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Optimized Reactive Power Flow of DFIG Power
Converters for Better Reliability Performance
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Abstract—If there is no reactive power exchange be-
tween a doubly fed induction generator (DFIG) and a grid,
the various characteristics of the power converters in a
DFIG wind turbine system cause the lifetime expectancy
of a rotor-side converter (RSC) to be significantly less
than that of a grid-side converter (GSC). In order to fulfill
modern grid codes, over-excited reactive power injection
will further reduce the lifetime of the RSC. In this paper,
the additional stress of a power semiconductor due to the
reactive power injection is first evaluated in terms of a
modulation index and the current loading. Then, an opti-
mized reactive power flow is proposed in the case where
an over-excited reactive power support is applied with
the joint compensation from both the RSC and the GSC.
Finally, some experimental validations are performed at a
downscale DFIG prototype. It is concluded that, among the
different combined reactive power support strategies, the
best scheme will tradeoff the lifetime between the GSC and
the RSC.

Index Terms—Consumed lifetime, doubly fed induction
generator (DFIG), reactive power, thermal behavior.

I. INTRODUCTION

THE worldwide wind capacity reached close to 320 GW
by the end of 2013 [1]. As a modern wind turbine is

required to act similar to a conventional synchronous generator
with independent reactive power and active power regulation
in order to handle power quality issues [2], power electronics
are nowadays playing a more important role even to the full
scale of a wind turbine generator (e.g., a permanent-magnet
synchronous generator). In order to reduce the cost of wind
power generation, the power rating of the wind turbine is now
upscaling to 8 MW. However, the feedback of the wind turbine
market indicates that the best seller is still that rated around
2–3 MW, in which a doubly fed induction generator (DFIG) is
normally employed together with partial-scale power electronic
converters [3]–[6].
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Another progress in the wind turbine technology is the
movement of wind farms from onshore to offshore to reduce
the environment impact and to obtain even better wind condi-
tions. Because of the expensive maintenance for offshore wind
farms, the lifetime of the whole system normally preserves
20–25 years, which is much longer than the traditional indus-
trial standard [7]. Consequently, the reliability of an offshore
wind turbine system becomes of interest from the manufac-
turer’s perspective. As the state-of-the-art agreement, the relia-
bility engineering in power electronics is currently moving from
a solely statistical approach to a more physics-based approach,
which involves not only the statistics but also the root cause
behind the failures [8]–[13].

Considerable reliability tests have been already carried out
by leading power semiconductor manufacturers. In [14] and
[15], the power cycles of a power device are provided in
traction systems from a thermal stress point of view, and the
most important factors affecting the lifetime are summarized
in [16] (e.g., mean junction temperature, junction temperature
fluctuation, the ON-state time duration of a periodical current,
etc.). A lot of papers also address the reliability issues in
wind turbine systems [17]–[20], which implies that the thermal
cycles of a power semiconductor generally include small cycles
(e.g., current commutation within one fundamental frequency)
and large cycles (e.g., the fluctuation of wind speed and
environment temperature). This paper mainly focuses on the
steady-state small thermal cycles. In the DFIG system, as a
rotor-side converter (RSC) and a grid-side converter (GSC)
are both able to provide the reactive power support, thereby,
the total minimum power can be achieved by using a proper
reactive power share, which can enhance the system efficiency
[21], [22]. Moreover, due to the various characteristics of the
power converters in the DFIG system, it can be also seen
that the lifetime expectancy between the RSC and the GSC
could be also significantly unequal. This paper investigates a
smart reactive power share between back-to-back (BTB) power
converters in order to balance their lifetime seen from the
thermal stress of the power semiconductor.

The layout of this paper is organized as follows. In Section II,
the loss breakdown and the thermal behavior of the power
device are estimated at some typical wind speeds; thus, the con-
sumed lifetime of the power converters can be obtained based
on an annual wind profile. Section III describes the additional
stress of the power device introduced by the reactive power
support required by the modern grid codes. In Section IV,
as the reactive power can be supplied either from the GSC
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Fig. 1. DFIG-based wind energy generation system.

or the RSC, different combined reactive power compensation
strategies are adopted in order to seek the best solution for
the DFIG system with respect to the lifetime expectancy of
the power converters. In Section V, the experimental results
of the reactive power compensation strategies are tested in a
downscale DFIG system. Finally, some conclusions are drawn
in Section VI for controlling this system.

