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Abbreviations 

 

BESS Battery Energy Storage System 

DER Distributed Energy Resource 

DG Distributed Generator 

DRTS                 Digital Real-Time Simulator 

ESS Energy Storage System 

ICT                     Information and Communication Technology 

MV/LV Medium Voltage/Low voltage 

P Active Power 

PCC Point of Common Coupling 

PHIL Power Hardware in the Loop 

PV Photovoltaic  

Q Reactive Power 

RES Renewable Energy Source 

RTDS Real-Time Digital Simulator 

NTUA     National Technical University of Athens 



ERIGrid GA No: 654113 

TA User Project: PV Systems  5 of 33 

Executive Summary 

 

This Transnational Access project investigated voltage rise issues due to the high PV penetration in 

MV networks and their mitigation by implementing the droop control concept in PV inverters. The 

main contribution of this research is to investigate the impact of inverters when participating in the 

reactive power control within specific types of MV distribution networks. In detail, this work investi-

gates this solution when inverters are operating in grid-tied mode and experiments are performed 

using a digital real time simulator (DRTS). A hardware PV inverter and a simulated battery energy 

storage system were operated in parallel, using real-time simulation and the Power Hardware in-

Loop (PHIL) method. The experimental results justify the usefulness of using inverters as means of 

reactive power control in the MV grid. In this work, different grid topologies (e.g. connecting feeders) 

are created and tested, and the results are analysed to assess the high PV penetration impacts for 

the different grid topologies.  
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1 General Information of the User Project 

 

The general information of the user project is shown as below. 

 

User Project Title: To Investigate the Impact of High PV Penetration into the Medium Voltage Dis-

tributed Network  

 

User Project Acronym: PV Systems  

 

Host Infrastructure: ICCS-NTUA   

 

Start date - End date: 12/01/2020 to 01/02/2020 

 

User Group Member: Arvind Sharma, PhD Research Fellow, University of Agder, Norway  

 

 

 

 



ERIGrid GA No: 654113 

TA User Project: PV Systems  7 of 33 

2 Research Motivation 

 

Distributed power system network with solar photovoltaic system is becoming very popular in all over 

the world. In several European countries and regions e.g. Germany, Spain, Belgium and others, 

several distribution networks (e.g. low voltage - LV network) have reached high PV penetration levels 

[1]. Traditionally, medium/low voltage distribution networks possess unbalanced characteristics due 

to the unbalanced line configurations and phase loadings. Also, these networks have not been de-

signed for multi-direction power flows. Nevertheless, with the integration of solar PV systems into 

the distributed network, MV network is going to become active with effective customers participation. 

It is going to impact the power flows within network power as well as power quality. Consequently, 

the utility operators, with existing information will face difficulties in getting control over the distribu-

tion network performance and operation.  

 

The major impacts of PV integration have been observed as voltage variations and unbalance, har-

monics, power quality issues, protection circuits etc [2]. Rapid variations in the solar irradiation can 

also cause voltage fluctuations/flicker issues and the incidences may exacerbate in the network, if 

the PV penetration is going to increase [3]. In the existing system most of the solar PV systems are 

connected as injecting the power into the network without giving effective contribution for managing 

the voltage, and power flows [4]. Most of these issues can be resolved through designing and imple-

menting innovative control strategy within the distributed network.  

 

Integration of distributed energy sources via intelligent power conditioning devices within the distrib-

uted network can help in managing the power flows as well as improving the power quality. The 

power conditioning devices are required to operate intelligently considering available synthetic inertia 

within the distributed network for managing the system stability and control under dynamic conditions 

within the distributed network.  

 

Based on the above-mentioned key issues / challenges, two main research areas are investigated 

in this work. First area of research has investigated the impact of penetration of PV systems into the 

distributed network using digital real time simulator (DRTS) that includes multi-directional power flow 

(active and reactive) analysis and operational analysis within the distributed network at different solar 

radiation as well as loading conditions. In the second area of research area, a Hardware-In-Loop 

method used for testing of a real hardware PV inverter and Q(V) droop control strategy is imple-

mented to address the voltage rise issues. 

 

 

2.1 Objectives 

 
The goal of this work is to analyse above mentioned issues / challenges related to high PV penetra-
tion and implement the Q-V droop control strategy to mitigate voltage fluctuation problems. Following 
are the key objectives of the proposed work  

 

• Analyze the impact of high PV penetration using DRTS system into the different buses within 

the in medium voltage network and implement the droop control to mitigate the voltage fluc-

tuation problem. 

