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Abstract
In this paper, solar photovoltaic hosting capacity within the electrical distribution network is estimated for different buses, 
and the impacts of high PV penetration are evaluated using power hardware-in-loop testing methods. It is observed 
that the considered operational constraints (i.e. voltage and loadings) and their operational limits have a significant 
impact on the hosting capacity results. However, with increasing photovoltaic penetration, some of the network buses 
reach maximum hosting capacity, which affects the network operation (e.g. bus voltages, line loading). The results show 
that even distributing the maximum hosting capacity among different buses can increase the bus voltage rise to 9%. 
To maintain the network bus voltages within acceptable limits, reactive power voltage-based droop control is imple-
mented in the photovoltaic conditioning devices to test the dynamics of the network operation. The results show that 
implementation of the droop control technique can reduce the maximum voltage rise from 9% to 4% in the considered 
case. This paper also presents the impact of forming a mesh type network (i.e. from radial network) on the voltage pro-
file during PV penetration, and a comparative analysis of the operational performance of a mesh type and radial type 
electrical network is performed. It is observed that the cumulative effect of forming a mesh type network along with a 
droop control strategy can further improve the voltage profile and contribute to increase photovoltaic penetration. The 
results are verified using an experimental setup of digital real-time simulator and power hardware-in-loop test methods. 
The results from this work will be useful for estimating the appropriate photovoltaic hosting capacity within a distribu-
tion network and implementation of a droop control strategy in power conditioning devices to maintain the network 
operational parameters within the specified limits.
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Highlights 

• Voltage and line loading constraints’ combination can 
reduce PV hosting capacity by 50% as compared to 
only voltage as a constraint.

• Implementation of reactive power versus voltage 
droop control in PV power conditioning device can 
reduce voltage variation from 9% to 4%.

• In a PV integrated electrical energy network, line load-
ing can be reduced by 20% if the network is configured 
from radial to mesh type.
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1 Introduction

The market for photovoltaic (PV) power systems is 
increasing exponentially, at a rate of 47% per year, due to 
capital cost reduction and technological advancements 
[1]. Most of the PV generation units are distributed in 
nature and connected within low- or medium-voltage 
distribution networks. However, with the limitations of 
the electrical energy distribution network, appropriate 
PV capacity can be connected to different buses to main-
tain the operational parameters within the acceptable 
limits without the need for any significant modifications 
to the existing distribution network [2]. The PV capacity 
at the nodes of the electrical distribution network will 
affect the operational parameters (e.g. node voltages, 
line loadings, reverse current flow, short circuit current).

The PV hosting capacity (HC) can be analyzed in two 
categories: (i) based on network performance and load 
characteristics, and (ii) based on network operational 
parameters for future planning and expansion of the 
electrical network. The network operational parameters 
(e.g. bus overvoltage, line overloading, power quality) 
need to be critically evaluated to estimate the PV HC 
at different nodes of the distribution network. In Nav-
arro and Navarro [2], the PV hosting capacity within an 
electrical distribution network was analyzed at differ-
ent buses considering only the rated PV capacity, but 
PV output and simultaneous load profile at a particular 
node was not considered. An approach for enhancing 
PV HC based on a reactive power control strategy was 
presented by Atmaja et al. [3], but it did not include load 
flow analysis with simultaneous penetration of PV capac-
ity at different nodes. A probabilistic approach-based 
method for PV HC was presented by Niederhuemer and 
Schwalbe [4] considering the worst-case scenario (i.e. 
maximum PV and low load), but network operational 
parameters were not analyzed. The placement of dis-
tributed generation within the network was evaluated 
through power quality (harmonic distortion) by Saber 
et al. [5], but the HC of individual buses with loading 
impact was not analyzed. The PV HC within an electrical 
distribution network was evaluated by Al-Saffar et al. [6] 
using a Monte Carlo probabilistic technique with ran-
dom PV placements, but it did not provide analysis on 
individual buses. To determine the suitable capacity 
and position for a grid-autonomous PV system for rural 
areas, a GIS module was used by Zhang et al. [7] that con- 
sidered social, economic, technical and environmental 
aspects. The authors focused mainly on rural electrifi-
cation, but integration with the electrical grid was also 
covered. An optimization-discrete tabu search was pre-
sented for sizing stand-alone solar-wind-battery-based 

hybrid systems. The reliability of the stand-alone system 
was validated with applied algorithms and effectiveness, 
but the suitability of the design system was not tested 
with the grid [8]. Most of the reviewed literatures [3–8] 
have not covered a comparative assessment of hosting 
capacity considering various operational constraints. 
Therefore, it is essential to analyze PV HC within the dis-
tribution network at different nodes with simultaneous 
PV and load profiles.

The operational parameters can be managed within 
the prescribed limits through appropriate embedded 
control strategies in the PV power conditioning devices. 
Katiraei et al. [9] reported a phasor measurement analy-
sis for a PV system, but potential mitigation techniques 
were not elaborated. A PV penetration study was con-
ducted by the Department of Energy’s SunShot Program 
[10] and reported that the voltage at the PV plant had 
surpassed maximum PV generation; in addition, a miti-
gation technique was presented.

