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Abstract— A PWM current source wind energy conversion 

system based on a parallel configuration for HVDC application is 

proposed. A comparison between the parallel and series 

configurations for current source based systems is investigated, 

which shows the merits of the proposed system. A new control 

technique for the PWM current source inverter is proposed. It can 

effectively control the average DC link voltage with a feed 

forward loop, while independently controlling reactive power 

according to grid code requirements. The system simulation 

confirms the performance of the proposed system with no 

interaction between wind turbine modules and satisfying 

performance with grid integration. Practical implementation 

further verifies the proposed inverter control. Finally, a brief 

comparison between conventional line-commutated converter 

based systems and the proposed PWM current source converter 

based system is presented. 

Index Terms—Wind energy, HVDC, Current source converter, 

Grid integration 

I. INTRODUCTION 

N 2012, worldwide wind energy capacity reached 283 GW 

with an increase in global wind power market by more than 

10% compared to 2011 [1]. Wind energy capacity is 

increasing at a steady pace. Based on the European Wind 

Energy Association’s estimation up to 2030, the wind energy 

capacity will probably reach 1,778 GW, which is 15.1% of 

global electricity demand for 2030. While in ambitious 

scenarios, the capacity may reach 2,342 GW, almost 21.8% of 

global electricity demand [2]. 

Different wind energy conversion systems have been 

developed to achieve such a goal. Among them, the variable 

speed system with a permanent magnet synchronous generator 

(PMSG) and full rated power electronic converter shows many 

benefits over other systems and is becoming more attractive. 

However the DC transmission and grid integration for such a 

configuration remains a challenge. 
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A current source line commutated converter (LCC), which uses 

thyristors for the main switching devices, has an established, 

proven track record over five decades in high voltage direct 

current (HVDC) transmission. Its main advantages are low 

conversion losses and high overload capacity. Such a system 

has been investigated for wind energy conversion systems. In 

[3, 4] the authors focus on the reactive power and harmonic 

compensation technique for the LCC in wind energy 

applications. The LCC was further improved in [5-7] using a 

12-pulse scheme with better harmonic performance, without a 

reactive power compensator. Instead of single wind turbine 

interfacing, an LCC based system has been investigated to 

directly interface a DC network based wind farm [8], where 

each wind turbine is individually controlled by an LCC, series 

connected and integrated to a common DC bus. The advantage 

is that the DC link voltage can accumulate without an 

additional transformer or a step up converter. Being 

line-commutated, its switching frequency is restricted by the 

AC network power frequency. Also, it has the following 

disadvantages: require large passive filters to mitigate low 

order frequency harmonics, slow dynamic response, dependent 

active and reactive power control, large footprint, and 

susceptibility to AC network disturbance [9]. 

A pulse width modulation (PWM) voltage source converter 

(VSC) based DC transmission system, using self-commutated 

devices, such as the insulated gate bipolar transistor (IGBT) as 

a main switching device, is a developing direction of present 

and future progress for wind energy integration. It has 

significant performance benefits and can mitigate most of the 

shortcomings of LCC based systems. It allows the use of high 

frequency pulse width modulation (with a switching frequency 

of order the 1 to 2 kHz), resulting in fast dynamics response, 

small AC filters, independent control of active and reactive 

power, and grid fault ride through capability, although at a cost 

of higher switching losses. Conventional two-level VSC has 

been investigated for wind energy application [10, 11]. The 

wind turbine is individually controlled by a full rated VSC and 

parallel connected to a common DC link. The DC link is 

integrated to the grid and controlled by a VSC. Multilevel 

voltage source converters were developed to address 

limitations of two-level converters in high voltage applications. 

A common voltage source multilevel converter is neutral-point 

clamped [12]. It generates lower harmonic distortion, requires 

approximately half the switching frequency of that of a 

two-level converter to generate output voltage with the same 

quality, lower voltage stress across a single switch, and higher 

power rating [13]. However, the main disadvantages include 

more switches, more complex control, and the requirement for 
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a neutral-point or clamping capacitor balancing mechanism 

[12]. For both two-level and multilevel VSCs, a large 

decoupling capacitor is required at the DC side to maintain 

constant DC link voltage, which is critical for high-power 

high-voltage applications [14]. Electrolytic capacitors for this 

purpose are heavy, bulky, expensive, and voltage limited. The 

DC link capacitor deteriorates with time, which represents a 

major system lifetime limiting factor [15]. Additionally, the DC 

link capacitor make the system vulnerable to short circuit 

faults. 

