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Abstract-- This paper uses a simulation to investigate the feasibility of applying low frequency AC (LFAC) 

transmission technology to connect large offshore wind farms to the onshore power system. Compared 

to the conventional AC transmission system with a power frequency of 50 or 60 Hz, the LFAC system can 

transfer more power through longer distance and with lower investment costs than the  HVDC solution. 

Firstly, the characteristics of power cable operation at low frequency are discussed. Then a grid 

connection of an offshore wind farm based on a doubly fed induction generator (DFIG) through LFAC is 

studied. The simulation results show that there are no difficulties for the wind farm based DFIG when it 

operates at low frequency. Moreover, the reactive power control at the line side of DFIG can be applied 

to improve the operation of the cable. 

Index Terms--  Doubly  fed induction generator (DFIG), low frequency ac (LFAC) transmission, and 

offshore wind farm (OWF). 

I.INTRODUCTION 

Since 6 years the installed wind power capacity 

exceeded 65 GW in Europe and 120.8 GW world-

wide [1]. Most installations are placed onshore 

and, so far, only a few OWFs have been erected   

in   countries   such   as   Denmark,   Germany,   

the Netherlands and the UK. However, there are 

ambitious plans for the next few years to 

significantly increase the share of offshore  wind  

energy.  According  to  the  European  Wind 

Energy  Association  the  target  for  2020  

regarding  installed offshore wind energy in 

Europe is 40 GW [2]. Due to the space shortage 

onshore and the better wind energy source, 

many offshore wind farms will be installed at 

distances greater than 100 km from the coast. It 

is a great technical challenge to integrate such a 

large amount of wind power through a long 

distance.  One  of  the  main  problems  is  the  

transmission technology  for  connecting  the  

offshore  wind  farm  to  the onshore  grid.  

Currently,  there  are  three  possible  solutions 

including: conventional High Voltage AC 

(HVAC) transmission (operating frequency at 50 

Hz or 60 Hz), LineCurrent Commutated high 

voltage DC (LCC HVDC) and Voltage Source 

Converter based HVDC (VSC HVDC) (see Fig. 1). 

The HVAC transmission technology has the 

advantage of low cost for the short distance (less 

than about 50 km) [14]. However, at longer 

distances, this technology cannot be applied due 

to the limitations regarding reactive power 

compensation. The LCC HVDC technology has 

the advantages of reliability, low costs and high 

rated power. However, for successful 

commutation, the power system that the LCC 

HVDC link connects to must be strong (low 

internal impedance or high inertia constant). 
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Unfortunately, an OWF is not such a strong 

system. VSC HVDC transmission should be the 

best choice for long distance offshore wind farm 

transmission systems due to the following 

advantages: independent and rapid control of 

active and reactive powers; no need for reactive 

power compensation; low space requirements. 

However, its major disadvantage is high cost [14] 

and lack of experience with operational behavior 

for installations on a large scale. 

Due to the limitations of both the HVAC and 

HVDC technologies when applied for far offshore 

wind farm connections as mentioned above, the 

LFAC transmission technology is proposed in this 

paper as a new and alternative solution. [4]-[5], 

[8]-[12] are the first papers regarding to this 

technology. The main results of these studies are 

the transmission capability of the LFAC is greatly 

improved, whereas the cable charging and losses 

are reduced compared to the traditional HVAC. 

The investment of the LFAC system is less costly 

than the VSC HVDC system in the short and 

intermediate term, and the subsequent 

maintenance costs are largely reduced as well, 

since the frequency converter that synchronizes 

the frequencies between the LFAC system and 

the main grid AC system can be installed 

onshore. However, it is still lack of the research 

about the steady state and dynamic response of 

a system including LFAC transmission and 

offshore wind farm. 

The paper is organized as follows: Section II gives 

the characteristics of the cable when it operates 

at a frequency lower than 50 or 60 Hz. An 

overview of DFIG technology is discussed in 

Section III. Section IV describes the operating 

features of a wind farm based DFIG at 50 Hz and 

50/3 Hz. Section V finally draws the conclusions. 

