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Abstract: Weak low voltage ride-through (LVRT) ability and unstable output power are two major problems faced by the
doubly-fed induction generator (DFIG). To solve these two problems simultaneously, a commercially available fault
current limiter-battery energy storage system (FCL-BESS), which is suitable to be applied in a microgrid, is proposed in
this study. During normal operation, the FCL-BESS stabilises the output power of DFIG by compensating the
fluctuating component of DFIG output power with energy buffering capability provided by the battery energy storage
system (BESS). On occurrence of a grid fault, the FCL-BESS enhances the LVRT ability of DFIG by inserting the fault
current limiting inductor into the stator, which weakens the rotor back electromagnetic force voltage and limits the
rotor overcurrent. The FCL-BESS also stabilises the DC-link voltage by the BESS, which further strengthens the
controllability of grid-side converter and rotor-side converter. Moreover, the FCL-BESS is able to help grid voltage
recover fast and smoothly by providing power support to the grid. Experiments under different conditions have been
carried out with a 2 kW prototype to evaluate the performance of the proposed FCL-BESS. Experimental results show
that the FCL-BESS have much better performance than using single fault current limiter or BESS and can solve the

two problems faced by the DFIG simultaneously and effectively.

1 Introduction

The doubly-fed induction generator (DFIG) has the good merits of
small size, low cost and light weight, which makes it popular in
wind energy conversion market [1]. The DFIG, however, has two
major problems to overcome.

The first one is that it has weak low voltage ride through (LVRT)
capability. The direct connection of the stator to the grid has made
DFIG very sensitive to grid disturbance. An abrupt change in the
grid voltage results in DC and negative sequence stator flux,
which induces high rotor back electromagnetic force (EMF)
voltage. The induced rotor back EMF voltage exceeds the voltage
control range of rotor-side converter (RSC), which results in
overcurrent of RSC and overtorque of gear box. The wind energy
conversion system (WECS) of DFIG may therefore be destroyed.
To solve this problem, many solutions have been proposed and
can generally be classified into hardware [2-11] and software
solutions [12-20].

The crowbar circuit [2, 3] is the most popular hardware solution to
solve this problem. The crowbar is activated and the RSC is blocked
as soon as rotor overcurrent is detected. The RSC is thus isolated
from the rotor and prevented from overcurrent. However, the
DFIG is changed into a squirrel cage induction machine and
absorbs reactive power from the grid, which is not allowed by the
grid connection requirement [1]. DC-link protection schemes, such
as DC-link chopper [4] and energy storage system [5, 6]
connected to the DC link are suggested to be used to protect the
DC link from overvoltage. The series converters like series
grid-side converters (GSCs) [7] and dynamic voltage restorers [8]
are proposed to avoid abrupt changes of the stator voltage. The
DFIG is therefore isolated from the grid fault to some extent.
Additional resistance circuits [9-11] are also proposed to improve
the LVRT performance of DFIG, which improves the damping
performance of stator flux transient, limits rotor overcurrent, and
weaken electromagnetic (EM) overtorque.
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The software solutions: advanced control strategies have been
proposed to enhance the LVRT capability of DFIG [12-21]. These
control strategies can to some extent increase RSC control
dynamics, limit rotor overcurrent, improve damping of DFIG
transient response, minimise oscillations of EM torque, and
provide better reactive power support to the grid. However, LVRT
enhancing control strategies cannot provide fault ride through
capability under severe grid fault conditions, since the RSC cannot
supply the voltage as high as the rotor back EMF voltage because
of DC-link voltage limitation [12, 13].

The second major problem faced by DFIG is the instable output
power, which is due to the inherent property of wind and is the
common problem faced by most WECSs. Below rated wind speed,
almost all of the wind turbines are controlled to maximise active
power output. The output power of the wind turbine therefore
varies with wind speed. With the increasing penetration of wind
power generation, the grid is subjected to voltage and frequency
fluctuations. Although the wind turbine can be controlled to make
less effort to maximize power output so as to smooth the energy
production, much less energy will be generated. Moreover, it is
not cost effective in the long run. To maximise and smooth the
wind energy output simultaneously, energy storage is usually used
[22-27].