Another PV impact study for an urban low-voltage 
network in Sri Lanka was presented by Chathurangi  
et al. [11], which suggested that the maximum rise in 
feeder voltage was observed in the daytime when 
energy demand was low and maximum solar radia-
tion was available, but mitigation techniques were not 
adequately tested in real-time conditions using digital 
real-time simulator (DRTS) and power hardware-in-loop 
(PHIL) methods. Wong et al. [12] discussed the major 
impacts of PV integration for power quality issues, pro-
tection relays, etc., but daily load and generation profiles 
were not considered. An optimal centralized coordinated 
voltage control algorithm in a PV inverter was tested 
and validated using a PHIL configuration method for a 
low-voltage distribution network [13]. The operational 
performance of standard droop control techniques of 
PV inverters was investigated during the transition to 
islanded operation from grid-connected mode [14], and 
the results showed that PHIL simulation of local control 
on the benchmark system validated the appropriate-
ness of the proposed real-time simulation approach. To 
address voltage quality problems, some countries have 
implemented technical solutions at the device level (i.e. 
PV inverters). For example, in Germany, to overcome 
overvoltage events, beginning in 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 became mandatory [15]. Similarly, other alterna-
tive solutions to curtailment of active power by domestic 
load shifting and use of energy storage have been dis-
cussed [16]. To improve the power factor of three-phase 
PV inverters, a reactive power control technique was 
proposed [17, 18]. Different techniques including active 
power curtailment, reactive power compensation and 
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energy storage have been presented to address voltage 
quality challenges due to high PV penetration [19].

However, PV penetration has also been increasing 
through PV-based microgrids, and this has not been suf-
ficiently addressed in the reviewed literatures [20–22]. 
Based on the above-mentioned issues and challenges, the 
key research objectives in the present work are formulated 
as follows: (i) first, to estimate the HC of PV at the distribu-
tion network buses with voltage and power line loadings 
as constraints, by anticipating solar generation and load 
profiles at the nodes; (ii) second, to analyze and verify the 
impact of increasing PV penetration on selected distribu-
tion network buses through DRTS and PHIL methods, and 
finally, (iii) to test a reactive power versus voltage droop 
control technique (a possible mitigation technique) in PV 
power conditioning devices.

This work uses a unique approach involving simultane-
ous PV and load profile analysis to maintain voltage and 
power line loadings within the prescribed limits. Th paper 
is organized as follows: In Sect. 2, the system description 
and network operation analysis without PV are presented. 
Section 3 provides PV HC analysis. In Sect. 4, the testing 
setup for DRTS and PHIL is described. A reactive power 
versus voltage (i.e. QV) droop control technique is used 
in PV inverter(s) to test the dynamics in real-time condi-
tions, and is presented in Sect. 5. In Sect. 6, a mesh network 
is used, and the cumulative impact of the droop control 
technique in a mesh network is studied. The conclusion is 
provided in Sect. 7.

2  PV distribution network without PV 
integration (Case A)

2.1  System description

In this work, a typical medium-voltage (MV) distribution 
network (i.e. CIGRE electrical network) [23] is used as a 
case, and its schematic is shown in Fig. 1. The CIGRE net-
work is widely used as a benchmark in electrical energy 
system analysis. The technical details of transformers, 
cable line length, voltage and current ratings, resistance, 
inductance, load types and power factor are taken from 
ref [23]. The distribution network consists of two feeders 
(i.e. 1 and 2), and they are linked separately to transform-
ers (i.e. T1 and T2, each with rated capacity of 25 MVA at 
110 kV/20 kV). The network consists of 14 buses (i.e. B1 to 
B14), in which buses B1 to B11 are connected to feeder 1, 
and buses B12 to B14 to feeder 2. To compare and analyze 
the results of the distribution network, all 14 buses are cat-
egorized into three groups, A, B and C. Group A represents 

buses B1 to B6, Group B buses B7 to B11, and Group C buses 
B12 to B14.

There are a total of 12 lines (i.e. L1-2, L2-3, L3-4, L4-5, L5-6, 
L7-8, L8-9, L9-10, L10-11, L3-8, L12-13 and L13-14), and these lines 
are also categorized in Groups A, B and C: lines L1-2, L2-3, 
L3-4, L4-5 and L5-6 are in Group A, lines L7-8, L8-9, L9-10, L10-11 
and L3-8 are in Group B, and lines L12-13and L13-14 are in 
Group C. There are three switches (S1, S2 and S3) which can 
be used to create a mesh type electrical network.

A typical daily load profile is used to evaluate the per-
formance of the distribution network, and it is illustrated in 
Fig. 2. The daily load profile for all the buses is considered 
the same. However, maximum load demands are varied 
for different buses, and values of the maximum load were 
taken from ref [23]. The apparent power for the buses is 
as follows: B1-: 12.71MVA (12.44 + j 2.53), B2-:(0), B3-: 0.30 
MVA (0.27 + j 0.12), B4-: 0.22 MVA (0.22 + j0.05), B5-:0.37 
MVA (0.36 + j 0.09), B6-:0.28 MVA (0.27 + j 0.07), B7-: 0.08 
MVA (0.07 + j 0.04), B8-: 0.48 MVA (0.47 + j 0.12), B9-: 0.61 
MVA (0.59 + j 0.15), B10-: 0.46 MVA (0.44 + j 0.13), B11-: 0.27 
MVA (0.26 + j 0.07), B12-: 11.99 MVA (3.17 + j 11.56), B13-: 
0.04 MVA (0.03 + j 0.02) and B14-: 6.71 MVA (6.48 + j 1.73).

In the selected distribution network, the nominal bus 
voltage (i.e. 20 kV line to line (1 p.u.)), maximum active 
load (12.44 MW) and maximum reactive load (2.53 MVAr) 
are considered as 1 p.u. (12.70 MVA). The load profile is 
considered to cover two scenarios; the first includes mini-
mum load and maximum PV generation, and the second 
includes maximum load and minimum PV generation. It 
is observed from a typical daily load profile that the mini-
mum load demand of 0.10 p.u. emerges during nighttime 
(00:00 to 01:00); however, the maximum load demand of 
0.90 p.u. is observed in the morning (08:00 to 09:00) as well 
as in the evening (from 19:00 to 20:00).