 

Fig. 1. Three different topologies of the offshore 

wind farms transmission system [8] 

 

 

 

Fig. 2. The studied case for investigating the 

characteristics of cable operating at frequency 

lower than 50/60 Hz 

II. STUDY THE CHARACTERISTICS OF CABLE 

OPERATING AT 

FREQUENCY LOWER THAN 50/60 HZ 

For the investigation of frequency influence  on  

the behavior of AC transmission, a test system 

was developed as shown in Fig. 2. This test 

system represents a high voltage transmission 

cable that is modeled by four PI-sections. 

The rated parameters of the power cable are 

summarized in Table 1. Additionally, it was 

assumed that the cable length considered in 

individual simulation steps was equally divided 

among all four PI-sections. A load is connected to 

the end of the test cable. It was assumed for the 

analysis that the load has a purely resistive 

character. The voltage of the load (U 5 ) is kept 

at a value of 220kV (phase to ground) with the 

phase of zero. Voltage at the source end of cable 

is named U 1 . The AC source    is    an    ideal    one    

connected    to    impedance 

Z S  = 10 + j(ω0.0062) 
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 (Ohm). The value of the load (RLoad) 

Has been adapted in each simulation step in 

order to fulfill the boundary conditions for the 

simulation, which require that the current 

flowing into the cable (Iin_cable) on the supply 

side always corresponds to the rated value of the 

cable current (IRAT). 

Moreover,  in  addition  to  the  variation  of  the  

system frequency, the length of the cable is 

varied in a range between 1 km and 500 km. The 

simulation is carried out using the model as 

shown in Fig. 2. 

 

 

 

 

 

 

 

Fig. 3. Maximum transferable active power of 

cable as a function of length and frequency 

A.  Transferable active power of cable 

As mentioned above, the current flow into the 

cable is kept at a value corresponding to the 

rated current of the cable. The output current 

from the cable is the current supplying load 

(load). The transferable active power of the 

cable is calculated . At a given frequency, when 

the length of cable increases, the current flow 

through the capacitor of cable increases, which 

causes the current supplying the load to 

decrease. There is a maximum length of cable at 

which this current is approximately zero. For 

example, as shown in Fig. 3, the maximum length 

of a cable at 50Hz, 16Hz, 15Hz, 10Hz, 5Hz and 

1Hz are respectively 140km, 437km, 465km, 

630km, 1280km and 14945km, regarding rather 

theoretical operating conditions with zero-value 

of the load current. Considering the realistic 

situation where the assumption is made that at 

least 80% of the cable rated transfer capability is 

available, the more realistic cable lengths can be 

estimated as about 90 km at 50 Hz, 270 km at 16 

Hz and 440 km at 10 Hz. Note that in this 

calculation of maximum length, only the 

constraint of current flowing into the cable 

(equal to rated current) is considered. 

 

 

 

 

 

 

 

Fig. 4. Voltage difference between two ends of 

cable operating at frequencies from 1 Hz to 50 

Hz 
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Fig. 5. Grid Code static characteristic for voltage 

operation [15] 

 

Fig. 6. Maximum transferable length of cable 

with the constraint of voltage difference in the 

range of ±5% 

   

 

 

 

 

 

 

 

Fig. 8. Requirement of active power 

transmission through a given length (diagram 

for the case without reactive power 

compensation) 

B.  Voltage difference 

The  voltage  difference  between  two  ends  of  

cable  is calculated.The voltage difference 

depends on the voltage drop on the inductance   

and   resistance   of   cable   (which   is   directly 

proportional to the current flow through them). 

This current also depends on the capacitive 

current of the cable. When the length of the 

cable is small, capacitive current runs to the 

Fig. 4 shows the voltage difference between two 

ends of a cable as a function of frequency and 

cable length. 

If one takes into account the allowable 10% 

voltage dead band as in the Transpower 

Transmission GmbH grid code (see Fig. 5), the 

maximal cable length at each frequency will be 

reduced.   In   this   case,   an   assumption   was   

made   that ( − 5% ≤ ΔU % ≤ 5% ), as show in Fig. 

4. 

The maximal cable length which satisfied the 

limited range of voltage difference according to 

±5% around point S (see Fig. 5) is shown in Fig. 6. 

We can see that if the  cable operates at 6Hz, it 

has the largest maximal transferable length of 

1129 km. 