II. VARIOUS CHARACTERISTICS OF BTB POWER

CONVERTERS WITH RESPECT TO RELIABILITY

The typical configuration of a DFIG-based wind turbine
system is shown in Fig. 1. As the BTB power converters
have different performances (e.g., the control objectives, the
interface voltages, and the operational frequencies), different
loss distributions in the power semiconductors can be expected;
thus, various thermal profiles inevitably induce an unbalanced
lifetime between the GSC and the RSC. Based on a typical
annual wind profile, this section will evaluate the estimated
lifespan of the power electronic converters.

A. Loss Breakdown of Power Device

The power loss of the power device mainly includes the
conduction loss and the switching loss [23]. The conduction
loss in each power device Pcon can be deduced as [24]

Pcon = f ·
(

N∑
n=1

vCE (|ia(n)|) · |ia(n)| · T1(n)

+
N∑

n=1

vF (|ia(n)|) · |ia(n)| · (Ts − T1(n))

)
(1)

where the first term is the conduction loss of the insulated-
gate bipolar transistor (IGBT) Tcon, and the second term is
the conduction loss of the freewheeling diode Dcon. ia is the
sinusoidal current through the power device, T1 is the ON time
of the upper leg within a switching period Ts (in Fig. 1), and
vCE and vF are the voltage drops of the IGBT and the diode,
respectively, during their ON-state period, which are normally
given by the manufacturer. N is the carrier ratio, whose value
is the switching frequency over fundamental frequency f , and
subscript n is the nth switching pattern.

The space vector modulation is widely used in a three-phase
three-wire system due to its higher utilization of the dc-link
voltage. In order to guarantee the minimum harmonic, the

Fig. 2. One-phase DFIG equivalent circuit in the phasor diagram.

Fig. 3. Phasor diagram of the stator voltage, the stator current, the
rotor voltage, and the rotor current. (a) Supersynchronous mode. (b)
Subsynchronous mode.

symmetrical sequence arrangement of the no-zero vector and
the zero vector is normally used, and the conduction time of the
upper and lower switches of the leg can be thus deduced based
on the voltage angle [25]. Within one fundamental frequency
of the converter output current, each IGBT in a leg always only
conducts half-period. The direction of the current is relevant
to the conduction loss distribution between the IGBT and the
diode. As a result, the phase angle between the converter
voltage and the current is also important.

For the RSC, the phase angle is related to the power factor of
the stator side of the DFIG and the DFIG instinctive parameters.
Neglecting the stator resistance and the rotor resistance, the
steady-state DFIG equivalent circuit is shown in Fig. 2 in terms
of the phasor expression.

Taking phase A as an example, if the stator voltage is
assumed as the reference direction and all quantities are trans-
ferred to the stator side, the voltage and current relationships
between the rotor side and the stator side are

I ′r = − Xs

Xm
Is_Re+j ·sign(s)·

(
−Us_Re

Xm
− Xs

Xm
Is_Im

)
(2)

U ′
r = s ·

(
Xr

Xm
Us_Re +

σXrXs

Xm
Is_Im

)
− j · (sign(s))

·
(
s
σXrXs

Xm
Is_Re

)
(3)

where Xs, Xm, and Xr denote the stator reactance, the magne-
tizing reactance, and the rotor reactance, respectively. σ is the
leakage coefficient, which is defined as (XsXr −X2

m)/XsXr.
s is the slip value of the induction generator. Moreover, sign
function sign(s) means that if s is positive, its value becomes 1.
Alternatively, if s is negative, its value becomes −1.

According to (2) and (3), the phasor diagram of the stator
voltage, the stator current, the rotor voltage, and the rotor
current is then shown in Fig. 3. In the supersynchronous mode,
the rotor voltage is almost in an opposite phase with respect to
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Fig. 4. One-phase L filter of the GSC in the phasor diagram.

