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Abstract–This paper investigates the effect of modelling of 

different aspects of renewable energy sources (RES) namely 

wind farms (WF) and photovoltaics (PV) plants as a first 

step towards development of the equivalent harmonic model 

of RES plant for harmonic propagation and mitigation 

studies in large transmission networks.  The paper proposes 

a set of scaling factors that can be used when modelling the 

whole RES plant as a single harmonic source, considering 

different weather conditions, configurations, and harmonic 

cancellation effects of RES plants. The results facilitate the 

assessment of global contribution of power electronics 

connected RES to harmonic levels in transmission networks 

and more generally harmonic propagation studies in large 

power electronics reach transmission networks. 

 
Keywords–Harmonics, renewable energy source, power 

electronics, uncertainty, Monte Carlo simulations 

 

I.  INTRODUCTION 

 

Power quality (PQ) disturbances result in significant 

financial losses to both network operators and end users. 

With the rapid development of technology, there has been 

a great proliferation of power electronics (PE) devices into 

power systems including PE interface connected 

generation and load, FACTS devices and HVDC lines. As 

a consequence, there have been concerns about potential 

increase of   harmonics in the system, which could lead to 

equipment overheating, insulation stress and load 

disruption, thus leading to significant financial losses.  

Considering that installed capacity of renewable energy 

sources connected to the system through PE interface is 

significant and constantly increasing the study of the 

influence of PE connected generation on harmonic levels 

in the system is highly needed. 

 

In recent years, in order to reduce the thermal and mal-

operation damage caused by harmonic distortion, some 

mitigation methods such as line rectors, phasing shift 

transformers passive power filters (PPF) and active power 

filters (APF) have been widely used [1]. However, even 

though PPF are cheaper and more flexible, the resonance 

problem arises when large capacitive or inductive 

switching devices are connected to the network. Similarly, 

the complexity of system topologies limits the 

compensation ability of APF. Therefore, it is important to 

do more research based on different renewable systems 

models to optimise harmonic mitigation technologies. 

 

This paper is one of the first, if not the first to model an 

independent renewable power plant (WF and PV plant) 

for harmonic propagation studies. Additionally, 

considering stochastic and intermittent nature of operation 

of RES and uncertainties associated with system operation 

and load, probabilistic harmonic modelling and analysis 

are adopted as more suitable than conventional 

deterministic approach in the study [2]. 

 

The 95th percentile of total harmonic distortion (THD) 

calculated at the point of connection of RES plant is used 

as an index in the study to analyse different aspects of 

plant modelling. All models are developed and 

simulations performed using DigSILENT/PowerFactory 

15.2 [3].   

 

II. METHODOLOGY  
 

1. WF and PV plant configurations 

In the modelling of a WF, the wind power plant consists 

of a point of common coupling (PCC) bus connected to 

the external power grid, a collector bus connected to a 

total of 48 wind generators and two types of connection 

transformers that change voltage level. The voltage level 

of the plant is 0.69/33/138 KV. As the most commonly 

used connection configurations of wind turbines in the 

WF, parallel, star and T configuration [4,5], shown Fig.1 

Fig.2 and Fig.3, respectively are considered in the study. 

All three topologies consist of identical 48 wind 

generators. 

 

 
Fig. 1: WF with parallel configuration 

 

The PV plant consists of a PCC bus connected to an 

external power grid, a collector bus connected a total of 48 

PV subsections and two types of transformers that change 

voltage level. Each substation consists of 4 array channels. 

The voltage level of the PV plant is 0.4/10/138 KV. The 

configuration of parallel PV plant is shown as Fig.4. 



ACCEPTED VERSION OF THE PAPER 

IET International Conference on Advances in Power System Control, Operation and Management  (APSCOM 2018) 

 
Fig. 2: WF with star configuration 

 

 
Fig. 3: WF with T configuration 

 

 
Fig. 4: PV plant 

 

2. Modelling of generators 

Doubly Fed Induction Generator (DFIG) is widely used in 

large wind plants hence it was used to model individual 

wind generators in the WF in this study. The individual 

wind generators [6] are set as 2.5 MVA units operating 

with power factor 0.8 and with wind turbine rotor 

diameter of 88m. 

