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Abstract 
This paper proposes a coordinated control of the reactive power between the STATCOMs (static synchronous compensators) 

and the grid-side converters (GSC) of wind farms equipped with PMSGs (permanent-magnet synchronous generators), by which 
the voltage fluctuations at the PCC (point of common coupling) are mitigated in the steady state. In addition, the level of voltage 
sags is reduced during grid faults. To do this, the GSC and the STATCOM supply reactive power to the grid coordinately, where 
the GSCs are fully utilized to provide the reactive power for the grid prior to the STATCOM operation. For this, the GSC 
capability of delivering active and reactive power under variable wind speed conditions is analyzed in detail. In addition, the 
PCC voltage regulation of the power systems integrated with large wind farms are analyzed for short-term and long-term 
operations. With this coordinated control scheme, the low power capacity of STATCOMs can be used to achieve the low-voltage 
ride-through (LVRT) capability of the wind farms during grid faults. The effectiveness of the proposed strategy has been verified 
by PSCAD/EMTDC simulation results. 
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I.  INTRODUCTION 

Nowadays, the penetration of wind power into the grid 
has been increasing continuously. As a result, its influence on 
the stability of existing power systems has become an 
important issue. In addition, this situation has changed the 
role of the wind power in the grid. Wind power plants are 
required to control the grid voltage and to enhance power 
system stability [1], [2]. Furthermore, for the security of 
power system operation, the disconnection of a significant 
number of wind turbine generators is no longer accepted [1], 
[3]-[5]. Fig. 1 shows the different grid codes for the LVRT 
requirements and the reactive current required to provide the 
grid with consideration of the voltage drop profile [3]. 

As for the power stability issues, the management of the 
reactive power exchanged between the wind farm and the 
grid is essential [6]. In order to comply with power factor 
requirements and voltage stability requirements at the PCC, 
most wind farms are equipped with switched-shunt capacitors 
for static reactive power compensation, especially in fixed-
speed wind turbine systems. Today, variable-speed wind 
turbine (VSWT) systems are preferred to fix-speed systems 
[7]-[11], where the VSWT systems are controlled to 
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Fig. 1. Grid codes [3]. 
(a) LVRT requirements. (b) Amount of required reactive current 
of Spanish grid code. 
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maximize the active power production captured from the 
wind and to regulate the reactive power independently. 
 During normal operation, the output power of a wind 
turbine generator fluctuates due to variations in the wind 
speed, wind shear and tower shadow effects [12]. These 
power fluctuations cause the degradation of power quality 
such as voltage fluctuations, flickers, and system frequency 
deviations. Switched-shunt capacitor banks can be used to 
improve the steady-state voltage stability. However, short-
term voltage fluctuations (seconds to minutes) and harmonics 
cannot be solved due to the slow response of the switched 
capacitor banks [13]. Along with delivering active power to 
the grid, VSWTs can also provide reactive power to the grid 
by modifying the control structure without additional devices 
[1], [6], [14]. 

However, the reactive power production of wind turbines 
is limited, especially in the high-wind speed operation where 
large amounts of active power is delivered to the grid. In 
order to increase the reactive power capacity, a higher power 
rating of the GSCs of PMSG wind turbines has been 
suggested [15]. Unfortunately, this increases the system cost. 
In addition, the power losses of the system are increased as 
well. Another scheme to improve the power quality of wind 
farms integrated with the grid using a STATCOM has been 
introduced [13], [16]. The STATCOM provides several 
advantages such as a fast response (1-2 cycles) and superior 
voltage support capability due to its nature as a voltage 
source [17]. In addition, unlike shunt capacitor banks, the 
STATCOM is capable of generating reactive current for the 
grid under deep voltage sag conditions. However, the cost of 
the STATCOM is still high. By coordinating a large wind 
farm with a STATCOM for reactive power control, the power 
capacity of the STATCOM can be reduced [1]. However, the 
reduction of the STATCOM capacity is not significant due to 
the limitations of the generator capacity for reactive power 
control during grid fault conditions. The coordinated control 
of a STATCOM and a DFIG-based wind farm for optimizing 
the power loss of the system has been presented in [18]. The 
limitation of this approach is that the coordinated algorithm 
only takes the power loss into account, without considering 
the voltage regulation. Another method for the coordinated 
reactive power management in power networks with wind 
turbines and static VAR compensators (SVC) was presented 
[19], in which the objective of the optimization algorithm is 
to allocate a specified number of wind farms and SVC to 
improve the voltage stability. However, this method is 
complex due to its use of a generic algorithm. 
 In this paper, a novel coordinated reactive power control 
strategy for a STATCOM and the GSCs of PMSG wind 
turbines is proposed, by which the power quality of the power 
system with the integration of a large wind farm can be 
improved in both the steady-state and transient-state 
conditions. For this, the GSCs are fully utilized to provide 