Besides the two power transmission and grid integration 

systems introduced, a current source converter (CSC) based 

system using self-commutated devices is also attracting 

interest. As self-commutated devices are employed, the 

problems of the LCC based system can be addressed, and 

performance similar to that of a VSC based system can be 

achieved. In addition, as the DC link capacitor is replaced by a 

relatively large inductor, the system is inherently robust to both 

DC and AC short circuit faults [16]. Furthermore, as the current 

is defined, the system controller is simpler when injecting 

power into an AC network which is a voltage source. Active 

and reactive power control of the PWM CSC in wind energy 

applications has not been extensively investigated in the 

literature, the configuration and control strategy of an 

associated wind farm also needs further study. In [17], a 

back-to-back CSC based system is used to interface a single 

wind turbine to the grid. The DC link current is controlled to a 

minimum to reduce system losses. The generator power value 

is fed forward to the inverter controller to ensure system 

stability and dynamic performance. However, the main 

problem is that communication is required between the 

generator and the inverter grid side. 

This paper presents a PWM current source wind energy 

conversion system based on a parallel configuration HVDC for 

multiple wind turbine interfacing. The proposed controller 

adjusts the average DC link voltage with a feed forward loop 

while independently controlling reactive power according to 

the grid code. The paper is organized in eight sections. Section I 

introduces three different power transmission and grid 

integration systems with their advantages and disadvantages. In 

Section II, the possible HVDC connections for wind energy 

conversion system are discussed. In Section III, a new PWM 

CSC based wind energy conversion system is discussed. A new 

control method for this system is proposed in Section IV.  The 

simulation and experimental results of the proposed control 

system are assessed and evaluated in sections V and VI, 

respectively. Finally, a comparison between the proposed 

PWM CSC based system and the conventional LCC based 

system is presented.   

II. SERIES/PARALLEL CSC BASED HVDC CONNECTION 

There are two possible wind energy conversion based HVDC 

grid connections for CSC based systems, series or parallel, as 

shown in Fig 1 parts a and b, respectively. 

In [18], a series connected generator side converter 

configuration, as shown in Fig. 1, is proposed based on the 

CSC. The advantage is that the high DC link voltage is 

achieved without transformers. In this system the DC link 

current is controlled by the current source inverter (CSI) 

according to a look-up table to minimize losses when the DC 

link power is low. The authors [19] further develop this concept 

by adapting multiple series connected grid side CSIs. Thus the 

power and voltage ratings for individual CSIs decrease.  

However, the series configuration suffers from the following 

disadvantages.  

i. If one of the modules fails, a current bypass path must be 

established. Therefore extra switches may be required. 

Also, if many converters fail, given finite boosting of the 

grid connect CSI, the remaining converters will need to 

increase their output voltage, beyond their normal 

operating voltage. 

ii. It is difficult to incorporate or remove a series connected 

wind turbine module for integration or maintenance if 

the system is already in operation. 

iii. Conduction losses increase as all modules are in series 

connection, hence all modules carry rated current.  

iv. Output voltage sharing of the generator side converters is 

an issue, as their output voltages are not balanced [20] 

(experience voltage depends on output power).  

v. Converters are not at ground potential. 

In order to mitigate these drawbacks, the novel configuration 

shown in Fig. 1b, which is similar to a VSI based DC network, 

is proposed. The wind turbine modules are parallel connected, 

while the CSI delivers the power into the grid and controls the 

DC link. To the authors’ knowledge, such a system 

configuration has not been investigated. It has the following 

advantages. First, output voltage balancing is not required for 

parallel connected current source rectifiers (CSRs), as the CSR 

large output reactance decouples the CSRs. Second, the cable 

inductance and CSR output inductor can be utilized by the CSI, 

eliminating extra bulky and expensive passive components. A 

novel control technique for the grid connected CSI is proposed, 

superficially similar to that used in traditional HVDC, to 

properly control such a WECS with high performance and 

stability during all network operating conditions. 
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Fig. 1 CSC based wind farm (a) serial connected wind turbines, and (b) parallel 

connected wind turbines. 