 

A typical PV system consists of solar array, controller and 

inverter. The relationship between PV cell, PV model (PV 

panel), PV string, and PV array is illustrated in Fig.5. 

Moreover, with respect to the location of inverters, three 

types of PV inverter are discussed: central inverter 

(Fig.6a), string inverter (Fig.6b) and module integrated 

inverter (Fig.6c) [8]. The central inverter topology 

connects parallel strings to a single inverter, thus keeping 

costs low whilst achieving high efficiency. It is widely 

used in medium and high voltage PV systems and is 

utilised in this study. For the string inverter, each string is 

combined with each inverter, decreasing mismatching and 

partial shading losses. For the module integrated inverter, 

each module has its own inverter, thus the energy yield is 

optimized [9]. 

 
Fig. 5: PV components (adopted from [7]) 

 

 
(a)                                   (b)                               (c) 

 

Fig. 6: (a) PV central inverter, (b) PV string inverter,  

(c) PV module integrated inverter (adopted from [9]) 

 

In this study, the PV power plant is divided into 48 

substations of 1MVA each and each 1MVA substation 

consists of 4 array channels, each rated 500KVA with 

power factor 1. Each array channel is equipped with an 

inverter converting DC to AC, which means 4 parallel 

inverters in each PV section. Both WF and PV plant are 

connected to 50Hz power system. 

 

3. Modelling of probabilistic power input 

Weibull distribution (Fig.7) and Beta distribution (Fig.8) 

are continuous probability distributions that are commonly 

used to describe the wind speed variation and the solar 

irradiation variation during the year, respectively [10], 

hence they are used for modelling WF and PV plant 

power output in this study.  

 

Based on Fig.7 and Fig.8, appropriate probability 

distributions of respective power outputs are generated in 

MATLAB and sampled randomly (500 random values) for 

each individual wind and PV generator.   These 500 

random values or individual generators are then 

transferred to DigSILENT so in each of 500 iterations 

each individual generator is modelled as an independent 

probabilistic power injection. 
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Fig. 7: Weibull distribution 

 
Fig. 8: Beta distribution 

 

4. Modelling of cables 

Generally, the transmission line and cables are modelled 

as π equivalent circuit in DigSILENT. In most cases, WTs 

are connected through AC Cross-Linked Poly Ethylene 

(XLPE) 3-core submarine cables with a Copper or 

Aluminium conductor [4]. Cable parameters chosen for 

this study are adopted from the Lillgrund wind power 

plant technical datasheet [11]. With more generators 

connected in one string, the cross section of cable should 

be larger in order to withstand the accumulated current. In 

this project, the cross section of cables with respect to the 

numbers of wind generators in one string is shown as 

Fig.9. Generally, the separation distance between WTs is 

considered 5-8 times that of rotor diameters [4]. Therefore, 

the length of cables between WTs is chosen to be 0.5 km 

and the length of cables connected to collector bus is set 

as 1 km. 

 
Fig. 9: Different cross-sections of cables in WF model 

 

In PV plant modelling, the cables connecting each section 

are selected as NA2YSY 1x500rm 6/10kv in DigSLIENT 

library [3]. The rated voltage is 10 KV, each cable being 

0.02 km in length. 

 

5. Modelling of harmonic injections 

The harmonic current magnitude and angle injections by 

individual harmonic sources vary in real life depending on 

the source operating conditions. Hence, the range of 

harmonic injections is based on the results of long–term 

measurements of the harmonic spectrum and reported 

documents about the performance of PE interfaced 

devices. 

 

The harmonic magnitudes and phase angles for 

characteristic harmonics used in the study are assumed to 

be within the ranges shown in Table 1. The Monte Carlo 

simulations considering different probability distribution 

of injected harmonics is carried out to represent the 

probabilistic operation of the network. The same harmonic 

injection is modelled in each of the three phases. In 

addition, since each PV section consists of 4 parallel 

inverters, the values of the harmonic injections are 

multiplied by 4 before being injected into to the system. 