• Design and develop Power Hardware-in-Loop (PHIL) configurations to test a hardware PV 

inverter and implement the droop characteristics to address the voltage fluctuation problems.   
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2.2 Scope 

 

The report explains the scenarios that are tested in the lab which includes the theoretical explanation 

and the results. In the entire sets of experiment, droop control technique is employed to realize 

optimum reactive power management via PV inverters in a medium voltage network.  

 

Droop is a popular control technique usually explored to supply voltage regulation services where 

users can configure the inverter to generate ancillary services based on set limit applied to reactive 

power (Qmin and Qmax) and the voltage, ensuring the inverter can work at its maximum rating if re-

quired.  

 

The droop technique has been verified in the experiments through PHIL setup having PV inverters 

in a MV grid. In order to analyse the test results, different parameters are recorded e.g. voltage at 

bus terminals, line loading, transformer loading, active and reactive power of the inverter and power 

flow at each bus terminal. In this work a typical CIGRE medium voltage (MV) network is selected.       
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3 State-of-the-Art/State-of-Technology 

 

As the concerns for environmental pollution caused by fossil fuels keep rising and the energy 
policies sustain improvement, the renewable energy penetration is increasing rapidly. Among sev-
eral distributed generation technologies, solar PV system is one of the fastest growing technology 
worldwide due to decreasing capital costs and technological advancements [5-8]. PV technology is 
being promoted through numerous ways e.g. centralized PV power plant, grid-connected PV roof-
top, off-grid PV systems, micro-grid etc. 

 
In a very recent development under EcoGrid EU project coordinated by SINTEF and was 

carried out on Bornholm – a Danish island connected to the Nordic electricity market. The project 
aims to develop modern information and communication technology (ICT) and innovative market 
solutions to use more than 50% renewable energy sources (RES) remove the barriers that currently 
prevent small-scale consumers from participating in the power-balancing market [9]. In [10], 
Younicos in close collaboration with the Azorean power utility EDA, established a megawatt-scale 
grid-forming renewable energy system for Graciosa island in Portugal. Intelligent power controls and 
energy management system are combined with a 4 MW/3.2 MWh battery storage system powered 
by lithium-ion battery, a 4.5 MW wind park and a 1 MW photovoltaic power plant. The “island mode” 
capability of the fully automated battery system will enable up to 100 percent spontaneous renewable 
power penetration and allow the Portuguese island to replace around two-thirds of its fossil fuel 
generation with cheap renewable energy. 

 
  In many European countries and regions e.g. Germany, Spain, Belgium and others, several 

LV grids have reached high PV penetration levels. This may cause severe problems on the distribu-
tion network due to intermittent nature and uncontrolled dispatch of power from the PV systems [11]. 
Traditionally, low voltage distribution networks possess unbalanced characteristics due to the unbal-
anced line configurations and phase loadings. Also, these networks are not designed for two-way 
power flows. Nevertheless, with the distributed integration of solar PV systems into the grid, the 
distributed network(s) are becoming active, and the customers can export and import power to the 
grid, which could impact the power management as well as voltage profile. Consequently, the utility 
operators, with existing information will face difficulties in getting control over the distribution network 
performance and operation especially in case on high penetration of distributed PV systems. There 
are many challenges for increasing the penetration of PV into distributed network and it will raise 
operational and control difficulties as well as maintaining the power quality and stability within the 
micro-grid [12, 13].  

 
The major impacts of PV integration have been observed as voltage variations, unbalanced 

loads, harmonics, power quality issues, protection relays etc [14]. Rapid variations in the solar irra-
diation can also cause voltage fluctuations/flicker issues and such incidences may exacerbate in the 
network if the PV penetration increases [15]. In Germany, to overcome over-voltage events, from 
January 2012, a fixed limitation of the active power (i.e. 70% of the nominal peak-output power of 
the PV system) feed-in by each PV system has become mandatory [16]. Some other alternative 
solutions to curtailment of active power by domestic load shifting, to increase local consumption, and 
energy storage are discussed in ref [17]. The application of battery storage with the PV system has 
also been studied [18] and most of the studies are focusing on load management rather than con-
trollable dispatching of the power within the distributed network [19].   

 
Based on the above-mentioned key issues / challenges it is significantly important to investi-

gate and analyse the potential issues with high PV system penetration in the existing distribution 
networks and implement the mitigation techniques which can be useful to address these challenges.  

 
4 Executed Tests and Experiments 

 

In this work, two main experiments are conducted using DRTS and PHIL method. The section below 
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provides general picture of the test beds, plan and parameters considered for the setup and proce-

dure for executing the test. 

 

4.1 Test Plan 

1) Experiment 1 – In the experiment 1, impacts of high PV penetration are studied in the CIGRE 

MV network using DRTS system, and droop control techniques are implemented to address 

the voltage rise problems.  

