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Optimized Demagnetizing Control of DFIG Power
Converter for Reduced Thermal Stress During
Symmetrical Grid Fault

Dao Zhou

Abstract—Direct linking between the stator of a doubly fed in-
duction generator (DFIG) and the power grid makes this type
of generator sensitive to disturbances in the grid voltage, which
may lead to high voltage and current on the rotor side. Moreover,
modern grid codes, which specify stringent requirements on reac-
tive power compensation, challenge fault ride-through operation
even more. In this paper, based on conventional demagnetizing
current control, the capability of a DFIG rotor-side converter to
ride-through a symmetrical grid fault is calculated in accordance
with its current and voltage ratings. Afterwards, an optimized de-
magnetizing coefficient is designed to guarantee the same rotor
current amplitude between the instants of the fault occurrence and
the reactive current injection. A reduction of the junction temper-
ature of the power device can thereby be achieved. It is concluded
that, regardless of the rotor speed, the demagnetizing coefficient is
related only to the dip level. Compared with traditional vector con-
trol, a simulation of 2 MW DFIG system agrees with the reduced
thermal stress during the fault period, and experimental results
in a down-scale DFIG system verify the feasibility of the proposed
control strategy as seen from the electrical characteristics.

Index Terms—Current control, doubly fed induction generator
(DFIG), low-voltage ride-through, thermal stress.

I. INTRODUCTION

RECENT study by the Danish Energy Agency indicates
A that onshore wind power is the cheapest form of renew-
able electricity generation in Denmark [1]. Owing to the noise
emission and footprint limitation, it is more promising to move
wind turbines offshore, where their lifespan is prolonged and
expected to be 20-25 years [2], [3]. As one of the most vul-
nerable components in a turbine system, increasing number of
research efforts have been devoted to the reliable operation of
the power electronic converter because of its time-consuming
and expensive maintenance [4], [5]. However, faulty situations
in the power grid caused by lightning, hurricanes, or equipment
tripping may induce over-current and over-voltage issues in the
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power converter. Thus, a robust solution is preferred and encour-
aged for the long-term cost-effective operation of wind turbines.

The doubly fed induction generator (DFIG) is a widely used
configuration for wind turbines with power generation capac-
ity higher than 1 MW, as it provides the advantage of variable
speed operation and full control of active and reactive power
using a converter with only a small fraction of the rated power
(20%-30%) [6]. However, upon detecting a grid fault, the gener-
ator unit is usually disconnected to protect the vulnerable rotor-
side converter (RSC), by using the rotor-side crowbar [7]-[9].
This approach makes the DFIG a traditional squirrel-cage motor,
absorbing reactive power from the grid, which is against modern
grid codes [10], [11]. Another hardware solution for fault ride-
through is to apply a dynamic voltage restorer or a series grid-
side converter (GSC) between the stator and the grid, as they fa-
cilitate a smooth stator voltage and eliminate the transient stator
flux [12]-[14]. These hardware solutions address the disadvan-
tages such as additional ancillary control and increased cost.

With the merits of easy adoption and cost-effectiveness, many
researchers turn to software solutions when facing grid faults
[15]-[19]. It has been demonstrated that the rotor current is lim-
ited by using a feed-forward transient current control [16], and
the stator current is directly fed back as a rotor current reference
to suppress the fault current [17]. In addition, the demagnetizing
control is a popular solution for eliminating the natural stator
flux [18], [19]. Owing to the assumption that the natural stator
flux should be removed as soon as possible, the demagnetiz-
ing coefficient is designed at the maximum rating of the rotor
current [18]. However, this is not fully appropriate when the
transient thermal performance of the power semiconductor is
considered. As a lot of work has been carried out to evaluate
the reliability of power converters used in wind power applica-
tions [20]-[22], it is generally accepted that the thermal profile
of a power semiconductor is an important indicator of the re-
liability assessment. Based on the DFIG steady-state and the
transient models during the fault period, this paper aims to cal-
culate the fault ride-through capability of the power converter
through its rating. Then, an optimized demagnetizing control
can be selected from this range, and designed from the mini-
mum junction temperature of the power semiconductor during
a fault period, which is closely related to the parameters of the
DFIG and its RSC, the grid fault severity and the grid codes
requirement.

See http://www.ieee.org/publications_standards/publications/rights/index.html for more intormation.
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Typical configuration of the doubly fed induction generator (DFIG) wind turbine system. (GSC: Grid-side converter. RSC: Rotor-side converter).
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The structure of this paper is as follows. Section II addresses
the modeling and challenges of a DFIG when facing a sym-
metrical grid fault. In Section III, the relationship between the
rotor voltage and rotor current is investigated by using demag-
netizing control, and the capability of the DFIG is thereby
calculated. Afterwards, the effects of the reactive current in-
jection and the effects of the residual demagnetizing current
are theoretically analyzed, and a design procedure for an op-
timized demagnetizing coefficient is introduced, which facili-
tates minimum thermal stress of the RSC. Based on simulations
in a real-scale wind turbine and experiments in a down-scale
setup in Section V, concluding remarks are drawn in the last
section.

II. EXISTING ISSUES OF DFIG FACING
SYMMETRICAL GRID FAULT

This section begins with a description of the DFIG model in
terms of voltage equations and flux equations under a symmet-
rical grid fault. The internal challenge for the fault ride-through
lies in the introduction of the natural stator flux, caused by the
direct connection between the DFIG stator and the power grid,
while the external challenge comes from the reactive current
injection imposed by the grid codes.

A. Internal Challenge from DFIG Configuration

A typical DFIG configuration is depicted in Fig. 1, where the
RSC and the GSC are named owing to their positions. By using
the stator reference frame, the voltage and flux equations of the
stator side and rotor side are

u, = Rgil + dtws (1)

] '4\5 d 4\5 N 4\8
Uf - RTZT + %’l/}y - jWT‘wr (2)

(b)

Dynamic model of the DFIG under a symmetrical grid fault. (a) Forced machine. (b) Natural machine.