III. SYSTEM CONFIGURATION 

The proposed CSC based system configuration shown in Fig. 

1b is introduced in detail in this section. A PMSG is used as the 

generator due to its higher efficiency and reliability compared 

with electrically excited synchronous generators [21]. The 

generator side CSR controls its associated wind turbine to track 

its maximum power point (MPP). In the proposed WECS, the 

generator three phase AC voltage is converted to a DC voltage 

by a diode rectifier because of its simplicity, low cost, and 

reliability compared to fully controlled AC/DC converters [9]. 

A DC/DC converter is used to control the wind turbine and 

boost the output to a suitable DC link voltage. For grid 

connection reasons, especially for HVDC transmission 

systems, a DC/DC converter with a high voltage step-up ratio is 

required. In this case, a full bridge DC/DC converter with 

electrical isolation [22] is employed. It has the following 

advantages compared to a boost converter: 

 

 Can step up the input voltage to a high value; 

 The generator and DC link are electrically isolated; 

 Magnetic core utilization is increased; 

 The DC/DC converter output is a current source, thus 

suitable for parallel connection to the proposed current 

source inverter based system.  

 

The CSR with a diode rectifier and full bridge DC/DC 

converter is shown in Fig. 2a. A conventional three-phase, 

full-wave bridge current source converter (CSC) could also be 

used as the CSR. The CSI using insulated gate bipolar transistor 

(IGBT) series connected with a diode is shown in Fig. 2b. It 

includes a DC-link inductor and an AC side second-order CL 

output filter. The resistor at the AC side represents line parasitic 

resistance. 
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Fig. 2 (a) Full bridge DC/DC converter with a diode bridge rectifier, and (b) 
PWM current source inverter 

IV. SYSTEM CONTROL SCHEME 

The function of the grid-side CSI is not only to deliver high 

quality power into the grid but also to properly control the DC 

link. A straightforward approach is to maintain a constant DC 

link current as it is an inherent CSI feature. However, as shown 

in Fig. 1b, the output current of the generator-side converters 

share the DC-link current, as the individual modules are 

parallel connected. If the DC link current is maintained 

constant by the CSIs, then the output current of each individual 

generator-side converter depends on the ratio of its output 

power to the system total power. If the power increases from 

one wind turbine and the other wind turbine powers remain 

constant, then the output current of the first wind turbine 

increases while the currents in the others drop. Because of the 

instantaneous wind power changes for each wind turbine, 

module interaction is inevitable. Such interaction is undesirable 

and degrades system performance, triggering possible system 

oscillations. In some extreme situations, it may cause failure of 

the generator-side converters. For example, consider two 

turbines, one delivering low power due to low wind speed, 

while the other output is rated power as the wind speed is high. 

In such a case, the wind turbine with a low power contributes a 

small DC link current while the other provides most of the DC 

link current, which could damage the generator-side converter 

due to increased current stressing. Due to such possible 

problems, the grid-side CSI should not maintain constant DC 

link current.  

The generator-side converters are parallel connected as in a 

VSC based WECS. A possible way to control such a system is 

to maintain a constant DC link voltage. In such a case, the 

generator-side converters are decoupled without interaction, as 

their output voltage is controlled constant. Since the system is 

CSI based, the DC-link voltage at the CSI side is a switched 

voltage. The idea is to maintain the average DC-link voltage 

constant; therefore the generator-side converters being current 

sources can be readily decoupled. 
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A. DC Link Voltage Control 

The CSI control presented in this section is based in a 

synchronously rotating reference frame, where the d-axis is 

oriented to the grid voltage vector. A grid-voltage phase-locked 

loop (PLL) is used to obtain the instantaneous angular 

frequency and synchronization angle. Space vector modulation 

(SVM) for the CSI generates the gate signals [23]. 