Fig. 5. Phasor diagram of the GSC output voltage and current. (a)
Supersynchronous mode. (b) Subsynchronous mode.

the stator voltage, as the slip value is negative. Moreover, the
rotor current is almost lagging the rotor voltage 180◦, which
indicates that the DFIG provides the active power through the
rotor side, and the RSC also supplies the excitation energy for
the induction generator. In the subsynchronous mode, the rotor
current is lagging the rotor voltage less than 90◦, implying that
the RSC provides both the active power and the reactive power
to the induction generator.

For the GSC, if a single inductance is used as a filter,
as shown in Fig. 4, by definition of the grid voltage as the
reference, the voltage and current relationships between the grid
and the converter output are

Ig = Ig_Re + jIg_Im (4)

UC =Ug_Re −Xg · Ig_Im + j(−Xg · Ig_Re) (5)

where Xg denotes the filter reactance. The phasor diagram of
the GSC voltage and current is shown in Fig. 5.

The switching loss in each power device Psw can be calcu-
lated as

Psw =
Udc

U ∗
dc

· f ·
(

N∑
n=1

(Eon (|ia(n)|) + Eoff (|ia(n)|))

+

N∑
n=1

Err (|ia(n)|)
)
. (6)

Similarly, as in (1), the first term is the switching loss for the
IGBT Tsw, and the second term is the switching loss for the
freewheeling diode Dsw. Eon and Eoff are the turn-on energy
and the turn-off energy dissipated by the IGBT, and Err is
the reverse recovery energy dissipated by the diode, which is
normally tested by the manufacturer at a certain dc-link voltage
U ∗
dc. It is assumed that the switching energy is proportional to

the actual dc-link voltage Udc.
A 2-MW wind turbine system is used as a case study, and

its parameters are listed in the Appendix. With the aid of the
conventional vector control, the maximum power point tracking
is used for the active power reference. If no reactive power
compensation is taken into account, the loss breakdown of each
power device can be analytically evaluated in terms of the RSC
and the GSC, as shown in Fig. 6.

Fig. 6. Loss breakdown of each power device. (a) RSC. (b) GSC.

B. Thermal Cycling of Power Device

The thermal impedance that decides the junction temperature
of the power device usually consists of the thermal parameters
of the power module itself (from the junction to the baseplate
or the case) and the thermal integrate material, as well as the
cooling method, as shown in Fig. 7.

Generally, the thermal time constant of a typical air cooling
system is from dozens of seconds to hundreds of seconds
for a megawatt-level power converter, whereas the maximum
thermal time constant of the power device is hundreds of
milliseconds. On the other hand, the maximum fundamental
period of the power converters’ output current is only 1 s, which
implies that the thermal cycling caused by the air cooling can
be almost neglected [26], [27]. As a result, for the steady-state
power cycle analysis, the thermal model of the cooling method
will only affect the mean junction temperature but not disturb
the junction temperature fluctuation.

As mean junction temperature Tjm and junction temperature
fluctuation dTj are commonly regarded as the two most impor-
tant reliability assessment indicators, their formulas are [28]

Tjm_T/D=P ·
4∑

i=1

Rthjc_T/D(i)+P ·
3∑

j=1

Rthca_(j)+Ta (7)

dTj_T/D=2P ·
4∑

i=1

Rthjc_T/D(i) ·

(
1−e

− ton
τthjc_T/D(i)

)2

1−e
− tp

τthjc_T/D(i)

. (8)
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Fig. 7. Thermal model of the power semiconductor for power cycles induced by the fundamental frequency.

In (7), Rthjc is the thermal resistance from the junction to the
case of the power module, and Rthca is the thermal resistance of
the air cooling, in which subscripts T and D denote the IGBT
and the freewheeling diode, respectively, whereas subscripts i
and j denote the four-layer and three-layer Foster structure for
the power module and the air cooling, respectively. P is the
power loss of each power semiconductor, and Ta is the ambient
temperature. In (8), ton denotes the ON-state time within each
fundamental period of the current at the steady-state operation,
tp denotes the fundamental period of the current, and τ denotes
each Foster layer’s thermal time constant.

C. Estimated Lifetime Based on Annual Wind Profile

A power cycling test is defined as follows: The power compo-
nents are actively heated up by the losses in the semiconductor
and cooled down again with the aid of the cooling system.
This test can detect the thermomechanical stress between the
layers with different thermal expansion coefficients, in which
the connection between the chip and the direct bonded copper
and the bond wire connection seem to be the most frequent
failure mechanisms [14], [15], [26].