VS = Lyit + Lyi @)

where u, i, and ) denote the voltage, current and flux, respec-
tively. R and L denote the resistance and inductance, the sub-
scripts s and r denote the stator quantities and rotor quantities,
the superscript s denotes the stator reference frame, L,, de-
notes the mutual inductance, and w, denotes the rotor angular
frequency.

The natural stator flux is inevitably introduced in the case of
a symmetrical grid fault, while both the natural and negative
stator flux may be produced in the case of an asymmetrical fault
[23]. Although the stator flux may contain a component that is
separate from the grid frequency, (1)—(4) remain effective and
can be used as the dynamic model of the DFIG. As the stator
of the DFIG is directly linked to the power grid, the stator flux
cannot be changed abruptly during the occurrence of a grid
disturbance. In the case of a symmetrical grid fault with a dip
level p, the components of the stator flux can be divided into
the forced stator flux and the natural stator flux [19]. The forced
stator flux is caused by the remaining grid voltage, while the
natural stator flux is introduced owing to the continuity of the
flux evolution. Consequently, the dynamic model of the DFIG
can be divided into a forced machine and a natural machine, as
shown in Fig. 2, where subscripts f and n represent quantities
under the forced machine and the natural machine, respectively.

Neglecting the insignificant voltage drop of the stator resis-
tance, and assuming the implementation of a vector control (i.e.,
no natural component of the rotor current is expected), the stator
flux consists of the forced component and natural component
according to (1)
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where Uy denotes the amplitude of the normal grid voltage, w;
denotes the grid angular frequency, and 7, denotes the time con-
stant of the stator flux, which equals L, /R,. In multimegawatt
DFIGs, this time constant ranges between hundreds of millisec-
onds and several seconds, which are normally much longer than
the fault duration. In addition, the forced flux rotates with a
synchronous speed with respect to the stator winding, while the
newly introduced natural flux stands still with respect to the
stator winding.

According to (2)—(4), the rotor voltage can be represented by
the rotor current and the stator flux

- N d N
PR L
U, 1. +0 —dtzr +

Lm d
— " 6
L, dt™ ©)

where o denotes the leakage inductor coefficient ¢ = 1 —
L?,/L,L,, and superscript r denotes the rotor reference frame.
The first and second items represent the voltage drop across the
rotor resistance and rotor inductor caused by the rotor current,
and the third item represents the electromotive force (EMF) e,,
which is almost the differential of the stator flux.

Substituting (5) into (6), owing to the small stator leakage
inductance compared to the mutual inductance of the induction
machine, together with the insignificance of the stator flux de-
caying frequency compared to the rotor angular frequency, the
EMF is approximately

el (t) = s(1 — p)Used @)t (1 — s)pUse ™t (7)

Since the slip value of the DFIG, s normally varies from
—0.25 to 0.25, it can be inferred that the natural component of
the EMF may be much higher than the forced component of the
EMF in the case of high dip levels (e.g., higher than 0.5). In
the normal grid condition, the dc-link voltage is designed and
regulated based on the forced machine of the DFIG. As a result,
a symmetrical grid fault may lead to the saturation of the RSC,
and potential over-voltage and over-current issues may prevent
the DFIG ride-through operation.
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Wind turbine requirements under grid disturbance [10]. (a) Voltage ride-through. (b) Reactive current injection during ride-through.

B. External Challenge from Grid Codes

Although a severe grid fault may cause saturation of the RSC
and loss of the control of the rotor current, modern grid codes
rarely encourage disconnection of the DFIG to be from the grid,
owing to the high penetration of renewable energy. German
grid codes are shown in Fig. 3(a), and it is noted that a wind
turbine system is generally required to remain connected for a
certain period with various dip levels, even at 150 ms for the
zero voltage.

Apart from the fault ride-through of the DFIG itself, the re-
active current is provided to the power grid within dozens or
hundreds of milliseconds after the voltage dip. As shown in
Fig. 3(b), the higher dip level demands a larger reactive current,
and up to 1.0 pu reactive current is expected if the dip level is
higher than 0.5. The requirement of the reactive current injec-
tion results in an additional increase of the rotor current and can
be considered an external challenge of the fault ride-through.

III. DFIG CAPABILITY AND PERFORMANCE BY USING
DEMAGNETIZING CONTROL

This section begins with an introduction to demagnetizing
control. Subsequently, the capability and performance of the
DFIG under a grid fault can be investigated and calculated by
using the demagnetizing control.

A. Demagnetizing Control

As expressed in (7), since the forced component of the rotor
EMF is linearly related to the slip s, while the natural component
of the rotor EMF is proportional to (1—s), it can be expected
that the natural machine mainly determines the saturation of the
RSC. However, traditional vector control only takes care of the
forced machine and provides the rotor current at the slip angular
frequency, which hardly contributes to canceling out the natural
component of the rotor EMF.

According to (6), the relationship between the rotor voltage
and the rotor current is shown in Fig. 4(a) under the natural
machine. As shown in Fig. 4(b), it is noted that the natural stator
flux lags the stator voltage by 90°, and the rotor EMF again
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Fig. 5. Control diagram for the demagnetizing control strategy.

lags the natural flux by 90°. In addition, owing to the inductive
characteristic of the DFIG rotor side, the voltage drop across the
rotor side u., gy lags the rotor current by almost 90°.