When using SVM, the DC link voltage,        , in Fig. 2b 

can be expressed as [24] 

 

                       
                      (1) 

 

where                 is a vector matrix of the 

modulation indices and                     is a vector 

matrix of the AC-side phase voltage at the terminals of the 

capacitor filter. 

Applying dq transformations to (1) yields 

 

                     
  

 

 
              (2) 

 

where              are the dq modulation indices, 

and                 are the dq components of AC voltage 

vc. Equation (2) is valid in the linear range of the modulation 

indices when   
    

   . By controlling md, the DC link 

voltage can be regulated, while mq is used to control the 

reactive power. A basic technique is to send the error between 

the actual DC link voltage and reference voltage to a PI 

controller to generate the CSI gating signals. However, the DC 

link voltage contains CSI high-frequency switching frequency 

and a small magnitude 300Hz low frequency harmonics 

(harmonic with six times the fundamental frequency) reflected 

from the AC grid. Using a low pass filter to obtain an average 

DC link voltage as a feedback signal significantly slows down 

controller response. Rearranging (2) 

 

    
 

 
        
       

   
                      (3) 

 

where         
  is the reference average DC link voltage.  

To achieve a fast response and disturbance rejection, (3) is 

used in a feed forward loop. The DC link voltage control block 

diagram is shown in Fig. 3. As the average DC link voltage is 

controlled constant, the DC and AC side powers are balanced, 

and the captured energy is delivered into the grid 

instantaneously. In other words, the active power is controlled. 
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Fig. 3 DC link voltage control block diagram. 

 

B. Reactive Power Control 

The reactive power should be controlled at zero during 

normal operation or to a specified value when required by the 

grid. Using a dq transformation, the reactive power can be 

expressed as 

 

   
 

 
                                     (4) 

 

where vsd, vsq are the grid voltage dq components and isd, isq 

are the grid current dq components. With the synchronous 

reference frame aligned to the d-axis, the grid voltage q-axis 

component is zero, therefore (4) can be written as 

 

    
 

 
                            (5) 

 

As the AC side capacitors decouple the CSI and the grid, isq 

cannot be controlled directly. Applying Kirchhoff’s current law 

at the capacitor nodes in Fig. 4. 

 

                                  (6) 

                                  (7) 

 

where iwd and iwq are the CSI output current dq components 

and icd and icq are the capacitor current dq components. 

 

 

icd and icq can be expressed as 

 

      
 

  
                               (8) 

      
 

  
                               (9) 

 

vcd and vcq can be expressed as 

 

      
 

  
                   (10) 

      
 

  
                    (11) 

 

Assuming steady state, all derivatives can be set to zero. 

Substituting (10) and (11) into (8) and (9), gives 

 

                         (12) 

                         (13) 

 

Substituting (12) and (13) into (6) and (7) with vsq = 0, the 

relationship between iwd, iwq and isd, isq can be obtained [17]. 

 

                        (14) 

                              (15) 

 
Rearranging (14) and (15), iwq can be expressed as a function 

of iwd and isq 

 

             
      

      
     

   

      
         (16) 
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iwd and iwq are functions of md and mq respectively 

 

                (17) 

                (18) 

 
Substituting (17) and (18) into (16) 

 

           
      

      
 

   

        
 

   

      
   

     

        
                                                         (19) 

 
From (19), if the required isq is known, then mq is obtained. 

The reactive power control block diagram is shown in Fig. 4. 

The error between the reference reactive power and actual 

reactive power is fed to a PI controller. The result is used to 

obtain mq based on (19) 
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Fig. 4 Reactive power control block diagram. 

 

C. Complete Proposed CSI Control System 

The complete CSI control diagram is shown in Fig. 5. The 

obtained dq axis modulation indices, md, mq are then fed to the 

SVM block to generate the CSI gating signals.  
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Fig. 5 CSI control diagram. 

 

From Fig. 5, it can be concluded that the control signals md 

and mq are coupled, so there is potential for interaction. Assume 

there is a disturbance Δmq at the output of the reactive power 

control loop. This disturbance will be transferred to the DC link 

voltage control loop and cause a disturbance Δmd in the d axis 

modulation index, md. This Δmd is fed back to the reactive 

power control loop, causing disturbance. From (3) and (19), a 

Δmq disturbance results in a    
  signal, which can be 

expressed as 

 

    
   

   

      

   

   
    (20) 

 

If         and             , a disturbance in the 

reactive power loop will not cause oscillation. The same 

analysis can be applied to the DC link voltage control loop, and 

the same result is obtained. Therefore the CSI control system in 

Fig. 5 is stable. 

