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Reactive Power Dispatch Method in Wind
Farms to Improve the Lifetime of Power
Converter Considering Wake Effect

J. Tian, Student member IEEE, D. Zhou, Member, IEEE , C. Su, Member, IEEE, 7. Chen, Senior
member, IEEE and F. Blaabjerg, Fellow, [EEE

Abstract—In Wind Farms (WF), the most popular and
commonly implemented active power control method is the
Maximum Power Point Tracking (MPPT). Due to the wake
effect, the upstream Wind Turbine (WT) in WFs has more active
power generation than the downstream WT at the wind
directions and wind speeds that the WF has wake loss. In the case
that WTs support the voltage control by reactive power, the
upstream WT’s power converter may have shorter lifetime even
below the industrial standard. In this paper, based on the
analysis of the wake effect, the reactive power capability of the
Doubly Fed Induction Generator (DFIG) WT and the lifetime of
DFIG WT’s power converter, a reactive power dispatch method
is proposed in the WF with DFIG WTs to improve the lifetime of
the upstream WT’s power converter. The proposed reactive
power dispatch method is analyzed and demonstrated by the
simulation on a WF with 80 DFIG WTs. It can be concluded that,
compared with the traditional reactive power dispatch method,
the proposed method can increase the lifetime of the upstream
WT’s power converter.

Index Terms—lifetime, reactive power dispatch, voltage
control, wake effect, wind farm.

1. NOMENCLATURE

Ambient wind speed

v Downstream wind speed

C, Thrust coefficient

B Pitch angle

A Tip-speed-ratio

D Blade diameter

k Decay constant

X Position of the downstream wind turbine
A pveriap Overlap area

Ar Blade sweep area

P Stator active power

O Stator reactive power

P, Rotor active power

0. Rotor reactive power

Pose Active power of the grid-side converter
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Ractive power of the grid-side converter
rms stator current

Stator frequency

Mechanical torque

Number of pole pairs

rms stator voltage

Stator power factor angle

Mechanical power

Rotor mechanical angular speed

Rotor electrical angular speed

Stator winding resistance

Stator leakage inductance

Magnetizing inductance
Stator inductance

Slip

Winding ratio between stator and rotor
Leakage coefficient

Rotor winding resistance

Rotor leakage inductance

Rotor inductance
rms rotor voltage
rms rotor current
Rotor power factor angle

Converter voltage

IGBT loss

Diode loss

Voltage drop during IGBT on-state
Voltage drop during diode on-state
Turn-on energy of IGBT

Turn-off energy of IGBT
Reverse-recovery energy of diode
Dc-link voltage of power converter
Reference dc voltage during test
Carrier ratio

Switching frequency

Fundamental frequency of current
Current through each power component
Switching period

Mean junction temperature of IGBT
Junction temperature fluctuation of IGBT
Mean junction temperature of diode
Junction temperature fluctuation of diode
Thermal resistance from junction to case



Rinca Thermal resistance from case to ambient

P Power loss of each power semiconductor

T, Ambient temperature

ton On-state time within a fundamental period

t, Fundamental period of current

T Thermal time constant

AD Annual damage

Ny Cycle-to-failure of power semiconductor

b Exponential coefficients of temperature swing
b Exponential coefficients of mean temperature
b3 Exponential coefficients of on-state time

b4 Scaling factor of the lifetime model

Z Magnetizing voltage (complex)

VS Stator voltage (complex)

I_S Stator current (complex)

E Magnetizing current (complex)

I_r Rotor current (complex)

V, Rotor voltage (complex)

II. INTRODUCTION

ENEWABLE energy is increasingly integrated into the
modern power system. E.g., in Denmark, the wind power
generation got 42.2% of its national electricity demand by the
end of 2015, while the wind power target is 50% of the
electricity demand by 2020 [1]. Consequently, wind farm
(WF) supporting the voltage control has become an important
issue. According to the grid codes [2] and [3], a WF must be
equipped with the following three exclusive control functions:
reactive power control, the power factor control and also the
voltage control. Moreover, in [4] and [5], the authors
proposed that WFs can also be employed to support the
secondary voltage control, where the voltage reference at the
Point of Common Coupling (PCC) or the reactive power
reference of the WF is generated and sent out by the
Automatic Voltage Control (AVC) in the power system.
Doubly fed induction generator (DFIG) based wind
turbines (WT) have some amount of reactive power
capabilities both from the stator side of the generator and from
the Grid-Side Converter (GSC). Therefore, DFIG WT can be
seen as continuous reactive power source. The reactive power
capability of DFIG WT is analyzed in [6] and [7]. It depends
on the active power generation of the WT, the voltage at the
terminal of the WT and the current and voltage limit of the
generator and the power converter. Other voltage control
devices in WF include switching capacitor bank, taper-
changer transformer, shunt reactor, static synchronous
compensator (STATCOM) and static var compensator (SVC)
etc. In [8] and [9], the authors proposed dispatch methods
among different voltage control devices in WF in order to
reduce the power loss on the connection cable and to reduce
the operation cost of the discrete device e.g. the switching
capacitor bank and the tap-changer transformer. Because of
better economy and controllability, under the premise of

