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Abstract 
This paper investigates the dynamic performance of an active 
rectifier integrated into a wind park. The small changes in the 
DC current and the DC voltage are examined. The small 
variations are caused by the miniature power flow unbalance 
between the offshore wind park and the grid land. Internal DC 
collector is considered into the wind park, which provides an 
internal DC medium voltage bus. The AC output signal from 
the wind generator to the internal DC collector or DC bus is 
regulated through active rectifier. An active rectifier is a 
cascade connection of an uncontrolled full bridge diode 
rectifier and a controlled DC-DC boost converter. The small 
changes in the DC current and DC voltage due to power flow 
unbalance are analysed across the boost converter. The way in 
which these small variations affect the internal medium DC 
voltage is determined. The results are presented in the form of 
small signal transfer functions and are evaluated with 
MATLAB software. 
 

1 Introduction 

The traditional topological structure of wind farms (WF) are 
based on internal AC links connections. With the recent 
advancement in DC technology, it has been found more 
efficient to use DC links than the AC system [1]. For the 
offshore wind farms, the weights of the equipment are 
severely reduced when DC links are employed. Most of the 
offshore wind farms (OWFs) are constructed far away from 
the land grid or load centre. Because of the higher charging 
currents in the AC cables, the DC cable becomes more 
preferable for power transmission. Large numbers of existing 
OWFs-based DC links use the line commutated converter 
(LCC) configurations. The LCC-DC converter consists of 
thyristors with firing angle control. The thyristors control 
commutations relay on the AC network. Thus, it has been 
found vulnerable to operate the LCC-DC converter within a 
weak AC network [2]. The short circuit ratio (SCR), which is 
the ratio between the short circuit levels or apparent power 
and the DC power, has to be maintained higher at the 
AC/LCC-DC junctions, at about the value of 3 for a high SCR 
or 2 for a critical SCR [3, 4]. In order to maintain the AC/DC 
link strong or with an acceptable SCR, the reactive power 

compensator and voltage-dependent current order limit 
(VDCOL) are installed in the AC/LCC-DC junction [2]. The 
SCR is directly proportional to the square of the AC voltage, 
and inversely proportional to the DC power. The reactive 
power compensator regulates the AC input voltage to the 
LCC converter. The VDCOL limits the DC current or DC 
power which flows through the DC line. The harmonic 
distortions generation by the LCC system is higher requiring 
large filter [5]. Recently it has been found more attractive to 
use the voltage source converter (VSC) based on pulse width 
modulation (PWM) control system in the AC/DC links [6]; 
the junction becomes AC/VSC-DC rather than AC/LCC-DC. 
The VSC-DC system consists of self-controlled switches, e.g. 
IGBTs, GTOs. The operations of switches are coordinated by 
means of the PWM. These switches provide independent 
control of active and reactive power because the PWM 
operation is independent of AC network. The VSC-DC 
system may not require any reactive power compensators or 
any VDCOL. This system has a low rate in harmonics 
generation, just small filters are needed. The VSC-DC 
converter has the ability to sustain a weak AC network, which 
has a very low SCR, by independently regulating the AC 
voltage and active power [4, 5]. But the cost and losses of the 
VSC based PWM converters are higher compare to the LCC-
DC system [7]. 
 In an OWF, each wind energy conversion system (WECS) 
consists of a wind turbine (WT) including mechanical 
supporting structure, transmission part, generator e.g. 
synchronous or induction generator which can be double fed 
induction generator (DFIG), a 50 or 60 Hz transformer and 
AC cables. All together are connected to an internal AC 
collector.  However, because of the number of benefits 
offered by the VSC-DC links, the internal layout of the OWF 
can better relay on VSC-DC links which use forced 
commutation switches. Therefore, each WECS is then 
connected to an internal DC collector through VSC-PWM 
converter. The use of DC collector internal to the OWF also 
can reduce the size and weight of the WECS [1, 6]. 
 The active rectifier is used in this paper as a VSC-PWM 
option to provide regulation of the internal DC parameters 
(current, voltage) of the wind park. The advantage of this 
layout is that, the elaboration of control scheme in the turbine 
(mechanical part) and generator (electrical part) can be less 
complex compare to the AC layout. Also, the efficiency of 
this system is higher, which provide the ability to the WECS 
to capture the maximum wind resources at all time. By 
comparison with the conventional VSC full-bridge converter, 
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where two switches are conducting at every instant. The 
power loss due to switch conduction is double. But for the 
active rectifier, only a single switch conducts at every instant. 
The drawback of this configuration can be the higher cost. 
In this paper, the performances analyses of active rectifier are 
investigated across the DC-DC boost converter. The small 
parameters variations due to small power flow unbalance 
between the wind park and the land grid are examined. The 
rates of changes of parameters caused by the small variations 
are quantified. The results are presented in the form of loop 
transfer function and tested with MATLAB software. 