reactive power for the grid prior to operating the STATCOM, 
where the reactive power production capability of each GSC 
depends on the amount of active power delivered. In addition, 
during a grid fault, the GSCs preferentially supply the 
reactive power to the grid, in which the active power 
generated from the PMSG is significantly reduced by storing 
the turbine output energy into the turbine inertia to accelerate 
the generator speed. Then, the low power capacity of the 
STATCOM can be used to achieve the LVRT capability of 
the wind farm during grid faults. PSCAD/EMTDC simulation 
results are shown to verify the validity of the proposed 
method. 

II.  CONFIGURATION OF THE POWER SYSTEM 

 Fig. 2 shows a single-line diagram of the power system, 
which will be investigated in this paper. The power system is 
supplied mainly by a thermal generator at bus 1, which is 
modeled as a three-phase infinite source. Buses 3 and 4, 
located far away from the generation area at bus 2, are the 
load center with four loads. A wind farm is integrated into the 
grid at bus 4. It consists of variable-speed wind turbine 
systems equipped with PMSGs as shown in Fig. 3. The wind 
farm power capacity is insufficient to provide the local load. 
Therefore, the power demand from the load center is supplied 
through transmission from the main generation area. 
 For enhancing the power system stability, a STATCOM 
is placed at bus 4, which can suppress short-term voltage 
fluctuations in the steady state. In addition, the STATCOM is 
able to assist PCC voltage recovery during and after grid 
faults. 

III.  STATCOM MODEL AND THE REACTIVE POWER 
CAPABILITY OF GRID-SIDE CONVERTERS 

A. Design and Control of a STATCOM 

 A STATCOM is normally a type of voltage-source 
converter (VSC), which is connected to a network in parallel 
as shown in Fig. 4 [20]-[22]. A typical application for a 
STATCOM is to support the grid voltage by supplying 
reactive power. A control block diagram of a STATCOM is 
shown in Fig. 4, in which the DC-link voltage and the 
reactive power are regulated. 
  In the practical applications of a STATCOM, two-level 
full-bridge converters, three-level neutral point clamped 
(NPC) converters or cascaded multilevel converters are 
usually utilized, which employ self-commutated switches. 
The rating of a STATCOM should be determined 
appropriately according to the reactive power requirements 
for the power factor demand or the voltage regulation at the 
PCC. A larger capacity STATCOM is able to support short 
circuits longer during faults and shorten the voltage recovery 
process after the fault clearance [23], [24]. 
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 B.  Reactive Power Capability of the GSC 

 A typical PMSG wind turbine system is connected to the 
grid through a full-scale back-to-back converter as shown in 
Fig. 3, in which the GSC can control the active and reactive 
powers flowing into the grid independently. The voltage 
equation of the GSC is expressed as [25]: 
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Fig. 6. Power capacity curves of the GSC. 
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Fig. 7. Equivalent circuit of PMSG wind turbine. 
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where Vg and Vc are the grid and converter voltages, 
respectively, Ic is the converter current, Xf is the input 
reactance of the GSC, and the “dot” above the variables 
means a complex quantity. Fig. 5 shows a phasor diagram for 
the GSC. By varying the amplitude and phase angle of the 
converter voltage, the active and reactive powers from the 
GSC are adjusted. 
 The GSC has a certain capability which is determined by 
the converter current and voltage. The converter current is 
limited by the switching devices. The power relationship 
under the converter current limit is expressed as: 

2 2 2( )g cP Q V I+ = .                  (2) 

 On the other hand, the converter voltage, which depends 
on the DC-link voltage of the converter, imposes another 
limitation on the PQ capability of the GSC. The active and 
reactive powers are expressed with the converter and grid 
voltages, respectively, as [25]: 
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where δ is the phase angle difference of the converter and 
grid voltages. 
 From (3), the relationship between P and Q under the 
converter voltage limit can be rewritten as: 

  

 

Fig. 2. Power system integrated with wind farm and
STATCOM. 
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Fig. 3. PMSG wind turbine system. 
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Fig. 5. Phasor diagram of the GSC. 



