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ABSTRACT 

The demand for economic growth, fuelled by the advancement of developing countries and the global call to 

reduce fossil fuel driven generators are creating endless opportunities for renewable power plants (RPPs). 

The continuous development of power electronics has allowed inverter technologies to be utilized by large 

scale RPPs making them more efficient and allowing for flexible operating conditions. A disadvantage of the 

power electronics found in inverters are their inherent ability to distort a current waveform and in return 

distorting a network’s voltage waveform, [1]. 

To ensure reliable and sustainable energy in South Africa the National Energy Regulator of South Africa 

(NERSA) developed the Grid Code for Renewable Power Plants. Within this grid code a section has been 

dedicated towards the evaluation of RPP’s power quality emissions [2]. 

This paper aims to evaluate the effectiveness of utilising simulations and mathematical methods for harmonic 

assessment during the preliminary, as well as post-connection grid code studies. The usefulness of these 

methods will be evaluated by comparing results with actual field measurements of a 140 MW RPP at low-, 

medium- and high voltage levels. 
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I. INTRODUCTION 

The IEC61000-3-6 and IEC61000-3-7 are international standards developed for the assessment of power 

quality emissions, [3]. Furthermore, the CIGRE-CIRED C4.109 working group evaluated these standards 

and compiled the technical report TR 468 which provides a review on the disturbance assessment techniques, 

[4]. The IEC61000-3-6, IEC61000-3-7 and the TR 468 were adopted by South Africa’s Utility for the 

development of the RPP emission assessment guideline. However, the practicality of the assessment methods 

described by these references are still being questioned. 

While the methodology for the evaluation of emissions are being assessed and further developed by working 

groups such as the Cigre-Cired C4.42, many RPP developers seek to reduce any possible emissions without 

quantifying the need thereof. Due to their low cost, passive filters are generally used for mitigation. However, 

if not designed properly the addition of reactive components can lead to unwanted resonating conditions in 

an already dynamic electrical network. 

Studies conducted at a 140MW windfarm attained synchronous power quality measurements at an inverter 

output (low voltage network), the collector network (Medium Voltage) and at the point of connection (High 

Voltage). Analysing the distortion levels in the various points of the networks allows for a better 

understanding into the impact inverters have on the distortion levels, while simulation results provide insights 

into the simulation accuracy of inverter based RPP’s. 

Measurements were carried out over two measurements campaigns at the same points of interest, using the 

same power quality instruments while varying the current transformers. The connection of the instrument 

was varied for each measurement campaign and the power quality indices where recorded with a 1 min 

resolution. The results of each measurement campaign where compared with each other and with the inverter 

specifications obtained during factory type testing. 

To further the understanding of power quality simulations pertaining harmonics emitted from an 

interconnected inverter network, results from Grid Code accepted mathematical and simulation assessments 

are compared to measurements. 

This paper provides insights on inverter based RPPs through a case study at a windfarm. A description of the 

network and the measurement equipment used for the investigation is presented followed by a brief 

description of the inverter technology utilized by the RPP. The results obtained for different measurement 

campaigns are provided and the importance of instrument setup and selection is discussed. The low voltage 

measurements results are compared to the factory specifications of the inverter and the impact it has on 

network simulations. The paper is concluded with a discussion on the results and their impact on Grid Code 

studies for RPPs. 

II. PRACTICAL APLICATION 

The RPP under investigation is a 140MW wind farm located in South Africa. Power is generated by fifty-six 

double fed asynchronous machines each with a generation capacity of 2.5MW. Power is generated at 660V 

and stepped up to 33kV through a 2.7MVA Dyn11 transformer located at each wind turbine. Reactive 

compensation and frequency control at each turbine is obtained through IGBT converters. 

To quantify the influence of the measurement setup during emission studies, two measurements campaigns 

were carried out with different current measurement instrument transformers. The same power quality 

instrument was used for both campaigns and is a certified Class A instrument as per IEC61000-4-30 Ed 3.0. 
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a) First Measurement Campaign 

During the first measurement camping measurements were recorded with 1 min resolution for a period of 2 

days. Measurements were taken on the LV busbar of the 0.66/33kV step-up wind turbine transformer. The 

instrument’s sensors where connected as shown in Figure 1. 

 

Figure 1:  First measurement campaign – Instrument connection setup. 

During the first measurement campaign the neutral voltage of the transformer was used as the reference 

voltage as opposed to the earth voltage. Given that the neutral is not earthed, this setup is representative of 

the network under consideration. The resulting voltage measurements indicated a significant decrease in the 

measured voltage distortion levels, as appose to measurements where the earth is used as reference1. 

To facilitate current measurements the current in each phase was stepped down with Rogowski coils. 

Measurements were done on a three-wire system as a result no neutral current (I4) was expected to be derived 

from the measured phase currents. Thus, a derived neutral current would indicate erroneous current 

measurements and was considered, for the purpose of this investigation, a quantification of error in current 

measurements. The measurement error is given by the following equation. 