 

Table 1: Harmonic injection ranges [12] 

Harmonic order Magnitude (%) Phase (degree) 

5 0-0.05 0-180 

7 0-0.1 0-180 

11 0-0.15 0-180 

13 0-0.2 0-180 

 

6. Modelling of wake effect and shading effect 

The wake effect refers to the wake area where the wind 

speed decreases as the WT draws energy from the wind. It 

leads to an uneven distribution of wind speed in the WF, 

affects the operation status of each WT, and influences the 

operating conditions and output of the WF [13]. Since the 

wake effect depends on the WT location, it is possible to 

model it as a certain scaling factors (sf) with respect to 

WT separation (based on the Figure 3.7 in [4]). In this 

project, three wind directions are considered to illustrate 

the wake effect: blowing from left to right horizontally, 

downwards to upwards vertically and from lower left to 

upper right at 45°. The chosen scaling factors are shown 

in Fig.10 for WF with parallel configuration. For star and 

T connection, the selection of wake effect scaling factors 

is roughly the same. 

 
Fig. 10: Wind blows from lower left to upper right at 45° 

 

The PV modules of Large-scale PV plants are easily 

shaded by clouds, leaves and other shields. Moreover, 

there will be surrounding buildings or utility poles 

covering the PV cells. The front and back rows of PV 

array might also block each other. The shaded PV module 

will then act as the load that dissipates the energy 

generated by other modules. As a result, the shaded PV 

cell will heat up, causing hot spot effect, decreasing the 

output performance or even shortening the service age. 

These phenomena are known as partial shading effects. 

The scaling factors of the partial shading effect depend on 

the shading percentage and can be calculated based on 

Fig.7 in [14]. In this study, two shading samples are 

considered: trapezoidal and rectangular shading. The 

chosen scaling factors are as shown in Fig.11. 

 
Fig. 11: Trapezoidal shading 
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III. CASE STUDY 

 

1. Wind farm case studies 

For the assessment of WF harmonic contribution 

disconnections/ unavailability of individual WT, different 

operating points based on Weibull distribution, wake 

effect and different WF configurations are considered. 

The WF case studies are classified by configuration. For 

the parallel configuration, CmC 0 refers to all WTs 

connected; CmC 1 refers to one column of WTs 

disconnected; with additional columns of WTs 

disconnected, the cases are named as CmC 2- CmC 8, 

respectively. Similarly, RwC 0 refers to all WTs 

connected and with additional row of WTs disconnected, 

the cases are named as RwC 1- RwC 6. Furthermore, all 

the 48 WTs are divided as 6 groups of diagonal WTs. 

Similarly, with each group of diagonal WTs disconnected, 

the cases are named as DC 1- DC 7, respectively. WEC 1-

3 refers to the wake effect considering three wind 

directions: blowing from left to right horizontally, 

downwards to upwards vertically and from lower left to 

upper right at 45°. They are simulated by considering 

different scaling factors as discussed above. In order to 

analyse the impact of different WF configurations, three 

additional case studies are considered with each of the 

three configurations. CoC 0 refers to all WTs connected; 

CoC 1 includes the wake effect when all WTs are 

connected, and CoC 2 considers WFs with 16 randomly 

disconnected WTs with the wake effect included. Note 

that the CmC 0, RwC 0, DC 0, WEC 0 and CoC 0 are the 

same. All power injections of WTs follow the Weibull 

distribution. 

 

The absolute values of the THD and the individual 

harmonic distortions for the 5th, 7th, 11th and 13th harmonic 

are plotted in Fig.12 and the normalised 95th percentile 

values in Fig.13 for parallel configuration of WF. The 

worst case is the CmC 0 with 95th percentile THD of 

0.01340 %. 