In order to accelerate the testing, the introduced current
almost equals the rated current of the power semiconductor,
and the time cycling is normally between some seconds to
dozens of seconds. The values of the power cycles can be
obtained at higher junction temperature fluctuations, and then,
the values at a lower temperature variation can be extrapolated
by the Coffin–Manson equation [16]. Based on the simplified
assumption of the uniform failure mechanism over the entire
temperature range, the B10 lifetime (10% of the sample compo-
nents fail if power cycles reach the B10 value) is shown in Fig. 8
with various mean junction temperatures and various junction
temperature fluctuations.

Based on (7) and (8), as well as Fig. 6, the steady-state mean
junction temperature and junction temperature fluctuation can
be calculated at each individual wind speed. Together with the
Class-I annual wind speed distribution shown in Fig. 9, in which
the velocity increment is 1 m/s, the individual B10 power cycles
can be obtained from the cut-in wind speed of 4 m/s to the cutoff
wind speed of 25 m/s. In addition, it is worth mentioning the
rated wind speed of 11 m/s.

Fig. 8. Example of the fitting power cycle curve versus the mean
junction temperature and the junction temperature fluctuation according
to the Coffin–Manson model [16].

Fig. 9. Class-I annual wind profile according to the IEC standard
[33], [34].

The lifetime consumed per year of the IGBT and the free-
wheeling diode inside the BTB power converters at each wind
speed can be calculated as

CLm = Dm · 365 · 24 · 3600 · fm
Nm

(9)

where D is the annual percentage of every wind speed, f is
the fundamental frequency of the output current, and N is the
power cycles consistent with Fig. 8. Subscript m denotes the
various wind speeds from the cut-in wind speed to the cutoff
wind speed.
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Fig. 10. Consumed lifetime of the switching semiconductors in the BTB
power converters at each wind speed if the reactive power is zero. (a)
IGBT. (b) Diode. Note: GSC denotes the GSC, and RSC denotes the
RSC.

The lifetime consumed per year of the IGBT and the free-
wheeling diode are thus shown in Fig. 10(a) and (b), respec-
tively. For the RSC, it can be seen that the diode dominates the
lifetime compared with the IGBT, whereas for the GSC, it is
the IGBT that has much less lifetime expectancy. Moreover, the
lifespan of the RSC is much shorter than that of the GSC.

According to Miner’s rule [17], [19], [29], the total consumed
lifetime per year can be then estimated by

CL =
25∑

m=4

CLm. (10)

A comparison of the total consumed lifetime between the
RSC and the GSC is shown in Fig. 11. It is noted that the life-
time of the BTB power converters becomes very unbalanced, in
which the lifetime of the GSC only consumes 1/100 of the RSC.
Moreover, due to the orders of magnitude difference between
the IGBT and the diode with respect to the total consumed
lifetime, for simplicity, the thermal performance of the diode
is only focused to estimate the RSC lifetime, whereas the IGBT
is only focused to analyze the lifespan of the GSC.

III. LIFETIME REDUCTION TO SUPPORT MODERN

GRID CODES

As wind farms are normally located at remote areas, stricter
grid codes are issued in order to guarantee a stable grid voltage.

Fig. 11. Total consumed lifetime between the RSC and the GSC.

Fig. 12. Reactive power support stated in the German grid code [30].

This section will first describe a modern grid code and then
address the additional stress of the power device with respect to
the reactive power injection.

A. Modern Grid Codes

As shown in Fig. 12, the most representative grid code
with respect to the reactive power regulation is the E.ON
requirement for grid connections [30]. If the active power is
above 20%, up to 30% of the under-excited reactive power
and 40% of the over-excited reactive power are expected to
be supported. For the DFIG configuration, it is worth to note
that the under-excited reactive power denotes the reactive power
absorbed from the grid by the DFIG. Alternatively, the over-
excited reactive power denotes the reactive power injected to
the grid by the DFIG.