2) Experiment 2 – The impacts of PV system penetration are analysed using PHIL method, and 

Q(V) droop control strategy is implemented in the real hardware PV inverter to address the 

voltage rise problems.  

 

In the experiment no 1, DRTS system and RSCAD software are used for analyzing the impacts of 

PV system penetration into the distribution network however, in the experiment no. 2 hardware in-

loop method is used in which real hardware PV inverter is connected with the DRTS. The DRTS 

system available at ICCS-NTUA, Athens as shown in Fig. 1a and testing setup using PHIL method 

as shown in Fig. 1b.  
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b)  

 

Fig. 1: Test setup of the PHIL experiment  
a) Real Time Digital Simulator and amplifier at ICCS-NTUA, Athens  

b) Diagram of the PHIL test setup 
 

 

4.2 Standards, Procedures, and Methodology 

 

In order to conduct the experiments, below mentioned steps are followed   

1) Designing of selected distribution network circuit in the RSCAD and, test and run the different 

operational scenarios.  

2) Check the simulation result to ensure there shouldn’t be any hazard for the hardware that will 

be connected. 

3) Connect the hardware devices to the RTDS and conduct experiment. 

4) Test and measure the voltage, line loading and transformer loadings.   

5) Test and measure the reactive power compensation established from the droop-controlled 

inverter and its response time. 

6) Test and measure the active power generated by all PV inverter. 

7) Examine the contribution of the inverter to local loads. 

8) Create different grid topologies by closing Switches S1, S2 and S3. More details about the 

selected MV grid topology is given in the next section. 

9) Obtain and save the results from the RT simulation using MATLAB. 
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5 Experiment 1  

 
The selected topology of the MV distribution network has shown in the Fig. 2. The electrical network 

consists of Feeders 1 and 2, and these are connected separately with two winding transformers 

(rated 25 MVA at 110kV/20kV), TR1 and TR2 respectively. The network consists of 14 buses and 

three switches (i.e. S1, S2 and S3) which can be used to create a radial or mesh type electrical net-

work. In experiment 1, switches S1, S2 and S3 are kept open and network behaves like a pure radial 

network. The buses B1 and B12 are the reference buses in the distribution network. The buses B2 to 

B11 are connected to the feeder 1 however, Buses B13 and B14 are connected to the Feeder 2.  The 

technical details of transformers, cables such as line length, voltage & current rating, resistance, 

inductance, load type and power factor are given in the ref [20]. The considered MV distribution 

network is modelled in the RSCAD software and used to analyze the results with DRTS system.      

 

 

 
 
 

Fig. 2 Topology of CIGRE MV distribution network benchmark 

 

5.1 EXP1 - System and Test Description 

In the Experiment 1, bus B8 is selected for investing the impact of high PV penetration into the elec-

trical distribution network. In this experiment, three cases are investigated; in the Case 1.1, PV sys-

tem is not connected to the MV network, and bus voltages and other parameters (i.e. line loading, 

transformer loading) are measured however, in the Case 1.2, PV system is connected to bus B8 and 

the measurements of the second experiment are compared with those of Case 1.1. The voltage rise 

issue observed in the Case 1.2 and mitigated by implementing Q(V) droop control in the PV inverter 

in the Case 1.3.  

 

The reactive power -voltage Q(U) droop control corrects voltage errors in the network by injecting or 
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absorbing reactive power as a result of changes to the nominal voltage. PV inverter’s response de-

pends on the configured parameters of the droop controller, i.e. the voltage dead-bands, Qmin and 

Qmax, the gain, as shown in Fig. 3.  The application of the Droop Control concept is investigated in 

order to improve the voltage profiles so that more PV could be connected to the MV distribution 

network. With the application of the Q(V) droop control, inverter can positively contribute to feeder’s 

voltage control and can result in an improved voltage profile. The design of the inverter controller’s 

response must be very fast in terms of responding to changes in the MV network. 

  

 
 

Fig. 3: The inverter’s Voltage Droop Control 

   

A Q(V) droop controller is designed for the PV system in order to mitigate voltage deviations, by 

injecting or absorbing reactive power. The block diagram of the control system in RSCAD has shown 

in the Fig. 4. The voltage of bus B8, is monitored and used as an input parameter for the droop 

controller. The characteristic curve of the Q(V) droop controller is shown in Fig. 3, based on which 

the Qdroop of the PV inverter is generated. The gain (droop) of the used controller is 33.33 and as it 

is calculated from the slope of the Q(V) graph. In addition, the design of the control system takes 

into consideration the maximum apparent power of the PV inverter, in order every moment the active 

and reactive power components not to exceed inverter’s capability. Last, the switch DRen is placed 

in order to activate and deactivate the Q(V) control. 