2 System descriptions 

An offshore wind park consists of a large number of wind 
energy conversion systems (WECS). The wind park is 
feeding a land grid through HVDC transmission system as 
shown in Figure 1. Each WECS consists of a turbine, a 
generator, a 50Hz transformer, and an active rectifier. An 
active rectifier is represented as a cascade connection of a full 
bridge diode rectifier and a DC-DC boost converter [8]. The 
structure of each WECS is as represented in Figure 2. The 
terminal of active rectifier is connected to an internal DC 
collector of the wind park. 
The full bridge diode receives the AC signal to its input side. 
This is the output signal from the 50Hz transformer. The 
signal is then converted across the diode rectifier from AC 
signal to a no-controllable DC signal. The AC signal input-
output to the transformer is also regulated across the wind 
generator. The DC-DC boost converter receives input as an 
uncontrollable DC signal.  The no-controllable DC signal is 
then regulated through the DC-DC converter and PWM 
control to provide controllable parameters to the DC collector 
into the wind park. The standard for operating an HVDC grid 
is as described in [9]. 
 The VSC-DC internal link of the wind park has the ability to 
capture the maximum power from the wind resources. This 
power is then sent to the land grid through the main DC 
collector and the HVDC line, as shown in the Figure 1. In 
order to understand the operation of VSC-PWM converter 
and its ability to track the maximum wind power [10-13]; 
referring to the basic power flow equation (1) and Figure 2 
[8]. 

sin
T

CG

X
VV

P   (1) 

where GV  is the AC voltage at the generator side ; CV  is the 

AC voltage input to the bridge rectifier; TX  is the 
transformer impedance; and  is the power angle which is 
the voltage phase difference between the generator and  the 
input to the bridge rectifier, GC , as shown in 
Figure 2. The voltage phase difference is associated to the 
frequency or speed of the generator. The maximum power 
tracking is attained by regulation of  keeping about 90 . 
This is achieved by coordinating C  through the PWM 
control as according to equation (2) for a three phase system 
[12]. 
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Where, M  is the PWM modulation index; )(tvsa , )(tvsb , 

)(tvsc  are the three phase AC voltage input to the VSC 

converter. The regulation of C  and M  are realised through 
the control and modulation of the DC-DC boost converter as 
shown in Figure (2). 
At the land grid-side either the LCC-DC or the VSC-DC 
inverter is considered in the DC/AC junction. In order to 
maintain the power flow balance, voltage regulator is 
installed into the receiving end to the land grid side [14]. For 
the power flow to be balanced, the total amount of power 
produced by the wind park has to be maintained equivalent to 
the power consumed to the land grid. If each individual 
WECS can capture a DC power of values diP  ; the total 

amount of power produced by the wind park dP  is equal to 
the sum of the individual captured DC power, equation (3). 

n

i
did PP

1

  (3) 

Where n  is the total number of WECS. 
To balance the power flow between the wind park and the 
land grid, equation (4) has to be satisfied at all times. 

dRd PP  or ddRddS IVIV   (4) 
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Where dRP  is the total power received into the land grid 

across the DC/AC junction; dSV  is the DC voltage at the 

sending end; dP  is the total power produced by the wind 

park; and dI   is the DC current flowing through the HVDC 

line. The system unbalance occurs when dRd PP . The 

unbalance can cause the DC voltage dSV  of the main 
collector at the wind park side either to increase or decrease. 
Different approaches have been proposed to maintain the 
power flow balance [15-17]. A voltage regulator was installed 
at the receiving end in the land grid. The voltage regulation 
process is defined in equation (5), and the voltage control 
loop is as presented in Figure (3) [17], RS  is a sensor 
proportional to the voltage-current relation. 
The DC current dI  (or DC power dRP ) is controlled through 
the voltage regulator, equation (5).  