D. Generator Side Converter Control 

As the DC link is controlled by the CSI, the task of the 

generator side converter is to control the associated wind 

turbine to track its MPP and inject current into the DC link. 

Basically there are three types of maximum power point 

tracking (MPPT) algorithms [25], namely, tip speed ratio 

(TSR), hill-climbing searching (HCS), and power signal 

feedback (PSF). The three different control strategies have 

specific advantages and disadvantages and are suitable for 

different power rating WECSs. As the MPPT is not the concern 

of this paper, for simplicity, in the proposed system it is 

assumed that the DC rectifier side current is sensed and the 

corresponding DC rectifier side voltage reference is given by a 

pre-defined look-up table [26]. 

The converter control block diagram is shown in Fig. 6. The 

outer voltage control loop controls the DC/DC converter input 

voltage for MPPT; while the inner current control loop 

regulates the output inductor current, idc-out. Because the wind 

turbine mechanical assembly has a larger time constant than the 

electrical part, the outer loop has a smaller bandwidth than the 

inner loop. Thus the control system is stable. The main benefit 

of including the inner current loop is that the converter output 

current is defined. Therefore the DC link current is also 

defined, considering the CSI controls the DC link voltage only. 

Also, as the diode rectifier is used, it causes large low frequency 

DC current ripple, which leads to DC link current oscillations. 

With the inner current loop, this current ripple can be 

suppressed and does not propagate into the DC link. 
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Fig. 6 Full bridge converter MPPT control block diagram. 

V. SIMULATION 

The proposed WECS with its controllers is simulated in 

Matlab/Simulink software. The WECS includes three 16 kW 

wind turbine modules and a 50 kW CSI, as shown in Fig. 7. The 

CSI stabilizes the average DC link voltage and controls the 

reactive power, while the DC/DC converter controls its 

associated wind turbine. The system parameters are 

summarized in Table I. 
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Fig. 7 Proposed system in simulation 
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Table I System parameters in simulation 

Parameters Values 

PMSG 

Power rating 16 kW 

Stator inductance 13.47 mH 

Voltage rating 490 V 

Stator resistance 0.672 Ω 

PMSG flux 2.39 Wb 

Pole pairs 12  

Turbine inertia 50
 

kgm
2 

Full bridge converter 

Input capacitor 1000 µF 

Output inductor 10 mH 

Transformer transformation 

ratio 
1:2.2  

Switching frequency 10 kHz 

CSI 

Power rating 50 kW 

Phase RMS voltage 796 V 

Phase RMS current 36.3 A 

Frequency 50 Hz 

Grid-side capacitor 125 μF 

Grid-side line inductance 4 mH 

DC link inductor 10 mH 

DC link  resistance 0 Ω 

CSI switch frequency 4 kHz 

Average DC link voltage 750 V 

 

The simulation results for the three wind turbines are shown 

in Figs. 8 to 10. Fig. 8 parts a to c show the wind speed, rotor 

speed, and Cp of turbine 1. The wind speed remains at 14m/s 

and the Cp is at maximum value [27]. Figs. 9 and 10 show the 

corresponding simulation results for turbines 2 and 3, 

respectively, where turbine 2 has a wind speed change at 1s, 

while turbine 3 has a wind speed change at 2s. The rotor speed 

is regulated by the full bridge DC/DC converter to track the 

MPP as shown in Figs. 9b and 10b. The simulation results 

confirm the three wind turbines are decoupled where power 

change in one wind turbine does not affect another turbine. 

Also, the simulation results of the corresponding three 

generator side converters are also shown in Figs. 8 to 10, 

showing DC/DC converter input voltage, input current, and 

output current. The three wind turbines are decoupled, and each 

DC/DC converter tracks the MPP by regulating the converter 

input voltage and current. The input current has large low 

frequency ripple, while any low frequency ripple is suppressed 

on the output side. 
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Fig. 81 Turbine 1 simulation results: (a) wind speed, (b) rotor speed, (c) Cp, (d) 

full bridge converter input voltage, (e) full bridge converter input current, and (f) 

full bridge converter output current. 
 