To solve these two problems simultaneously, a superconducting
fault current limiter-magnetic energy storage (SFCL-MES) system
has been presented by Guo er al. [6]. Since the approach was
proposed, new contribution considering the optimisation of
superconducting coil (SC) [28] and new circuit configuration for
DC microgrid application [29] were proposed by other authors.
The SFCL-MES combines the fault current limiting and energy
storage functions into one device by using single SC, which
makes it able to enhance the LVRT capability and smooth output
power of DFIG simultaneously. The SFCL-MES has the
advantage of low annual cost because of high efficiency. However,
the investment cost is still too high, which requires a long time to
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recover the cost and makes is unable to realise commercialisation at
present stage. Moreover, the effectiveness of the proposal was
initially only validated by simulation studies. The roles of fault
current limitation and energy storage in enhancing the LVRT
capability of DFIG have not been clarified, and the interaction
between current limitation and LVRT enhancing control has not
been investigated.

As a subsequent contribution to [6], one major contribution of this
paper is to present a much more commercially feasible way: a fault
current limiter-battery energy storage system (FCL-BESS) to solve
the two problems.

The topology of the FCL-BESS consists of two parts: the fault
current limiter (FCL) part and the battery energy storage system
(BESS) part. The FCL part is mainly used to enhance the LVRT
capability of DFIG. The cost of the FCL part is higher than the
conventional LVRT enhancing circuit: the crowbar circuit.
However, the LVRT performance of the FCL part is much higher
than the crowbar circuit since it avoids adsorbing reactive power
from the grid, which is not allowed by the new grid code. The
BESS part is used to smooth the active power output of DFIG and
further enhance the LVRT capability of DFIG by stabilising the
DC-link voltage. The cost of the BESS part is lower than the
installation of an independent BESS, since the BESS part is
integrated into the energy conversion system of DFIG and
additional inverter circuit is avoided to be used. By integrating
both FCL part and BESS part into the energy conversion system
of DFIG, the performances of DFIG under both normal and grid
fault conditions are greatly improved, which make it cost effective
in certain applications.

Compared with FCL-BESS, the advantage of SFCL-MES is that
it is simple in electrical topology by utilising the SC as the energy
storage device and fault current limiting inductor simultaneously.
However, additional equipments, such as cryostat and cryocooler
are needed to maintain cryogenic environment. Considering the
expensive superconductor and cryocooler, the investment cost of
SFCL-MES is currently unacceptable for commercial application.
The FCL-BESS is relatively complex in electrical topology.
However, no additional equipments are needed, which makes it
simple in maintenance. Moreover, all of the elements used in
FCL-BESS are commercially available, which makes it easier to
be applied at current stage.

The application field of FCL-BESS is mainly in the microgrid
where the output power of one DFIG accounts for a large
proportion of the microgrid. The oscillating output power of one
DFIG will cause significant voltage and frequency fluctuations of
the microgird. Moreover, the LVRT capability of one DFIG
significantly influences the stability of the microgrid during the
grid fault.

Another major contribution of this paper is to clarify and verify the
roles of fault current limiting and energy storage functions in
enhancing the LVRT capability of DFIG through extensive
experimental evaluations. A 2 kW rated prototype has been set up.
Experiments without hardware protection, with only BESS, with
only FCL, and with FCL-BESS under both symmetrical and
asymmetrical fault conditions have been carried out. Experimental
results show that the fault current limiting function provides the
major LVRT enhancing capability, while the energy storage
function further strengthens the controllability of DFIG and
smooth the fault recovery process. The FCL-BESS combines the
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Fig. 1 Equivalent circuit from rotor side
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fault current limiting and energy storage function into one device
with commercially available materials and components, which
makes it able to provide a comprehensive and promising solution
to solve almost all of the DFIG related problems.

This paper is organised as follows: the model of DFIG under
LVRT is presented in Section 2; the operational principles are
illustrated in Section 3; control design is presented in Section 4;
experimental results are presented in Section 5 to help evaluate the
performance of the FCL-BESS; conclusions are drawn in Section 6.