B. Reactive Power Stress on BTB Power Converters

For the RSC, as illustrated in (2) and (3), the rotor current
and the rotor voltage of the DFIG are closely related to the
generated active power by the wind energy, as well as the
reactive power exchange between the DFIG and the grid re-
quired by the transmission system operator. Similarly, for the
GSC, it is shown in (4) and (5) that the converter current and
its interfacing voltage also depend on the active power and
the reactive power. As a result, the supportive reactive current
introduces additional current stress to the power device and
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Fig. 13. Effects of the reactive power injection on the current stress and the voltage stress of the power device. (a) Modulation index. (b) Device
current loading.

voltage stress in the dc-link voltage for both the RSC and
the GSC [27]. As these two factors are tightly linked to the
loss dissipation of the power semiconductor, the effects of the
reactive power injection on the current stress and the voltage
stress of the power device are shown in Fig. 13(a) and (b),
respectively, where wind speeds of 12, 8.4, and 5.9 m/s indicate
the supersynchronous mode, the synchronous mode, and the
subsynchronous mode of the DFIG operation.

For the GSC, the modulation index almost reaches 1.0 at
three typical wind speeds when there is no reactive power
exchange between the DFIG and the grid. The synchronous
mode has the relatively minimum value due to the very small
slip power through the power converter. Moreover, the over-
excited reactive power stresses the dc-link voltage significantly,
whereas the under-excited reactive power relieves because the
over-excited reactive power or the under-excited reactive power
introduces the same or opposite direction of voltage drop
through the filter inductance with respect to the grid voltage,
as shown in Fig. 5. Furthermore, either the over-excited re-
active power or the under-excited reactive power considerably
increases the current loading of the device.

For the RSC, as illustrated in (2) and (3), the rotor voltage
is jointly decided by the stator and rotor winding ratio and
the slip value of the generator. As a result, the modulation
index at different wind speeds is found in Fig. 13(a), in which
the highest slip value causes the highest modulation index.
With respect to the device loading of the RSC, the situation
is also better than the GSC in the case of the reactive power
injection. It is interesting to note that the under-excited reactive

TABLE I
DIFFERENT STRATEGIES FOR JOINT REACTIVE POWER COMPENSATION

power injection reduces the current stress of the power device,
as under this circumstance, the excitation energy actually is
supported by the grid. Because of the ratio between the stator
winding and the rotor winding of the induction generator, the
variation of the current in each power device is also smaller
than in the GSC. Above all, it is more effective to support the
reactive power from the RSC compared with the GSC.

IV. JOINT REACTIVE POWER COMPENSATION FROM

BTB POWER CONVERTER

As aforementioned, the RSC and the GSC both have the
abilities to support the reactive power injection. This section
will evaluate the effects of the reactive power flow between
the GSC and the RSC seen from the lifetime and the reliable
operation points of view.
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Fig. 14. Thermal profile of the most stressed power semiconductor in terms of the mean junction temperature and the junction temperature
fluctuation, where the reactive power is provided with various compensation strategies. (a) Diode in the RSC. (b) IGBT in the GSC.

A. Different Strategies for Joint Reactive Power
Compensation

As the overmodulation affects the dynamic performance in
the power electronics converter [31], [32], the different control
strategies are all realized within the linear modulation range. As
shown in Fig. 13, only the over-excited reactive power increases
the current stress of the power device in the RSC; thus, it will
reduce the lifetime of the RSC. Different load sharing strategies
for the over-excited reactive power between the RSC and the
GSC can be achieved in Table I, where the dc voltage varies
according to the linear modulation range of the GSC.

B. Thermal Behavior of Power Semiconductor

According to (2) and (4), the different amounts of the over-
excited reactive power between the RSC and the GSC can be
independently expressed by the imaginary part of the stator
current and the GSC output current. As a result, the conduction
loss and the switching loss of the IGBT and the diode can be
calculated. Moreover, substituting the loss information into (7)
and (8), the most stressed power semiconductors for the BTB
power converters (i.e., the freewheeling diode of the RSC and
the IGBT of the GSC) are shown in Fig. 14(a) and (b).

In Fig. 14(a), it is shown that the mean junction temperature
and the junction temperature fluctuation insignificantly change
among all the compensation strategies. Meanwhile, the diode
has the worst thermal behavior in Case V (the reactive power
is fully compensated from the RSC), but it has the best thermal
performance in Case I (the reactive power is fully compensated
from the GSC). In Fig. 14(b), the thermal performance of the

IGBT in the GSC at different compensation strategies varies
a lot. The worst situation is Case I (the reactive power is fully
supported by the GSC), in which the mean junction temperature
almost reaches 150 ◦C.

