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Abstract 

 
The voltage variation problem at the point of common coupling (PCC) in a grid-connected wind turbine is investigated. The 

voltage variation problem is one of the most frequent power quality issues for the grid connection of large amounts of input power in 
a weak grid. Through the simplified modeling of the wind turbine and power network, the magnitude of PCC voltage variation is 
calculated by using the equivalent circuit parameters and output power of the wind turbine. The required amount of reactive power 
that can compensate the voltage variation is also presented analytically by using the vector diagram method. The proposed 
calculation and compensation method of the PCC voltage variation is verified by computer simulations and experiments. 
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I. INTRODUCTION 
The installation capacity of wind turbine systems has been 

rapidly increasing around the world. For instance, more than 20 
percent of the annual electricity consumption of Denmark 
comes from wind energy. More challenging target ratios are 
also being set in Europe, United States, and Asia. [1] The 
power quality issues accompanying the integration of 
fluctuating wind turbine sources should be solved to 
accommodate large amounts of energy into existing power 
system networks. [2] 
 Wind turbine systems belong to a distributed generation 
system because they are usually positioned at diverse locations 
and have relatively small sizes. By contrast, conventional 
power generation plants, such as coal, gas, and nuclear plants, 
are called central power generation stations. Output power 
quality, such as voltage and frequency, are strictly regulated by 
the generation control system in conventional power stations. 
However, the output voltage of the wind turbine system can 
fluctuate because of variable wind energy input and the 

impedance of the connecting line between the point of common 
coupling (PCC) and power network. This type of voltage 
variation is one of the most significant power quality problems. 
Any excessive increase in grid voltage can cause damage to 
neighboring electric devices. 
 The technical problem of the voltage variation at the 
connection point can be solved if a new and exclusive line is 
built for the transmission of power from wind energy. However, 
we want to use the existing power network for wind power 
integration because a new line installation is costly in terms of 
time and financial resources. 
Analyzing and compensating precisely the voltage variation at 
the PCC are important in wind turbine integration. Some 
conventional compensation methods on voltage variation use 
the injection of the reactive power as a feedback control loop 
by sensing directly the PCC voltage. [2] However, measuring 
the PCC voltage precisely is difficult because the sensing point 
is usually located outside the power converter unit. The 
measured voltage can be contaminated during high-speed 
inverter switching. The compensating reactive power reference 
is sometimes easily saturated because the voltage variation at 
the PCC cannot be regulated by a local unit with a relatively 
small size. The appropriate sizing of reactive power 
compensation devices requires the analytic model of the 
voltage variation at the PCC voltage. 
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In this paper, a new compensation method is proposed for 
the voltage variation at the PCC due to the output power 
fluctuations from the wind. By using the analytic modeling in 
[3] and the vector diagram analysis of the voltage variation at 
the PCC, we can calculate the required amount of reactive 
current for the compensation with a variable margin of voltage 
variation. A nonlinear graph of the required reactive power is 
shown against the change of the active power output with a 
different value of voltage variation margin. Simulations and 
experimental results are compared to verify the feasibility of 
the proposed method. 

 

II. ANALYSIS OF VOLTAGE VARIATIONS CAUSED 
BY THE WIND TURBINE 

 

A. Wind Turbine Modeling 
Wind turbine systems generally have a generator, 

grid-connected inverter, filter, and transformer. Energy from 
the blades is outputted by the grid-connected inverter through 
a DC-link capacitor. 

Fig. 1 shows that the wind turbine can be modeled as a 
controllable current source with variable wind speeds if the 
inverter performs the current control successfully with power 
factor control function. 

B. Voltage Variation Analysis 
Regardless of the complexity of an actual power system 

network, the equivalent T-shaped circuit diagram can be 
derived at the PCC for the simple calculations of voltage 
deviations due to input power fluctuations. Fig. 2 shows that 
the T-equivalent circuit has three branches: conventional 
voltage source, current source of input power, and system 
loads. The parameters in Table I are actual parameters in 
Sapsi Island and the equivalent impedances in generator 
voltage level for the T-equivalent circuit. 