2 Model of DFIG under LVRT

The model of the DFIG in the stationary frame can be expressed as

ug :Rsis—l—%lbs (1)
u = Ri+Sy, @)
dt
W, = L, +L,i, 3)
Y=L, i, + L, 4)
Li=L,+L, %)
L =L, +L, ©6)
7, = PmGi) a)

where the u, i, ¥, R, and L represent voltage, current, flux linkage,
resistance, and inductance respectively. Subscripts s, r, 1, and m
denote the stator, rotor, leakage, and mutual quantities,
respectively, and P is the number of pole pairs.

From (2)—(4), the rotor voltage can be expressed as

u :Lm9¢s+ (Rr—{-o'L —t>ir ®)

where 0 =1 — (Lﬁ1 /L,L,) is the leakage coefficient.

The first term is the rotor back-EMF voltage and defined as ¢. The
second term is the voltage drop on the rotor resistance and rotor
transient inductance oL,. The equivalent circuit is shown in Fig. 1.

The stator voltage can be expressed as

ug = VP 4 yre it 4 p? )

where o represents the angular frequency. The superscripts p, n, and
0 denote positive, negative, and zero sequence quantities,
respectively.

Since the zero sequence voltage does not create flux [1], the stator
flux induced by stator voltage can be expressed as

VP e
= e eI g T (10)

Jog —J

where ¢,0 is the initial value of natural flux, 7,=L¢/R; is the time
constant of stator flux linkage, VP and 7 are the magnitudes of
stator positive and negative sequence voltages after the fault. i
is the initial natural flux, which is decided by the angle @
between positive and negative sequence components of stator flux
and has the largest value if Q=7 [12].

Transferring (9) into reference frame fixed on the rotor, we have

n

Vsp j(wg—w )t Vs —j(wg+w, )t —t/T —jot
= e s ooy tim e (1)

jo —joy
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From (10), the rotor back-EMF voltage can be represented as
L N o 1. o
e, =1 |:S VP 4 (2 —s)P2 e I@=)asr (__er) U0e ((A/7)+] r)f]
LS TS
(12)

Since time constant of the stator flux is relative large, (1/7) can be
neglected, (12) can be simplified as

~

P —1 [SVSP e Q- S)Vsn e 2oyt _ jo, P, e—((l/Ts)er)f]

(13)

3 Operational principle
3.1 Topology of the FCL-BESS

The topology of the FCL-BESS is shown in Fig. 2. The FCL part
consists of three coupling transformers, a diode bridge, a fault
current limiting inductor (FCLI, Lt), and a current source chopper
(CSC). The BESS part consists of an LC (Le and Ce) filter, a
battery pack (Be), and a voltage source chopper (VSC). The CSC
and VSC share the same DC link with the GSC and RSC of the
DFIG.

3.2 Operational principle under normal operation

Under normal operation, the FCL must have minimal effect on the
proper operation of the DFIG. To reach this objective, the CSC is
controlled to regulate the FCLI current to a constant value (Ifcy)),
which is higher than n (n is the transformer turn ratio) times that
of the maximum possible peak stator current. The diode bridge is
thus fully conducting. The stator current freewheels through the
diodes. The on-state voltage drops of diodes and the voltage drops
of the winding resistance and the leakage inductance are the only
voltage drops on the FCL, which is negligibly small compared to
the stator voltage of the DFIG. The proper operation of the DFIG
is therefore unaffected by the series connected FCL.

The GSC is controlled to fulfil the active power fluctuation
compensation function. To reach this objective, a low-pass filter
(LPF) is used to extract the stator output average active power.
The difference between the stator output average and instantaneous

active power is the reference active power command of the GSC.
The BESS is used to control the DC-link voltage to a constant
reference value. If the GSC absorbs active power from the grid,
the DC-link voltage tends to rise. By regulating the DC-link
voltage, the BESS transfers the excess energy stored in the
DC-link capacitor to the battery and causes the DC-link voltage to
decrease towards the reference value. The BESS thus transfers the
GSC absorbed active power to the battery indirectly. On the
contrary, if the GSC output active power to the grid, the BESS
will transfer the energy stored in the battery to the grid indirectly
in the similar way. The way that the DC-link voltage is controlled
by the BESS is more advantageous than that controlled by the
GSC [25]. This is because that the GSC cannot output enough
active power to stabilise the DC-link voltage when the grid voltage
drops to a very low value. Whereas, the active power output
capability of BESS is uninfluenced by the grid voltage, which
make the DC-link voltage able to be kept in the controllable state
even under severe grid fault conditions. The LVRT capability is
therefore better enhanced with the better controlled DC-link voltage.