C. Lifetime Tradeoff Between GSC and RSC

With the thermal profile of the most stressed power semicon-
ductor shown in Fig. 14, as well as the fundamental frequency
of the power converter output current and the annual wind speed
distribution, the lifetime consumed per year of the individual
wind speed is shown in Fig. 15. If the wind speed is above the
rated value, it is obvious that the wind speed at 11 m/s has the
highest consumed lifetime of the RSC. One of the reasons is
that, as the rated wind speed is 11 m/s, the wind speed at 11 m/s
has the highest percentage above the rated wind speed, as shown
in Fig. 9. The other factor is the same thermal performance
above the rated wind speed, as shown in Fig. 14(a). However,
if the wind speed is below the rated value, although the 8-m/s
wind speed (the synchronous operation of the DFIG) hardly
contains the highest percentage, as shown in Fig. 9, it actually
consumes the majority lifetime among the wind speeds below
the rated value, owing to the fact that the synchronous operation
has the largest junction temperature fluctuation below the rated
wind speed, as shown in Fig. 14(a). Moreover, the smaller the
amount of reactive power it injects from the RSC, the smaller
consumed lifetime it can obtain.

For the GSC, the lifetime consumed per year of the individual
wind speed significantly changes with different compensation
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Fig. 15. Consumed lifetime of the most stressed power semiconductor
at each wind speed. (a) RSC. (b) GSC.

Fig. 16. Total consumed lifetime among the different compensation
strategies, in which the various wind classes are also taken into account.
Note: The solid line indicates the diode of the RSC, and the dotted line
indicates the IGBT of the GSC. Colors blue, red, and green indicate the
wind classes Class I, Class II, and Class III, respectively.

strategies. For instance, the highest consumed lifetime at 11 m/s
moves from the worst 6.82E-2 in Case I to the best 1.42E-05
in Case V, which implies that the nearly 5000-times difference
between them can easily induce the significant variation of the
GSC lifetime.

The total consumed lifetime for the five combined reactive
power strategies from the GSC and the RSC are shown in
Fig. 16 using the log scale, in which three wind classes are

Fig. 17. Setup of the 7.5-kW DFIG system test rig.

also considered. According to the International Electrotechnical
Commission (IEC) standard [33], [34], the mean wind speed
of Class I, Class II, and Class III is 10, 8.5, and 7.5 m/s,
respectively. In the case of the wind Class I, the total con-
sumed lifetime almost stays constant in a log scale at different
compensation schemes from the RSC point of view, whereas
for the GSC, the total consumed lifetime varies significantly.
Moreover, it can be seen that the most balanced lifetime be-
tween the RSC and the GSC appears in Case II, in which a
0.1-per unit (p.u.) over-excited reactive power is supported by
the RSC, and 0.3 p.u. is provided by the GSC. It is evident that
the total consumed lifetime of the RSC can be optimized from
3.59E-2 (Case V) to 2.50E-2 (Case II), which implies a
1.5-times enhanced lifespan. For different wind classes, the
tendencies are almost consistent with the Class-I wind.

V. EXPERIMENTAL RESULTS

In order to validate the equations and control strategies, a
downscale 7.5-kW test system has been built and is shown in
Fig. 17. The DFIG is externally driven by a 0prime motor, and
the power electronic converters are linked to the grid through
an LCL filter. Two 5.5-kW Danfoss motor drives are used
for the GSC and the RSC, both of which are controlled by
the implementation of dSPACE 1006. Due to the fact that the
junction temperature of the power semiconductor is not easy
to be measured, the experimental results are conducted through
the electrical characteristics of the DFIG system.