providing sufficient voltage support, the DFIG WT has a
higher priority to support the voltage control compared to
other voltage control devices in the WF [8].

Recently, reliability issues in WT are becoming more and
more of importance, especially when the WF moves from the
onshore to the offshore. The harsh environment forces the WT
system to operate up to 25 years due to the expensive offshore
installation and maintenance. According to a field survey of
WT system [10], the electrical part has the highest failure
rated compared to other parts like the turbine, gearbox,
generator and control. It can be inferred that the lifetime of the
power converter is the shortest and determines the lifetime of
WT system. Based on the thermal stress analysis of power
electronics converter in [10], the lifetime of WT’s power
converter, defined as how many years it can continuously
operate at the current working condition, depends on the
WT’s active power generation and reactive power generation,
which are closely related to the WT’s mission profile.

Wake effect in the WF is an important issue, especially in
large-scale WFs. The obvious effect of the wake is the power
loss of the WTs in a single wake or in multiple wakes. Many
works have focused on the development of wake model [11]
and [12]. With the consideration of the wake effect, WF
layout optimization methods [13] and [14] and the active
power control methods [15] and [16] have been developed for
the power loss reduction. Because of the wake effect,
downstream WT’s available active power depends on the
upstream WT’s active power control method. Besides, there is
interaction between the WF output power and the network. In
[17], the authors presented the impact of the wake effect on
the dynamic power system simulation. Furthermore, in [18],
the authors presented the influence of the wake effect on the
inertial response for the frequency control during the
generation and load imbalance. In [19], the authors presented
a coordinated control method for the WF to support the
frequency control under the generation and load imbalance,
considering the influence of the wake effect on the inertial
response.

The popular and commonly implemented active power
control method in WFs is the maximum power point tracking
(MPPT) method for each WT to extract maximum active
power from the wind. When the WTs are employed to provide
extra reactive power to support the voltage control, the
lifetime of WT’s power converter could be reduced due to its
additional current stress in each power module, which is an
important challenge for modern WF lifetime requirement [10].
With the implemented MPPT method, due to the wake effect,
upstream WT has more active power generation than
downstream WT at the wind directions that the WF has wake
loss [15], which results in shorter lifetime of upstream WT.
Consequently, by using dispatching appropriate reactive
power, (i.e. higher reactive power from the downstream WT,
but lower reactive power from the upstream WT), the lifetime
of each WT’s power converter can be compromised, and the
lifetime of upstream WT’s power converter can be increased.

A reactive power dispatch method to balance the power



load among WTs is essentially to dispatch the reactive power
requirement of each WT in the WF in proportion to its
reactive power capability [20]. However, even with this
method implemented, the lifetime of upstream WT’s power
converter could even be shorter than the industrial standard,
while the downstream WTs could have very long lifetime. In
this paper, an reactive power dispatch method is proposed to
improve the lifetime of upstream WT’s power converter, by
trading-off the lifetime of each WT’s power converter. Based
on the reference of each WT’s active power, the calculation of
the lifetime of the each WT’s power converter and the reactive
power capability of each WT, the appropriate reactive power
for each WT can be generated.

This paper is organized as follows. DFIG model and
reactive power capability of DFIG WT are analyzed in
Section III. The method to evaluate the lifetime of WT’s
power converter is introduced in Section IV. The proposed
reactive power dispatch method to improve the lifetime of
upstream WT’s power converter is discussed in Section V.
Simulation case studies on a WF with 80 NREL 5 MW DFIG
WTs to analyze and demonstrate the proposed method is
carried out in Section VI. Finally, some concluding remarks
are drawn in Section VII.

III. DFIG MODEL AND REACTIVE POWER CAPABILITY

The typical configuration of DFIG WT is shown in Fig. 1.
The reactive power from the stator side of the generator and
the reactive power from the GSC can be generated by the
DFIG WT and integrated into the power system.