Fig. 3(a) shows the 10 kW wind turbine installed on Sapsi 

Island, Korea. Fig. 3(b) shows the measured PCC voltage data 
against the output power of the wind turbine. The sampling 
frequency is 1 Hz. The center line represents the calculated 
PCC voltage. The dotted lines show the variation margin 
caused by the voltage regulation error recognized during the 
zero output power generation. 
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Fig. 1. Simplified model of the grid-connected inverter of a 
wind turbine. 
 

Fig. 2. T-equivalent circuit model for the analysis of voltage 
variations. 

TABLE I 
IMPEDANCES FOR THE T-EQUIVALENT CIRCUIT MODEL 

Symbol Descriptions Value 

VG 
Regulated voltage source  

/ Base voltage 
380 [V] 

ZG 
Equivalent line impedance at PCC 

to the diesel generator 
0.625 ∠ 72.37 

[Ω] 

ZLL 
Equivalent load impedance at PCC 

including the line impedance for 
the load connection 

4.19 ∠ 22.24 
[Ω] 

ZWT 
Equivalent impedance at PCC for 

the connection of wind turbine 
0.085 ∠ 5.05 

[Ω] 
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PCCat  variation voltage of amplitude RMS   :   
Where

 ΔVPCC  
 
The equivalent load impedance in (1) includes the load and 

line impedances for the load connection. The PCC voltage 
without power connection is expressed in (2). The current 
vector of the wind turbine is assumed aligned with the phase 
angle of VPCC0, which is achieved in many grid-connected 
inverters by the unity power factor control function in (3). 
We define the parallel impedance of the equivalent line 
impedance, ZG, and the equivalent load impedance, ZLL, as 
the effective impedance, Zeffect, in (4). The angle of the 
voltage deviation vector is determined by the effective 
impedance, Zeffect (Fig. 4). The voltage deviation at the PCC 
is analytically expressed as the effective line impedance at 
the PCC multiplied by the current from the wind turbine in 
(5). Note that the value of the impedance of the connecting 

cable between the PCC and wind turbine has no effect on the 
voltage at the PCC because the wind turbine is modeled as a 
current source. For the low voltage-side connection of the 
wind turbine, the voltage deviation at the PCC can be a 
significant problem because the other local loads can be 
connected to the PCC and because effective line impedance 
becomes high due to the impedance of the grid-connected 
transformer. 

The phasor vector diagram analysis is used to calculate the 
amount of voltage variation ΔVPCC (Fig. 4). Thus, the amount 
of voltage variation can be calculated |VPCC| − |VPCC0| by 
subtracting the magnitude of VPCC0 from the magnitude of 
VPCC in (6). The magnitude of VPCC varies with varying Zeffect 
phase angles even though the size of Zeffect and Iwt is the same. 
The resultant voltage vector, VPCC, is changed from the 
original VPCC0 both in magnitude and angle. 

In Fig. 5, the maximum value of the PCC voltage variation 
is plotted according to (6). In Fig. 5(a), the maximum voltage 
variation is almost proportional to the amplitude of the Zeffect 

when the output power of the turbine is fixed at 10 kW (see 
Fig. 4). If the Zeffect is fixed (see Table I), the voltage 
variation increases along the curve (see Fig. 5(b)) with 
increasing installed wind turbine rating. [6]–[7] 

 
 

III. COMPENSATION OF VOLTAGE VARIATION BY 
USING REACTIVE POWER 

 

As explained in (5) in Chapter 2, the voltage variation at 
the PCC is related to the output current of the wind turbine, 
Iwt, and equivalent impedance at the PCC, Zeffect, in Fig. 4. 
If the proper amount of additional reactive current, Iwt_comp, 
is supplied, the magnitude of the new voltage vector, 
Vpcc_new, can be the same as the magnitude of the original 
voltage vector, Vpcc0, in Fig. 6(a). The required value of the 
compensation current, Iwt_comp, can be obtained from (7) 
when both magnitudes are equal. 

