at the highest possible capacity in
peak power demand. On the other hand, at this point, the
power gradient is approximately zero in relation to the value
of V., which means that its changes has very small effect on
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And the terminal voltage in dq reference frame is calculated
as:

V2
V, = EVM cos(6) )
V2
Vd = _EVLI Sln(6) (8)

The line voltage is selected as the base voltage on the AC
side. The base voltage on the DC side is chosen so that the
DC voltage DC of 1 puproduces the AC voltage AC of 1pu.
So;

V
Vae b = 0_7bS (9)

If the ratio of active and reactive power used in all loads is

equal to c.

i (10)
Q—c

c is relatively constant in low loads and has a gradient
equal to active power in large loads. A graph of a sample c is

shown in Fig. 7by simulating slow changes ofEL/Vd along
c

with active and reactive power changes. By obtaining graph
¢ and assuming that there is no significant difference
between the dynamic and static states, static and dynamic
equations can be attained as:
Valg + Vi1,
Vg —Val,

Another relationship that needs to be considered to find
relationships is the magnitude of the voltage at the converter
side, which is relatively constant; so,

(11)

for power, which is also a desirable case. Although the given |, 2 +y2=y,2 (12)
. . . o s . d q — Ydc
point is a maximum, it isobserved the same characteristics ! . -~
] ) ] Ve So usmg (9 10) will result in:
with a small difference in the range of 0.6 < - < 1. In the
following, we will examine the dynamic situation. Va = o 62 ———(cla — 1) (13)
Assuming E is aligned with the g axis so, Vie ( )
5 V,=—— (I +cI (14)
E, = @ E, ®) T+
V3 Other relations can be obtained from the generator's
E; =0 (6) internal equations. It should be noted that in this case, the
65 generator does not need a damper. Since these windings are
s A needed for synchronization, and help the generator to rotate
/ at the nominal frequency of the network. But here there is no
U - need for synchronization, because there is not at all a
5 network with a certain frequency that the generator wants to
us synchronize with it. Therefore, the equations of the
. __’____/ syng:hrpnous_generator are written in comunct_lon_ with the
4 12 14 Y 18 2 22 excitation coil, and regardless of the damping windings [21]:
E, IV
L Vde 1 d
1 " T w, dtl’bd Yowr —RI (19
0.8 1 d
o / q 0) dt ll)q + llldwr - RI (16)
* 0 Ery = ——y + Ryl 17
/ fd w, dt 1/’fd fdlfd (17)
o2 I where
P
°r 12 14 16 18 2 2.2 ll}d = _Ldld + Lad Ifd (18)
. iation of ELN; ive and . ¥e = —Lqlg (19)
Fig.7 Variation of parameter c and active and reactive power Wra = Lralfa — Laala (20)
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Substituting the flux expressions in (15-17) will result in:

1d
Vd = _Ld w—bald + qurlq - RId + Lad a)_balfd (21)
1d
Vq = —Lq w—balq - derld - qu + Lad a)_balfd (22)
Ec(y =1L 14 I Reyl L 14 I
fd = Lfd w—ba fa + Realfg ad w—ba d (23)
After some simplification the following are attained.
Lg
_Vd + qurlq + ﬁ(Efd - Rdefd)
I; = -
‘ skt +R (24)
Wp
[ = —Vq - derld + Lad w‘rlfd
“ S Lo +R (25)
Wp
La
1 Ea —L—:(Vd +RI; — Lyw,1,)
g =— - (26)
fd
Rfa sieqq
Wp
where
. Lag®
Ly=Ls—" (27)
fd
Lad2
L — aa
A (28)
The mechanical equations are:
dw
2H dtr =T, -T, — Ky, (29)
where
T, = (Waly = Wola) = Laalraly + (Ly — La)lal, (30)

C. Dynamic Model

Although the calculated C in the previous section was in
static mode, this model is also valid for dynamic mode.
Because, as mentioned, the model has no dynamics, and so
has the same static and dynamic model. On the other hand, C
has a lot of changes, but there is some point that increases the
accuracy of the model in using C as constant value. If C is
small, its variation is small and therefore C is small and
constant in low power. But if C is large, it can be written as:

Vac Vac
V,y=————(cl; —1,) =—1I 31
d 1+C21( d q) [ (31)
Vdc Vdc
VvV=———-=I+cl,)=—I 32
0= gy et el) ==, (32)

which shows that relations are independent of cconsidering a
large value for c. Therefore, in general, ¢ can be considered
as a constant in dynamic equations. If we assume the voltage
source and the diode like a load, it lacks any dynamic and its
dynamic and static conditions are the same. Since neither the
diode nor the voltage source are dynamic elements. The only
change that can be made to them is the small change of DC
voltage due to the fluctuations in the DC side, which will be
added to the model.
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In continue the existing relationships are linearized.
Linearization of the relationships helps to better understand
the system transient response and its characteristics, and to
examine the stability and design of the controller. To
linearize each parameter is considered as the sum of a
constant DC values and a small amount of turbulence. For
example, for DC voltage
Vdac = Vdc + 7770 (33)
In the following, the DC component relations are
canceling each other, and regardless of the second-order
terms, the equations can be completely linearized. By
linearizing the relationship of the voltage, one can write:

. Vye ((c1q2+1d1q)rd —) Ve

Uy = —— — 7
VT B\ (A +cyl)g ) Vae

o~ Ve~ (34)
=K, i, —Kzlq +Evdc

~_ Ve ((qu —clyl,)iy +) ﬁvA

CNTH OB\ (e~ L) ) Vae (35)

KE Kb+ Y
_K3 lg K4_lq + Vae vdc. . .
The generator equations around the operating point are
simplified as
— ~ —~ Lag ( —~ —
-7y + qurlq + Lq(l)rlq + j (efd - Rfdlfd)

g =

sﬁ +R
Wp
(36)
Vg = Lgw, g + Logwyipg + (Laalra — Lala)®r
lg = I,
s—+R
wp
(37)
. Lag [ ~ ~ Py
1 &a— L—:(vd + R0y — Lyw, [y — Lyayly)
lfd E e
Ryq sTtyq
Wp
(38)
Substituting (29), (30) in (35-37) will result in:
~ —~ Lg, — — Vg —~
. (K + Lyw, )Gy + Ly@y 1, +ﬁ(efd — Rralfa) = 5 Vac
s:—‘: +R+K;
(39)

Y — o V,
—(K3 + Lyw,)ig + Logwrirg + (Laglra — Lalg) @y — ivdc
l =

sL—L’+R+I(’4
wp

(40)
1 —LLL:((K1 +R)G — (Ky + Lyw, )Gy — L@y, +VVTM§)
i E sr—d +1

wp
(41)
Linearizing the mechanical equations will result in:
T — T,
o =—" 42
" T 2Hs + Kp (42)

And the electrical torque will be:
T, = (Ly — La)lyia + (Laalra + (Ly — La)1a) T + Loa 1, i
(43)
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The output power is calculated as: The poles in the first case are equal to:

P=Vylyg + V1, (44) —973,-10.57 +]77.16
The power equation is linearized around the operating ~ The poles in the second case are equal to:

point as ~752,—4.62 + J83.8

P =V,iy + 1,07 +V,i; + 1,7, (45) It is observed that there is always a fast pole, which is

generally insignificant. In addition, there is a pair of
p conjugate poles, which increase corresponding frequency
P =y +Kily + K3l + (V, — Kplg + Kol )Ty + V—ﬁ;l; and decrease the damping ratio while increasing the power. It
de (46) can be seen that by increasing the power and excitation
voltage to a value of 2.2, the conjugate poles will be as
follows:
—2.2+]85
It is noticeable that the system is always stable, although its
damping is very small at high power. It should be noted that
mechanical specification was not modeled in this case. This
will make the system unstable; since there is no speed
controller. As can be seen, the variation of the oscillation
frequency with the change in power is very low, while the
damping in the high powers greatly decreases. Therefore, the
most critical mode is in high power, where the attenuation is
very small and the frequency of oscillations is high.

And some simplification will result in:

IV. SIMULATION RESULTS

To test the accuracy of the model, simulation is performed in
three cases. First, the simulation of detailed model is being
done. The second simulation assuming that the static and
dynamic states of the diode are the same. The third
simulation is the linearized model. For this purpose, graph C
is attained by changing the excitation voltage. Then the
nominal value of C is obtained in a given operating
condition. In the next step, by writing nonlinear and linear
equations in MATLAB, the simulation results of the detailed
model and the linearized one are compared.

P =0.76, c=4.4,E IV =15
P,=0.56, c=4.4, E IV, =15 0 L de
0.7 real

real

og5p L e linear

/-\ weweeennes linear

I_/ 10% increase of Ef

0.55 0.7
0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.5 0.55 0.6 0.65 0.7 0.75 0.8

a 0

10% ircrease of Ef

5% increase of speed 5% increase of speed

AT 0 P "= yolinate |
0.65 0.7 0.75 0.8 8
08 - 5% increase of DC o
07 SN woltage 5? increase of DC
. 7 - wltage
06 // : A
a 'I
0.5 -\

0.5 0.55 0.6 0.65 0.7 0.75 0.8
t

0.8

Fig. 8 Model accuracy at P=0.56 pu ' ' t

The parameters of simulated generator are as follows: Fig. 9 Model accuracy at P=0.76 pu
S, =6.86MVA)V, =11KV, |, =360A, f, =50Hz

V. CONCLUSIONS
R=1e-4,X,=16X,=038X,=0.14 In this paper, the proposed model for wind turbine electrical
X, =1574,R, =0.03 part and the method of matching the transmission of wind

turbines and lines are introduced. Then the system is
- modeled using the state space of the system. The linearized
and P = 0.76 pu (second case), the system response (0 the  q4e) js simulated to evaluate its accuracy. Simulation

step changes of 0.1pu in the magnitude of the exciting  yeqyits shows that the proposed model matches the detailed
voltage, 0.05 pu at a speed and 0.05 pu at the DC voltage is  mgdel for a good degree of accuracy.

simulated, and illustrated in Fig. 8 and 9. As can be seen,

Under the two loading conditions, P = 0.56 pu (first case)
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