2.2  Results and discussion for Case A

Case A represents the scenario when PV is not integrated 
into the distribution network, and the switches S1, S2 and 
S3 are in the open conditions. In Group A, the voltage of 
the six buses (V1 to V6) and % loading (of the rated capacity 
of the power line) on the five lines (L1-2, L2-3, L3-4, L4-5 and 
L5-6) are shown in Figs. 3 and 4, respectively. In the consid-
ered distribution network, bus B1 represents the slack bus, 
and its voltage is stable as compared to all other buses 
within the network. It is observed from Fig. 3 that the bus 
voltage of all six buses (V1 to V6) never falls below 0.98 p.u., 
but the maximum voltage of buses reaches 1 p.u. The low-
est voltage appears during peak demand hours (08:00 to 
09:00 and 19:00 to 21:00). It is observed that the bus volt-
ages do not violate the defined voltage regulation criteria 
(i.e. 0.90 ≤  Vi ≤ 1.10). 
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Fig. 1  Line diagram of MV CIGRE electrical network

Fig. 2  A typical load profile
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In Group A, the maximum line loading is 9% for the lines 
L1-2 and L2-3, whereas the loading of the remaining lines 
(e.g. L3-4, L4-5 and L5-6) is below 4% throughout the day. The 
line loading graph clearly follows the same characteristics 
as the load demand curve shown in Fig. 2.

In Group B, the voltages of the five buses (V7 to V11) 
and loading of the five lines (L7-8, L8-9, L9-10, L10-11 and L3-8) 
are shown in Figs. 5 and 6, respectively. It is observed 
that the bus voltage of the buses (V7 to V11) never falls 
below 0.97 p.u. The lowest bus voltages appear during 
the peak demand hours (08:00 to 09:00 and 19:00 to 

21:00), and the maximum voltage is 1 p.u. None of the 
buses violates the defined voltage regulation criteria (i.e. 
0.90 ≤  Vi ≤ 1.10). 

In Group B, the maximum line loading is 4% and 5% 
for lines L8-9 and L3-8, respectively, whereas loadings of the 
remaining lines (e.g. L7-8, L9-10 and L10-11) remain below 3% 
throughout the day. The loading of line L3-8 is affected by 
the load connected at buses 7, 8, 9, 10 and 11, and the 
loading of line L3-8 is higher than that of the other line 
loadings. It is observed from Fig. 6 that the line loadings 
are below the defined limit (100%).

Fig. 3  Variation in bus voltages 
of Group A in Case A
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Fig. 4  Variation in line loading 
of Group A in Case A
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Fig. 5  Variation in bus voltages 
of Group B in Case A
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In Group C, the voltage of three buses (V12, V13 and V14) 
and loading of two lines (L12-13 and L13-14) are shown in 
Figs. 7 and 8. It is observed from Fig. 7 that the bus V12 
represents the slack bus of feeder 2, and its bus voltage 
is quite stable (i.e. 0.98 < V12 < 1.0). However, voltages at 
buses V13 and V14 vary between 0.97 and 0.99 p.u. The low-
est voltage of 0.97 p.u. is recorded for bus V14 during the 
peak demand hours (08:00 to 09:00 and 19:00 to 21:00). 

In Group C, the maximum line loading is 18% for lines 
L12-13 and L13-14. The loads connected at feeders 1 and 2 are 
the same. However, in the case of feeder 1, the total load 

is placed at 11 buses (B1 to B11), and in the case of feeder 
2, the load is connected at three buses (B12, B13 and B14); 
therefore, the maximum line loading of feeder 2 is twice 
(18%) that of feeder 1 (9%).

The variation in transformer loadings (i.e. T1 and T2) for 
a typical day is shown in Fig. 9. The maximum loadings 
of transformer T1 and T2 (i.e. power loading) are 29% and 
34%, respectively; however, the minimum loading for 
both transformers is between 3% and 4% during night-
time (00:00 to 01:00). The average daily energy loading of 
transformers T1 and T2 is 17% and 20%, respectively.

Fig. 6  Variation in line loadings 
of Group B in Case A
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Fig. 7  Variation in bus voltages 
of Group C in Case A
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Fig. 8  Variation in line loadings 
of Group C in Case A
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The results of Case A show that the distribution network 
does not violate any voltage or overload conditions for the 
considered load profile. This indicates that the distribu-
tion network has the capacity to integrate a solar PV-based 
microgrid, but how much PV can be connected to the dis-
tribution network depends on the HC of the network.

In this paper, the HC of the distribution network is 
evaluated using the DIgSILENT PowerFactory [24], and 
the impacts of the PV integration within the distribution 
network are then analyzed using the DRTS and PHIL simu-
lation methods. The HC at the individual bus of the distri-
bution network is estimated so that appropriate PV capac-
ity can be connected to the distribution network without 
violating the network operational constraints.

3  Analysis of PV hosting capacity 
in the electrical distribution network

In this work, PV HC is estimated for two scenarios. In the 
first scenario  (HC1), only the voltage parameter is consid-
ered as a constraint, whereas in the second scenario  (HC2), 
voltage and loading (i.e. line and transformer loading) are 
both taken as constraints. The methodology for estimat-
ing the hosting capacity is given in the following section.

3.1  Methodology for estimating PV hosting 
capacity

This work investigates PV HC at different buses of a distri- 
bution network considering a typical daily load profile as  
well as a PV generation profile. The constraints and objec-
tive function are described in Eqs. (1) to (7), for estimating  
the maximum HC at any of the 14 buses within the dis-
tribution network. The main considered variables are PV 
capacities, voltage at bus terminals, line current, active and 
reactive line power flow, and active and reactive power 
exchange with the upstream grid. As the HC depends 
on the load, various peak load demands are considered 
at different buses within the distribution network. An 

optimization technique is used to calculate the maximum 
HC [24]. In an n bus network system, the maximum hosting 
capacity of a bus within the network is given by Eq. (1).

where
DGMax(Xn, t) = maximum hosting capacity of bus n at 

time t;
Vn(t) = voltage of bus terminal n at time t;
Ijk(t) = loading of line jk at time t;
T1(t)&T2(t) = transformer loadings at time t;
PL
n
(t) = active load connected to bus n at time t;

QL

n
(t) = reactive load connected to bus n at time t.