Rotor  gator

/ P.xw Qs
—5
Gearbox
P,0,, . TPase Oose
RSC [Vt GSC‘

Fig. 1. Configuration of the DFIG WT.

A. DFIG Model

The steady-state equivalent circuit of a DFIG is shown in
Fig. 2, where Z,/s is the equivalent impedance of the power
converter. When the WT operates with a leading or lagging
power factor, the stator current can be calculated by [21]
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where the mechanical torque can be calculated by,
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The voltage across the magnetizing branch can be
calculated by

Vo=V, =L (R + joL,) 3
The magnetizing current can be calculated by,
E _ Vm (4)
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The rotor current can be calculated by,
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The rotor voltage can be calculated by,
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Fig. 2. Steady-state equivalent circuit of DFIG.

B.  Reactive Power Capability of DFIG WT

Depending on the active power of the WT, the reactive
power capability of DFIG WT which is limited by the stator
current, the rotor current and the rotor voltage is analyzed in
[6].

The reactive power from the stator side of the generator
can be calculated by

O, =31 sing, ®)

The maximum reactive power from the stator side of the
generator limited by the stator current can be calculated by
combining (1) and (8) at the maximum stator current. The
maximum reactive power from the stator side of the generator
limited by the rotor current can be calculated by combining
(1)-(5) and (8) at the maximum rotor current. The maximum
reactive power from the stator side of the generator limited by
the rotor voltage can be calculated by combining (1)-(6) and
(8) at the maximum rotor voltage.

The reactive power capability of the GSC, which depends
on the active power from the rotor-side of the generator and
the capability of the converter, can be calculated by

Ogsc = *y SGSCZ - Prz

where the active power from the rotor-side of the generator
can be calculated by

©

B =V1 cosg, (10)



IV. LIFETIME OF POWER CONVERTER

The method to estimate the lifetime of the power
electronics components in the WT system starts with mission
profile inputs — the generated active power and required
reactive power. With the help of the DFIG model and the loss
model of the power -electronics component, the loss
dissipation of each IGBT and the diode can be calculated,
both of which consist of conduction losses and switching
losses. Based on a thermal model of the power module, the
thermal profile of the power semiconductors can be calculated
in terms of the mean junction temperature and the junction
temperature fluctuation at the given active power and reactive
power. They are closely related to the thermal resistance and
thermal capacitance of the power module as well as its applied
cooling solution. Afterwards, the By, lifetime data can be
obtained from the manufacturer at fixed thermal stress, and it
can be further extended to the mean junction temperature and
the junction temperature fluctuation at any freedom by using
Coffin-Manson equation. Finally, the annual damage, which is
defined as the annual cycles over the cycle-to-failure, can be
calculated. If the mission profile is annually repeated, the
lifetime expectancy of the power converter — reciprocal of the
annual damage can be estimated.

By using this approach, the lifetime of the GSC and Rotor-
Side Converter (RSC) can be estimated. Although the lifetime
expectancy of the power converter is heavily dependent on its
design criteria and its working environment (e.g. the power
device selection, annual local wind speeds and wind
conditions), a lifetime comparison between the GSC and RSC
of a typical 2 MW DFIG is performed in [10], it is evident that
the lifetime of the RSC is much lower compared to the GSC,
which indicates that the lifetime of back-to-back power
converter can simply be determined by the RSC.
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Fig. 3. Flowchart to estimate the lifetime of rotor-side converter at fixed active
power and reactive power.

The detailed flowchart to estimate the lifetime of the RSC
is shown in Fig. 3. Based on the requirement of the active
power P and the reactive power (O, the procedure starts with
the loading translation to calculate the rotor-side current

1, and voltage ¥, of the DFIG [22],

— L P V. L O
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where V; denotes the stator voltage and w, denotes the stator
frequency; L,, denotes the magnetizing inductance; L; denotes
the stator inductance — the sum of the stator leakage
inductance L, and the magnetizing inductance, while L,
denotes the rotor stator inductance — the sum of the rotor
leakage inductance L, and the magnetizing inductance; o
denotes leakage coefficient of the DFIG, defined as (L,L,-
L’ )/LiL,; s denotes the slip value; and £, denotes the winding
ratio between the stator and the rotor. Based on the complex
terms of the rotor current and voltage, the displacement angle
@, can be obtained.