Demagnetizing control is used to reduce the rotor voltage
during a grid fault. It tries to regulate the rotor current in the
opposite direction of the natural stator flux, as shown in Fig. 5
[18], [19]. Compared with traditional vector control, a flux ob-
server is introduced to obtain the stator flux, which is estimated
through the stator voltage, stator current, and rotor current [24].
Compared to the open-loop scheme mentioned in [18], a PI cor-
rection loop is employed to compensate the dc-bias introduced
by the integrator. Further, this flux observer shows a small sen-
sitivity to the stator resistance and the magnetizing inductance
detuning. Then, the natural stator flux can be extracted from the
stator flux with the help of a notch filter. The stator flux under a
stator reference frame is changed into a synchronous reference
frame. Thus, the forced and natural stator flux becomes a dc
component and an ac component with 50 Hz, respectively. A
second-order notch filter with a damping factor of 0.22 and fre-
quency of 50 Hz can be applied to well separate the natural and
forced stator flux. However, by using a stator flux observer and
a notch filter, the estimated flux may contain phase and magni-
tude errors; these effects are not taken into account in this paper.
By the definition of the demagnetizing coefficient k, the modu-
lated rotor voltage u, can be obtained by using a PI controller.
Because the preferred current contributes solely to absorbing
the reactive power, the demagnetizing control is regarded as
the most effective way to overcome the transient natural flux.
However, an extra control freedom exists: the demagnetizing
coefficient.

B. Capability of DFIG

With the specifications of the induction generator as well as
the important parameters of the RSC listed in Tables I and II, a
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TABLE I
SPECIFICATION OF DOUBLY FED INDUCTION GENERATORS

Rated power 2 MW 7.5 kW
Operational range of rotor speed 1050-1800 rpm  1200-1800 rpm
Rated amplitude of stator phase voltage 563V 311V
Rated amplitude of stator phase current 2368 A 16 A
Rated frequency 50 Hz 50 Hz
Stator resistance 1.69 mQ2 0.44 Q
Rotor resistance 1.52 m§2 0.64 Q
Mutual inductance 291 mH 79.30 mH
Stator leakage inductance 0.04 mH 3.44 mH
Rotor leakage inductance 0.06 mH 5.16 mH
Time constant of stator flux 1.75s 0.19s
Ratio of stator winding and rotor winding 0.369 0.336
TABLE II
SPECIFICATION OF ROTOR-SIDE CONVERTERS

Rated power 400 kW 5.5kW

Rated amplitude of rotor phase 915 A TA

current

Rated amplitude of rotor phase 305V 173V

voltage

DC-link capacitor 20 mF 600 pF

DC-link voltage Vg 1050 V 650 V

Switching frequency fow 2 kHz 5 kHz

Used power module in each arm 1 kA/1.7kV; 50 A/1200 V

two in parallel

case study is performed on a 2 MW DFIG system. The safety
operation area (SOA) of the RSC is closely related to the ca-
pacity of the power semiconductors. Together with the power
semiconductor ratings and the rated rotor current listed in Ta-
ble II, it is evident that the RSC can support up to a 2.0 pu rotor
current. Moreover, a 1050 V dc-link voltage at a full modula-
tion index can be transferred into a 2.0 pu rotor voltage. For a
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1.7 kV power module, the dc-link voltage should be limited to
1300 V during the transient period. Then, a 2.5 pu rotor voltage
is regarded as the limitation of the voltage stress in order to
ensure safe operation.

According to (6), the relationship between the rotor current
and the rotor voltage can be found by using demagnetizing con-
trol, and Fig. 6 illustrates the factors affecting the rotor voltage
during a symmetrical fault. In the case of the same rotor speed,
it is noted that a more severe dip level leads to a higher rotor
EME, as the natural stator flux is proportional to the dip level.
This is shown in Fig. 4(a). Moreover, in the case of the same
dip level, it can be seen that a higher rotor speed contributes to
a higher rotor EMF because the natural stator flux rotates faster
with respect to the rotor side, as expressed in (7). Furthermore,
a higher demagnetizing current introduces a lower rotor voltage
owing to the fact that the corresponding voltage drop across the
rotor impedance counteracts the rotor EMF. In short, it can be
found that both a higher dip level and higher rotor speed cause
a higher rotor EMF, which hinders the fault ride-through of the
DFIG.

On the other hand, the capability of the DFIG RSC
can be calculated with various amounts of demagnetizing
current, as shown in Fig. 7. Assuming that a maximum
2.0 pu demagnetizing current is applied, the RSC can fully
ride-through a symmetrical grid fault at a rotor speed of
1050 rpm. However, if the rotor speed increases to 1500 rpm
and 1800 rpm, the DFIG can ride-through a dip level of around
0.8 and 0.7, respectively. Compared to the DFIG capability
with 1.0 pu and 2.0 pu demagnetizing current, a higher amount
of demagnetizing current facilitates a higher fault ride-through
capability. It is evident that the fault ride-through capability of
the DFIG is tightly related to the rating of the power converter.
However, a higher demagnetizing current increases the thermal
stress of the RSC and affects the reliability of the DFIG power
converter.

C. Machine Performance During Fault Period

Apart from the safe operation of the DFIG during a faulty
condition, the output power and electromagnetic torque are also
important indexes, and their analytical equations can be derived
by using demagnetizing control. Although the active and reac-

Factors affecting the rotor voltage during the symmetrical grid fault. (a) 1050 rpm. (b) 1500 rpm. (c) 1800 rpm.

tive power of the DFIG stator is dependent on the stator voltage
and current, they can also be expressed in terms of the stator
voltage, stator flux, and rotor current according to (3) and (4)

s 3 Ly, s

S
e

31~

S

®)

During the transient period of the grid fault, the stator flux can
be divided into a forced component and a natural component,
whereas the rotor current contains only a natural component in
the case of demagnetizing control. As a result, the active and
reactive power can be derived as

_ —t/7"
P, 51, o e sin (w1 t) 9)
_ 31 /(1-p’U?
QS - §E( w1
1+kL,)(1—p)pU? /
+ (1+ ) = p)pU; et/ cos (wnf)) (10)
w1

where 7’ denotes the modified time constant of the decaying sta-
tor flux by using demagnetizing control. It can be seen that the
steady-state component of the active power becomes zero, but
the steady-state component of the reactive power is absorbed
from the power grid, which indicates that the demagnetizing
control leads the DFIG to an inductive load. Moreover, the tran-
sient components of both the active and reactive power oscillate
at the grid frequency, owing to the natural component existing
in the stator flux and the rotor current.