912                        Journal of Power Electronics, Vol. 13, No. 5, September 2013 

wtG
wtB

wtP
wtQ

STATB
STATQ

· · ·

···

·

·

lX

,L LP Q

 
Fig. 8. Equivalent circuit of the power system considered. 
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 From (2) - (5), the capacity limits of the GSC are depicted 
in Fig. 6. Under variable wind speeds, the active power 
delivered to the grid by the GSC varies. Then, the reactive 
power capacity of the GSC also changes. 
 

IV.  REPRESENTATION OF WIND TURBINES AND 
STATCOM 

 In order to simplify the analysis of the influence of wind 
farms on a network, PMSG wind turbine systems are 
modeled as a load with a negative conductance and a positive 
or negative susceptance, which represent the active power 
production and the reactive power absorption or injection, 
respectively, as shown in Fig. 6. 
 In Fig. 7, the conductance (Gwt) and susceptance (Bwt) 
represent the active and reactive powers of the wind turbine 
system delivered to the grid, and are given as [2]: 

  
2

1 wt wt
wt wt

wt wt

P jQG jB
Z V

+
= + =&         (6) 

where Zwt is the equivalent impedance of the wind turbine, Pwt 

and Qwt are the active and reactive powers of the wind turbine, 
respectively, and Vwt is the voltage at the wind turbine 
connection point. Then, the current flowing into the grid from 
the wind turbine, Iwt, is expressed as: 
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where Imag is the magnitude of the wind turbine current as 
calculated by: 
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 Similarly, the STATCOM is also modeled as a 
susceptance, BSTAT, which is expressed as: 

2
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STAT
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where QSTAT is the reactive power produced by the 
STATCOM. 

 

V.  COORDINATED CONTROL STRATEGY OF THE 
REACTIVE POWER BY GSCS AND STATCOM 

 
A.  PCC Voltage Regulation in the Steady State 
 The equivalent circuit of the network in Fig. 2 is shown in 
Fig. 8, in which the transmission line reactance is modeled as 
Xl, and the line charging susceptance is neglected. In addition, 
the wind farm and the STATCOM are integrated into the 
network at bus 4 for providing the active and reactive powers. 
The load in Fig. 8 consists of the summation of the four loads 
shown in Fig. 2, in which the power factors of each load are 
assumed as cosf . The loads are supplied mainly from the 
grid at bus 1 and partly from the wind turbine systems. For 
this network, the maximum power, Pmax, can be delivered to 
the load as [2]: 
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where E is the rms value of the voltage at bus 1, q = 
Xl(Bwt+BSTAT), p = XlGwt, and Xl is the grid impedance. Then, 
the voltage at bus 4 is expressed as: 
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 At the maximum power delivered, the critical voltage at 
bus 4 should be kept within an allowable range (0.95 pu ~ 
1.05 pu). From (11), by increasing the factor q, which 
corresponds to increasing the reactive power provided from 
the wind farm and the STATCOM, the critical voltage at bus 
4 is increased. In addition, the maximum deliverable power is 
increased as in (10). 
 Furthermore, long-term voltage fluctuations at bus 4 can 
be mitigated by regulating the reactive power from the wind 
farm and the STATCOM. For this, the voltage drop, ∆V, in 
the transmission line is calculated as [26]: 
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where PL and QL are the active and reactive powers of the 
load, respectively. 
 In order to mitigate fluctuations in the PCC voltage, the 
voltage drop in the transmission line should be kept constant. 
For example, if the voltage at bus 1 is 1.05 pu and the voltage 
drop in the transmission line is 0.03 pu. Then, the PCC 
voltage should be kept at 1.02 pu. For this, the reactive power 
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required for the wind farm and the STATCOM is obtained by 
(12) as: 

  STAT wt L
l

V EQ Q Q
X

D ×
+ = - .         (13) 

 In the worst case where the wind speed is higher than the 
rated value, the active power delivered to the grid is the rated 
value. Then, there is no margin to produce reactive power 
from the GSC. In this case, from (13): 

  STAT L
l

V EQ Q
X
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However, the wind speed in the field is normally lower than 
the rated value. Therefore, the GSCs have the margin for 
supplying reactive power to regulate the PCC voltage.  