The loss dissipation of the IGBT and the diode can be
calculated according to the loss model of the power device,
both of which consist of the conduction loss and the switching
loss [23]. The loss dissipation of the IGBT P; can be
expressed as,

i,(m))-

Pe= fo 2 Vi [, (m)]-d(m)- T,

(13)

i,(m)) + E,; (

T (E, z;(n)b]}

Ve
where the first term is the conduction loss, and the second
term is the switching loss. ¥, is the voltage drop of the IGBT
during its on-state period, E,, and E,; are the turn-on and the
turn-off energy dissipated by the IGBT at a certain dc-link
voltage V", which are proportional to the actual dc-link
voltage V,. All the information can be found in the
manufacturer datasheet. Besides, d is the duty cycle for each
switching pattern, which can be calculated by using the rotor
voltage as well as its displacement angle in the case of the
Space Vector Modulation (SVM) with a symmetrical
modulation sequence method of the no-zero vector and zero-
vector. N is the carrier ratio between the switching frequency
f; and the fundamental frequency f.. i, is the current through
each power component, 7; is the switching period, and the
subscript # is the n™ switching pattern.

Similarly, the loss dissipation of the diode Pp can be

expressed as,

b =J2'"Zi;{V,»(iﬂ(n)|)' i,(m)|-[1-d(n)]- T, 4

I, (n)l)}

The first term is the conduction loss, and the second term is
the switching loss. V; is the voltage drop during its on-state
period, E,, is the reverse-recovery energy dissipated by the
diode, which is normally given by the manufacturer at a
certain dc-link voltage. It can be seen that the IGBT and the
diode conducts complementarily within a switching period.
Moreover, the IGBT and the diode loss in (13) and (14) are
aimed for the entire bridge. For each power semiconductor
(the IGBT or the diode), the loss will only be a half.

+le g (
4

dc



Since the mean junction temperature 7}, and the junction
temperature fluctuation d7; are regarded as the two most
important reliability indicators, they can be calculated as [23],

4 3
T/mj/D =P ZRrhjcj,D(i) +P- lehwi(j) + T; (15)

i=1 J=1

::2P~2é _.[1_eXpC_%"/Tm”—”D“)H2
thic _T/D(i)
-1 1—exp(- te/Tthjc_T/D(i))

In (15), Ry is the thermal resistance from the junction to
case of the power module, Ry, is the thermal resistance of the
cooling system, in which subscripts i and j denote four-layer
and three-layer Foster structure for the power module and the
cooling, respectively. P is the power loss of each power
semiconductor, and 7, is the ambient temperature. In (16), ¢,,
denotes the on-state time within each fundamental period of
the current at the steady-state operation, 7, denotes the
fundamental period of the current, t denotes the thermal time
constant of each Foster layer.

Based on the Bj, lifetime model of the power
semiconductor [23], [24], the cycle-to-failure of the IGBT and
the diode Ny can be calculated,

N, =p,-dT/ 'exp(#) 1,
where £, f5,, and f;are exponential coefficients related to the
temperature fluctuation, the mean temperature and the on-state
time, respectively. S, denotes the scaling factor of the lifetime
model.

The annual damage 4D can be defined as ratio between the
total thermal cycles per year and its related cycle-to-failure,

dT

j_TID

(16)

)

365-24-3600- f,

AD = (18)

Nf
It is noted that the constant wind speed all over the year is

assumed, and there is no downtime during the operational year.

Besides, the wind direction is not taken into account as well.
In the case of a real wind profile, the wind speed distribution
can be considered by using Miner’s rule [25], where the
various thermal stresses have the same effect on wear-out
degradation. As a result, the actual annual damage can be
calculated considering the weighting factor of the individual
wind speed. Meanwhile, due to the wake effect, although WTs
in the WF cannot strictly follow the MPPT algorithm at the
ambient wind speed, each of them essentially obeys the MPPT
at its equivalent wind speed as aforementioned. As a result,
the wind direction only affects the equivalent wind speed for
each WT, and this factor can be considered as well.

Moreover, in the case of the reactive power compensation
required from the DFIG system, since the injection from the
stator side of the generator supported by the RSC is more
effective and efficient compared to the GSC compensation
[26], the reactive power injection from the stator side of the
generator will only be focused on in the following.

V. PROPOSED REACTIVE POWER DISPATCH METHOD

Considering the active power difference among the WTs in
the WF because of the wake effect, the proposed reactive
power dispatch method aims to increase the lifetime of the
upstream WT’s power converter which is overly short, and
moreover to maximize the total lifetime of the overall WT’s
power converters. The proposed reactive power dispatch
method can be formulated by the objective function, the
constraints and the control variables as described below.