However, if the required reactive current is large, the 
output current is limited by the rated value of the inverter. 
Fig. 6(b) shows that a large current limit is required to 
compensate for the voltage variation during the rated power 
output. In this case, the additional amount of the current 
rating is 50% of the rated current. To calculate the 
appropriate amount of the reactive current capacity required 
for the voltage compensation at the PCC, (8) is developed 
with the variable amount of allowable voltage margin m at 
the PCC. If the allowance of voltage variation m increases, 
the necessary amount of reactive current and reactive power 
of the inverter can be calculated as in (9) and (10), 
respectively. 
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(b) 

Fig. 3. A wind turbine installed on Sapsi Island. (a) A 10 kW wind 
turbine on Sapsi Island. (b) Measured voltage at the PCC against 
the wind turbine output power. 
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Fig. 7(a) shows the block diagram for the calculation of the 
compensation current by using the wind turbine output 
current Iwt, equivalent impedance Zeffect, voltage reference at 
the PCC VPCC0, and voltage margin m. The block diagram of 
the proposed reactive power and voltage allowance. Reactive 
current Iwt_comp is calculated by Iwt, VPCC0, and voltage 
allowance m. The block diagram of the proposed 

compensation algorithm is shown in Fig. 7(b). Only the 
active current of the wind turbine is updated in real time for 
the calculation, whereas the other values are predetermined. 

 
Fig. 4. Diagram of the PCC voltage variation phasor caused by 
the output current of the wind turbine. 
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(b) 

Fig. 5. Calculation of PCC voltage variation according to the 
wind turbine rated power and Zeffect. 
(a) PCC voltage variation versus |Zeffect| with constant wind 
turbine output power (10 kW). 
(b) PCC voltage variation versus wind turbine rated power with 
constant Zeffect (Table 1) turbine output power. 
 

 
(a) 

 
(b) 

 
(c) 

Fig. 6. Compensation of the PCC voltage variation by injection 
of reactive power. 
(a) PCC voltage compensation phasor diagram with 
compensating reactive power 
(b) Diagram of the PCC voltage compensation caused by the
inverter capacity 
(c) PCC voltage compensation phasor diagram due to the voltage 
variation allowance 
 



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

Therefore, this algorithm is an open-loop method because it 
does not require the feedback of the voltage at the PCC. 

However, the measurement of the initial voltage at the 
PCC is necessary because this measurement is used as a 
reference voltage in the proposed algorithm. The initial 
voltage is not affected by the impedance ZWT between the 
wind turbine and PCC because the output current of the wind 
turbine is zero. The reference voltage is assumed constant 
during the operation of the wind turbine. However, changes 
occur in the PCC voltage without wind power because of 
other power system components. This paper focuses on the 
reduction of the voltage variation caused by the wind turbine. 
A large amount of current may be required if a controller tries 
to compensate the voltage variation at the PCC regardless of 
the change in outside conditions. Therefore, the proposed 
algorithm compensates only the amount of contribution to the 
voltage variation by the wind turbine by using the network 
model. If an allowable voltage margin is provided, the 
proposed algorithm can analytically calculate the required 
reactive power, which is significantly reduced. 

 

IV. SIMULATIONS AND EXPERIMENT RESULTS 

A.Experimental Setup and Conditions 
Fig. 8 shows the experimental setup for the test of the 

proposed voltage compensation. The active power output of 
the inverter varies to simulate the variable wind energy input. 
A commercial three-phase power supply with 6 kVA rating is 
used as a regulated voltage source. Other parameters 

including the voltages and impedance values for the 
experiments are listed in Table II.  
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(b) 

Fig. 7. Control block diagram of the proposed algorithm. 
(a) Calculation of required reactive current from the active 
current 
(b) Implementation of the proposed reactive power compensation 
algorithm to reduce the voltage variation at the PCC 
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Fig. 8. Circuit composition for the experiments. 

TABLE II 
IMPEDANCES FOR EXPERIMENTS. 