Fig. 9 shows a control block diagram of the GSCs and the 
STATCOM. The supervisory controller manages the 
coordinated control of the GSCs and the STATCOM as well 
as the regulation of the PCC voltage. A PI (proportional and 
integral) regulator is used for the PCC voltage, where the 
reference is set as 1.02 pu. The controller output is the 
command of the d-axis current component to be injected into 
the network, which is supplied by the GSCs and the 
STATCOM coordinately. 
 In normal operation, the margin of the reactive power 
production of the GSCs depends on the amount of active 
power delivered to the grid. Then, the reactive current limit, 

lim
deI , is constrained to the circles as shown in Fig. 5. The q-

axis current reference, *
qeI , is decided by the power 

generated from the wind turbine. As mentioned previously, 
the PCC voltage controller generates the reference of the 

reactive current component, *
deI , which is shared equally by 

the individual GSCs. 
 If the capacity of the GSCs is insufficient for the 
command of the reactive current, the amount of the shortage 
is supplied from the STATCOM. Then, the reactive current 
reference of the STATCOM is calculated as: 
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*
( )de iI  is the d-axis current reference for the GSC and 

_ ( )de g iI  is the pre-set value of the d-axis current without 

considering the current limit. 
 With the d-axis current references decided from the 
supervisory controller, the GSCs and the STATCOM are 
controlled conventionally [1], as shown in Fig. 9. 
 

B. Enhancing the LVRT Capability of Wind Farms 
under Grid Faults 
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Fig. 9. Block diagram of the GSCs and the STATCOM. 
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 During a grid fault, the PCC voltage drops significantly 
even though the fault location is far away in the transmission 
line. As required by grid codes, the reactive current has to be 
supplied into the network to assist in the voltage recovery. In 
this situation, the higher the reactive current that is provided, 
the faster the PCC voltage is recovered. For this purpose, the 
STATCOM supplies the full capacity of the reactive current 
to the grid. In addition, the GSCs of wind turbine systems are 
controlled to supply the reactive current component to the 
grid, whereas the active current component, that is, the 
generator power, is reduced to zero. This is possible because 
the generator speed is controlled to increase, which results in 
a reduction of the generator power, where the turbine output 
power is stored in the system inertia. 

 
 

VI.  SIMULATION RESULTS 

 Simulation have been carried out to verify the validity of 
the coordinated reactive power control scheme. 
PSCAD/EMTDC software has been used for the system 
model, which is shown in Fig. 10. The parameters of the 
generator, wind turbine, transmission line and transformers 
are listed in the Appendix. A total load connected at bus 4 is 
of 50-MVA at a 0.9 lagging power factor. A STATCOM 
rated at 9-MVA according to (14) is placed at bus 4, in which 
the peak current rating of the STATCOM in the low-voltage 
side is 9.5 kA. In this study, the coordinated control of the 
STATCOM and the GSCs of wind farms is investigated 
intensively. To achieve this some assumptions made. First, 
the PWM converters are modeled as current sources. Second, 
the current controllers in the GSC, MSC (machine-side 
converter) and STATCOM are operated ideally. Third, each 
wind turbine in the wind farm is operated at a different wind 
speed, as usual. 
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Fig. 11. Operation of the wind farm 
(a) Wind speeds. (b) Generator speeds. (c) Generator powers. 
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Fig. 12. PCC voltages unregulated and regulated by the GSCs 
and the STATCOM. 
 

 The operation of each turbine under different wind speed 
conditions is shown in Fig. 11(a). The MPPT (maximum 
power point tracking) control for the individual wind turbines 
is performed during normal operation, where the optimal 