)( dRrefVd VVKI   (5) 

Where dRV  is the actual or measured DC voltage in the 

receiving end; refV  is the voltage reference in the receiving 

end; VK  can represent a system compensator. The DC 
voltage at the sending side is equal to the DC voltage at the 
receiving side plus the voltage drop through the HVDC line, 
as given by equation (6). 

ddRdS RIVV   (6) 

Where R  is the resistance of the HVDC transmission line. 
At the wind park side, voltage regulators are also integrated 
into each WECS to limit the current as proposed in [17]. 
In steady state grid operation, the installed voltage regulators 
does not regulating perfectly; thus, small power flow 
unbalances cannot be avoided. These small unbalances cause 
small variation in the system parameters (current, voltage, 
etc.) of the wind park. 
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Figure 3: Voltage control loop 

3 DC-DC converter 

3.1 Dynamic model 
 
For the design of an active rectifier, it is possible to use a full 
bridge diode rectifier in cascade with a step up DC-DC 
converter as shown in Figure 2 [8]. The DC voltage input to 
the DC-DC converter or output to the bridge rectifier is 
calculated as in equation (7) for a three phase and single 
bridge systems [18]. 

dccsrdc IXVaV 323   (7) 

Where, sV  is the line to line rms voltage; ra  is the converter 

transformer tap ratio; dcI  is the current which flow across the 

bridge rectifier; and cX  is the commutation reactance, it is 

equivalent to the transformer reactance tX . 
The equivalent circuit of DC-DC boost converter is as 
represented in Figure 4 [19]. The steady state or the average 
dynamic model is derived as given in equations (8) and (9) 
[19]. Some simplification is considered in the derivation of 
the transfer functions; the second order non-linear parameters 
are neglected. 
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Where, satceV ,  is the voltage saturation or voltage drop across 

the switch; fwdV  is the forward voltage drop across the 

diode; Lr  is the resistance across the inductor; LR  is the 

resistance of the DC collector; )(tidc  is the average current 

flowing across the bridge rectifier; )(0 tvd  is the average 
voltage output to the DC-DC converter, this is the internal 
voltage of the wind park or the internal DC voltage collector; 

)(tm  is the PWM modulation index, for a boost converter 

))(1/(1)( tdtm ; son Tttd /)(  is the duty ratio 
which is proportional to the AC voltage as according to 
equations (2) and (10); ont  is the interval of time when the 

switch is on;  sT  is the switching period.  

ss TsabcT
vftd )(   (10)  

The small signal models which give information on the 
dynamic of DC-DC boost converter are derived in equations 
(11) and (12). These are obtained by adding small signals to 
the averaging parameters as in equations (13), (14), (15), and 
(16). 
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Figure 4: equivalent circuit of the boost converter 
 
The small variations are caused by the spreading of small 
power flow unbalance into the grid. 
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The symbol (^) stand for small signal parameters. 
 
3.2 Transfer functions 
 
In this paper, only the open loop transfer function is 
considered. In order to mitigate the small variations, a closed 
control loop system has to be implemented including the 
design of compensator system. This implementation is not 
part of this paper, it will be considered in our future study. 
From the two expressions, equations (11) and (12), the 
Laplace Transform is applied to derive the open loop transfer 
functions. The transfer function is the ratio between input and 
output signals.  If considering G  as an open loop transfer 
function of the DC-DC converter, its amplitude is used to 
quantify the rate in which the output signal change, when the 
input signal or control signal is subjected to small variations. 
In the dynamic model, the small signals consist of dcv̂  and 

)(ˆ tidc as inputs signals, )(ˆ td  as the control signal, and 0ˆdv  
as the output signal to the DC-DC converter. The resulting 
open loop transfer functions are derived in equation (17), 
(18), (19), (20) and (21). 
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Where L  and C  are respectively the inductor and the 
capacitor internal network components of the DC-DC 
converter. The amplitudes of transfer functions are 
determined in the frequency domain. The small variations can 
be recorded online through digital monitoring system 
installed in each substation, e.g. the Digital Fault Recorder 
(DFR) or the phasor measurement units (PMU) [20]. 

4 Sample network description 
The considered wind generator is a three phase system with 1 
MW and 33 kV.  The input voltage to the bridge rectifier is 66 
kV, for a 1:2 transformer ratio. The DC output current dcI  to 
the bridge rectifier is calculated as in equation (22) [21]. 

2
1 1 Isrmsdc THDIII  (22) 

srmsI  is the rms AC supplied current; 1I  is the fundamental 

AC current which can be expressed as sVSCCI /1 ; 

SCC  is the short circuit capacity (MVA); ITHD   is the 
current total harmonic distortion given by equation (23) [21]. 
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hI I
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Where, hI  is the harmonic current components recorded at 

the input side of active rectifier. The SCC  is the ratio 
between the active power P  and the power factor PF  in the 
AC/DC junction. The power factor is as expressed in equation 
(24) [21]. 