The objective function:

Max(Y. @y, L, (P Oy)

i=1

(19)

where 7 is the number of WTs in the WF. The lifetime of the
the i WT’s power converter Lyz;, which depends on the i
WT’s active power Pyg; and reactive power Qpp, can be
obtained in lifetime look-up-table as discussed in Section IV.
oyt 1s the weight coefficient. When the lifetime of the WT’s
power converter is overly short, the weight coefficient is set to
be a large value, and when the lifetime of the WT’s power
converter is overly long, the weight coefficient is set to be a
small value, to make sure the lifetime of the WT’s power
converter, which is overly short, can be increased.
Following constraints are existing:

O < QWTi < QWTiicap (20)
ZQWTi = Oss = Oy (21
i=1

VWTimin < VWTi < VWTimax (22)

where over-excited reactive power injection is assumed and
the reactive power of the i WT Qyp is limited by the
reactive power capability of the " WT Owri cap- Owri cap
depends on the active power of each WT and the voltage at
the terminal of the i WT as presented in Section III. The total
reactive power of all the WTs plus the reactive power loss on
the WF connection cable Q,, should be equal to the reactive
power reference of the WF Q. Vyr is the voltage at the
terminal of WTi. Vir i and Vg e are the down and up
voltage limit at the terminal of the WT.

The reactive powers of each WT are the control variables.
In this work, the reactive powers of each WT are generated
with the Particle Swarm Optimization (PSO) based
optimization algorithm [15]. The flow chart of the
optimization algorithm is shown in Fig. 4. In the iterations of
the optimization algorithm, the first step is to limit the reactive
power of each WT by the constraints (20)-(22). In constraint
(20), the reactive power capability of each WT depends on the
active power of each WT and the voltage at the terminal of
each WT. The voltage at the terminal of each WT and the
power loss on the connection cable can be obtained by the WF
power flow calculation, with the active power of each WT, the
voltage at PCC and the reactive power of each WT. Finally,
the reactive power of each WT can be obtained by the lifetime



calculation and comparison of the objective function (19).

Initialization

Calculate reactive power of each WT: Qwri, by the
PSO interative mechanism <

By WF power flow calculation, calculate the voltage at the
terminal of each wind turbine: Vwriand the reactive power
loss on the connection cable: Qioss, with the active power of

each WT: Pwriand the voltage at PCC: Vpcc

Calculate the reactive power capability of each wind
turbine:Qwri_av, with the active power of each WT: Pwriand
the the voltage at the terminal of each wind turbine: Vwri

Constraint (20) - (22)
satisfied?

Yes

Obtain the lifetime of each WT’s power converter from
the lifetime look-up-table, with the active power of
each WT: Pwriand the reactive power of each WT
limited by constraints (20) - (22): Qwri

Calculate the objective function (19), update the
swarm positions and obtain the globle best position for
the PSO iterative program

No

End condition
satisfied?

Yes

Obtain the optimal reactive power of each WT : Qwri_opT

Fig. 4. Flow chart to obtain the reactive power for each WT, with the PSO
based optimization algorithm.

VI. CASE STUDY AND DISCUSSION

In this section, the proposed reactive power dispatch
method is analyzed and demonstrated in a WF with 80 NREL
5 MW DFIG WTs. The layout of the WF, which is the same
with the offshore WF of Horns Rev 1 in Denmark, is shown in
Fig. 5. The distance between two adjacent WTs in the same
row or in the same column is 819 m, which is 6.5 times of the
blade diameter. The parameters of the NREL SMW WT are
enclosed in the appendix Table I.

A. Active Power Generation

To estimate the active power generation of each WT in the
WF, the active power curve as shown in Fig. 6 [27] is
assumed to be implemented in the WT control system. The
active power curve incorporates 5 control regions, where the
MPPT is implemented in region 3. The active power of each
WT is estimated by the Katic model [28] and [15]. The WF is
assumed to be an offshore WF and the decay constant £=0.04
is adopted [29].