 
Fig. 12: THD and individual harmonic distortion values 

considering WF column cases (parallel) 

 

 
Fig. 13: Normalized THD and individual harmonic distortion 

values considering WF column cases (parallel) 

As can be seen from the results, the 11th and 13th 

harmonics contribute the most to the overall THD at the 

point of connection of the WF. Furthermore, the THD 

reduces with disconnection of WTs, i.e., it is the largest 

with all WTs in service and the smallest with only one 

column of WTs working.   

 

To compare the harmonic distortion of all simulated cases, 

including WT disconnections and wake effect, the 

normalized 95th percentile THD values are compared in 

Fig.14. When the wake effect is considered, the 95th 

percentile THD of all three cases decreases by around 

30%, regardless of the wind direction. Therefore, the 

aggregate WF harmonic injection can be determined by 

using scaling factor of 0.7 to account for the wake effect. 

 

 
Fig. 14: Normalized WF THD combined cases (parallel) 

 

In order to analyse the impact of different WF 

configurations, a specific wind direction is chosen. Taking 

the T configuration as an example, Fig.15 shows the 

original THD values with respect to CoC 0-2. Similarly, 

as with parallel configuration when modelling the WF as 

T and star configurations, 5th and 7th harmonics injections 

are lower   compared to 11th and 13th. In terms of THD 

values, three configurations are compared in Fig.16. 

 

 
Fig. 15: THD and individual harmonic distortion values for WF 

T configuration 

 

 
Fig. 16: 95th percentile values of THD for parallel, T and star 

configurations 

 

The star configuration resulted in the lowest THD comped 

with the other two. It should be noted though that the star 

configuration can be more expensive due to the extra 
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length of cables and switchgears, therefore there is a 

trade-off between capital investment in WF design and 

potential cost of power quality mitigation. Considering the 

overall effect on the transmission system as a whole in 

terms of THD at the point of WF connection, the 

difference among the three configurations is negligible. 

Hence, it is possible to use the same equivalent harmonic 

model of WF regardless of the configuration. In addition, 

as mentioned above, the wake effect reduces THD value 

by approximately 30%, hence it can be modelled as a 

scaling factor of 0.7, irrespectively of the configurations 

and wind direction. 

 

In order to verify the possibility of modelling the whole 

WF as a single harmonic source, only one WT is 

simulated considering 500 different harmonic injections 

based on Monte Carlo simulations as before.  The results 

are then multiplied by 48 and compared with the results 

obtained with all 48 WTs connected including parallel, 

star and T configurations and excluding wake effect. 

Normal distribution is fitted (see Fig. 17) to calculated 

THD values to facilitate comparison of the mean values (μ) 

and standard deviations (σ) for three different 

configurations.     Compared with the results obtained 

using single WT multiplied by 48, the mean value is 

15.9% higher for parallel configuration, 16.7% lower for 

star configuration and 23.8% higher for T configuration, 

i.e., there is substantial variation in results. Therefore, if 

the WF is to be modelled as a single probabilistic 

harmonic generator, a scaling factor should be added for 

different WF configurations, which is 1.16 

(0.0073/0.0063=1.159) for parallel configuration, 0.86 

(0.0054/0.0025=0.857) for star configuration and 1.32 

(0.0083/0.0063=1.317) for T configuration.  

 

 
Fig. 17: Fitted Normal distribution for different equivalent 

modelling of WF 

 

2. PV Plant Case Studies 

Same as with WF parallel configuration cases, the 

simulated PV network disconnections are considered in 

each column, row and diagonal. In addition, the SEC 1-2 

is considered with trapezoidal shading and rectangular 

shading, respectively. All harmonics injections of PV 

generators follow the Beta distribution. It has been found 

that the worst case is SEC 0 (same as with WFs) with the 

value of the 95th percentile of THD of 0.17312 %. Fig.18 

shows the PDF values for THD and individual harmonics 

for the worst case, i.e., all PV inverters connected. With 

harmonic order increasing, the average value of THD rises, 

and the distribution becomes wider. Fig.19 presents the 

normalized THD, 5th, 7th, 11th and 13th harmonic values of 

diagonal cases. It can be seen that they fully overlap. 