A flowchart of the proposed methodology for estimat-
ing the HC at a bus within the network is shown in Fig. 10. 
To estimate the hosting capacity for a bus within the net-
work, the initial conditions are set including maximum 
load connected to the different buses, load profile, voltage 
limits, current carrying capacity of lines and transformer 
loadings. Initially, minimum PV capacity (i.e. 1% of trans-
former capacity) is allocated at a bus n, and it is increased 
in steps until it violates the defined conditions as given in 
Eqs. (2–7). In this paper, the network behavior is analyzed 
for the entire day (24 h) and mainly covers two circum-
stances: (i) voltage rise problems due to low load demand 
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Case A
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and high PV generation, and (ii) loading problems due to 
high demand and high generation. The proposed meth-
odology estimates the HC of an individual bus for a con-
sidered load profile, as illustrated in Fig. 10.

3.2  PV hosting capacity estimation

In this work, PV HC is estimated for two different scenarios. 
In the first scenario  (HC1), only the voltage parameter is 
considered a constraint; however, in the second scenario 
 (HC2), voltage and loading of lines are both taken as con-
straints. In Table 1, the hosting capacities  (HC1 and  HC2) of  
the individual bus with the most impacted line and bus 
are given. The parameter ‘most impacted bus/line due to  
voltage or loading constraints’ reveals that the HC of a bus 
is limited by that component within the distribution net-
work. In the case of  HC1, bus voltage is the limiting com-
ponent for all 14 buses, as only the ‘voltage’ parameter is  
a constraint in this scenario. It is observed that B10 is the 
most impacted bus for estimating the HC of B1 and B10; 
however, B14 is the most impacted bus when PV HC is esti-
mated for bus B12 and B14. In other words, increasing the 
PV at buses B1 and B10 strongly influences the voltage of 
bus B10, and similarly, increasing the PV at buses B12 and 
B14 shows maximum impact on the voltage of bus B14. The 
values of PV HC are examined for both cases and shown 
in Table 1.

HC1 and  HC2 are illustrated in Fig. 11. In feeder 1,  HC2 of  
buses B1 and B2 decreases by 60% and 57%, respectively, as  
compared to  HC1 ; however, there is no change in the host-
ing capacities of the remaining buses. It can be seen that in 

Fig. 10  Flow diagram for estimating the HC of the network

Table 1  Hosting capacity of each bus in a distribution network

The downward (↓) and upward (↑) signs indicate percentage reduction and increase in the parameter value

Bus no. With only voltage constraint With voltage and loading constraints Changes in  HC2 
as compare to 
 HC1(%)HC1 (MW) Most impacted bus due to 

voltage constraint
HC2(MW) Most impacted bus/line due to volt-

age and loading constraints

B1 80.66 B10 32.46 T1 60↓
B2 46.42 B2 19.81 L1-2 57↓
B3 14.93 B3 14.93 B3 0
B4 13.60 B4 13.60 B4 0
B5 12.54 B5 12.54 B5 0
B6 10.17 B6 10.17 B6 0
B7 6.59 B7 6.59 B7 0
B8 7.97 B8 7.97 B8 0
B9 7.69 B9 7.69 B9 0
B10 7.06 B10 7.06 B10 0
B11 6.81 B11 6.81 B11 0
B12 80.82 B14 33.54 T2 59↓
B13 84.66 B12 20.52 L12-13 76↓
B14 39.82 B14 21.46 L13-14 46↓
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feeder 1, the hosting capacity (i.e.  HC1) of only bus B1 is sig-
nificantly impacted by the voltage of bus B10, whereas the 
hosting capacity  (HC1) of the remaining buses B2 to B11 is 
regulated by their own bus voltages. In feeder 2, the host-
ing capacity (i.e.  HC2) of buses B12, B13 and B14 decreases 
by 59%, 76% and 46%, respectively, as compared to  HC1. 
It is observed that the hosting capacity of buses B12, B13 
and B14 are significantly impacted by the loading of trans-
former T2, line L12-13 and line L13-14, respectively. It is clear 
that loading has a significant impact on determining the 
PV HC at a bus within a distribution network.

The maximum value of  HC2 is estimated as 32.46 MW 
at bus B1 in feeder 1. However, in feeder 2, the maximum 
 HC2 is 33.54 MW at bus B12. In this work, only feeder 1 is 
considered for further analysis purposes, and the impact 
of PV penetration is evaluated. In the next section, the per-
formance of the distribution network is evaluated, with 
PV integration at buses B7, B8, B9 and B10. Bus voltage, line 
loading and transformer loadings are monitored using 
DRTS and PHIL, and the results are analyzed.

4  Impact of PV penetration 
in the distribution network (Case B)

In Sect. 3, the maximum hosting capacity (only one bus 
at a time) is estimated for 14 buses and illustrated in 
Fig. 11. In this analysis, buses of Group B are considered 
for integrating PV because the hosting capacity of Group 
B falls into the lowest range (6.6 to 7.9 MW) as compared 
to the other groups (Group A and Group C), and it does 
not change for the two cases  (HC1 and  HC2). Also, con-
cerning the limitation of the testing setup for carrying out 
PHIL experiments, the HC of Group B represents a suit-
able range, and therefore the individual hosting capacity 
of buses B7, B8, B9 and B10 is exploited for distributing the 
PV capacity among these buses.