The highest power losses of the WF, because of the wake
effect, appears at the wind directions that are aligned to the
symmetry axes of the WF [11]. In this case study, the high
power loss appears at the wind directions of around 41°, 90°,

annd direction North
Column No. n of WT,, , ¢
i \1 23 45 6 78910
8 o
d 7 F:E‘
162
g |4 E
= ]
> 13 Z
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Fig. 5. Layout of the WF with 80 NREL 5 MW WTs.
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Fig. 6. Active power curve of the NREL 5 MW WT.
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Column No. n of WT, ,

Fig. 7. Active power of the WTs in each column at 270° wind direction and at
the wind speeds from 3 m/s to 15 m/s with the resolution of 1 m/s.

131°, 172°, 221°, 270°, 311° and 352°. At these wind
directions the WTs have the most different active power
generation. In order to illustrate the difference of each WT’s
active power generation, the active power generations of each
WT at 270° wind direction and at the wind speeds in the range
of 3 m/s to 15 m/s are calculated and shown in Fig. 7. At this
wind direction, WTs in the same row will not cause the wind
speed deficit for WTs in other rows. Thus, the WTs in the
same column (as shown in Fig. 5, WT,, ,is marked with its
row No. m and column No. n) have the same active power
generation.



B. Reactive Power Capability

As analyzed in [6], the over-excited reactive power
capability of the DFIG WT is limited by the maximum rotor
current. At stator voltages of 0.9 pu, 1.0 pu and 1.1 pu, the
maximum reactive power from the stator side of the generator
in terms of active power generation are shown in Fig. 8. To
make sure that the WT is able to generate the rated active
power at the stator voltages in the range of 0.9 pu to 1.1 pu,
the maximum rotor current is selected to be 1.11 pu. It should
be noticed that, in this case study, the rated power and the
rated stator phase voltage have been used as the base value for
the normalization.

&
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; 0.6 71
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202t

5 Vs=1.1 pu
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o0 0.2 0.4 0.6 0.8 1

Active power (pu)
Fig. 8. Over-excited reactive power capabilities from the stator side of the
generator in terms of the WT active power, at stator voltages of 0.9 pu, 1.0 pu
and 1.1 pu.

At 270° wind direction, according to each WT’s active
power as shown in Fig. 7 and the WT’s over-excited reactive
power capability from the stator side of the generator as
shown in Fig. 8, each WT’s over-excited reactive power
capabilities from the stator side of the generator at the ambient
wind speeds in the range of 3 m/s to 15 m/s are shown in Fig.
9, where the stator voltage is assumed to be 1.0 pu.
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Fig. 9. Reactive power capability of the WT in each column, at 270° wind
direction and at the wind speeds from 3 m/s to 15 m/s with the resolution of 1
m/s.

C. Lifetime of the Power Converter

In the DFIG system, although the active power flowing
through the RSC is exactly the same as the GSC, the thermal
loading of the RSC is much higher than the GSC [10]. Not

only the RSC is normally required to excite the rotor-side of
the generator in order to guarantee the unity power factor
operation at the stator side of the generator, but also the rotor
voltage is much lower than the grid voltage, which results in
the higher current stress of the RSC. Besides, the operation
frequency of the RSC is also much lower than the GSC, which
causes high thermal cycling. As stated in Section IV, the
lifetime of the power converters is typically decided by the
RSC. Moreover, the reactive power compensation from the
RSC further affects its reliability. As the under-excited
reactive power relieves the stress of the RSC, while the over-
excited reactive power imposes its thermal stress [25], only
the over-excited reactive power is concerned.
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Fig. 10. Lifetime of the DFIG WT’s power converter in terms of active power
and reactive power. (a) Active power from 0 pu to 1 pu and the reactive power
from 0 pu to 1 pu. (b) Active power from 0.8 pu to 1 pu and the reactive

power from 0 pu to 0.2 pu.

According to the parameters of the DFIG listed in Table I



as well as the reliability data of power device listed in Table II,
the lifetime of the power converter is shown in Fig. 10 in
terms of various amounts of active power and reactive power.
It is noted that, if the reactive power keeps constant, the
lifetime is decreasing with higher active power except for the
area around the active power of 0.4 pu. It is because the DFIG
operates at the synchronous operation, and the low operation
frequency results in relatively high thermal stress in spite of
the low generated active power. Moreover, in the condition of
the same amount active power, the higher reactive power
causes a lower lifetime due to its higher thermal stress induced
by the additional reactive power. Furthermore, the huge
difference of lifetime can be found between the light load
(with no active power and reactive power injection) and the
heavy load (with 1.0 pu active power and reactive power
injection). Assuming that no reactive power is required and
1.0 pu active power is provided all the year around, the
lifetime of the RSC is 11.4 years.