 

 

 

Fig. 4: Modelling of the inverter’s Voltage Droop Control 

 

5.2 EXP1 - Test Setup 

 
The Novacor real time digital simulator (RTDS) is used for conducting the experiment no. 1 and is 
illustrated in the Fig.1a.  
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5.3 Results and Discussion 

 
5.3.1 EXP1.1 – PV system is not connected to the MV network   

  
As explained in the previous section, Case 1.1 analysed the results of base case scenario when PV 
is not connected to the MV network. There are total 14 buses within the selected MV network, in 
which buses B2 to B11 are connected to Feeder 1 and buses B13 and B14 to the Feeder 2. In order to 
compare and analyze the results of the experimental work, all 14 buses are categorised into three 
Groups A, B and C. Group A comprises buses B1 to B6, Group B comprises buses B7 to B11 whereas 
Group C comprises buses B12 to B14. Similarly, corresponding lines are also categorised in Group A, 
B and C.  Lines L1L2, L2L3, L3L4, L4L5 and L5L6 are under Group A, Lines L7L8, L8L9, L9L10, L10L11 and 
L3L8 are in Group B, Lines L12L13, and L13L14 in the Group C. 
 

Table 1:  Active and reactive power at different buses in the MV network 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Fig. 5: Typical load profile of the selected MV Network  
 

Bus no. Active Power (MW) Reactive Power (MVA)  

Bus 1 12.44 2.96 

Bus 2 0 0 

Bus 3 0.27 0.12 

Bus 4 0.22 0.05 

Bus 5 0.36 0.09 

Bus 6 0.27 0.07 

Bus 7 0.07 0.04 

Bus 8 0.47 0.12 

Bus 9 0.59 0.15 

Bus 10 0.44 0.13 

Bus 11 0.26 0.07 

Bus 12 11.56 3.17 

Bus 13 0.03 0.02 

Bus 14 5 1.73 
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A typical daily load profile is used to evaluate the performance of MV distribution network, and its 
illustration has shown in the Fig. 5. In order to generate a typical daily load profile, slider is used in 
the RSCAD and output of the slider is given to the corresponding loads connected with different 
buses however, maximum load demands (i.e. active and reactive power) are varied for different 
buses and their values are given in Table 1. In the base case scenario (i.e. Case 1.1) the maximum 
load demand at different buses are chosen so that it would not violate the bus voltage regulation (i.e. 
0.90 ≤ Vi ≤ 1.10 p.u.), line loading and transformer loading (e.g. 100%). It has been observed from 
the daily load profile that the minimum load demand is 0.12 p. u. and it appeared during the night-
time (00:00 hours to 01:00 hours) and daytime (11:00 hours to 14:00 hours). The demand increased 
to 1 p. u. in the morning (08:00 hours 09:00 hours) and night (20:00 hours 21:00 hours).         
  
Group A of Case 1.1: In Group A, voltage (p. u.) of six buses (i.e. B1 to B6), loading (%) of five lines 
(i.e. L1L2, L2L3, L3L4, L4L5 and L5L6) are shown in the Figs. 6 & 7. The bus voltage of all six buses (i.e. 
V1 to V6) never goes below 0.94 p.u. and raised up to 1.0 p.u. The lowest voltages are appeared 
during the peak demand’s hours of 08:00 hours to 09:00 hours and 20:00 hours to 21:00 hours. The 
maximum line loading is recorded 18% for the lines L1L2 and L2L3, whereas, loadings of the remaining 
lines (i.e. L3L4, L4L5 and L5L6) are remains below 5% throughout the day.    
 

 
 

Fig. 6: Variation of bus voltages in a typical day  
 

å  
 

Fig. 7: Variation of line loading in a typical day  
 
 

Group B of Case 1.1: In the Group B, voltage (p. u.) of five buses (i.e. B7 to B11), loading (%) of five 
Lines (i.e.  7-8, 8-9, 9-10,10-11 and 3-8) and have shown in the Figs. 8 & 9. The bus voltage of all 
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six buses (i.e. V1 to V6) never goes below than 0.93 p.u. The lowest voltage is appeared during the 
peak demand’s hours of 08:00 hrs. to 09:00 hrs. and 20:00 hrs. to 21:00 hrs. The maximum line 
loading has been recorded 12% for the lines 1-2 and 2-3, whereas, loadings of the remaining lines 
(i.e. L7L8, L8L9, L9L10, L10L11 and L3L8) are remains below 10% throughout the day.    
 