DPF
THD

PF
I
21

1
  (24) 

Where, the displacement power factor DPF  is about equal 
to 1. The active rectifier generates less harmonic distortion 
compare to the LCC converter. Thus, it is assumed in this 
paper a ITHD  of about %15 . The transformer reactance 

ct XX  is considered about 40% of the rated impedance 

rmssrated IVZ 1/ . The DC voltage dcV output to the bridge 
rectifier is obtained as in equation (7).  
 The component networks of the DC-DC converter are seized 
according to equations (25) and (26). 

pkpk

ssatcedcLdc

i
DTVIrV

L ,  (25) 

pkpk

sL

v
DTI

C    (26) 

pkpki  and pkpkv  are respectively the peak to peak 

ripple current and voltage; 0dV  is the voltage of the internal 

DC collector; LI  is the current which flows through the DC 
collector, this is calculated according to equation (27). The 
ripple current and voltage are considered low because of 
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presence of the active rectifier, dcpkpk Ii 2.0  and 

002.0 dpkpk Vv .  
  (25) 

2
22

2
1 pkpk

dcL

i
IDI  (27) 

The steady state voltage 0dV  is related to the PWM 
modulation index as expressed in equation (28). 

cesatfwdfwddcLdcd VV
tM

VIrVtMV
)(

11)(0 (28) 

Where )1/(1)( DtM  for a DC-DC boost converter. 
The switching frequency is considered equal to 20 kHz.  

5 Discussion 

The output voltage to the bridge rectifier is calculated from 
equation (7), kVVdc 64 . The voltage internal to DC 

collector is fixed, kVVd 1550 [14]. The duty ratio is 

calculated from equation (28), 6.0D . There are 
established methods which can be used to estimate the 

satceV , , fwdV , and Lr .  In this paper, an ideal system is 
considered, the power losses are neglected in the analyses. 
The components network of the DC-DC converter are 
calculated based on equations (25) and (26), 

HL 640 and FC 1.58 . The open loop transfer 

functions waveforms for )(1 sG , )(2 sG , )(3 sG , )(4 sG  

and )(5 sG  are plotted respectively in Figures (5), (6), (7), 
(8) and (9).  
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It is noticed from the transfer functions that the rate of 
disturbances amplification is higher at the frequency lesser 
than the switching frequency. There is also a peak resonant 
which occurs at the frequency of 500 Hz for the TF  )(1 sG , 

)(2 sG , )(3 sG , and )(4 sG . A filter can be designed and 
sampled at 500 Hz in order to withdraw this high amplitude 
of variations. 
At the switching frequency ( kHzfs 20 ) which is the 
steady state operating point, the amplitudes of variations are 
recorded as follows: 1.0)(1

sf
sG , 2.4)(2

sf
sG , 

025.0)(3
sf

sG , 5.4)(4
sf

sG , and 112.0)(5
sf

sG . 

The rate of signal amplification is very higher for the TF 

)(2 sG  and  )(4 sG . These two TFs links the )(ˆ tidc  and the 

)(ˆ 0 tvd  to the )(ˆ td . Because )(ˆ)(ˆ tvftd sabc , the 
variations in the AC voltage input to the active rectifier have 

to be well controlled. The )(ˆ tidc  and )(ˆ 0 tvd  will have an 
higher amplitude for just a small variation of the 

).(tvsabc However, a closed loop and compensator systems 
can be implemented to mitigate the higher variations.  
The small signals parameters can be monitored by means of 
the digital monitoring units installed in each substation. It is 
also noticed in Figure (9) that the small variations are very 
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highly amplified when the switch operates at the frequency 
lower than the required switching frequency. At the high 
frequencies, the small signals are less amplified. This proves 
the reason why the VSC converter generate less distortion 
compare to the LCC converter, because of the high switching 
frequency operation of the VSC-PWM system.  

6 Conclusion 

 This paper derives the model of an active rectifier. The small 
variations of parameters which occur into a wind park are 
quantified. The analyses are based on the DC-DC boost 
converter, which is an integrated part of the active rectifier. 
The active rectifier is installed into a wind park. The small 
variations of grid parameters are included in the model. These 
variations are caused by the small power flow unbalance 
between the wind park and the land grid. In order to 
determine the effect caused by these variations to the internal 
DC collector of the wind park; the open loop transfer 
functions of the DC-DC converter are derived. These transfer 
functions link all the necessary state variables of the grid to 
the internal DC collector. The steady state increase in the 
voltage at the DC collector internal to the wind park is 
quantified. The solution to mitigate these small variations can 
be achieved by means of an inner feedback current control 
loop and an outer feedback voltage control loop, including the 
current and voltage compensators implemented into the 
feedbacks. This control elaboration design will be part of our 
future study. 
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