C.  Reactive power compensation analysis 

The equivalent circuit of the studied system for 

analyzing the reactive power compensation is 

shown in Fig. 7. The compensating unit (shunt 

reactor) is located at load end. The problem of 

sizing the capacity of the compensator is 

discussed in this section. 

III. WIND FARM BASED DOUBLY-FED 

INDUCTION GENERATOR (DFIG) TECHNOLOGY 

DFIG uses a wound-rotor induction generator 

with controllable slip. By applying a back-to-back 

voltage source converter (VSC) in the rotor 

circuit of the generator, the grid frequency can 

be decoupled from the rotor mechanical 

frequency, enabling variable-speed operation of 

the wind turbine. This back-to-back converter 

consists of a rotor side converter (RSC) and a line 

side converter (LSC). The typical topology of DFIG 

is shown in Fig. 10. The goal of LSC is to control 

the DC link voltage and the reactive power at the 

converter interconnection point, and the role of 
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the rotor side converter is to control the active 

and reactive power of the DFIG  and  follows  a  

tracking  characteristic  to  regulate  the 

generator speed for optimal power generation 

depending on wind speed. The stator winding is 

connected to the grid at the same point as the 

LSC. If the speed of the generator is larger than 

the synchronous speed, power will be 

transmitted from the rotor via the converters to 

the grid; otherwise the rotor will absorb power 

from the network through converters. The rated 

power of both converters is equal to 20-30% of 

the nominal power of the generator according to 

the required control range of the angular speed 

of the wind turbine. 

IV. GRID CONNECTION OF OFFSHORE 

WIND FARM BASED 

DFIG BY LOW FREQUENCY AC TRANSMISSION 

SYSTEM 

The studied system consists of a 1000 MW wind  

farm based on DFIG, which is connected to a 100 

km HVAC transmission link via a 20/380 kV 

transformer as presented in Fig. 11. The 

parameters of the cable are shown in Table 1. 

This system, including the DFIG wind farm, 

power cable and power grid, will operate at 50 

Hz and then at 50/3 Hz. At each frequency, the 

following cases will be simulated: steady state, 

variable wind speed and short circuit. 

 

Fig. 10. Typical topology of DFIG (based on [7]) 

A. Steady state simulation 

Large offshore wind farms must fulfill their grid 

code when it connects to power grid. The grid 

code is defined by transmission system 

operators (TSO) and depends on the structure of 

grid. Fig. 12 shows the power factor 

requirements for generating units connected to 

the high voltage grid. The operating point can be 

scheduled or set online. These requirements 

must be adapted at the PCC (see Fig. 11). 

The simulation case will now be described. The 

offshore wind farm based DFIG operates with a 

wind speed of 15 m/s and generates 1000 MW. 

The amount of power will be transfer to the 

onshore grid through a 100km HVAC 

transmission line. There are two frequencies that 

will be studied and compared, namely 50 Hz and 

50/3Hz. At each frequency, the set point of the 

reactive power controller of LSC of the DFIG 

changes from 0 p.u to -0.5 p.u which means the 

limit of the reactive power controller at LSC. At 

both frequencies, no reactive power 

compensation device is installed in the test 

system. The power factor at PCC (PFPCC), votage 

at PCC (UPCC), the current of the cable at the 

wind farm end (Icab_wf) and the current of cable 

at the system end (Icab_sys) are recorded and 

are presented in Table 3 and Table 4. These 

results reveal that all six operating points 

(numbered from 1 to 6 in Table 3) are located 

outside the curve, in red color in Fig. 12. That 

means this transmission system, when operates 

at 50 Hz, does not satisfy the grid code. By 

analyzing these results in the same way as shown 

in Table 4, it can be seen that all six operating 

point (numbered from I to VI in Table 4) are 

located inside the curve, in red color in Fig. 12. 

That means the system fulfills the requirements 
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Point 1 2 3 4 5 6 

Qref (p.u) 0 -0.1 -0.2 -0.3 -0.4 -0.5 

PFPCC 0.68 0.71 0.76 0.79 0.83 0.87 

UPCC (p.u) 1.042 1.038 1.034 1.032 1.026 1.022 

Icab sys (A) 1380 1407 1445 1500 1556 1620 

Icab wf (A) 2131 2030 1935 1840 1760 1684 

 

Point I II III IV V VI 

Qref (p.u) 0 -0.1 -0.2 -0.3 -0.4 -0.5 

PFPCC 0.96 0.984 1 1 1 1 

UPCC (p.u) 1.011 1.008 1.000 1.000 1.000 1.000 

Icab sys (A) 1476 1500 1552 1595 1597 1600 

Icab wf (A) 1540 1500 1500 1500 1500 1500 

 

for the power factor and voltage at the PCC of 

the TSO. The operating point of PCC can be 

changed by using the reactive power controller 

of the LSC. 