 

 Time (s) 

W
in

d
 s

p
ee

d
 (

m
/s

)  

(a)  
 

 Time (s) 

R
o
to

r 
sp

ee
d
 (

ra
d
/s

)  

(b)  

 Time (s) 

C
P

 

(c)  
 

 Time (s) 

In
p
u

t 
v
o
lt

ag
e 

(V
)  

(d)  
 

 Time (s) 

In
p
u

t 
cu

rr
en

t 
(A

)  

(e)  
 

 Time (s) 

O
u

tp
u

t 
cu

rr
en

t 
(A

) 

 

(f)  

 
Fig. 9 Turbine 2 simulation results: (a) wind speed, (b) rotor speed, (c) Cp, (d) 

full bridge converter input voltage, (e) full bridge converter input current, and (f) 

full bridge converter output current. 
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Fig. 10 Turbine 3 simulation results: (a) wind speed, (b) rotor speed, (c) Cp, (d) 

full bridge converter input voltage, (e) full bridge converter input current, and (f) 
full bridge converter output current. 

 

 

The average DC link voltage is maintained at 750V by the 

CSI. Since the CSI switching frequency is 4kHz, a 400Hz 

cut-off frequency low pass filter is used to obtain the average 

DC link voltages. The average generator side and inverter side 

DC link voltages are shown in Fig. 11 parts a and b. As the DC 

link resistance is neglected, there is no voltage drop between 

the generator and the inverter sides. Fig. 11c shows the DC link 

current, which varies with wind speed changes. Fig. 11d shows 

the CSI active and reactive powers. The active power flow 

between the DC and AC sides is balanced, while the reactive 

power is controlled at zero. The active and reactive powers are 

decoupled and independently controlled. The AC side capacitor 

voltage and output phase current are shown in Fig. 11 parts e 

and f, with a THD of 1.18% and 0.22%, respectively. dq values 

are shown in Fig. 11 parts g and h. 
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Fig. 11 CSI simulation results: (a) generator side average DC link voltage,  

(b) inverter side average DC link voltage, (c) DC link current,  
(d) inverter output power, (e) three phase currents, (f) three phase capacitor 

voltages, (g) phase dq current, and (h) capacitor dq voltage. 

 

 

The simulation results confirm the ability of the proposed 

system to achieve good dynamic performance. The CSI is able 

to control the average DC link voltage to a constant value, 

while all three parallel connected wind turbines are individually 

controlled for MPPT without any interaction. 

 

 

VI. EXPERIMENTATION 

The current source inverter test rig shown in Fig. 12 is used 

to verify the proposed control techniques for the grid connected 

CSI. The input is a DC voltage source series connected with a 

resistor, allowing an adjustable input power. The output is 

connected to an AC transformer and variac for grid interfacing. 

The test rig system parameters are summarized in Table II.  

Grid

Filter

LR

dc linkv 

TransfomerVca

Ia

 
Fig. 12 CSI test rig schematic. 

 
 

Table II CSI test rig parameters. 

 

Parameters Values 

Power rating 1.8 kW 

DC link inductor 10 mH 

Filter capacitor 40 µF 

Grid voltage (rms) 110 V 

Grid voltage frequency 50 Hz 

Switching frequency 4 kHz 

DC link resistance 8 Ω 

Average DC link voltage, vdc-link 200 V 

 

A. Full Active Power 

The practical results in Figs. 13 and 14 show the system in 

steady state delivering full rated active power. Fig. 13a shows 

the AC voltage and current. There is no phase shift between the 

phase current and voltage, demonstrating that the reactive 

power is controlled to be zero. Fig. 13 parts b and c show the 

DC link voltage and DC link current. The system parameters 

sensed via the DSP are given in Fig. 14, with the values stable 

as the system is in steady state. The CSI efficiency is about 

95%.  
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Fig. 13 Practical results in steady state (5ms/div):  
(a) AC voltage and current (100V/div, 5A/div), 

 (b) DC link voltage (100V/div), and (c) DC link current (2.5A/div). 
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Fig. 14 Practical results sensed by DSP: (a) inverter output power,  
(b) average DC link voltage, and (c) average DC link current. 