With the parameters of the test system summarized in the
Appendix, the reactive power influence on the current stress and
the voltage stress of the BTB power converters is analytically
calculated, as shown in Fig. 18. It is noted that the tendency
of the 7.5-kW DFIG system is similar to the 2-MW system,
as shown in Fig. 13, in terms of the modulation index and
the current amplitude. Moreover, as the LCL filter significantly
reduces the total inductance of the grid filter compared with
the pure L-structure filter, the dc link of the test rig is set
at 650 V, and this value is high enough to supply a 0.4-p.u.
over-excited reactive power even from the GSC, as shown in
Fig. 18(a). Rotor speeds at 1050, 1470, and 1800 r/min are
selected for the subsynchronous, synchronous, and supersyn-
chronous operations, whose produced active power values are
1, 3, and 5 kW, respectively. Then, the modulation index and
the current amplitude can be tested at various amounts of the
reactive power requirement.
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Fig. 18. Experimental validation of the reactive power influence on the current stress and the voltage stress of the BTB power converters.
(a) Modulation index. (b) Device current loading. Note: The active power references are 5, 3, and 1 kW in the cases of rotor speeds at 1800,
1470, and 1050 r/min, respectively.

Fig. 19. Experimental result of the DFIG test rig at the subsynchronous speed of 1050 r/min if the 0.4-p.u. over-excited reactive power is fully
injected by the GSC. (a) Grid current with respect to the grid voltage. (b) Stator current and the rotor current with respect to the stator voltage.

As the loss of the induction generator can be hardly neglected
in the 7.5-kW DFIG, additional current is introduced in the
BTB power converters to compensate for the generator loss. As
shown in Fig. 18(b), if no reactive power is taken into account,
the test result of the GSC is higher than the theoretical value at
the subsynchronous mode, whereas the current amplitude is a
little lower than the theoretical value at the supersynchronous
mode. However, for the RSC, if no reactive power injection is
considered, the tested rotor current amplitude is similar to the
theoretical value because the active current component is rather

small compared with the excitation current. Moreover, the
tendencies of the modulation index and the current amplitude
of the BTB power converters are consistent with the analytical
values. Above all, it is concluded that there is a good correlation
between the theory and the experiment if the various amounts
of the reactive power are taken into account.

Assuming that the DFIG operates in the subsynchronous
mode at 1050 r/min with a 1-kW active power, the full amount
of the over-excited reactive power 3 kVar can be provided
by either the GSC or the RSC. As shown in Fig. 19, if the
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Fig. 20. Experimental result of the DFIG test rig at the subsynchronous speed of 1050 r/min if the 0.4-p.u. over-excited reactive power is fully
injected by the RSC. (a) Grid current with respect to the grid voltage. (b) Stator current and the rotor current with respect to the stator voltage.

reactive power compensation is fully provided by the GSC, the
active current component could be rather small compared with
the reactive current component due to the slip power flowing
through. As a result, the GSC current is almost leading the grid
voltage 90◦. For the RSC, as the DFIG injects the power to the
grid, the stator current and the stator voltage are almost reverse,
as expected.

Fig. 20 shows the case when the 0.4-p.u. over-excited re-
active power is completely supported by the RSC. The GSC
current is exactly in phase with the grid voltage, whereas
the stator current is leading the stator voltage 90◦ due to the
dominating reactive current component.

VI. CONCLUSION

In this paper, the consumed lifetime of the GSC and the RSC
in a DFIG system has been first compared based on a typical
annual wind profile. If there is no reactive power exchange
between the DFIG and the grid, the GSC has more than
100-times lifetime compared with the RSC due to their various
control objectives and the various fundamental frequencies of
the output current.

The influence of the reactive power support required in mod-
ern grid codes is also evaluated for the BTB power converters
in terms of the modulation index and the current loading of
each device. It is found that the reactive power compensation
from the RSC is more effective than the support from the GSC.
Moreover, it can be also seen that the over-excited reactive
power significantly reduces the lifetime of the RSC.

By introducing an optimized reactive power flow between
the GSC and the RSC, the lifetime tradeoff can be achieved;
thus, they have a more balanced lifetime. It is concluded
that, depending on the specific power converter design, the
most appropriate reactive power division between the GSC and
the RSC can enhance the lifetime 1.5 times compared with the
case where the reactive power is fully provided through the
RSC. Furthermore, in order to enhance the reliability, a proper
asymmetrical design of the BTB power converters and the
chip redesign of the power device could also have a promising
potential in the design of the wind power converter.

APPENDIX

PARAMETERS FOR THE 2-mW AND 7.5-kW DFIGS
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