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ABSTRACT 

This paper studies the impact of distributed energy 

resources on harmonic level in power systems. A model of 

the voltage source converter and the inner current loop is 

included in the modified IEEE 34 node test system to 

assess the impact of a variable number of wind turbines on 

system impedance and on voltage harmonic components. 

The advantage of the proposed approach is that it allows 

performing the harmonic assessment while not requiring a 

detailed knowledge of the control system. Therefore, it can 

be easily implemented by distribution system operators to 

perform harmonic studies for feeders with significant 

penetration of distributed energy resources.  

INTRODUCTION 

In the last few years, there has been an increase of 

harmonic levels in distribution systems, due in part to the 

connection of a large number of distributed energy 

resources (DERs). While harmonic emissions from each 

unit is relatively low and compliant with standards  such as 

[1], the collective impact of non-linear devices on the 

system has become more evident, and distribution system 

operators (DSOs) need to invest additional resources in 

analyzing harmonic issues [2], [3]. However, DSOs face a 

few challenges in this assessment: they have limited  

knowledge on the control system implemented within each 

unit, and the time and effort required to build a detailed 

model is excessive, and in most of the cases not justified.  

An harmonic study is generally carried out by determining  

at first the system frequency response and then by 

calculating the harmonic levels. Different approaches are 

available to calculate the frequency response [4]. One of 

the most frequently adopted consists in using automated 

tools embedded in power system analysis software, that 

perform a ‘frequency scan’. These tools however do not 

represent correctly the power converters response, as they 

assume that power switches are in open state. On the 

contrary, it is well recognized that power converters and 

their control system have a significant impact on the 

system frequency response [4]-[6].  

This paper aims at showing the use of a simplified model 

[7] to address the two challenges outlined above: i.e. 

providing a simple tool to DSOs and representing the 

control system contribution to the system impedance.  

While the approach proposed in [7] is effective, its 

application is shown into relatively small networks where 

the impedance can be expressed in closed form. The work 

described in [8] illustrates the implementation of a similar 

model in two large networks. In [8], the frequency 

response is calculated by applying resonance mode 

analysis, which requires calculation of the system 

admittance matrix at different frequencies. One drawback 

of this approach is that the admittance matrix needs to be 

calculated for each system configuration.  

In this paper, the model described in [7] is implemented  

within a sample distribution system, and the system 

impedance is calculated by means of frequency scan. 

Additionally, voltage harmonic distortion at different  

busses is calculate for a varying number of DERs  

connected to the system. Finally, the correlations between 

changing resonant frequency and voltage distortion within 

increasing number of WTs are highlighted.  

VSC MODEL  

The majority of DERs are interconnected to the power grid 

by means of power electronic conversion devices. A 

typical interface for a wind turbine system is shown in 

Figure 1 and consists of a voltage source converter (VSC) 

and a filter represented by the series impedance Zf  and the 

capacitance Cf. A step-up transformer allows connecting 

the VSC to the ac grid, represented by a voltage source Vs 

and an equivalent impedance of Zs.  

This paper adopts a simplified formulation of the VSC that 

takes into account the dynamics of inner current loop only, 

as shown in Figure 1. This assumption is justified since the 

outer loop dynamics are slower, and they can be neglected 

for the harmonic analysis [9]. The transfer functions for the 

proportional-integral (PI) controller 𝐹(𝑠)  and the filter 

𝐻(𝑠) are expressed as follows, respectively:  

𝐹(𝑠) = 𝑘𝑝 +
𝑘𝑖

𝑠
 ;  𝐻(𝑠) =

𝛼𝑓

𝑠 + 𝛼𝑓

 (1) 

where 𝑘𝑝  and 𝑘𝑖  are the proportional and integral gain, 

respectively, and 𝛼𝑓  is the cut-off frequency of the low-

pass filter. The gains 𝑘𝑝  and 𝑘𝑖  are defined based on the 

filter characteristic and the control parameters [4]: 

 

𝑘𝑝 = 𝐿𝑓 𝛼𝑐 ; 𝑘𝑖 = 𝑅𝑓 𝛼𝑐 

 

(2) 

where 𝐿𝑓  and 𝑅𝑓  are the phase inductance and resistance of 

the output filter, respectively, and 𝛼𝑐  is the bandwidth of 

inner current controller. The values of the system 

components and of the control parameters  adopted in this 

work are listed in the Appendix.  