3.3 Operational principle under grid fault

On occurrence of a grid fault, the stator current increases in
amplitude and reaches the threshold (Iic;;/n). The diode strings
become reverse biased, and the FCLI is automatically switched
into the stator circuits and limits the stator overcurrent. After the
grid fault is cleared, the stator current decreases in amplitude.
When the stator current amplitude is lower than the threshold
value, the blocked diodes regain forward conducting and the FCLI
is disconnected from the stator circuit automatically. Since the
induction machine can be regarded as a rotating transformer, the
rotor overcurrent can also be limited by magnetic coupling.

The interaction between fault current limitation and LVRT is
explained as follows:

The first interaction effect is that the fault current limitation has
weakened rotor back-EMF voltage, which enhances the
controllability of RSC so that the LVRT capability is improved.

The rotor back-EMF voltage after insertion of FCLI is changed
from (13) to

s Lm

T Lol

I:SVSP elsest +@2—s) Vsn eIyt —jw. o e*((l/fi)ﬂ'wr)t]

(14

DFIG

Fig. 2 Topology of the FCL-BESS incorporated in a DFIG
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where 7° = (L, + n’L,)/(R, + n*R)), L, and R, are the inductance and
resistance of the FCLI.

Upon insertion of FCLI, the denominator of (14) is increased from
Ly to (Ls + n*Ly). Since (Lg + n*Ly) > L, the rotor back-EMF voltage
can thus be weakened by the FCL, which increases the controllability
of the RSC. The LVRT capability can therefore be enhanced.

The second interaction effect is that it increases the rotor transient
inductance, which further prevents the RSC from overcurrent. The
leakage coefficient after switching operation is changed to be

12
=1-— 15

(Ls + nle)Lr ( )
Upon insertion of FCLI, the denominator of the second term in (15)
is increased from LgL, to (Ls + n’Ly)L,. Since the second term in (15)
is decreased, the rotor transient inductance o°L, is increased. The
rotor overcurrent can thus be limited with larger ¢°L,. The RSC
can therefore be protected from overcurrent.

4 Control design of the FCL-BESS
4.1 LVRT control strategy

LVRT control is implemented by the RSC. The control target is set
to constrain the rotor overcurrent in a way that requires a minimum
rotor voltage. From (2), the rotor voltage is mainly determined by the
derivative of rotor flux. To keep the rotor voltage under controllable
range, the rotor flux is controlled to make its derivative value kept
within an acceptable range.

From (3) and (4), the rotor flux can be expressed as

l/’r = Lm/Ls X l[’S + O-Ll'il' (16)

The derivative of the first term is ¢/, whose dominating terms are
determined by the DC and negative sequence stator flux. To
reduce the rotor overvoltage, i is controlled by the RSC to
counteract the DC and negative sequence stator flux. To fully
counteract the DC and negative sequence stator flux, the reference
value of i can be selected as [11]

L

P m 0,n

—_ ’ 17
L !r!s S ( )

where S’“ is the sum of the DC and negative sequence stator flux.

After insertion of the FCLI, #; is changed to be

L

s m 0,n
= m ¥ 18
= e (18)

o

a
U.L I “
> v P/ P PI
U‘lc I Le
b

Fig. 3 Control block diagram

a Active current control of GSC
b Control of BESS
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As can be seen from (18), the denominator is increased compared
with that of (17). This is due to the increase of rotor transient
inductance o°L; and equivalent stator inductance (Ls+n2L1). The
magnitude of i can therefore be decreased with the help of FCL,
which decreases current rating requirement of RSC. This also
means that the FCL can not only weaken the rotor back-EMF
voltage, limits rotor overcurrent, but also strengthen the LVRT
enhancing controllability of RSC. With the cooperation of FCL
and LVRT enhancing control, the LVRT capability of the DFIG
can be greatly strengthened.