 

  

 

 

 

 

TABLE 4 

STEADY STATE RESULTS AT FREQUENCY OF 50/3 

HZ WITH DIFFERENT REFERENCE VALUES OF 

REACTIVE POWER OF LSC OF DFIG 

 

 

 

 

 

Fig. 12. Power factor requirements for 

generating units connected to the high voltage 

grid [15] 

 

B. Variable wind speed simulation 

In this simulation, the wind speed is 15 m/s 

which means the wind farm generates the active 

power of 1000 MW. The rotor speed of the DFIG 

is stable at 1.2 (p.u). At 8s, wind speed reduces 

to 9 m/s and the subsequent rotor speed and 

active power of wind farm are shown in Fig. 13 

(a), (b). Rotor speed decreases from 1.2 p.u to 

1.025 p.u and active power generated by the 

wind farm is down from 1000 MW to 400 MW. 

Fig. 13 (a), (b) reveal that the DFIG has the same 

response to this disturbance when it operates at 

50 Hz as well as 50/3 Hz. 

C. Short circuit simulation 

To investigate the system behavior in fault 

mode, a three- phase fault is simulated at the 

moment of 8 s with duration of 150 ms at PCC in 

Fig. 11. Before the three-phase fault, the wind 

farm operates at 15 m/s wind speed and 

generates 1000 MW. The reference reactive 

power of the LSC controller is zero. The curves of 

the rotor speed of the wind farm, the active 

power and reactive power generated from the 

wind farm, AC voltage, and DC voltage of the 

wind farm are shown in Fig. 14 (a), (b) and Fig. 15 

(a), (b), (c), respectively. It can be seen that the 

behavior of the 50 Hz and 50/3 Hz systems are 

the same. In the past, due to the small 

integration in the power grid, wind turbines 

could be tripped when there were grid faults. 

However, nowadays, large wind farms have to 

provide a similar operational characteristic as 

the conventional power plant, which concerns 

supporting of ancillary services provision as well 

as fault ride through (FRT) capability. That means 

when the voltage at the point of common 

coupling (PCC) with the grid drops to zero, the 
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wind turbine must remain connected up to 150 

ms. This requirement is a challenge for the wind 

turbine, because when a three-phase fault 

occurs at PCC, there is an over-voltage in the DC 

side of back  to  back  converter  of  DFIG.  

According  to  [9],  the protection of IGBTs valve 

will be active when there is a DC over-voltage of 

about 30% within a period of 5 to 10 ms to 

prevent the IGBTs from damage. However, Fig. 

15 (c) reveals that the DC voltage of the wind 

farm does not fluctuate greatly; it has an 

overshoot of 1.5%. Therefore, it can be 

concluded that this system has good FRT 

capability. 

 

 

 

 

 

 

Fig. 15. (a) Reactive power at output terminal of 

wind farm; (b) AC voltage of wind farm. 

 

 

 

 

 

 

 

 

 

V. CONCLUSION 

The paper investigates the LFAC transmission 

system as a solution for connecting offshore 

wind farms to the onshore grid. The study is 

based on a simulation in Matlab/Simulink. 

A system including a wind farm based DFIG; 

transformer and power cable is simulated. The 

main characteristics of the power cable are 

discussed. The results show that the 

transmission capability of the power cable is 

improved at frequency lower than 50 Hz. 

Moreover, there is no difficulty for the wind farm 

when it operates at 50/3 Hz. The system at 50/3 

Hz can easily fulfill the requirements of the TSO 

in steady state. The operating point of PCC can 

be changed by the reactive power controller of 

the LSC in the DFIG system. 

 When a three-phase fault occurs at PCC, there is 

a small over voltage (about 1.5%) at DC side of 

back to back converter of DFIG that means the 

FRT capability of the wind farm is at a high level. 
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