𝐸𝑟𝑟𝑜𝑟 =  
𝐼4ℎ

𝐼𝑝ℎ
       (1) 

Where ℎ is the harmonic order, 𝐼4ℎ is the derived neutral current per harmonic order and 𝐼𝑝ℎ is the measured 

harmonic current per phase. The per phase maximum error for dominant harmonic orders are presented in 

Table 1. Due to the uncertainty associated with the higher order harmonics [5], [6], the average error for 

harmonic orders between the 26th and 50th is presented as a single value. 

Table 1:  Harmonic Current Measurement Errors – Rogowski coils. 

Maximum error per harmonic order (%) 

3rd 5th 7th 11th 13th 17th 19th 23rd 25th 26th≥h≤50th  

90.6 53.6 87.1 69.2 51.0 75.1 77.8 79.2 82.6 93 

The harmonic orders with high error values were representative of the inverter switching frequency. It was 

concluded that the errors were initiated by induced voltages on the flexible wire connection between the 

                                                 

 
1 Original setup of the instrument used earth potential as the reference voltage. This was changed when high distortion 

levels in the voltage were observed. 
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measurement instrument and the Rogowski integrator. The cause of the errors could be boiled down to 

installation limitations (cables had to run over live busbars), and equipment limitations (the screening on the 

Rogowski connection cables were not sufficient to withstand the induced voltages). 

b) Second Measurement Cmpaign 

For the second measurement camping measurements were recorded with a 1 min resolution for a period of 1 

day. The wind turbine generator operated under various generating conditions while reaching nominal output 

power for most of the time. Measurements were taken on the LV busbar of the 0.66/33kV step-up wind 

turbine transformer. The instrument’s sensors where connected as shown in Figure 2. 

 

Figure 2:  Second measurement campaign – Instrument connection setup. 

As with the first measurement campaign, the neutral voltage of the transformer was used as the reference 

voltage as opposed to the earth voltage and similar accuracies in the voltage measurements where obtained. 

During the second measurement campaign, phase currents were measured with the use of high current, 

clamp-on current transformers, with the aim to mitigate the effect of induced voltages as experienced when 

using the Rogowski coils. Similar to the first campaign, measurements were done on a three-wire system and 

the derived neutral current was used as a quantification of the errors in current measurements. The errors in 

current when using the clamp-on current transformer is shown in Table 2. Using the clamp on current 

transformers significantly reduced the errors in current harmonics measurements. 

Table 2:  Harmonic Current Measurement Errors – Clamp on Current Transformers. 

Maximum error per harmonic order (%) 

3rd 5th 7th 11th 13th 17th 19th 23rd 25th 25th<h<50th  

9.8 0 0 0 0 0 0 0 0 0 

III. LV MEASUREMENT RESULTS 

In this section the practical measurement taken are compared to the factory acceptance tests (FAT) of the 

wind turbine generators. Using the derived neutral currents as an indication of accuracy in current 

measurements, the use of use of clamp-on CT’s resulted in more accurate measurement and were therefore 

used to compare with the FAT results.  

From the turbine specification, the harmonic current emissions from the wind turbine are specified in 

percentage of rated current In for different operational conditions. The operating conditions of the turbine 
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was divided into 10 power bins each representing a percentage of the rated generating power. A comparison 

between the turbine specifications and practical measurement are presented in Figure 3.  

  

Figure 3:  FAT vs. Site inverter harmonic emission measurements. 

Different results can be seen between the FAT and measured results. This was expected due to the nature of 

inverters when exposed to a distorted voltage waveform as reference, as opposed to the perfectly sinusoidal 

waveforms used during the IEC 61000 certification tests [7]. 

For further analysis into the impact of inverters on the quality of power and the simulation thereof, it was 

decided to only utilise the results for the maximum power bin. 

IV. GRID CODE COMPLIANCE ASSESSMENT 

The Grid-Code for RPPs discuss two different methodologies for the assessment of preliminary grid code 

compliance, and are classified as the mathematical and simulation methods respectively. 

In general a mathematical method is adopted which makes use of the general summation law to compute the 

total current emissions from the RPPs. The mathematical method ignores the different network components 

such as transformers and cable networks and only takes into consideration the number of inverters and their 

harmonic specifications. 

For simulation assessments, the RPP network is modelled in a software package and could include 

transformer, cables and other electrical component specifications. The time required for such a detailed study 

generally outweighs the reduction in uncertainty and hence the preference of the mathematical method. 

a) Mathematical Method 

From the Grid-Code, the RPP assessment guideline provides the method for calculating the total harmonic 

current injection at the point of connection (POC). This method generally make use of the inverter 

specification as derived from FATs, along with the general summation coefficient as per IEC 61000-3-6, [2] 

[3]. 
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𝑈(ℎ) = √∑ 𝑈(ℎ)𝑖

𝛼 𝑖
𝛼

     (2) 

Where 𝑖 is the inverter and ranges from 1 to the number of inverters installed, ℎ is the harmonic order and α 

is the alpha factor as shown in Table 3. 