The VSC frequency response can be approximated with  

the following transfer functions [6]-[7]:  
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Figure 1: VSC Configuration used in this study. Only the inner 

control loop is show. 

 

Figure 2: VSC represented by means of a parallel admittance 

YVSC and a controlled current source iCGC. 

 

Figure 3: VSC simplified representation: the VSC admittance is 

represented by circuit elements with values shown in (5). 

𝐺𝑐
(𝑠) =

𝐹(𝑠)

𝑅𝑓 + 𝑠𝐿𝑓 + 𝐹(𝑠)
 (3) 

 

  𝑌𝑉𝑆𝐶
(𝑠) =

1 − 𝐻 (𝑠)

𝑅𝑓 + 𝑠𝐿𝑓 + 𝐹(𝑠)
 (4) 

 

Figure 2 shows the equivalent single-line diagram of the 

system under consideration, including 𝐺𝑐  and  𝑌𝑉𝑆𝐶, where 

𝑍𝑇𝑅  is the transformer equivalent impedance.  

For frequencies above 100 Hz, the frequency response of 

the VSC can be approximated by an impedance, as shown 

in Figure 3 [7]. In the αβ domain [4], the impedance real 

and imaginary components  are:   

 

𝑅𝑉𝑆𝐶 = 𝑅𝑓 + (𝛼𝑓 + 𝛼𝑐 ) ∙ 𝐿𝑓;     𝐿𝑉𝑆𝐶 = 𝐿𝑓  (5) 

 

The model shown in Figure 3 is relatively easy to build, as 

it only requires knowledge of the transformer equivalent 

impedance, the VSC filter parameters, and the values of 𝛼𝑐  

and 𝛼𝑓. These two last parameters can be easily determined  

based on the VSC configuration, or standard values can be 

used. The analysis carried out in [7] shows that the 

frequency response obtained with this model is equivalent 

to the one obtained with the full model. 

This paper aims at including the model shown in Figure 3 

into a typical distribution system, to illustrate the impact  

of VSCs on both system impedance and voltage distortion.  

DISTRIBUTION SYSTEM MODEL 

Power system modelling for harmonic studies has been 

subject of research for several years and different 

modelling approaches are available [4],[5],[8]. In this 

paper, the system components are modelled as follows:  

1) Generators and transformers are modelled by using the 

following impedance formulation: 
 

𝑍𝑔𝑒𝑛 = 𝑅1√ℎ + 𝑗ℎ𝑋1  
 

(6) 

where 𝑅1 and 𝑋1  are the resistance and the reactance at 

fundamental frequency, respectively, and ℎ is the 

harmonic order 

2) Cables and lines are represented by means of 

distributed parameters . While the most accurate 

models make use of the geometry of the lines and of 

the towers [8], the distributed parameters 

representation is deemed appropriate for the analysis 

carried out in this paper [4].  

3) Loads are expressed as a series and parallel 

combination as described in [5].  

For this study, IPSA software [11] has been used because 

it provides the following features: availability of the 

models above for network components , rapidity of the 

solution, embedded functions to plot impedance scans and 

voltage distortion simultaneously at each bus, thus 

providing a rapid evaluation of the changes in system 

impedance.  

The studied system – modified IEEE 34 bus 

To illustrate the use of the model in Figure 3 for harmonic 

studies, the authors looked for a suitable distribution 

system within the IEEE repository. The model under 

consideration should include enough components to 

provide a variable impedance with a few resonant points, 

and it should be symmetrical (the analysis of non-

symmetrical systems will be considered in a future work) . 

The IEEE 34 bus system was selected because the voltage 

level, the system size and line lengths are appropriate for 

this study. This system is described in detail on the IEEE 

test feeder repository [12]. A few changes were 

implemented to the original system to make it suitable for 

the present work:  

- Non-symmetrical lines are removed (identified by 

bus number in the original system as follows: 808-

810, 816-822, 854-856, 858-864, 838-862) 

- Distributed loads are spread equally on the three 

phases, and modeled as lumped loads at the end of 

the section  

- A few line sections are replaced by cable sections, to 

introduce additional resonance conditions  (806-808;  

812-814; 852-854) 
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- A variable number of wind turbines (WTs) are 

included on the following busses: 816, 830, 836, 858. 