M

 
Fig. 10. PSCAD simulation model for the case study. 
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generator speed and power are obtained, as shown in Fig. 
11(b) and (c), respectively. 
 Fig. 12 shows the PCC voltage unregulated and regulated 
by the GSCs and the STATCOM. Without the control, the 
PCC voltage fluctuates a lot due to variations of the load or 
generated power fluctuations in the wind farm. On the other 
hand, the PCC voltage is kept well at 1.02 pu with the control 
of the GSCs and the STATCOM. 
 The PCC voltage is regulated by a PI controller, where 
output is the d-axis current reference as shown in Fig. 13(a). 
This current is supplied by the GSCs and the STATCOM 
coordinately, as shown in Fig. 13(b) and (c), respectively. 
The d-axis current reference is equally divided by the number 
of GSCs. However, the reactive power supplied from each 
GSC depends on the amount of active power delivered to the 
grid, where the peak current rating of each 2-MW GSC is 2.3 kA. Therefore, the d-axis current reference for each GSC will 
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Fig. 13. Performance of coordinated control. 
(a) d-axis current reference. (b) d-axis current references of the 
GSCs. (c) d-axis current reference of the STATCOM. (d) Total 
reactive power from the GSCs and STATCOM. (e) GSC reactive 
powers. (f) STATCOM reactive power. 
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Fig. 14. PCC voltage control without coordination. 
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Fig. 15. Coordination of GSC and STATCOM at grid fault. 
(a) Grid voltages. (b) Gen. speed. (c) Gen. power. (d) d-axis 
current reference in the GSC. (e) d-axis current reference in the 
STATCOM. 
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be different as shown in Fig. 13(b). Prior to activating the 
STATCOM, the GSCs are utilized fully according to the d-
axis current references, while the STATCOM is in standby 
for this duration as shown in Fig. 13(c), where the capacity of 
the GSCs is sufficient to regulate the PCC voltage. Fig. 13(d) 
shows the total reactive power supplied to the network from 
the GSCs and the STATCOM. The reactive powers of the 
GSCs and the STATCOM are shown in Fig. 13(e) and (f), 
respectively, and are proportional to the d-axis currents 
shown in Fig. 13(b) and (c). 
 In addition, PCC voltage control without the coordination 
of the GSCs and the STATCOM is investigated, which is 
shown in Fig. 14. The PCC voltage is controlled well at its 
normal value of 1.02 pu as shown in Fig. 14(a). For this, the 
STATCOM and the GSCs supply reactive power to the grid 
independently, where the PCC voltage controllers are used on 
the both sides of the STATCOM and the GSCs [1], [27]. Fig. 
14(b) and (c) shows the reactive powers supplied from the 
STATCOM and the GSCs, respectively, where the 
STATCOM is operated to supply reactive power all the time. 
This causes an increase in the power losses of the STATCOM. 
In addition, the lifetime of the devices in the STATCOM will 
be reduced due to the continuous operation. 
 Next, the LVRT capability of a wind farm integrated with 
the grid is investigated in transient states, where it is 
considered that a three-phase voltage sag occurs on the 
transmission line between bus 2 and 3. Fig. 15 shows the 
coordinated control performance of the wind farm and the 
STATCOM during a grid fault, in which the three-phase grid 
voltages are shown in Fig. 15(a). During the grid fault, the 
reactive power is prioritized to supply the grid. For this, the 
generator speed is increased as shown in Fig. 15(b). This 
causes a reduction of the generator output power as shown in 
Fig. 15(c). Then, the control of the GSCs is modified to 
provide reactive current for the grid voltage recovery. Fig. 
15(d) shows the d-axis current reference of the GSC. In 
addition, the STATCOM provides the reactive current fully 
as shown in Fig. 15(e). 
 Fig. 16 shows the PCC voltages during the fault. It can be 
seen that the PCC voltage rise with the STATCOM 
compensation is higher than the rise without this 
compensation. With the coordinated reactive power control of 
the STATCOM and the GSCs, the PCC voltage is greatly 
improved when compared with the other cases. It is noted  

TABLE I. PARAMETERS OF PMSG 

Rated power 2 MW 
Stator voltage/frequency 690 V/16.6 Hz 

Stator resistance 0.008556 Ω 
Stator inductance 0.00359 H 
Number of poles 120 

Moment of inertia 48,500 kg.m2 

TABLE II. PARAMETERS OF TURBINE BLADES  

Blade radius 42 m 
Air density 1.225 kg/m3 

Max. power conv. coefficient 0.40 
Optimal tip-speed ratio 7.0 

Rated wind speed 12 m/s 
Moment of inertia  66.3 10× kg.m2 

that in order to fully recover the grid voltage during a grid 
fault, the required capacity of the STATCOM is extremely 
large (about 50 MVA in the studied system). However, this 
requirement from the grid code is not mandatory. 
 

VII.  CONCLUSIONS 
 A novel coordinated reactive power control for the GSCs 
and the STATCOM of wind farms has been proposed to 
enhance the PCC voltage regulation in both steady-state and 
transient-state conditions, where the GSCs are utilized fully 
to provide reactive power for the grid prior to activating the 
STATCOM. With this coordinated control scheme, the 
continuous operation of the STATCOM is not mandated, 
resulting in an increase in the lifetime of the devices. In 
addition, by prioritizing the reactive current injection from 
the GSCs during grid faults, the grid voltage is recovered 
faster without the requirement of a large-sized STATCOM. 
The validity of the proposed algorithm has been verified by 
simulation results. 

APPENDIX 

 The parameters of the generators and wind turbine used 
for the simulation are listed in Table I and II, respectively. In 
addition, the parameters of the transmission lines are listed as 
follows: 

Distribution transformer: 154/33 kV, 100 MVA, reactance = 5%; 
wind turbine transformer: 33/0.69 kV, 2MVA, reactance = 6.0%; 
transmission line: Xl=6.5%. 
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