D. Reactive Power Dispatch

Compared with the reactive power control method that
dispatches the reactive power requirement of each WT in the
WF in proportion to its reactive power capability, the
optimization results obtained by the optimization algorithm
are shown in Fig. 11, at the 270° wind direction, at the 12 m/s
wind speed, at the 1.0 pu voltage at PCC and at the 0.44 pu,
0.50 pu and 0.63 pu reactive power of the WF. The weight
coefficient in the objective function (19) is set to be
(11.4/Lyr)’, where 11.4 is the lifetime of the WT’s power
converter when the WT is working at the rated power and no
reactive power output.

The optimized reactive power for each WT is shown in Fig.
11 (a). The lifetime of each WT’s power converter with the
optimized reactive power for each WT is shown in Fig. 11 (b).
In Fig. 11 (b), it can be seen that the lifetime of the WT’s
power converter in column 1 is increased from 8.1 years, 7.6
years and 6.5 years to 11.3 years respectively, at the 0.44 pu,
0.50 pu and 0.63 pu reactive power of the WF. And the total
lifetime of all the 80 WT’s power converter is increased from
31976 years, 24544 years and 11088 years to 37384 years,
26000 years and 11600 years respectively, at the 0.44 pu, 0.50
pu and 0.63 pu reactive power of the WF.

E. Annual Lifetime Consumption

The effectiveness of the proposed reactive power dispatch
method depends on the wind direction and wind speed
distribution at the WF location area and the WF layout. The
reasons are as follows.

e Only at the wind directions that the WF has wake loss,
WTs have different active power generations and the
proposed method can improve the lifetime of the
upstream WT’s power converter.

e As shown in Fig. 10, at low active power and low
reactive power, the WT’s power converter has very
long lifetime, and therefore the power converter’s
lifetime consumption can be neglected.

0.6 T T I T T T T T 1
I

0‘5 - L) . . . -
[ S, I S B B> B B 0

0.47 —k— Qwr pro =044 pu —3
0.3k —*— Qwr_pro =0.50 pu |

Qwr_rro = 0.63 pu
0. ' —— Qwr orr = 0.44 pu i
—B— QWF_OPT =0.50 pu

Qwr_opr = 0.63 pu

0!“ 1 1 1 1 1 1 1 I
1 2 3 4 5 6 7 & 9 10

Column No. n of WT, ,,
(@)

Optimal reactive power of each WT (pu)

—K— QWFJRO =0.44 pu
—#— Qwr pro = 0.50 pu

Qwr pro =0.63 pu |
—— Qwr orr = 0.44 pu
; —B— Qwr opr = 0.50 pu
10 ' Qwr_orr = 0.63 pu |

N

1 2 3 4 5 6 7 8 9 10

Column No. n of WT,, ,
(b)

Fig. 11. Comparison between the proposed reactive power dispatch method
and the method that dispatches the total reactive power for all WTs to each
WT in proportion to the reactive power capability of each WT. (a) Reactive
power of the WT in each column; (b) Lifetime of the WT’s power converter of
the WT in each column.

Lifetime of the power converter (year)
(8]
[w)

o The lifetime of the upstream WT’s power converter is
increased by sacrificing the lifetime of downstream
WT’s power converter. At opposite wind directions,
upstream WT and downstream WT will be
transferred to be the downstream WT and upstream
WT. Thus, the effect of the proposed method will be
weakened.

The lifetime of the power converter as shown in Fig. 10 is
obtained by the assumption of the constant active and reactive
power injection all the year around. Taking into account the
factors of wind speed and wind direction distribution, the
annual lifetime consumption defined as the percentage of
lifetime consumed in one year is used in this paper to
demonstrate the proposed reactive power dispatch method.
The annual wind direction and wind speed data as shown in
Fig. 12 are adopted to calculate the annual lifetime
consumption of each WT’s power converter. The wind
direction distribution and the wind speed distribution as



shown in Fig. 13 are generated by the WASsP climate analysis
tool with the data as shown in Fig. 12. The wind rose is
separated into 36 sectors each with 10°.
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Fig. 12. (a) Annual wind direction time series; (b) Annual wind speed time
series.

With the active power curve as shown in Fig. 6
implemented and compared between the proposed reactive
power dispatch method and the method that dispatches the
total reactive power for all WTs to each WT in proportion to
each WT’s reactive power capability, the annual lifetime
consumption of each WT’s power converter is shown in Fig.
14, where WT,, , as shown in Fig. 5 are represented by WT,.
1xiom- It can be seen that, the annual lifetime consumption of
the WTs in column 1 can be reduced by the proposed method.
When the WTs provide the total reactive power injection of
0.5 and 0.8 times the total reactive power capability of all the
WTs, the annual lifetime consumption of the WT, ;’s power
converter is reduced by 5.01% and 7.15%, respectively.