 

 

The practical results from a power analyzer are summarized 

in Table III. The phase voltage and current THD’s are mainly 

caused by the grid voltage distortion rather than the CSI, as the 

laboratory grid voltage is distorted (2.5% THD). When the CSI 

is not operating (hence the output capacitive filter dominates), 

the grid voltage and phase current are as shown in Fig. 15a. The 

grid voltage 2.5% THD results in a 11.7% THD distorted 

current. The corresponding simulation phase current, using the 

same system parameters, is shown in Fig. 15b. The practical 

and simulation results correspond, verifying that the current 

distortion, when the CSI is not operating, is mainly caused by 

the grid voltage rather than other factors. This distorted current 

has a significant effect on the phase current when the system is 

operating. In the practical implementation, when the CSI 

injects full rated active power to the grid, its output current is 

sinusoidal with higher amplitude and smaller THD. Therefore 

the superposition of the CSI output current and original filter 

current results in the current shown in Fig. 13a, the 4.0% THD 

of which is mainly caused by the grid voltage distortion rather 

than the proposed controller. The 0.08kVAr reactive power 

shown in Table III is also mainly associated with the harmonic 

voltage and current rather than their phase shift. 

 
Table III Practical results. 

 

Items Specification 

Active power 1.74 kW 

Reactive power 0.08 kVAr 

Phase voltage THD 3.2%  

Phase current THD 4.0%  

Filter capacitor voltage (rms) 129.3 V 

Power factor 0.998  
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Fig. 15 Voltage and current distortion:  

(a) grid voltage and phase current (100V/div, 1A/div, 5ms/div) and  
(b) comparison of actual phase current and simulation result. 

 

B. Input Active Power Change 

If there is an input active power change, the proposed CSI 

controller should maintain the average DC link voltage 

constant. The practical results in Fig. 16 show the active power 

increasing from 1.1kW to 1.7kW (about 55%) within 2 

seconds, which is a reasonable interval considering the long 

time constant of a wind turbine. Fig. 16a shows system active 

power change while the reactive power is controlled at 0. Fig. 

16b shows that the average DC link voltage is controlled at 

200V without any change, while Fig. 16c shows the rising 

average DC link current. 
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Fig. 16 Practical results with active power change:(a) inverter output power, (b) 

average DC link voltage, and (c) average DC link current. 

 

C. Reactive Power Control 

As required by the grid code, a wind farm must be able to 

control its reactive power. The following practical results 

demonstrate the ability of the proposed system to fully control 

reactive power. The average DC link voltage is controlled to 

30V, needed to limit the active power to a near zero value. A 

reactive power reference (dotted line on Fig. 17a) to the 

controller can demand generated or consumed reactive power. 

Fig. 17a shows the transient response of system output power. 

The active power is maintained at 0.24kW, while the reactive 

power is controlled according to the reference (0kVAr between 

0s to 1s, 1.6kVAr between 1s to 5s, and -1.2kVAr between 5s to 

10s). The average DC link voltage and current are shown in Fig. 

17 parts b and c, respectively. The small voltage disturbance is 

due to the reactive power step change.  
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Fig. 17 Practical results of reactive power control (via dsp): (a) output power, (b) 

average DC link voltage, and (c) average DC link current. 

 

When the system supplies reactive power into the grid during 

the period 1s to 5s as in Fig.17a, the AC voltage and current are 

as shown in Fig. 18a with current lagging the voltage. Fig. 18 

parts b and c show the DC link voltage and current, 

respectively. The system power analyzer experimental data is 

summarized in Table V. 
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Fig. 18 Practical supply of reactive power (5ms/div):  

(a) AC voltage and current, (100V/div, 5A/div)  
(b) DC link voltage (100V/div) and (c) DC link current (2.5A/div). 

 

 
Table IV Practical results when supplying reactive power. 