As the electromagnetic torque of the induction generator is
tightly related to the stator flux and rotor current, it can be
derived as

Lm " .A
T, = Syl i)
3 Ly k(1— o
= 2ans(w%p)pre U cos (wit) (1)

where n,, denotes pole pairs of the induction generator. It is
worth noting that the steady-state component of the electromag-
netic torque becomes zero, and the transient component also
fluctuates at the grid frequency.
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Fig. 7. Capability of the doubly fed induction generator to ride-through variou

IV. CONTROL STRATEGY FOR REDUCED THERMAL
STRESS OF POWER CONVERTER

The control scheme of the RSC during the grid fault occur-
rence and clearance is shown in Fig. 8, owing to the existence
of the natural stator flux. At the instant of the fault occurrence,
the control priority of the RSC shifts to inject demagnetizing
current, in order to maintain the RSC within its SOA and to
accelerate the decay of the natural stator flux. Afterwards, a
certain amount of the reactive current is forcibly injected at the
stator of the DFIG within dozens or hundreds of milliseconds
in accordance with the grid code. This imposes another rotor
current stress compared to the residual demagnetizing current.
In this section, the effects of the reactive current injection and
the residual demagnetizing current are theoretically evaluated
and analyzed. By determining the relationship between thermal
behavior and the electrical loading of the power semiconductor,
a design procedure for the optimized demagnetizing coefficient
is proposed. This can achieve a minimum thermal stress of the
power devices in the RSC.

A. Effect of Reactive Current Injection

As stated in [10] and [11], different countries may have vari-
ous response times to the reactive current injection. In this paper,
the Spanish grid code is used, and a 150 ms response time is
specified [11].

For the DFIG configuration, although the GSC is able to
provide the reactive current to meet the grid codes requirement,
it induces significantly higher current and voltage stress of the
power converter compared to the compensation from the RSC
owing to the ratio between the stator and rotor winding of the
DFIG [21]. As a result, the GSC contributes to stabilize dc-link
voltage during the period of the fault ride-through without the
reactive current injection. The required reactive current is fully
injected from the stator of the induction generator, which causes
an extra current stress seen from the rotor side according to (1)
and (3) [25]

(1 7p) ! Us -
wle

L
L,

where i, ¢ and ¢, ¢ denote the stator current and rotor current
related to the reactive power, respectively.

12)

Q= "1s.Q

s dip levels. (a) 1050 rpm. (b) 1500 rpm. (c) 1800 rpm.

Fig. 9 shows the effects of the dip level on the stator current
and rotor current. This is consistent with the grid codes spec-
ified in Fig. 3(b). The stator current increases constantly until
the dip level reaches 0.5, and a 1.0 pu reactive current is main-
tained if the dip level is higher than 0.5. Based on (12), the rotor
current changes with the various dip levels. At the normal grid
voltage, only a 0.25 pu rotor current can be observed, as it is
the magnetizing component of the rotor current, and the active
power component is excluded. At a dip level of 0.5, the highest
rotor current is reached by a factor of two. The maximum stator
current is required by the grid codes, as shown in Fig. 9. Mean-
while, a higher remaining grid voltage also leads to a higher
rotor current as expressed in (12). In short, it is evident that at
the instant of the reactive current injection, the amplitude of the
rotor current is solely determined by the dip level.

B. Effect of Residual Demagnetizing Current

At the instant of a grid fault occurrence, the demagnetizing
control is applied, and the demagnetizing current exponentially
decreases owing to the decaying natural stator flux. The decay-
ing time constant of stator flux 7’ can be deduced as [18]

1

= TS‘ —
k Ly wi ,;
L+ p-Us br

(13)

where the decaying time constant is affected by both the demag-
netizing current and the voltage dip level.

The demagnetizing current effect on the natural flux decay is
shown in Fig. 10(a) with various dip levels. It is obvious that
at the same dip level, a higher demagnetizing current causes a
faster decay of the natural stator flux. In addition, a higher dip
level induces a longer transient period at the same demagnetiz-
ing current. As calculated in Fig. 7, by using a maximum 2.0 pu
demagnetizing current, the DFIG system is able to ride-through
a symmetrical grid fault at a dip level of 0.7. Under this circum-
stance, the decaying time constant can be significantly reduced
to 140 ms compared with the original stator flux time constant
of 1750 ms.

Simultaneously, the residual demagnetizing current i, rgs €X-
ponentially decays during the fault period. It is expressed as

_Q

t
T’)

1 RES = Ur _DEM * exp( (14)
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1.5 T T T T model of the power semiconductor are required. As illustrated
in Fig. 11, loss distribution between the insulated gate bipolar
N transistor (IGBT) Pp and the freewheeling diode Pp can be
g_ o obtained with the loss model, and then the junction temperature
- Ir . —== < of the IGBT 7 7 and the diode T};_p can be estimated based on
5 ; E the thermal model.
£ rQ .- The loss dissipation of the power semiconductor mainly
= . . . . .
© . consists of the conduction loss and the switching loss, both of
E 0.5+ ’ i - which can be investigated within every fundamental frequency
E - <0 [25]. The conduction loss in each power device P, can be
deduced as
0 | | | | N . .
0 02 04 06 08 1 Peon = fr [ D Vee(lin(n)]) - |i (n)] - T3 (n)
=1
Dip level p Nn
Fig. 9. Requirement of the reactive current injection in terms of the stator + Z Vf (|Zv (TL)D ’ |if’ (n)| ’ (Te -1 (n)) (15)

current and the rotor current.

where i, ppyv denotes the demagnetizing current at the instant of
the fault occurrence, and ¢ denotes the instant of the reactive
current injection.