4.2 Active power fluctuation compensation control
strategy

Active power fluctuation compensation is realised by the GSC. The
dg components of the stator current represent the stator active and
reactive currents. To compensate the stator active power
fluctuations, a LPF is used to extract the fluctuating component of
active current. The GSC is also used to regulate the battery voltage
to a balanced value so as make it not to deviate from normal
operational range in the long run, which is realised by a
proportion—integral (PI) regulator. The input of the PI regulator is
the reference and measured battery voltages (U, and U),
respectively. The corresponding active current control block
diagram is shown in Fig. 3a.

4.3 BESS control strategy

The BESS is controlled to stabilise the DC-link voltage, which
indirectly supplies energy to fulfil the active power smoothing
function. The battery output voltage and current have to be
constrained within an acceptable range to protect the battery from
overvoltage and overcurrent. A double-loop control strategy is
therefore used to both stabilise DC-link voltage and protect the
battery. The outer loop is a voltage control loop. The input of the
outer loop is the error between reference and measured DC-link
voltages (U}, and Uy.). To protect the battery from overcurrent,
the output of the outer loop is limited to be within an acceptable
range and set as the reference current of filter inductor (L.). The
inner control loop is a current control loop. The input of the inner
loop is the error between the reference and measured L. currents
(I} and I, ), the output of the inner loop is the voltage across
Le(U ). To protect the battery from overvoltage, the output of the
inner eloop is also limited to be within an acceptable range. The
output command voltage of the VSC (U,,) is the sum of U, and
Upe. The control diagram is shown in Fig. 3b.

5 Experimental evaluation

Experiments are carried out to evaluate the performance of the FCL—
BESS. Experimental setup is shown in Fig. 4. Three 3 mH air-core
inductors are used to simulate the source impedance. A vacuum
contactor is connected right after the air-core inductors to generate
voltage sags with depths up to 100%. The DFIG is driven by a
motor, which is driven by a converter.

DFIG
FCL 4(
Source Air-core L
Inductor

—— GSC RSC

Vacuum ]
Contactor R
BESS

Fig. 4 Experimental setup

IET Gener. Transm. Distrib., 2016, Vol. 10, Iss. 3, pp. 653-660
© The Institution of Engineering and Technology 2016



Fig. 5 Experimental platform

a Front view
b Rear view

An experimental platform is shown in Fig. 5. The experimental
parameters are listed in Tables 1 and 2. During normal operation,
the motor is driven at a variable speed. The output power of DFIG
varies with the varying shaft speed.

5.1 Active power fluctuation compensation result

Fig. 6 shows the active power fluctuation compensation result. All
quantities of experimental results are computed by the digital
signal processor (DSP) of DFIG and output by the
digital-to-analogue output ports of DSP control board. From top to
bottom, the lines in the figure are the output active power of
DFIG, the whole system, and BESS, respectively.

From Fig. 6, it can be found out that the DFIG output power
fluctuates significantly with varying shaft speed. The output power
of the whole system, however, remains almost constant. The BESS
outputs oscillating terms of the DFIG output active power with
opposite sign to realise active power fluctuation compensation.
The output power of the DFIG is thus effectively smoothed and
has little adverse impact on the grid.

5.2 LVRT results under symmetrical fault

Fig. 7 shows the experimental results under symmetrical fault
condition. A three-phase short-circuit fault happens at the terminal
of the stator. The grid voltage drops to zeroes during the grid
fault. Figs. 7a—d show the experimental results without hardware
protection, with only BESS, with only FCL, and with FCL-BESS,
respectively. In all of the four experiments, the RSC uses the same
LVRT control strategy as illustrated in Section 4. From top to
bottom, the four lines in the figures represents the positive
sequence grid voltage magnitude estimated by Kalman filter [30],
DC-link voltage, rotor current magnitude, and EM torque,
respectively.