 

Items Specification 

Active power 0.235 kW 

Reactive power +1.589 kVAr 

Phase voltage THD 3.5%  

Phase current THD 4.5%  

Capacitor voltage (rms) 123.9 V 

Power factor +0.146  

 

When the system consumes reactive power from the grid 

during the period 5s to 10s as in Fig.17a, the AC current leads 

the AC voltage as shown in Fig. 19. Fig. 19 parts b and c show 

the DC link voltage and current, respectively. The system data 

from the power analyzer is summarized in Table VI. 
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Fig. 19 Practical results when consuming reactive power (5ms/div): 
(a) AC voltage and current (100V/div, 5A/div),  

(b) DC link voltage (100V/div), and (c) DC link current (2.5A/div). 

 

 
Table V Practical results when consuming reactive power. 

 

Items Specification 

Active power 0.237 kW 

Reactive power -1.210 kVAr 

Phase voltage THD 3.4%  

Phase current THD 4.2%  

Capacitor voltage (rms) 104.3 V 

Power factor -0.193  

 

Based on these practical results, the reactive power control 

capabilities of the proposed CSI control concept is verified. 

VII. COMPARISON WITH CONVENTIONAL HVDC 

TRANSMISSION 

The conventional two-terminal LCC-based HVDC 

transmission system is shown in Fig. 20, where Id is the DC link 

current, Vdr is the rectifier side DC link voltage, and Vdi is the 

inverter side DC link voltage. Assuming an ideal system, under 

steady state, the rectifier V-I characteristic is shown in Fig. 21a. 

During normal operation, the DC link current is phase angle 

controlled by the rectifier at Id
*
. Simultaneously the inverter 

controls the DC link voltage at Vdr
*
 with a V-I characteristic as 

shown in Fig. 21a. The system operating point is where the 

rectifier characteristic intersects the inverter characteristic, 

which is at point A on Fig. 21a. Thus the DC link voltage and 

current can be independently controlled at the required voltage 

and current [28]. 
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Fig. 20 Conventional two-terminal CSI-based HVDC transmission system. 
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Fig. 21 Steady-state V-I characteristics for a two terminal HVDC system:  
(a) conventional rectifier/inverter characteristics and  

(b) proposed system generator side converter/CSI characteristics. 

 

In the proposed system, the CSI stiffly controls the DC link 

average voltage to a reference for any input DC link current, 

with the V-I characteristic shown in Fig. 21b. When considering 

the effect of DC link resistance, the V-I characteristic of the DC 

link at the generator side exhibits an average voltage increase 

with an increasing DC link current, as shown in Fig. 21b. 

Unlike conventional HVDC, the rectifier current controller 

does not override or dominate the grid side inverter mode of 

operation. For the generator side converters, which assure 

MPPT control, the output power is safely assumed slowly 

varying. The V-I characteristics of two converters (P1 and P2) 

are shown in Fig. 21b, with different output powers P1, P2 and 

the total power Ptot. Similarly the operating point of the DC link 

is where the characteristics intersect, point D showing the 

generator side DC link operating voltage and current. 

Assuming the two DC/DC converters have a common 

connection point, the operating voltage is same for both 

converters, and the operating current is the sum of the two 

converter output currents. Hence point B and C in Fig. 21b are 

the operating points for the two converters. 

Therefore compared with conventional LCC-based system, 

in the proposed systems, the CSI stiffly controls the DC link 

average voltage; while the generator side converters inject all 

the current from the generators into the DC network, thereby 

allowing multi-terminal uni-directional operation. 

VIII. CONCLUSION 

A PWM current source based wind energy conversion 

system for a parallel configured HVDC application has been 

proposed. Similar to a voltage source based system, the 

generator side converters are parallel connected to a common 

DC transmission network. This has some of the advantages of 

the VSC based system, but is inherently robust to both DC and 

AC short circuit faults. Furthermore, this configuration 

overcomes some disadvantages of a current source based series 

connected system. A new inverter control technique was 

proposed based on this configuration, with independent control 

of average DC link voltage and reactive power. The concept 

and performance of the proposed system have been confirmed 

by system simulation. The inverter control system was further 

verified by practical implementation. Finally, a comparison of 

characteristics between the proposed system and conventional 

current source based HVDC systems was presented.  
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