Consequently, the residual demagnetizing current at the in-
stant of the reactive current injection with various initial demag-
netizing current is shown in Fig. 10(b) in relation to the voltage
dip. It can be seen that although the stator flux can be eliminated
earlier with a higher amount of demagnetizing current, a higher
residual rotor current may also cause a higher electrical stress
of the power semiconductor.

C. Thermal Behavior Estimation of Power Semiconductor

In order to predict the junction temperature of the power
semiconductors from the rotor current, a loss model and thermal

n=1

where the first term denotes the conduction loss of the IGBT
Pr con, and the second term denotes the conduction loss of the
freewheeling diode Pp on. %, denotes the sinusoidal current
through the power device, 7 denotes the ON time of the upper
leg within a switching period T, V.., V; denote the voltage
drop of the IGBT and the diode during their on-state period.
N denotes the carrier ratio - the switching frequency over the
fundamental frequency f,, and the subscript n denotes the nth
switching pattern. It is noted that the fundamental frequency
changes in the case that the demagnetizing current takes effects.

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
symmetrical sequence arrangement of the no-zero vector and
zero-vector is normally used, and the conduction time of the
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Fig. 11.  Approach to estimate the junction temperature of the power semi-

conductor.

upper and the lower switch of leg can thus be deduced based
on the converter output voltage vector. Within a fundamental
frequency of the converter output current, each IGBT of the
same leg 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 displacement angle between the
output voltage and current is also important.

For the RSC, the phase angle is related to the power factor
of the stator-side of the DFIG as well as the DFIG parame-
ters. Neglecting the stator resistance and the rotor resistance,
the steady-state DFIG equivalent circuit can be deduced from
Fig. 2(a), and the rotor current and voltage can be expressed in
terms of the stator voltage and current:

~ 1 - L.~

Z; = —u; - = Z‘; (16)
Jwi Ly, Ly, °

- L,—-, . L,L;~,

which leads to the displacement angle of the RSC output ¢,..

T
»| Conduction
» loss model

Ts
Switching

loss model

Yy

Loading profile translation

Fig. 12.  Block diagram of loss calculation for rotor-side converter equipped
with doubly fed induction generator.

The switching loss in each power device P, can be
calculated as

U N
Py = C}{C Lo D (Bou(lia(n)]) + Eog (Jia(n)])
de n=1

N
+3 Bullia ) (8)

n=1

Similarly as (15), the first term denotes the switching loss
for the IGBT Pr_,,,, and the second term denotes the switching
loss for the freewheeling diode Pp gy. Fon and Eyg are the turn-
on and the turn-off energy dissipated by the IGBT, and E, is
the reverse-recovery energy dissipated by the diode, which are
normally tested by the manufacturer at certain dc-link voltage
Ug.- It is assumed that the switching energy is proportional to
the actual dc-link voltage Uy.. The block diagram to calculate
loss dissipation of the RSC is shown in Fig. 12.

As shown in Fig. 13, the thermal impedance that decides the
junction temperature of the power device usually consists of the
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Fig. 13.  Thermal model of power semiconductor for power cycles induced by
the fundamental frequency.

thermal parameters of the power module itself (from junction
to baseplate or case), and thermal integrate material (TIM)
as well as the cooling method. Generally, the thermal time
constant of a typical liquid cooling system is from dozens of
seconds to hundreds of seconds for MW-level power converter,
while the maximum thermal time constant of the power device
is hundreds of milliseconds. On the other hand, the maximum
fundamental period of the rotor current is around several
seconds, which implies that the thermal cycling caused by the
cooling method can almost be neglected [26]. As a result, for
the thermal cycle analysis, the thermal model of the cooling
method will only affect the mean junction temperature, but not
disturb the junction temperature fluctuation.

As the mean junction temperature T}, and the junction tem-
perature fluctuation d7; are commonly regarded as the two most
important reliability assessment indicators [27]

4 3
Timr/p =P Z Rijer/p(iy + P+ ZRthca,(j) + T,
i=1 j=1
(19)
ton 2
4 (1 — e Tthjer/D (i) )
dlr/p = 2P - Z Rivjer/p(i) - — :
i=1 1 — e TthiceT/D(i)
(20)

In (19), Ryjc is the thermal resistance from the junction to
case of the power module, Ry, is the thermal resistance of the
cooling method, in which subscripts T and D denote the IGBT
and the freewheeling diode, whereas subscripts i and j denote
four-layer and three-layer Foster structure for power module and
cooling method, respectively. P is the power loss of each power
semiconductor, and 7, is the ambient temperature. In (20), to,
denotes the on-state time within each fundamental period of
current, ¢, denotes the fundamental period of the current, and 7
denotes the each Foster layer’s thermal time constant.