 

 
Fig. 8: Variation of bus voltages in a typical day  

 
 
 

 
 

Fig. 9: Variation of line loadings in a typical day  
 
 

Group C of Case 1.1: In the Group C, voltage (p. u.) of three buses (B12 to B14), loading (%) of two 
lines (i.e. L12L13 and L13L14) and are shown in the Figs. 10 &11. The bus voltage of two buses (i.e. 
V13 and V14) never goes below than 0.92 p.u. The lowest voltage is appeared during the peak de-
mand’s hours of 08:00 hrs. to 09:00 hrs. and 20:00 hrs. to 21:00 hrs. The maximum line loading is 
recorded 44% for the lines L12L13 and L13L14. Since, there is no PV connected to the feeder 2 therefore 
voltage and line loading are not affected in the feeder 2. During the maximum load demand the 
maximum loading of transformer TL1 and TL2 are observed 63% and 76% respectively.  In the next 
section (i.e.  Case 1.2) 15 MW capacity of PV system is connected to the bus B8 and results are 
discussed. 
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Fig. 10: Variation of bus voltages in a typical day  

 

 

 
Fig. 11: Variation of line loadings in a typical day  

 

 
 

Fig. 12: Variation of transformers loading in a typical day 
 
 
5.3.2 EXP 1.2:  15 MW PV system connected at bus 8, without Q(V) droop control  
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line loadings are observed. The variation of solar PV output for typical day is shown in Fig. 13. The 
maximum solar PV output of 1 p.u (15 MW) is appeared at 13:00 hours. In Group A, voltage (p. u.) 
of six buses (i.e. B1 to B6), loading (%) of five lines (i.e. L1L2, L2L3, L3L4, L4L5 and L5L6) are shown in 
Figs. 14 &15 respectively. The bus voltage of all six buses (i.e. V1 to V6) never goes below than 0.94 
p.u. however the maximum voltage is raised to 1.05 p.u. The maximum voltages are appeared during 
the peak sunshine hours at 13:00 hours. The maximum line loading is recorded 38% for the lines 
L1L2, and L2L3 whereas, loadings of the remaining lines (i.e. L3L4, L4L5 and L5L6) are remains below 
5% throughout the day.    
 
 
 

 
Fig. 13 Variation of PV output in a typical day  

 
 

 
 

Fig. 14: Variation of bus voltages in a typical day 
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Fig. 15: Variation of line loadings in a typical day  
 
By connecting 15 MW of solar PV system at bus number 8, significant rise in the bus voltages V5, V6 
and V7 are observed and further increase in the PV capacity can violate the high voltage limits.  
 
Group B of Case 1.2: In the Group B, voltage (p. u.) of five buses (i.e. B7 to B11), loading (%) of five 
lines (i.e. L7L8, L8L9, L9L10, L10L11 and L3L8) are show in the Figs. 16 & 17 respectively. The bus 
voltage of all six buses (i.e. V1 to V6) never goes below than 0.93 p.u. but the maximum voltage is 
recorded 1.09 p.u. for buses B8, B9 and B10 during peak sunshine hours (i.e. 11:00 hours to 13:00 
hours). The maximum loading of line 3-8 is recorded 43% whereas, loadings of the remaining lines 
(i.e. L7L8, L8L9, L9L10, and L10L11) are remains below 5% throughout the day.    
 
 

 
Fig. 16: Variation of bus voltages in a typical day  

 

 
 

Fig. 17: Variation of line loadings in a typical day  
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In order to address the voltage-rise problem, Q(V) droop control strategy is implemented, and results 
are presented in the next section (i.e. Case 1.3). 
 
  
5.3.3 EXP1.3 – 15 MW PV system connected at bus 8 with Q(V) droop control  
 
In this experiment Q(V) droop control strategy is implemented and bus voltages and line loading are 

recorded and compared with the Case 1.2.  The block diagram of the control system is shown in the 

Fig. 18. The more description about Q(V) droop control has given in the Section 5.1.    

 

 

 

Fig. 18: The inverter’s Voltage Droop Control 

 
 
 

 
 

Fig. 19: The inverter’s Voltage Droop Control 

 
 

 
Fig. 20 Bus voltages at different bus terminals during a typical day 
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It has been observed from the Fig. 20 that the maximum voltage of buses B8, B9, B10 and B11 are 
improved significantly. As compare to the Case 1.2, the maximum voltage is reduced from 1.09 p.u. 
to 1.05. It also indicates that more PV can be connected within the distribution network. The line 
loadings of all the lines connected with feeder 1 are shown in the Fig. 21. As compare to the Case 
1.2, line loading of line L1L2, L2L3 and L3L8 are increased from 15% to 42%. It happened because of 
15 MW of PV is integration into the bus B8.  
 