The overview of the system under study is shown in  

Figure 4. The original system parameters can be found in  

the IEEE bus 34 system description [12]. The parameters  

for the new lines and the VSCs are shown in the 

Appendix. The power flow converges with 7 iterations  

thus indicating that the feeder model is  stable, although 

the solution is different from the one described in [12].  

  

 

Figure 4: The modified IEEE 34 node system used in this study, 

with the WTs shown in blue.   

Numerical analysis 

A full harmonic assessment requires monitoring all busses 

and running numerous configurations with variable 

number of WTs in service. However, due to page 

constraints, only a few cases will be illustrated: 

C1.0 No capacitor banks in service and no WTs 

C1.1 1 WT at bus 846 

C1.2 3 WTs at bus 846 

C2.0 Capacitor banks (at busses 844 and 848) in  

service and no WTs 

C2.1 1 WT at bus 846 

C2.2 3 WT at bus 846 

C3.1 No capacitor banks and 3 WTs at busses 816, 830, 

836, 858 

For each case, frequency scans and voltage distortion are 

evaluated at the following buses: 800, 832 and 846.  This 

is done to identify local resonance conditions which may 

not be visible at the substation or even a few buses away.  

 

Frequency Scans 

Figure 5 shows the frequency scans at the busses under 

consideration for the base case. A few resonant conditions 

can be identified even with no capacitor banks in service,  

due to the presence of the cable sections which introduce 

capacitance into the system. The first resonance frequency 

is very similar at bus 832 and at bus 846, however, it is not 

visible at bus 800, i.e. the one closest to the substation.    

Figure 6 shows the case where one wind turbine is 

connected to the system. This change affects differently 

the frequency scan at each bus : the lowest resonance 

frequency is significantly damped on bus 846, the 

resonance around the 21st harmonic is amplified on bus 

832 and the highest resonance around the 30th harmonic is 

damped for bus 800.  

 

Figure 5: Frequency scan for case C1.0   

 

Figure 6: Frequency scan for case C1.1   

 

Figure 7: Frequency scan for case C1.2   

The result can be explained by observing that, according 

to (5), the equivalent resistance of the VSC is significantly  

large, due to the contribution of the control parameters. As 

a consequence, when a VSC is connected to the system, it 

is likely to cause harmonic emissions , but it will also 

contribute to damping of resonances, thus having a 

positive effect on the system. However, the results shown 

in Figure 6 indicate that unless a systematic study is 

performed, it is difficult to conclude on the impact of WTs 

on system resonance conditions.  

Figure 7 illustrates the frequency scans for the case of three 

wind turbines connected to bus 846. The results are very 

similar to the ones shown in Figure 6, thus indicating that 

the effect of the transformer and of damping is prevalent 

on the frequency response for the studied cases.  

The scans illustrated in Figure 6 and in Figure 7 are 

obtained without including the capacitor 𝐶𝑓. The scans 

were repeated with this capacitor included with no 

significant impact: this can be attributed to the small size 

of this component (shown in the Appendix).  
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Figure 8: Frequency scan for C2.0   

 

Figure 9: Frequency scan for C2.1 

 

Figure 10: Frequency scan for C2.2   

The frequency scans shown in Figure 8 - Figure 10 shows 

the system response with no WT, one WT and three WTs 

at bus 846, respectively, and with capacitor banks at busses 

844 and 848 in service. In all cases, parallel resonances are 

observed around the 27th and the 33rd frequency, due to the 

contribution of the large capacitor banks. The impact of the 

WTs is negligible on these harmonics . However, the WTs 

have an effect on the low frequency harmonics for busses 

832 and 846.  

The graphs shown in this section indicates that the 

proposed model illustrates the impact of the WTs on the 

system impedance, and highlights the effect of damping.  