In this study, 7 MW capacity of the solar PV system is 
distributed into feeder 1 (i.e. B7, B8, B9 and B10). At B7, B9 
and B10, 2 MW of the PV system is connected on each bus 
and simulated in the DRTS. Due to the physical limita-
tions of the testing setup, 1 MW of real hardware (scaled 
up from the kW range) PV inverter is connected at B8 
through a PHIL testing setup. This is presented in Fig. 12 
and explained in the next section.

4.1  PHIL testing setup

To analyze the impact of high PV penetration into the 
distribution network, a PHIL testing setup is used as 
shown in Fig. 12. The experimental work is carried out at 
the Smart Grids Research Unit of the Electrical and Com-
puter Engineering School (Smart RUE) of the National 
Technical University of Athens.

A PV simulator is used to generate characteristics 
including irradiance, maximum power point, tempera-
ture, etc. The output of the PV simulator is connected  
to the DC side of the 3 kW PV inverter. The output of the 
3 kW PV inverter (AC side) is further connected through 
a linear four-quadrant power amplifier which was 
upscaled inside DRTS to 1 MW of PV power output at B8. 
Communication between the DRTS and the PV inverter 
is performed via a communication interface which con-
sists of analogue and digital input/output modules and 
a real-time target (RTT) computer [17]. The I/O modules 
communicate through an EtherCat protocol with the 
RTT, which in turn interfaces these signals directly con-
nected with a MATLAB Workspace.

Battery energy storage of 1 MWh (using DRTS) is 
integrated at B8. The power output of the battery is con-
trolled through a predefined profile of PV + Battery as 
shown in Fig. 13. In the study, battery charging and dis-
charging are assigned negative (−) and positive (+) signs, 
respectively.

Fig. 11  Hosting capacity with-
out and with loading
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4.2  Results and discussion of Case B

The PV simulator generates its own voltage and current 
characteristics based on the given input profile. The out-
put of the physical PV inverter is controlled using the PV 
simulator during the experiment, whereas the other PV 
systems and loads obtain their respective curves from 
MATLAB and are simulated using DRTS. The PV simulator 

is synchronized with MATLAB so that all the PV inverters 
(one PHIL and the other three simulated in DRTS) follow 
the same irradiance profile. The results of the PHIL testing 
are compared with the base case scenario (Case A) and 
presented in the following section.

In Group A, the voltage of six buses (V1 to V6) and load-
ing of five lines (L1-2, L2-3, L3-4, L4-5 and L5-6) are shown in 
Figs. 14 and 15, respectively. It is observed from Fig. 14 that 

Fig. 12  Laboratory testing setup of PHIL

Fig. 13  PV, battery and 
PV + battery profiles
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the bus voltages (i.e. V1 to V6) never fall below 0.98 p.u.; 
however, the maximum voltage reaches 1.05 p.u. The low-
est voltage appears during the nighttime peak demand 
hours (20:00 to 21:00). It is observed that the integration of 
PV at buses B7, B8, B9 and B10 improves the voltage profile 
during the morning peak hours (08:00 to 09:00). The mini-
mum voltage during the daytime is increased from 0.98 
p.u. (Case A) to 0.99 p.u. (Case B). However, during the peak 
daytime hours, the maximum voltage is increased by 5% 
as compared to Case A. It is observed that in the different 
circumstances, the bus voltages do not violate the defined 
voltage regulation criteria (i.e. 0.90 ≤ Vi ≤ 1.10).

The line loadings of Group A are presented in Fig. 15. It 
is observed that the maximum line loading is 34% (i.e. 25% 
higher than Case A) for the lines L1-2 and L2-3. However, the 
loadings of the remaining lines (L3-4, L4-5 and L5-6) remain 
below 2% throughout the day. This indicates that the PV 
array connected to the buses B7, B8, B9 and B10 does not 
affect the line loading of L3-4, L4-5 and L5-6, as these lines are 
connected with a separate string to bus B3, and therefore 
the line loadings remain within the defined limit.

In Group B, the voltage of five buses (V7 to V11) and load-
ing of five lines (L7-8, L8-9, L9-10, L10-11 and L3-8) are shown in 
Figs. 16 and 17, respectively. The maximum voltages of 

the buses (B7 to B11) are recorded and show an increase 
of 9% more (i.e. 1.09 p.u.) as compared to Case A. How-
ever, the minimum bus voltage is 0.98 p.u. during night-
time (19:00 to 21:00). Although the voltage of five buses 
(B7 to B11) is within the defined voltage regulation criteria 
(i.e. 0.90 ≤ Vi ≤ 1.10), a further increase in PV capacity may 
exceed the voltage limit.

In Group B, the maximum loadings of lines L3-8 and L8-9 
are 33% (i.e. 28% higher than Case A) and 21% (i.e. 17% 
higher than Case A), respectively. However, the loadings 
of the remaining lines (e.g. L7-8, L9-10 and L10-11) are below 
11% throughout the day. The loading of line L3-8 is influ-
enced by the load connected to the buses (B7, B8, B9, B10 
and B11 ), and therefore the loading of line L3-8 is high as 
compared to the other line loadings (L7-8, L9-10 and L10-11). 
It is observed from Fig. 17 that all the lines (except L10-11) 
follow the PV generation curve, but because no PV is con-
nected to bus B11, the loading curve of line L10-11 is not 
influenced by PV. It is also observed that the line loadings 
are within the defined limit (i.e. ≤ 100%).

In Group C, three buses (B12, B13 and B14) and two lines 
(L12-13 and L13-14) are connected to feeder 2, and no PV is 
integrated with this feeder. Therefore, bus voltages (V12, 
V13 and V14) and line loadings (L12-13 and L13-14) are not 

Fig. 14  Variation in bus volt-
ages of Group A in Case B
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Fig. 15  Variation in line load-
ings of Group A in Case B
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affected in this case. The bus voltages (V12, V13 and V14) 
and line loadings (L12-13 and L13-14) follow the same char-
acteristics as shown in Figs. 7 and 8, respectively.