 

 
 

Fig. 21: Variation of Line loadings for a typical Day  
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 22: Variation of transformer loadings for a typical Day  
 
 
The loading of the transformers TL1 and TL2 are illustrated in the Fig 22. It has been observed from 
Fig. 22 that the maximum loading of transformer TL1 is reduced to 53% from 63%, as extra PV 
generation is injected into the grid. However, loading characteristics of transformer TL2 doesn’t 
change and it follows the same characteristics as for Case 1.2. In this experiment PV is not con-
nected into the feeder 2 and therefore, line loading, bus voltage and transformer loading are not 
changed. 
 
 
 
6 Experiment 2  

 
6.1 EXP2 - System and Test Description 

 

This section investigates the dynamic functionality of a modelled droop-controlled inverter to address 

the high voltage problems into the selected MV network. The experiment is carried out using the 

PHIL test method combined with RTDS system, a hardware PV inverter, solar array simulator, power 

amplifier and a simulated MV electrical distribution network. The diagram of the test setup used in 
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this experiment is shown in the Fig. 23. Detail description about the PHIL method is given in the 

Section 4.1   

 

 

 
 

 
 

Fig. 23: PHIL testbed with hardware PV inverter using RTDS  
 

6.2 EXP2 - Test Setup 

 

The hardware PV inverter is connected on its DC side to a PV simulator, in order to allow fully con-
trollable and customisable characteristics for the PV, such as maximum power point power, irradi-
ance, temperature and so on. In addition, the hardware PV inverter communicates with a dedicated 
communication and control interfacing software, which enables the configuration of droop curve of 
the inverter. In the AC side, the PV inverter is connected with a linear power amplifier (Spitzenberger 
& Spies) which acts as an interface with the RTDS. Details about the connected PV system and their 
rating are given in the Table 2.  

 

6.3  EXP2 – Test Results and Discussion 

  

This experiment also analysed how the voltage rise issues are observed in different variations of grid 

topology. A summary of different tests carried out in this experiment are given in Table 2.   
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Table 2: Summary of the HIL tests used for the conducted experiments  

Case No.  

2 MVA PV at 
7, 9,10 by 
RTDS 

1MVA PV at 
bus 8 by HIL 

Q(V) droop 
through HIL  

Q(V) droop 
through RTDS Switch position  

Case 2.1   X X All open  

Case 2.2     All open  

Case 2.3   X X Only S3 closed  

Case 2.4     Only S3 closed 

Case 2.5    X X Only S2 closed  

Case 2.6      Only S2 closed  

Case 2.7   X X Only S1 closed  

Case 2.8     Only S1 closed 

 
 
 
6.3.1 Comparison of Test Cases 2.1 and 2.2  

 
As stated in Table 2, 1 MVA of hardware PV inverter is connected at bus B8 for conducting HIL 
experiment however, 2 MVA of simulated PV systems are connected to the bus B7, B9 and B10. In 
addition to this, 1 MWh of simulated battery bank is integrated at bus B8. In Case 2.1, PV systems 
are connected within the distribution network, but Q(V) droop control is not implemented however, 
in the Case 2.2, Q(V) droop control strategy is implemented. In this work, same droop control strat-
egy is used (as discussed in the Case 1.3) for all PV systems. The changes in PV power output with 
time, connected to buses B7, B9 and B10 are shown in the Fig. 24. The variation of bus voltage in the 
buses of feeder 1 at different hours of the day for Case 2.1 and 2.2 are illustrated in Figs. 25 & 26 
respectively. It has been observed that after implementing the Q(V) droop control, the maximum bus 
voltage of the Case 2.2. is decreased from 1.09 to 1.05 p.u.    
 
 

 
 

Fig. 24 Changes in PV power outputs at buses B7, B9 and B10   
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Fig. 25 Bus voltages at different bus terminals without Q(V) (Case 2.1) 
 
 

 
 

Fig. 26 Bus voltages at different bus terminals with Q(V) droop (Case 2.2) 
 
The maximum PV power output of bus B7, B9 and B10 appeared 2 MW at 13:00 hours and shown in 
the Fig. 24. During the daytime (i.e. 8:00 hours to 17:00 hours) battery is getting charged whereas 
in the morning time (06:00 hours to 08:00 hours) battery is getting discharge. In the Fig. 27, battery 
discharging and changing are considered with positive (+) and negative signs respectively. It has 
been observed that PV inverter provide enough reactive power support (i.e. absorb) and reduce the 
bus voltage however there is no reactive power support from the battery. The maximum reactive 
power of 0.4 MVAr is absorbed by the inverter during 12:00 hours to 13:00 hours.       
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Fig. 27 Active and reactive power of PV and battery at bus terminal 8 (Case 2.2) 
 

 
 