 

 
Fig. 18: PDF of PV worst case 

 

Fig.20 presents the normalized values of the 95th 

percentile of THD for CmC 0-8, RwC 0-6, DC 0-7 and 

SEC 0-2. As in the case of a WF, it appears that a PV 

plant mostly injects 11th and 13th harmonic. However, 

when considering the partial shading effect, it cannot be 

regarded as an equivalent scaling factor like the wake 

effect because it depends on the radiation percentage of 

the PV system. The more PV panels in shade, the less 

THD there will be and thus unable to maintain a stable 

constant. 

 
Fig. 19: Normalized THD and individual harmonic distortion 

values for PV diagonal cases 

 

 
Fig. 20: Normalized   PV plant THD combined cases  

 

In order to verify the possibility of modelling the whole 

PV plant as a single harmonic source, only one PV 

generator is simulated as before considering 500 random 

harmonic injections and without partial shading effect. 

The results are multiplied by 48 and compared with the 

results obtained with all 48 PV generators connected. 

Fitted normal distribution of resulting THD is shown in 

Fig.21. The mean value of PDF when all 48 PV generators 

are connected is smaller about 12.2% than when the plant 

is modelled as a multiple of single PV generator injections 

and the standard deviation is pretty large. Therefore, the 

PV plant should not be modelled as a multiple of 

injections by single generator as the results will be 

pessimistic (about 10% higher THD values) and potential 

THD values widely spread. However, as a first 

approximation for exploratory studies not requiring very 

high accuracy the PV plant can be modelled as a single 

harmonic source, and a scaling factor of 0.88 

(0.15590/0.17749=0.878) should be considered in case of 
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parallel configuration. The scaling factors for other PV 

plant configurations can be calculated in a similar way. 

 

 
Fig. 21: Fitted Normal distribution for different equivalent 

modelling of PV plant 

 

3. Effect of cancellation on harmonic propagation 

To illustrate the effect of harmonic cancellation within a 

plant both WF (parallel) and PV plants are simulated with 

random values of magnitude of injected harmonics but 

with fixed phase angle 0 degrees. The results obtained at 

PCC bus are shown in Table 2. 

 
Table 2: 95th percentile of THD with different phase angle 

injected harmonics   

THD (%) Phase angle 0° Phase angle (0°-180°) 

WF 0.0148 0.0130 

PV 0.1971 0.1743 

 

Compared with the results obtained when the phase angle 

of injected harmonics varied randomly between 0-180 

degrees, the effect of cancellation is notable. For WF and 

PV plant, the cancellation will decrease the 95th percentile 

value of THD at the PCC bus by approximate 13.8% and 

13.1% respectively. Therefore, if the WF and PV plant are 

to be modelled as a single harmonic source with fixed 

phase angle   the effect of cancellation can be modelled by 

introducing the same scaling factor of 0.88 

(0.0130/0.0148=0.88 for WF, 0.1743/0.1971=0.88 for PV). 

 

IV. CONCLUSION 

 

The paper presented exploratory study to inform 

equivalent harmonic modelling of wind and PV plants for 

large transmission system harmonic propagation studies. 

Different plant configurations, individual generator 

availability, shading and wake effects and harmonic 

cancellation are considered.   It is shown that both RES 

can be modelled in a first approximation as a single 

probabilistic harmonic generator with appropriate scaling 

factors, summarised in Table 3, to account for harmonic 

cancellation, different plant configurations and different 

weather conditions. These equivalent models could be 

used in large transmission system harmonic propagation 

studies with a great efficiency and confidence to identify 

potential harmonic issues in the network. If those are 

identified then more detailed modelling of individual plant 

is required for harmonic mitigation, however, in this case 

the extent of network modelling can be substantially 

reduced. 
Table 3: Scaling factors 

 
WF 

Parallel 

WF 

Star 

WF 

T 

WF 

Wake Effect 

PV 

Parallel 
Cancellation 

SF 1.16 0.86 1.32 0.70 0.88 0.88 
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