 

Harmonic Voltage Components 

 

It is assumed that the VSCs generate voltage components 

at the following harmonic frequencies: 3rd, 5th, 7th, 9th, 11th, 

13th, 17th and 19th. These harmonic orders have been 

chosen because they are the more commonly observed in 

distributed systems with larger DER penetration [1]-[3]. 

For this analysis, the harmonic components are in phase 

and their amplitude is  1%. While it is recognized that the 

assumption on the equal amplitude is unrealistic, but it 

allows to visualize effectively the propagation and 

amplification of different harmonic components through 

the system. In a practical harmonic study, the actual 

harmonic generation should be modeled.  

 

Figure 11: Voltage harmonic components for C1.1 

 

Figure 12: Voltage harmonic components for C1.2 

 

Figure 13: Voltage harmonic components for C2.1 

Figure 11 shows the voltage harmonic components for the 

case with one WT in service at bus 846. In this case, the 

11th harmonic experiences the highest amplification . 

However, it is important to note that it takes place at a 

nearby bus, rather than in correspondence of the WT. This 

is because there is a resonance condition at bus 832 at this 

frequency, as shown in Figure 6. The harmonic amplitudes  

shown in Figure 11 indicate that the distortion at the 

substation is smaller than at the other busses. This result 

confirms the importance of studying harmonic distortion 

at different locations in the system.  

Figure 12 shows the voltage harmonic spectra for 3 WTs 

connected at bus 846. In this case, the 11th harmonic is 

further amplified due to additional injection, however, the 

amplification is not proportional to the number of WTs, 

due to the slight change in resonance conditions. For the 

same reason, higher order harmonics are slightly damped 

compared to the previous case.  

Figure 13 shows the harmonic spectra for the case with  
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capacitor banks and one WT. In this case, one can observe 

harmonic amplification at harmonics 17th and 19th, which  

is consistent with the scan shown in Figure 9.  

In all figures, the 3rd and 9th are not visible, because the 

transformer low voltage side is delta-connected, and 

therefore these components are not transferred to the 33 

kV system. However, this behaviour is only true for 

symmetrical systems, such as the one considered, and 

should not be generalized.  

Figure 14 shows voltage distortion for case 3.1. Compared  

to the case with one WT in service (Figure 6), two 

phenomena are observed: the harmonics 11th – 13th are still 

dominant but damped, and there is an increase in the 

harmonics 17-19th.  

 

 

Figure 14: Voltage harmonic components for C3.1  

This case confirms that, while the number of WTs is a 

major factor in determining the level of harmonic 

distortion in the system, it is important to model correctly 

the impact of these devices on the total impedance, as 

changes in the resonance conditions will impact  

significantly harmonic levels.   

CONCLUSIONS 

This paper illustrated the use of a simplified DER model 

for the purpose of evaluating harmonic impact on a sample 

distribution system. The model does not require a detailed 

knowledge of the control system, however, the cases 

studied in this paper showed that it is effective in assessing 

the impact of VSCs on system harmonic impedance and 

voltage distortion. The approach presented here should be 

considered as a cursory analysis : if this method indicates 

harmonic concerns, a more detailed harmonic study should 

be performed, adopting a VSC detailed model.  

The next steps of this analysis will include: assessment 

how capacitor duties, to extend the analysis to 

asymmetrical systems, to model actual harmonic injection  

thus allowing to determine more accurately the harmonic 

levels.  
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APPENDIX – SYSTEM DATA 

WT system data 

Transformer: 𝑃𝑛= 1 kW, 𝑋𝑇𝑅 = 0.10 pu, 𝑅𝑇𝑅= 0.015 pu 

VSC: 𝑅𝑓 = 0.055 mΩ, 𝐿𝑓 = 3 mH, 𝐿𝑓 = 30 μF 

Control parameters: 𝛼𝑓 = 50, 𝛼𝑐 = 1000 

Cable data for sections 806-808; 812-814; 852-854: 

𝑅/km= 0.00484714 pu; 𝑋/km = 0.00276151 pu and 𝐵/km 

= 0.00275197 pu. ABB 20 kV 3 core Cu XLPE 95mm, 

Rated voltage = 24 kV. 

http://www.ipsa-power.com/
http://www.ipsa-power.com/