With the key parameters of the power semiconductors listed
in Table III, the thermal stress of the IGBT and the diode can
be calculated with above mentioned loss and thermal models.
During the transient grid fault period, it can be considered that
the junction temperature of the power semiconductor is roughly
determined by the amplitude of the rotor current.
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TABLE III
PARAMETERS USED IN LOSS MODEL AND THERMAL MODEL OF POWER
SEMICONDUCTORS

IGBT Diode
Loss model Vee @1KA, T} = 150°C (V) 2.45 /
Vi @Q1KA, T; = 150°C (V) / 1.95
Eon @1KA, T; = 150°C (m]) 430 /
Lot @ 1kA, T; = 150°C (ml]) 330 /
E.. Q1kA,T; = 150°C (ml]) / 245
Thermal model Fourth order thermal resistance R 0.3 0.48
(°C/kW) 1.6 3.61
18 34.6
3.1 6.47
Fourth order thermal time 0.003 0.0002
constant 7(s) 0.0013 0.0009
0.04 0.03
0.4 0.2

Total current i, g+i, res (pu)

0 0.5 1 1.5 2
Demagnetizing current i, pgy (pu)

Fig. 14. Relationship between the total rotor current at the instant of the
reactive current injection and the initial demagnetizing current.

D. Optimized Demagnetizing Coefficient

As previously mentioned, a suitable amount of demagnetizing
current cannot only successfully ride-through the grid fault, but
can also provide the reactive current on time. Moreover, the
minimum junction temperature during the fault period is also of
interest as seen from the reliable operation of the RSC.

The control strategy of the RSC during the grid fault is graphi-
cally shown in Fig. 8. Once a faultis detected, the demagnetizing
current is provided immediately. At the instant of the reactive
current injection, an additional component of the reactive current
is expected in addition to the exponentially decaying demagne-
tizing current. As seen from the similar current loading of the
power converter, the optimized demagnetizing coefficient can
be obtained when the amplitude of the total rotor current at the
instant of the reactive current injection equals the amplitude of
the demagnetizing current at the instant of the fault occurrence.

With regard to the reactive component and demagnetizing
component of the rotor current, the relationship between the
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Fig. 15.  Flowchart to obtain the optimized demagnetizing coefficient within the safety operation area of the rotor-side converter.
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10336
Traditional

Us (pu)

ird (pu)
Irq *

ird -«

. Irq (pU)
21 I.rq\ ‘ /rqv\

Ws (pu)

00- Diode i AL
AL -, ST VAT S

(@

Fig. 17.
control. (b) Optimized demagnetizing control.

total rotor current at the instant of the reactive power injection
and the initial demagnetizing current at the instant of the fault
occurrence is shown in Fig. 14. It can be seen that different
demagnetizing coefficients are expected at various dip levels.
Specifically, a 1.65 pu demagnetizing current is the optimal
choice at adip level of 0.6, and this amount of the demagnetizing
current is sufficient to overcome the over-voltage issue of the
dc-link, as shown in Fig. 7.

In order to obtain the reduced thermal stress of the RSC dur-
ing the symmetrical grid fault, the general procedure to deter-
mine the optimized demagnetizing coefficient is summarized in
Fig. 15, which is jointly determined by the operation condition
of the DFIG, the grid fault situation and the grid codes require-
ment. Once the dip level of the grid fault is identified by the

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 33, NO. 12, DECEMBER 2018

1 Proposed Us (pu)
0
-1

Irg (pU)
4 P .
2 Ird Ird
0_
2 -
4 Irq (pU)
i T
2
4

Ws (pu)

; ~ PsQs(pu)
7 X 3.1pu
3 Qs vOqu 1
5 Py . 13pu 83.1pu
5 . Te T (pu)
5 T 6 2.7 pu !3' -
-10
rpm (pu)
13- cereener] e L
1.2 i
1.1 :
Vdc (pu) :

(b)

Simulation results in the case of the DFIG at 1800 rpm to ride-through 0.6 dip balanced grid fault with various control schemes. (a) Traditional vector

calculation of the stator voltage under a synchronous reference
frame, together with the operation conditions of the DFIG (e.g.,
rotor speed and machine parameters), the relationship between
the rotor current and rotor voltage can be found by using the
demagnetizing current control as listed in (6). On the basis of
the power device rating of the RSC and the maximum dc-link
voltage during the fault ride-through period, the range of the
demagnetizing current within the SOA can be mapped at var-
ious dip levels. Afterwards, the demagnetizing coefficient can
be selected from this range, and the residual component of the
demagnetizing current can be calculated with the reactive cur-
rent response time specified in the grid codes and the parameters
of the DFIG. On the other hand, the required reactive current
component can be analyzed according to the specification of the
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Fig. 18. 7.5 kW down-scale DFIG test rig. (a) System configuration.
(b) Experimental setup.

reactive power injection. In order to achieve the reduced thermal
stress of the power device, the optimized demagnetizing coeffi-
cient can be designed in the case that the initial demagnetizing
current at the fault instant is the same with the sum of the resid-
ual demagnetizing current and the reactive current at the instant
of reactive power injection.