The variation in transformer loadings (T1 and T2) on a 
typical day is shown in Fig. 18. The loading of transformer 
T1 during the daytime (09:00 to 18:00) is reduced from 
29% (Case A) to 19%, whereas maximum loading during 
nighttime (19:00 to 21:00) is the same as in the base case 

scenario (Case A). It is observed that when integrating 
the PV system into feeder 1, the transformer loading T1 is 
reduced, as generated PV power is injected into the grid 
and is used to meet local demand. The average energy 
loading of transformer T1 is also reduced from 17% (Case 
A) to 14%. The loading of transformer T2 does not change, 
as PV is not connected to feeder 2, and it represents the 
same characteristics as those of Case A (Fig. 9).

Fig. 16  Variation in bus volt-
ages of Group B in Case B
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Fig. 17  Variation in line load-
ings of Group B in Case B
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Fig. 18  Variation in trans-
former loadings in Case B
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In this section, PV systems are integrated at buses B7, 
B8, B9 and B10, and their impacts on the bus voltages, 
loading of lines and transformer loading are analyzed. 
Major impacts of PV integration are observed on the volt-
age profiles and line loadings. It is observed that the bus 
voltages (V7 to V11) in feeder 1 increased by 9%, and the 
maximum loading of line L3-8 is increased by 28% as com-
pared to Case A. The average loading of transformer T1 is 
decreased by 3%, and there is no change in the loading 
of transformer T2. It is clearly observed that integrating 
more PV at the buses (B7, B8, B9 and B10) may contribute in 
violating the defined voltage regulation criteria. Therefore, 
it is essential to test appropriate mitigation techniques to 
address the voltage rise problem within the distribution 
network.

In the next section, the QV droop control strategy is 
used in the PV inverter to test the dynamics of the system 
in real-time conditions using the power hardware-in-loop 
test method. A comparative analysis is carried out with and 
without droop control strategies in Sect. 5.

5  Validation of QV droop technique using 
DRTS and PHIL methods (Case C)

In this section, the application of the droop control con-
cept is explored to improve the voltage profiles so that 
more PV can be connected to the distribution network. 
Here, the QV droop control strategy is used in the PV 
inverter and in the battery’s control system. The QV droop 
control helps to mitigate voltage errors and increase the 
HC of the PV in the network by injecting or absorbing 
reactive power as a result of changes in the bus voltage. 
The extent of the inverter’s response is based on the con-
figured parameters of the droop controller, i.e. the volt-
age dead-bands, Qmin and Qmax, gain of voltage droop as 
shown in Fig. 19. The fixed QV droop characteristic curve 
is considered in this work, and a droop control strategy is 
used in the hardware PV inverter to test the dynamics of 

the system in real-time conditions based on a PHIL setup 
as shown in Fig. 12. The QV droop control strategy is also 
used in the other PV systems  (PV7,  PV9 and  PV10) connected 
to the buses B7, B9 and B10, and it has the same character-
istics as those considered for  PV8.

After using the QV droop control strategy, the reactive 
power contribution from the PV systems (i.e.  PV7,  PV8,  PV9 
and  PV10) and the battery at bus B8 are recorded, and their 
values are shown in Fig. 20. It is observed that reactive 
power support is provided during the daytime when the 
voltage rise problem appears. The reactive power absorp-
tion from  PV10 is the highest, whereas  PV7 and  PV8 have 
the lowest reactive power absorption. Since  PV8 absorbs 
enough reactive power to improve the voltage profile, the 
reactive power contribution from the battery energy stor-
age is almost zero. The improvement in the voltage profiles 
compared with the results obtained in Sect. 5 (Case B) and 
the group-wise results and analysis are presented in the 
following section.

5.1  Results and discussion of Case C

In Case C, PV is integrated at the buses B7, B8, B9 and B10 
network, and the QV droop control strategy is used to 
analyze the system dynamics in real-time conditions. The 
output of the PV inverter is controlled using the PV simu-
lator, whereas the simulated PVs and loads obtain their 
respective curve values from MATLAB. The PV simulator is 
synchronized with MATLAB, so that all PV inverters  (PV7, 
 PV8,  PV9 and  PV10) follow the same irradiance profile. The 
results obtained from Case C are analyzed in the following  
section.

IIn Group A, the voltage of six buses (V1 to V6) and load-
ing of five lines (L1-2, L2-3, L3-4, L4-5 and L5-6) are shown in 
Figs. 21 and 22, respectively. It is observed from Fig. 21 that 
the maximum bus voltage is reduced from 1.05 p.u. (Case 
B) to 1.02 p.u., and the voltages of all six buses (V1 to V6) 
never fall below 0.99 p.u. The lowest voltage of 0.99 p.u. 
appears during the peak demand hours (19:00 to 21:00). 

Fig. 19  QV droop character-
istics Qmax
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This indicates that the voltage profile is improved by using 
the droop control strategy with the PV inverter.

It is observed from Fig. 22 that the loading curve fol-
lows the same characteristics as shown in Fig. 15 (Case B). 
The maximum line loading observed is 35% (i.e. 1% higher 
than that of Case B) for the lines L1-2 and L2-3, whereas the 
maximum loadings of the remaining lines (e.g. L3-4, L4-5 and 
L5-6) are almost the same as those of Case B and remain 
below 2% throughout the day.