Fig. 28 Reactive power of PV inverter at bus B7, B8, and B10 (Case 2.2) 
 
It has been observed from the Fig. 28 that PV inverter connected to bus B10 provides maximum 
reactive power support (i.e. absorbed) followed by PV inverter at bus B9 and then PV inverter at bus 
B7. This is because as maximum voltage rise appeared at bus B10 then followed by bus B9 and then 
bus B7 respectively. The variation of line loading and transformers loading are shown in the Figs. 29 
and 30. It has been observed that line loading and transformer loadings in Case 2.1 and 2.2 are 
almost similar and there is no significant variation in both cases.   
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Fig. 29 Variation of Line loadings for a typical Day (Case 2.2) 
 
 
 

 
 

Fig. 30 Variation of Transformer loadings for a typical Day (Case 2.1 and 2.2) 
 
 
6.3.2 Comparison of Test Cases 2.3 and 2.4 with 2.1  

 
In Case 2.3, switch S3 (connected between bus B4 and B11) is closed without implementing the Q(V) 
droop control strategy in the PV inverter whereas in the Case 2.4, switch remains closed, but Q(V) 
droop control strategy is implemented. The voltages comparison for both cases (Case 2.3 and 2.4) 
are shown in Figs. 31 and 32 respectively. As compare to the Case 2.3 with Case 2.1 (all switches 
open and without Q(V) droop), it is observed that there is not significant change in the voltage pro-
files. It implies that connected buses B4 and B11 through switch S3 doesn’t improve the voltage pro-
files however, in Case 2.4 (S3 closed and Q(V) droop implemented) voltage profiles are significant 
improved as compare to the Case 2.1 and the maximum voltage is reduced to 1.04 p.u. from 1.09 
p.u.   
 
 
 
 

 
 

Fig. 31 Bus voltages at different bus terminals without Q(V) droop and S3 closed (Case 2.3) 
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Fig. 32 Bus voltages at different bus terminals with Q(V) droop and S3 closed (Case 2.4) 
 
 

 
 

Fig. 33 Line loading of line L3L8 for Cases 2.3 and 2.4 
 
A comparison of line loadings L7L8, for cases 2.1, 2.3 and 2.4 is shown in the Fig 33. It indicates that 
the by closing switch S3, doesn’t affect the line loading and for all three cases line (i.e. 2.1, 2.3 and 
2.4) loading curve followed the same characteristics. There is no significant variation observed for 
transformer loading (TL1 and TL2) in Cases 2.3 and 2.4 as compare to the Case 2.1.  
 
 
6.3.3 Comparison of Test Cases 2.5 and 2.6 with Case 2.1   

 
In Case 2.5, switch S2 (connected between bus B6 and B7) is closed without implementing the Q(V) 
droop control strategy in the PV inverter whereas in Case 2.6, switch S2 remains closed, but Q(V) 
droop control strategy is implemented. The voltages comparison for both cases are shown in Figs. 
34 and 35 respectively. While comparing the Case 2.5 with Case 2.1 (S2 open and without Q(V) 
droop), it has been observed that there is not significant change in the voltage profiles. It implies that 
by closing S2 doesn’t change the voltage profiles however, Case 2.6 (S2 closed and Q(V) droop 
implemented) voltage profiles have been significant improved and the maximum voltage is reduced 
from 1.09 p.u. (Case 2.1) to 1.04 p.u.   
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Fig. 34 Bus voltages at different bus terminals without Q(V) and S2 closed (Case 2.5) 
 
 

 
 

Fig. 35 Bus voltages at different bus terminals with Q(V) droop and S1 closed (Case 2.6) 
 
 

 
 

Fig. 36 Line loading of line L3L8 for Cases 2.1, 2.5 and 2.6 
 
The line loading for L3L8 for Case 2.1, 2.5 & 2.6, is shown in Fig. 36. It has been observed that line 
loading followed similar characteristics in all the cases, and it implies that closing switch S2 doesn’t 
change the line loading too much. Also, there is no significant variation observed for transformer 
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loading (i.e. TL1 and TL2) in Case 2.5 and 2.6 as both feeders are not connected.  
 
  
6.3.4 Comparison of Test Cases 2.7 and 2.8 with Case 2.1  

 
In Case 2.7, switch S1 (connected between bus B8 and B14) is closed without implementing the Q(V) 
droop control strategy in the PV inverter whereas in the Case 2.8, switch S1 remains closed, but 
Q(V) droop control strategy is implemented. Switch S1 is also important as it connects the both feed-
ers together. The voltages comparison for both cases 2.7 and 2.8, are shown in Figs. 37 and 38 
respectively. While comparing Case 2.7 with Case 2.1 (S1 open and without Q(V) droop), it has been 
observed that the voltage profiles have been improved and maximum voltage is reduced to 1.05 p.u. 
from 1.09 p.u. (case 2.1). However, Case 2.8 (S1 closed and Q(V) droop implemented) voltage pro-
files are further improved and the maximum voltage is reduced to 1.03 p.u.   
 