Without hardware protection, significant overcurrent and
overtorque can be found out in Fig. 7a. Rotor overcurrent reaches
to be more than two times that of the nominal value, and EM
overtorque reaches to be more than four times that of the nominal
value. The DC-link voltage also loses control during this process.
This is because the grid voltage drops to zero and the GSC
cannot supply active power to stabilise the DC-link voltage. The
grid voltage also fluctuates severely upon recovery of the grid
fault, which is because the DFIG is out of control and cannot
provide proper power support to the grid with the unstable
DC-link voltage.

From Fig. 7b, it can be found out that overcurrent and overtorque
are not alleviated with the BESS. Similar overcurrent and overtorque
magnitudes as that of the previous case can be observed. However,
the DC-link voltage remains almost constant during the grid fault.
This is because the DC-link voltage is controlled by the BESS.
The active power control capability of the BESS is not influenced
by the grid fault, and the BESS is still able to control the DC-link
voltage during the grid fault. The grid voltage also recovers much
fast and smoothly upon recovery of the grid fault. This is because
the stabilised DC-link voltage strengthens the controllability of
GSC and RSC, which makes it able to provide proper power
support to the grid.

From Fig. 7¢, it can be found out that overcurrent and overtorque
are greatly alleviated with the FCL. The rotor overcurrent and EM
overtorque are kept within 1.2 and 1.5 times that of their nominal
values upon occurrence of a grid fault. The RSC and gearbox can
thus be protected. Since the grid voltage drops to zero, the GSC
cannot provide active power support to the DC link. Furthermore,
the DC-link voltage is under controllable state and fluctuates
severely upon and during recovery of the grid fault. The grid
voltage recovers slowly after the grid fault, which is because the
DFIG cannot provide proper power support to the grid with the
unstable DC-link voltage.

Table 2 FCL-BESS experimental parameters

Table 1 2 kW DFIG experimental parameters Symbol Quantity Value
Symbol Quantity Value L, R inductance and resistance of fault current 9mH, 0.1Q
limiting inductor

L magnetising inductance 72.4 mH n transformer turn ratio 2:1

L, L stator and rotor leakage inductances 2.15mH, 4.1 mH Upe battery rated voltage 96V

Rs, R: stator and rotor resistances 0.689 Q, 0.55 Q Epe battery capability 50 Ah
number of pole pairs 3 Le battery chopper filter inductance 10 mH

Nis rotor-to-stator turns ratio 3 Co battery chopper filter capacitance 6.6 mF
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"4 DFIG

whole system

BESS
3'Wh

Time (1s/div)

Fig. 6 Active power fluctuation compensation result

From Fig. 7d, it can be also found out that the overcurrent and
overtorque are effectively limited with the FCL-BESS as that of
the FCL case. The grid voltage recovers fast and smoothly with
stabilised DC-link voltage and power smoothing capability
provided by the BESS. The FCL-BESS is thus able to provide the
best LVRT performance among the four cases.

5.3 LVRT results under asymmetrical fault

Fig. 8 shows the experimental result under asymmetrical fault
condition. The grid fault is the phase-to-phase short-circuit fault,

which is considered to be the worst condition [13]. Figs. 8a—d
show the experimental results without protection, with only BESS,
with only FCL, and with FCL-BESS, respectively.

From Fig. 8a, it can be found out that the overcurrent and
overtorque are even more severe than that of the symmetrical fault
case. The overcurrent and overtorque magnitudes reach to be about
three and five times that of the nominal value. This is due to the
impact of the negative sequence grid voltage, which increases
the rotor back-EMF voltage. The DC-link voltage, unlike the
symmetrical fault case, remains nearly constant, which is due to
that the GSC, can still provide active power support to the
DC-link voltage under asymmetrical fault.

From Figs. 8c and d, overcurrent and overtorque have been limited
within 1.5 and 2 times that of the nominal values with FCL and
FCL-BESS. Compared with Figs. 8a and b, the advantage of
using BESS is smoother recovery of grid voltage. Compared with
Figs. 8a and c, the advantage of using FCL is better limitation of
overcurrent and overtorque, which helps to protect the RSC and
gearbox. Compared with Figs. 8a and d, the FCL-BESS not only
limits overcurrent and overtorque, but also helps the grid voltage
recover smoothly, which 1is coincident with the previous
symmetrical case.