In Group B, the voltage of five buses (V7 to V11) and 
loading of five lines (L7-8, L8-9, L9-10, L10-11 and L3-8) are 
shown in Figs. 23 and 24. In Case B, the maximum volt-
age rise issues are observed in the buses (B7, B8, B9 and 
B10), but after using the QV droop control strategy, the 
maximum voltage is reduced from 1.09 to 1.04 p.u. The 
droop control strategy used through the DRTS and PHIL 
method at B8 is verified. It is observed that the QV droop 

Fig. 20  Reactive power from 
PV connected at B7, B8, B9 and 
B10
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Fig. 21  Variation in bus volt-
ages of Group A in Case C
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Fig. 22  Variation in line load-
ings of Group A in Case C
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control strategy can help to improve the voltage profile 
during a high PV penetration scenario.

In Group B, it is observed from Fig. 24 that the load-
ing curve follows the same characteristics as for Case B 
(Fig. 17). The maximum loadings of lines L3-8 and L8-9 for 
Case C are 35% and 22%, respectively, and these line 
loadings are only 1% higher than those of Case B (with-
out QV droop control). There is also no significant change 
observed for loadings of the remaining lines (e.g. L7-8, L9-10 
and L10-11), and it remains below 12% throughout the day. 
A small increase in the line loading appears due to the 
reactive power support provided by the PV inverters.

In Group C, three buses (B12, B13 and B14) and two lines 
(L12-13 and L13-14) are connected to feeder 2, and no PV is 
integrated with this feeder; therefore, the bus voltages 
(V12, V13 and V14) and line loadings (L12-13 and L13-14) are 
not affected in this case. The bus voltages (V12, V13 and V14) 
and line loadings (L12-13 and L13-14) follow the same charac-
teristics as shown in Figs. 7 and 8, respectively.

The variation in transformer loadings (T1 and T2) in a 
typical day is shown in Fig. 25. The loading characteris-
tics of transformer T2 do not change, as the PV is not con-
nected to feeder 2 and represents the same characteristics 

as shown in Fig. 9 (Case A). However, the maximum loading 
of transformer T1 during the morning peak hours ( 08:00 
and 09:00) is increased by 1% compared to Case B (without 
the QV droop control strategy), whereas maximum loading 
during the night peak hours (19:00 to 21:00) is the same as 
that of Case B. The average daily energy loading of trans-
former T1 increases from 14% (Case B) to 15%.

In this section, the PV systems are integrated at buses 
B7, B8, B9 and B10, and the QV droop control strategy is 
used in all inverters to improve the voltage profiles. It is 
observed that by using the QV droop control strategy, the 
maximum bus voltage is reduced from 1.09 p.u. (Case B) to 
1.04 p.u. (Case C). The average loading of lines and trans-
formers is increased by only 1% with the QV droop control 
strategy. It is clearly observed that by using the QV droop 
control strategy, more PV can be integrated at the buses 
(B7, B8, B9 and B10), and PV energy can be used to meet the 
local demand.

In this section, the voltage rise problem is addressed by 
using the QV droop control strategy. However, the CIGRE 
distribution network also has the potential to operate as 
a mesh network by connecting the two feeders through 
switch S1. This study is further extended to analyze the 

Fig. 23  Variation in bus volt-
ages of Group B in Case C

0.90

0.95

1.00

1.05

1.10

1 3 5 7 9 11 13 15 17 19 21 23
Vo

lta
ge

 (p
.u

.)

Hour of the Day (hrs) 

V7 V8 V9 V10 V11

Fig. 24  Variation in line load-
ings of Group B in Case C
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impacts of high PV penetration on the mesh type distri- 
bution network, and its results are compared with those of 
the radial network (Case C, PV integration with QV droop) 
and presented in the next section.

6  Impact of PV penetration within mesh 
network (Cases D and E)

Switch S1 is important, as it is connected between both 
feeders; therefore, a mesh network could be created by 
closing switch S1. In this section, a mesh network is formed 
and two experiments (Cases D and E) are carried out. In 
Case D, the distribution network configuration is the same 
as in Case B, but switch S1 is closed, whereas Case E rep-
resents the same distribution network configuration as 
Case C, and switch S1 is closed. This means that Case D 
analyzes the impacts of only the radial network formation 
(S1 closed) during high PV penetration, but in Case E, the 
cumulative impact of the QV droop control strategy and 
formation of the radial network (S1 closed) is analyzed. In 
order to conduct the experiment, the same methodology 

is used as explained in Sect. 4.1. The group-wise results are 
analyzed and discussed in the following section.

6.1  Comparison of Cases D and E with B

In Group A, the voltage of six buses (V1 to V6) for Cases D 
and E are shown in Figs. 26 and 27, respectively. In Case B, 
the maximum voltage rise of Group A in feeder 1 is 1.05 
p.u. (see Fig. 14), and it decreases to 1.04 p.u. when the 
distribution network is converted to a radial network (Case 
D), as shown in Fig. 26. However, in Case E, the cumulative 
effect of both the radial network and QV droop control 
strategy reduce the maximum voltage from 1.05 p.u. (Case 
B) to 1.02 p.u. This shows that a QV droop control strategy 
and mesh network formation together effectively improve 
the voltage profiles of the distribution network.

The maximum change in the loading of lines L1-2 and 
L2-3 is observed in Group A; therefore, a comparison of only 
line loading L2-3 for Cases B, D and E is considered for anal-
ysis purposes, and is shown in Fig. 28. It is observed from 
Fig. 28 that loading of line L2-3 follows the same character-
istics for all three cases (B, D and E); however, maximum 
loadings of line L2-3 for Case D and Case E are reduced from 

Fig. 25  Variation in trans-
former loadings in Case C
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Fig. 26  Bus voltages of Group 
A in Case D
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33% (Case B) to 15% and 16%, respectively. This indicates 
that creating a mesh network also reduces the overall line 
loading of feeder 1.