Table 3:  Harmonic summation law alpha factor. 

α Harmonic Order 

1 < 5 

1,4 5 to 10 

2 > 10 

When using the mathematical approach the effect of collector networks are not considered. Furthermore, the 

transformer configuration is only taken into account for delta windings, where a worst case approach is 

adopted. From the Grid-Code, a maximum of 33% of the zero sequence harmonics are transferred through 

the delta windings of transformers. 

b) Simulation Method 

The windfarm model was constructed in DigSILENT, as per the Grid-Code guide for simulation based 

compliance. 

The simulation package performs a harmonic load flow according to the IEC 61000-3-6 standard, and also 

utilises the summation law with the inverters modelled as IEC 61000 harmonic sources. The model will 

consider the effect of collector networks on the harmonic current emissions at the POC [8]. 

It is important to note that in DigSILENT, with the harmonic sources defined as IEC 61000, zero sequence 

order injections and non-integer harmonic injections are considered in the positive sequence [8]. The 

blocking effect of transformers’ delta windings on triplen harmonics will thus not be considered. 

V. RESULTS 

The results obtained from field measurements, mathematical- and simulation methods are compared to 

evaluate the usefulness of harmonic emission analysis during the preliminary grid code compliance stage. 

The inverter emission at the low voltage network as obtained with the different analyses are shown in Figure 

4. To facilitate a comparison between the results the harmonic limits at the POC are shown in percentage of 

rated current. 
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Figure 4:  Results at LV (660 V) bus. 

The results from field measurements, calculations, as well as simulations at the point of connection are 

compared in Figure 5. 

 

Figure 5:  Results at HV (132 kV) bus. 

DigSILENT simulation method considers all triplen harmonic orders as positive sequence. However the 3rd 

harmonic in the ideally balanced case is only in the zero sequence component, as their native modal system. 

The simulation results obtained when considering the same maximum transfer of zero sequence harmonics 

through the delta winding of the transformers, are shown in Figure 6. 
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Figure 6:  Results at HV (132 kV) bus (Considering transformer leakage) 

I. DISCUSSION 

The results obtained from practical measurements are often used to assess the emissions from an RPP. The 

Comparing the results obtained from the, it can be seen that there exist significant differences at the 3rd and 

5th harmonic orders. These harmonic orders are known to be dominant in the South African electrical network 

and given that they exceed their respective limits mitigation would need to be considered. 

The measured results of these orders will be analysed with the use of the scatterplot method, to determine 

the reason for the difference in emission results. The simulation and mathematical methods assume that all 

emissions are being emitted by the RPP, which is not necessarily the case in reality. 

a) 3rd Harmonic Analysis 

Studying the scatterplot in Figure 7 below, it can be seen that the correlation of the harmonic voltage and 

current (line of best fit) aligns with the impedance of the RPP. This would indicate that the 3rd harmonic are 

predominantly being absorbed from the network. 
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Figure 7: 3rd Harmonic - Voltage vs Current 

b) 5th Harmonic Analysis 

Figure 8 shows a correlation above the calculated RPP impedance line. This would imply that the plant is 

currently absorbing the 5th harmonic and not generating it. 

 

Figure 8: 5th Harmonic - Voltage vs Current 

The analysis in Figure 7 and Figure 8 explains the difference between the measured and calculated / simulated 

results, as the 3rd and 5th harmonic currents are judged to rather be absorbed than emitted. 

II. CONCLUSION 

The case study discussed the various site measurements performed on the LV terminals of a wind turbine 

generator transformer. Measurement errors observed were discussed and the reason for the erroneous values 

identified. The accepted measurement campaign’s results were compared to factory acceptance tests 

performed on the inverters, showing a number of differences. 
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The different proposed methods to perform preliminary grid code compliance harmonic assessments were 

discussed and results were compared to field measurements performed on the HV (132 kV) bus. A proposal 

to consider the effect of transformer configuration were discussed and the results compared well to measured 

and calculated results, with the exception of the 3rd and 5th harmonic orders. 

These orders were further analysed with the use of the scatterplot method, indicating that the harmonics were 

in reality rather being absorbed, than emitted from the windfarm. 

The results indicated the usefulness of adding simulations, which considers the effect of transformer 

configurations, during preliminary grid code compliance, as well as quality of supply studies performed after 

commercial operation of the RPP. These results can be used to support determining the direction of harmonic 

currents. 

This case study only reflects the results of a single RPP, and would be worthwhile to perform similar analysis 

on more renewable installations connected to the national grid. 
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