5.4 Experimental result discussion

As can be seen from the experimental results, both the FCL and
BESS have impacts on the LVRT of DFIG. From Figs. 7¢ and 8c,
overcurrent and overtorque are sufficiently limited with only FCL,
which demonstrates that the current limiting function plays the
dominant role in the LVRT capability enhancement. The FCL
limits the stator overcurrent so that the rotor overcurrent is also
limited by magnetic coupling. From (7), the EM torque is
proportional to the stator current, the EM overtorque is therefore

+ +
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Fig. 7 Experimental results under symmetrical fault

a Without hardware protection
b With only BESS

¢ With only FCL

d With FCL-BESS

IET Gener. Transm. Distrib., 2016, Vol. 10, Iss. 3, pp. 6563-660

658 © The Institution of Engineering and Technology 2016



+ -
/Grid Voltage / Grid Voltage
-] M o i - o™ s
-g. iyt ettt E. o e PN N ——
o DC link Voltage a ,/ DC link Voltage
T
& / Rotor Current & / Rotor Current
24 2
g nﬂﬁnll'l'”"" " 2 W‘““
&3’ W ‘E’Lg’m—f
=y SRR At W‘UW‘WW 2 M A A A AT AN e aprrerraisan
2 Uiy BT ey
<+— EM torque ‘;I <+— EM torque
Time (50ms/div) Time (50ms/div)
a b
+ +
Grid Voltag Grid Volt
. / rid Voltage reais oy : o Grid Voltage e
a ek b T e L= -thuryar
” 5 DC link Voltage - v DC link Voltage
e . g o
'&_ 2 / Rotor Current ™ / Rotor Current
I I N T a . T VAR, o tiersarsirirt
RN A ,.%-3'
o9 AAAAAMMMMAN 29 AMAWWAMS=
& <+— EM torque “ <+— EM torque

Time (50ms/div)
c

Fig. 8 Experimental results under asymmetrical fault

a Without hardware protection
b With only BESS

¢ With only FCL

d With FCL-BESS

effectively limited with the limited stator overcurrent. The BESS
plays auxiliary LVRT role by preventing DC-link voltage from
overvoltage. The active power capability of BESS is unaffected by
the grid voltage sag, which makes it able to provide DC-link
stabilising capability superior to that of the GSC. The interaction
between the FCL and BESS can be found between Figs. 8c and d.
By preventing DC-link voltage from overvoltage with the BESS,
the output voltage capability of the RSC is weakened with lower
DC-link voltage. The overcurrent and overtorque limiting
performance of the FCL-BESS, although still acceptable, is
therefore slightly worse than that of the FCL.

6 Conclusion

This paper presents an FCL-BESS to both smooth the active power
output and enhance the LVRT capability of DFIG. The operational
principle of the proposed FCL-BESS is presented. An
experimental platform has been set up to evaluate both active
power smoothing and LVRT enhancing performances.
Experiments under four different conditions (without hardware
protection, with only BESS, with only FCL and with FCL-BESS)
are carried out to evaluate the contributions of FCL and the BESS
to the LVRT performance of DFIG. Since the same LVRT control
strategy is used in all of the cases, the different LVRT
performances in these cases are mainly due to the different circuit
configurations. The following conclusions can be drawn based on
the analysis and experimental results.

(1) The fault current limiting function of the FCL-BESS can limit
DFIG overcurrent and overtorque during LVRT, which is the main
reason that the FCL-BESS can enhance the LVRT capability of
DFIG.
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(i) The FCL can further strengthen the LVRT enhancing control
performance by weakening the rotor back-EMF voltage and
increasing rotor transient inductance.

(iii) The energy storage function of the FCL-BESS can smooth the
active output power fluctuations of DFIG during normal operation
with the energy buffering capability provided by the BESS.

(iv) The energy storage function of the FCL-BESS can stabilise the
DC-link voltage of DFIG and help the grid voltage recover smoothly
by providing power support to the grid, which further improves the
LVRT capability of DFIG.

(v) The combination of the fault current limiting and energy
storage functions shows the great advantage over single function
and is seemly a promising solution to solve almost all of the DFIG
related problems.
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