 
 

Fig. 37 Bus voltages at different bus terminals without Q(V) and S1 closed (Case 2.7) 
 
 

 
 

Fig. 38 Bus voltages at different bus terminals with Q(V) droop and S1 closed (Case 2.8) 
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Fig. 39 Line loading of line L13L14 for Case 2.1, 2.7 and 2.8 
 
The loading of the lines L12L13  and L13L14 are almost same therefore a comparison of only line loading 
L13L14 for the Case 2.1, Case 2.7 and Case 2.8 are considered for analysis purpose and shown in 
the Fig. 39. It has been observed from the Fig. 39 that loading of line L13L14 follows the characteristics 
for the Case 2.7 and 2.8 whereas it is different for Case 2.1. The maximum line loading for the Case 
2.1 is observed during the peak demand’s hours (i.e. 08:00 hours to 09:00 hours and 20:00 hours to 
21:00 hours) and it is 18% however, in the Case 2.7 and 2.8, the maximum line loading is shifted to 
the peak sunshine hours (i.e.13:00 hours) and its value for Cases 2.7 and 2.8 are 16% and 17% 
respectively.  

The loading of transformer TL1 for the Cases 2.1, 2.7 and 2.8, are shown in the Fig. 40. While con-
nected both feeders together, transformers loading are also changed for the Case 2.7 and 2.8 as 
compare to the Case 2.1. The maximum transformer loading of TL1  of Case 2.1, during the daytime 
(i.e. 08:00 hours to 09:00 hours) peak load demand is increased from 15% (Case 2.1) to 20% (Cases 
2.7 and 2.8) however maximum transformer loading of TL1 of Case 2.1, during the night-time (20:00 
hours to 21:00 hours) peak load demand only increased by 1% for (Cases 2.7 and 2.8). The trans-
former loading TL1, during the peak sunshine hours (i.e. 13:00 hours) is decreased from 19% (Case 
2.1) to 11% (Case 2.7) and 10% (Case 2.8) respectively.  

 

Fig. 40 Loading of Transformer TL1 for Cases 2.1, 2.7 and 2.8  

The loading of transformer TL2 for the Cases 2.1, 2.7 and 2.8, are shown in the Fig. 41. The maxi-
mum transformer loading of TL2  of Case 2.1, during the daytime (i.e. 08:00 hours to 09:00 hours) 
peak load demand is decreased from 34% (Case 2.1) to 27% (Cases 2.7 and 2.8) however, maxi-
mum transformer loading of TL2 of Case 2.1, during the night-time (20:00 hours to 21:00 hours) peak 
load demand only decreased by 2% for (Cases 2.7 and 2.8). The transformer loading TL2, during the 
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peak sunshine hours (i.e. 13:00 hours) is decreased from 6% (Case 2.1) to 2% (Case 2.7) and to 
4% (Case 2.8). It has been observed that by connecting both feeder through Switch S1, average 
transformer loading TL2 reduced by 3%.  
 

 

Fig. 41 Loading of Transformer TL2 for Cases 2.1, 2.7 and 2.8  

 
7 Conclusion 

 

This work investigated voltage rise problem due to high PV penetration into the MV distribution net-

work. In the first experiment, the CIGRE MV network is tested in the real time digital simulator and 

the Q(V) droop control strategy is implemented. It has been observed that appropriately implement-

ing the Q(V) droop control strategy with the MV network, significantly improved the voltage profile. 

In the second experiment (PHIL method), a real hardware (i.e. grid tied PV inverter) is integrated in 

the MV network and the impact of PV penetration with and without Q(V) droop control strategies was 

tested and analysed. It also analysed the impact of different grid topologies and their impact on bus 

voltages, line loading and transformer loadings. It has been analysed that connecting both feeders 

through switch S1, makes significant improvement in the voltage profiles within the MV network, 

however in the other grid topologies when switches S2 and S3 are closed, the voltage profiles are not 

much improved. It is also observed that by closing switch S1 and connecting both feeders together, 

may be useful for balancing the transformer loadings of TL1 and TL2.             
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9 Dissemination Planning 

 

Based on the results obtained from the experiment work, a research paper is being prepared for 

international conference or DBH approved/ peer reviewed journals. The article will be focused on 

the high PV penetration impact into the distribution network and role of droop control strategy to 

address the voltage rise issues.     
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