Mean wind speed in all
sectors: 8.21 m/s

15

Frequency of
occurrence (%/(m/s))
=

10.0% Wind speed (m/s)

Fig. 13. Wind direction distribution in each wind rose sectors and wind speed
distribution in all the wind rose sectors.

VII. CONCLUSIONS

The lifetime of the WT’s power converter depends on the
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Fig. 14. Comparison of the annual lifetime consumption of each WT’s power
converter between the proposed reactive power dispatch method and the
method that dispatches the reactive power reference for the WF to each WT in
proportion to each WT’s reactive power capability.

WT’s active power and reactive power mission profile.
Considering the wake effect, the WTs in a WF have different
active power generations. By dispatching the reactive power
among WTs, the lifetime of upstream WT’s power converter,
which has shorter lifetime even than the industrial standard,
can be increased by sacrificing the lifetime of downstream
WT’s power converter which has much longer lifetime.

In this paper, an reactive power dispatch method among
DFIG WTs in a WF is proposed to increase the lifetime of
upstream WT’s power converter which is overly short and to
increase the total lifetime of all the WT’s power converters.
The proposed method generates the reactive power for each
WT by the PSO based optimization algorithm based on the
difference of each WT’s active power generation because of
wake effect and the reactive power for each WT is limited by
each WT’s reactive power capability.

At the wind directions where there is no wake loss in the
WF and at high wind speeds that each WT are operating at the
rated power, the active power generations of each WT are all
the same. On the other side, at the lower wind speeds and
lower reactive power requirements for the WF, the lifetime
consumption of the WT’s power converter can be neglected.
Additionally, the trade-off for the lifetime between the
upstream WT’s power converter and downstream WT’s power
converter will be weakened at opposite wind directions. Thus,
the effectiveness of the proposed method depends on the wind
direction and wind speed distribution and the layout of the
WEF.

It can be concluded that, compared with the traditional
reactive power dispatch method, the proposed method can
increase the lifetime of the upstream WT’s power converter
and the total lifetime of all the WT’s power converters.
Moreover, the proposed method can be used for any WF



layout and at any wind direction and wind speed distribution

at the WF area.

VIII. APPENDIX

TABLE1
Parameters of the 5 MW DFIG WT

WT
Rated Mechanical Power 5 MW
Rotor Diameter 126 m
Hub Height 90 m
Cut-In, Rated, Cut-Out Wind Speed 3m/s, 11.4m/s, 25 m/s
Cut-In, Rated Rotor Speed 6.9 rpm, 12.1 rpm
Gearbox ratio 97
DFIG
Rated Mechanical Power 5.0 MW 1.0 pu
Rated Stator Phase Voltage 548 V (rms) 1.0 pu
Rated Rotor Phase Voltage 381 V (rms) 0.6947 pu
Rated Stator Current 2578 A (rms) 0.8485 pu
Rated Rotor Current 3188 A (rms) 1.0494 pu
Rated Stator Frequency 50 Hz 1.0 pu
Number of Pole Pairs 3
Stator Winding Resistance 1.552 mQ 0.0086 pu
Rotor Winding Resistance 1.446 mQ 0.008 pu
Stator Leakage Inductance 1.2721 mH 2.2141 pu
Rotor Leakage Inductance 1.1194 mH 1.9483 pu
Magnetizing Inductance 5.5182 mH 9.6044 pu
Power converter
DC-link voltage 1600 V 1.684pu
Switching frequency 2 kHz
TABLE II
Parameters used in loss model and thermal model of power
semiconductors
IGBT Diode
Vee @ 1 kKA, T=150 °C (V) 2.45 /
Loss Vy@ 1 kA, T=150 °C (V) / 1.95
model E,, @1 kA, T=150 °C (mJ) 430 /
E;@ 1 kA, T=150 °C (mJ) 330 /
E,. @1KkA, T=150 °C (mJ) / 245
0.3 0.48
Fourth order thermal resistance 1.6 3.61
(°C/kW) 18 34.6
Thermal 3.1 6.47
model 0.003 0.0002
Four order thermal time constant 0.0013 0.0009
(s) 0.04 0.03
0.4 0.2
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