Symbol Descriptions Value 
VG Regulated voltage source 220 [V] 

ZG 

Equivalent line 
impedance from the PCC to 

the 
ideal generator 

1.20 ∠ 70.52 
[Ω] 

ZLL 

Equivalent load 
impedance at the PCC 

including the line 
impedance for the load 

connection 

20 [Ω] 
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B.Compensation by USING REACTIVE POWER 
Fig. 9 shows the PCC voltage variation, active power of 

the wind turbine, and required reactive power for the 
simulation model compensation. If the active power of the 
wind turbine increases to 2.1 [kW], the PCC voltage variation 
is 6.0 [V]. In this case, the required reactive power is 1.0 
[kVAR] or 0.5 [kVAR] for 0 [V] or 3.0 [V], respectively, of 
the voltage variation allowance at the PCC. The required 
reactive power is calculated in (10) by using Iwt, Zeffect, VPCC0, 
and the voltage variation allowance m. The simulation shows 
that the PCC voltage variation is reduced to 0 [V] or 3.0 [V], 
respectively, when the calculated reactive power is injected at 
7 and 12 [s]. 

Fig. 10 shows the experimental results with the same 
simulation scenarios and parameters in Fig. 9. In real time, 
the DSP controller in the inverter calculates and compensates 
the amount of required reactive power. The experimental 
results in Fig. 10 are compared with the simulation results in 
Fig. 9. 

Fig. 11 shows the amount of required reactive power when 
the output of the wind turbine varies under a voltage variation 
allowance of either 0 [V] or 3 [V]. The dashed and solid lines 
represent the required reactive power when the allowance of 
the voltage variation m is equal to 0 and 3 [V], respectively. 
If the PCC voltage variation allowance is 3.0 [V], the wind 
turbine does not need to inject a reactive power that is less 
than 1 [kW] because the PCC voltage variation is in the 
allowed range. 

 
Fig. 9. Comparison of the PCC voltage with three different 
control strategies of the reactive power compensation by using 
PSCAD/EMTDC simulation. 

 
Ide* = 0[A] Ide* = IWT_comp

with m = 0[V]
Ide* = IWT_comp
with m = 3[V]

 
Fig. 10. Comparison of PCC voltage with three different control 
strategies of the reactive power compensation by using the 
experimental setup. 
 

 
Fig. 11. Simulation results of the required maximum reactive 
power against the active power rating of the wind turbine with 
different voltage variation allowances (dashed line: voltage 
variation allowance, m = 0 [V], solid line: m = 3 [V]). 
 

 
Fig. 12. Experimental results of the required maximum reactive 
power against the active power rating of the wind turbine with 
different voltage variation allowances (dashed line: voltage 
variation allowance, m = 0 [V], solid line: m = 3 [V]). 
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Fig. 12 shows the experimental results with the same 
simulation scenarios and parameters in Fig. 11. The range of 
variations of the active power is limited to 2.2 [kW] because 
of the rating of the inverter in the experiments. The inverter 
does not need to inject a reactive power that is less than 
1 [kW] of active power according to m = 3.0 [V] in Fig. 11. 

The simulation and experiment results show that the 
proposed method on the programmable limit of PCC voltage 
variations offers significant advantages because the amount 
of required reactive power can be predicted and the proper 
size of the inverter can be designed. 

 

A. CONCLUSIONS 

This paper proposed a compensation method for the 
voltage variation at the PCC caused by the active power 
fluctuation of the grid-connected inverter for wind turbines. 
The amount of voltage deviation is dependent on the active 
power output of the wind turbine, equivalent line impedance, 
and load impedance. If the inverter has sufficient current 
rating, the voltage variation at the PCC can be completely 
compensated by the addition of reactive power. In actual 
cases, given that the inverter rating is limited, the reactive 
power reference is calculated by considering the allowance of 
the voltage variation at the PCC. Given that this proposed 
algorithm solves the problem created by the wind turbine, the 
proposed algorithm can be used to enhance power quality and 
improve wind energy integration. 
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