V. SIMULATION AND EXPERIMENTAL RESULTS

In order to verify the proposed control scheme, a simulation of
2 MW DFIG system is carried out by using the PLECS. The
important parameters are listed in Table I. It is noted that the
switching frequency of the two power converters is set at 2
kHz. Further, the dc chopper activates if the dc-link voltage is
higher than 1300 V, but deactivates if the dc-link voltage is lower
than 1100 V. Assuming that a symmetrical grid fault with a dip
level of 0.6 occurs for 500 ms, according to the grid codes, a
1.0 pu reactive current is injected after 150 ms of fault detection,
and the original active power is provided after 150 ms of fault
clearance. For the traditional vector control, once the grid fault
is detected, the stator active and reactive power switches to zero
before the required reactive current is supplied. During the fault
recovery, the stator active and reactive power again switches to
zero before the original active power is provided. In the case
of the proposed demagnetizing control, the control objective is
changed to the elimination of the natural stator flux during the
fault period, and the reactive current is additionally supplied
after 150 ms of fault detection. Similarly, the demagnetizing
current is applied again during the fault recovery, before the
original active power is provided at a fault clearance of 150 ms.
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At a rotor speed of 1050 rpm, the traditional vector control
and the proposed demagnetizing control are compared as shown
in Fig. 16. For traditional vector control, as shown in Fig. 16(a),
once the grid fault is detected, the rotor current reference is
switched to zero in order to minimize the rotor voltage and
contribute to the ride-through of the RSC. However, owing to
the existence of the natural stator flux, its corresponding rotor
voltage exceeds the limit that the dc-link can provide, and the
rotor current (iq and 4,q) cannot effectively track its reference
(474 and ifq). At the instant of the reactive current injection, the
maximum junction temperature of the diode appears at 86.7 °C.
As shown in Fig. 16(b), when the grid fault occurs, a 1.65 pu
demagnetizing current is selected according to Fig. 14. During
the fault period, the rotor current is kept almost within the de-
sired value. Moreover, the stator active power, the stator reactive
power, and the electromagnetic torque of the DFIG oscillate at
the grid frequency and exponentially decay as previously ana-
lyzed. The simplified one-mass model of wind turbine is used to
describe the relationship between the rotor speed and the elec-
tromagnetic torque of the DFIG. With the inertia constant of 3 s
caused by the wind turbine and generator [28], assuming the me-
chanical torque does not change during the grid fault period, the
rotor speed increases after the fault occurrence from 0.70 pu to
0.73 pu. Moreover, the mechanical torque is decreased by the
wind turbine in the real case, so the variation of the rotor speed
may become even smaller [29]. The dc-link voltage is more
stable by using the demagnetizing control. Furthermore, com-
pared to the instant of demagnetizing control and the reactive
current injection, it is noted that the diode is almost equally
stressed, and its maximum junction temperature reaches 87.9
°C. In addition, as the stator flux decays much faster when
the proposed demagnetizing control is used, the stator flux, ac-
tive power, reactive power, and torque almost reach the steady-
state at the instant of the fault recovery. This results in a sep-
arated evaluation during the grid fault and recovery. However,
vector control does not significantly contribute to the accel-
eration of the natural stator flux decay, which may be super-
posed at the instant of the fault recovery. Consequently, the
maximum junction temperature of demagnetizing control at
the instant of the fault clearance is significantly decreased to
90.0 °C, compared to 101.4 °C for vector control.

For the rotor speed at 1800 rpm, the results are shown
in Fig. 17. Before the fault occurs, owing to the much
higher power through the RSC, it is noted that the power
semiconductors are more thermally stressed compared to the
1050 rpm operation. When traditional vector control is applied
as shown in Fig. 17(a), since the rotor current is not in control,
the maximum rotor current reaches 3.1 pu during the fault
period, and the maximum junction temperature of the diode
reaches 99.6 °C. When a 1.65 pu demagnetizing current is pro-
vided as shown in Fig. 17(b), the rotor current effectively tracks
the reference value, and the maximum junction temperature
can be slightly reduced to 99.0 °C. In addition, at the instant
of the fault recovery, a maximum rotor current of 2.9 pu can be
maintained in the proposed control, whereas the rotor current
reaches 4.9 pu with the vector control. Thus, the maximum
junction temperature of the diode can be significantly reduced to



10338 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 33, NO. 12, DECEMBER 2018

1 | S U S N T T T T o] T
- 271200 rpm 1 i 11800 rpm
<0 £
50
o - - . . @ v
: : : : 5 P
-1 PN R g IR ! i ) _q e |".|| ,,,,,, I I i
Demag. Vector Demag. Vector Demag., Vector -Demag .+ Vector
Control Control Control Control Controli Control 'Control. Control
T H T T T LI T T T T T T T T
~2f F T S S SN [ L T S
2 ; : 3
50 g
g : ]
T2h b UUUUURE. 'L SUDR I A S P -
1 1 1 1 1 1 1
2 2 T T T
g g 00000
é 0000
1 1
12 T T T T T T T 1.2
3 ' ' ' ' : ' ' £}
21 2 4 ;
3 8 '
> > D :
: : : : : : : s '
0.8 1 1 1 1 1 1 1 0.8 L : 1 Il 1 1 : 1 1
'
T +
- _2b : :
E §-, o — = : :
o g H P i
o o [, S : .................... i W ]
1 1 1 1 1 1 1 1 1
2 22 2.4 2.6 2.8
(b

Fig. 19. Simulation results of the down-scale DFIG to ride-through symmetrical grid fault of 0.5 dip level with the optimized demagnetizing coefficient.
(a) 1200 rpm. (b) 1800 rpm.

Tekpevy - e s Pl Oft Tek prevy S Noise Filter Off

?200§rpni TT1800pm |

Us [500 V/dlv]

""" o AR e
i

: Us [500 Vidiv]

nl VH g : s
i ,.p‘l,’,‘n’n"a-\"'.’f“n"x‘ Rl

. : 100 ms/div 'Swv - 15 [20 Avdiv] 100 ms/div

A i i i i X i i i i

€ 2004 Jfiooms Jiine_/0.00v snmsnnz} 2004 2004 lmms Jiine 7000V )

Tek Prevy . . . %—v— . Nms!nrltevovl! Tek prevu . . . '—:— X . Nolse Fiter Off
U [250 VidivE ¢ b U [2500vFdiv) s

08

|
oF

1[5 A/d|v] 100 ms/div 100 ms/div
& 500V i i i 1 y
g 5004 [ <] 5004 J(100ms Jtine 000V ) g 5004 € S04 lmm ].me /amv )
Tekhevu— Y Y = Nokse Fittes Off Tek prevy =3 Noise Fiter 0ff

A__%g\v . '. . :
Pt Qs[5kVar/d|v} SANERERE

i 100 ms/div | N = 400 mefdiv
o0V 3 } [mans } ]l.'m /uw‘; } ]‘ (@® so0v } rm JCine /000 )
(a) (b)

Q5 kVar/div]

Fig. 20. Experimental results of the down-scale DFIG to ride-through symmetrical grid fault of 0.5 dip level with the proposed demagnetizing control.
(a) 1200 rpm. (b) 1800 rpm.



ZHOU AND BLAABJERG: OPTIMIZED DEMAGNETIZING CONTROL OF DFIG POWER CONVERTER FOR REDUCED THERMAL STRESS

101.1 °C compared to 129.2 °C of the vector control. Thus,
the thermal stress of the power semiconductor is considerably
improved.

In order to verify the proposed control strategy for the reduced
thermal stress of the power converter, some simulations and
experiments are performed in adown-scale 7.5 kW DFIG system
with the electrical characteristics measurement. As shown in
Fig. 18, the DFIG is dragged by a 7.5 kW squirrel-cage motor,
back-to-back power converters are established by using two
Danfoss 5.5 kW motor drives, and the symmetrical grid fault is
generated with the help of the programmable ac power source.
The control scheme of both power converters is realized by
dSPACE 1006. It is worth noting that the switching frequencies
are set at 5 kHz, and the dc-link voltage is regulated at 650 V.

The proposed demagnetizing control is evaluated with a sym-
metrical fault of 500 ms and dip level of 0.5. According to the
demagnetizing coefficient design as shown in Fig. 15, regard-
less of the rotor speed, the optimized demagnetizing coefficient
of 16.3 can be calculated based on the main parameters of the
DFIG. With the pu values of the rotor current, dc-link voltage,
stator current, and stator voltage defined in Tables I and II, it
can be seen that the optimized demagnetizing current becomes
1.13 pu. Meanwhile, a 1.0 pu reactive stator current is provided
to fulfill the grid code requirement. As shown in Fig. 19, the
corresponding transient performances of the DFIG are simu-
lated in the cases with the rotor speeds of 1200 rpm and 1800
rpm, respectively. For the sub-synchronous operation mode, it
can be seen that 0.16 pu active power is generated to the power
grid before the fault occurrence. When the fault is detected, the
control objective switches to the demagnetizing control for 150
ms, and it can be noted that the initial demagnetizing current
becomes 1.13 pu as desired. Once the RSC succeeds to ride-
through the grid fault, the vector control is applied with the
reactive power injection of 0.5 pu, where the stator current can
be observed with 1.0 pu. In the case that the fault is cleared, the
demagnetizing current is again used to ride-through the tran-
sient situation for 150 ms before the normal vector control is
resumed. For the super-synchronous operation mode, 0.33 pu
active power is supplied before and after the grid fault. With
the same demagnetizing current of 1.13 pu due to the same dip
level, the amplitude of the rotor current at the instants of the fault
occurrence and reactive current injection keeps the same. More-
over, the dc-link voltage is maintained within 1.15 pu during the
entire fault ride-through period.

The same conditions can be tested with the DFIG prototype.
When the rotor speed is 1200 rpm as shown in Fig. 20(a), a
1.2 kW active power is provided before the fault occurs. Once
the fault is detected, the natural stator flux is controlled for the
reduced rotor voltage, and a 7.7 A rotor current (corresponding
to 16.1 A stator reactive current) is additionally injected after
150 During the fault recovery, demagnetizing control is again
applied to accelerate the natural stator flux decay before the
active power prior to the fault is supplied in next 150 ms. As
listed in Table I, the time constant of the decaying stator flux is
around 190 ms, which can be further decreased to 40 ms with the
applied demagnetizing current. As a consequence, it can be seen
that the residual demagnetizing current almost becomes minor
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at the instant of the reactive current injection. Since it is not easy
to directly detect the junction temperature of the power device,
the rotor current is thereby monitored. This can be regarded as
an indirect approach to estimating the thermal stress.

When the rotor speed is 1800 rpm, as shown in Fig. 20(b),
a 2.5 kW active power is provided before and after the grid
fault, and a 3.75 kVar reactive power is injected during the
grid fault. During the period of demagnetizing control, there
is no steady-state active power provided, while a certain
amount of the reactive power is absorbed by the DFIG ac-
cording to (9) and (10). It can be observed that, regardless
of the rotor speed, the dc-link voltage can be maintained be-
low 750 V during the entire transient period. Moreover, the
maximum rotor current reaches 7.9 A between the instant of
the grid fault occurrence and the instant of the reactive cur-
rent injection, which facilitates the reduced thermal stress of
the RSC.

VI. CONCLUSION

This paper addressed existing issues for a DFIG to ride-
through a symmetrical grid fault. The internal challenge lies
in the direct linking of the DFIG stator and the power grid, and
the external challenge arises from the modern grid code require-
ments. Owing to the much higher EMF caused by the natural
stator flux during a symmetrical grid fault, the relationship be-
tween the rotor voltage and rotor current in the case of a natural
machine is found. With the help of demagnetizing control, the
capability of the DFIG can be theoretically calculated at various
rotor speeds, with different amounts of demagnetizing current. It
is noted that although a higher amount of demagnetizing current
leads to a higher fault ride-through capability, it also causes in-
creased thermal stress in the power converter, which may hinder
the long-term and reliable operation of the DFIG system.

Considering the grid codes, a design procedure for the opti-
mized demagnetizing coefficient is proposed, in order to keep
the maximum rotor current constant between the fault occur-
rence and the reactive current injection. As the thermal behav-
ior of the power semiconductor is mainly decided by its current,
this control strategy is able to achieve a reduced junction tem-
perature during a low-voltage ride-through. It is concluded that,
regardless of the rotor speed, the demagnetizing coefficient is
related only to the dip level, and simulation and experimental
results verify the feasibility of the control scheme for the re-
duced thermal stress of the power converter during the fault
period.
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