In Group B, the bus voltages (V7 to V11) for Cases D and 
E are shown in Figs. 29 and 30, respectively. In Case B, the 
maximum voltage rise in feeder 1 is 1.09 p.u. (see Fig. 16), 
and it decreases to 1.05 p.u. when the distribution net-
work is converted to a radial network (Case D), as shown 

in Fig. 29. However, in Case E, the cumulative effect of the 
radial network and the QV droop control strategy reduce 
the maximum voltage from 1.09 p.u. (Case B) to 1.03 p.u. 
This shows that a QV droop control strategy and mesh net-
work formation together effectively improve the voltage 
profiles of the distribution network.

The maximum changes in the loading of line L3-8 are 
observed in Group B, and therefore a comparison of only 

Fig. 27  Bus voltages of Group 
A in Case E
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Fig. 28  Line loading of L2-3 for 
Cases B, D and E

Fig. 29  Bus voltages of Group 
B in Case D
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line loading L3-8 for Cases B, D and E is considered for anal-
ysis purposes and is shown in Fig. 31. Here it can be seen 
that the loading of line L3-8 follows the same characteristics 
for all three cases (Cases B, D and E). However, the maxi-
mum loading of line L3-8 for Case D and Case E decreases 
from 33% (Case B) to 6.7% and 7%, respectively. This indi-
cates that creating a mesh network reduces the overall line 
loading of feeder 1.

In Group C, bus voltages (V12, V13 and V14) for both Cases 
D and E are shown in Figs. 32 and 33, respectively. In Case 

B, the maximum voltage rises of B14 in feeder 2 is 0.99 p.u. 
(see Fig. 7), and it increases to 1.01 when the radial distri-
bution network is converted to a mesh network (Case D) 
as shown in Fig. 32. The cumulative effect into bus voltage 
B14 due to both the mesh network and QV droop control 
strategy (Case E) does not result in significant changes to 
the bus voltage V14 (Fig. 33).

The loading of lines L12-13 and L13-14 in Group C is 
almost the same; therefore, a comparison of only line 
loading L13-14 for Cases B, D and E is considered for 

Fig. 30  Bus voltages of Group 
B in Case E
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Fig. 31  Line loading of line L3-8 
for Cases B, D and E

Fig. 32  Bus voltages of Group 
C for Case D
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analysis purposes and is shown in Fig. 34. It is observed 
from Fig. 34 that the loading of line L13-14 follows the 
characteristics of Cases D and E, but is different for Case 
B. The maximum line loading for Case B is 18% and is 
observed during the morning peak hours (08:00 to 
09:00) and evening peak hours (20:00 to 21:00). In Cases 
D and E, the maximum line loading is shifted to the peak 
daytime hours (13:00 h) and is 16% and 17% for Cases 
D and E, respectively. The average line loading for Cases 
D and E is reduced from 11% (Case B) to 7% and 8%, 
respectively.

The loading of transformer T1 for the Cases B, D and E 
is shown in Fig. 35. By connecting both feeders together 
through switch S1, transformer loading T1 is also changed 
for Case D and Case E as compared to Case B. The maxi-
mum transformer loading of T1 during morning peak hours 
(08:00 to 09:00) increases from 15% (Case B) to 20% and 
20% for Cases D and E, respectively. However, maximum 
transformer loading of T1 in Case B during the night peak 
hours (20:00 to 21:00) decreases by only 1% for Cases D 
and E. The transformer loading T1 during the peak day-
time hours (13:00) decreases from 19% (Case B) to 11% and 

Fig. 33  Bus voltages of Group 
C for Case E
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Fig. 34  Line loading of L13-14 
for Cases B, D and E

Fig. 35  Loading of transformer 
T1 for Cases B, D and E
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10% for Case D and Case E, respectively. The average daily 
energy loading of transformer T1 is the same for Cases B, 
D and E, at 14%.

The loadings of transformer T2 for Cases B, D and E are 
shown in Fig. 36. The maximum transformer loading of T2 
for Case B during the morning peak hours (08:00 to 09:00) 
is decreased from 34% to 27% for Cases D and E; however, 
maximum transformer loading of T2 for Case B during the 
night peak hours (19:00 to 21:00) decreases by only 1% for 
Cases D and E. The transformer loading T2 during the peak 
daytime hours (13:00) is decreased from 6% (Case B) to 2% 
and 4% for Case D and Case E, respectively. The average 
transformer loading of T2 for Case B is 20% and for Cases 
D and E is 17% for both. This indicates that by connecting 
both feeders through switch S1, transformer loading T2 is 
reduced by 3%.

7  Conclusions

In this paper, the PV hosting capacity within a distribution 
network was estimated considering network operational 
parameters (voltage, power line loading). The load varia-
tions and simultaneous PV outputs at different buses were 
considered for a selected CIGRE network. The PV hosting 
capacity was varied on selected buses of the network to 
maintain the network operational parameters within the 
prescribed limits. In scenario 1  (HC1), only the voltage con-
straint was used with a typical daily load and PV profiles 
to analyze the PV hosting capacity on the network buses. 
However, scenario 2  (HC2) considered both voltage and 
power line loading variations to evaluate the impact of PV 
hosting capacity on the network buses. It was observed 
that by considering voltage and loading as constraints, 
the PV hosting capacity  (HC2) at buses B1, B2, B12, B13 and 
B14 of the selected network was reduced by more than 
50% as compared to the scenario when only voltage 
was taken as a constraint  (HC1). It was observed that the 

network operational constraints had a significant impact 
in estimating the PV hosting capacity within the distribu-
tion network.

In this work, the impacts of PV system integration at 
selected buses of feeder 1 were analyzed using the DRTS 
and PHIL testing methods. The results show that the maxi-
mum bus voltages (V7 to V11) in feeder 1 are increased by 
9% during the peak daytime hours (13:00) when 2 MW of 
PV is connected to each bus B7, B9 and B10 and 1 MW of 
PV at bus B8. Moreover, the maximum line loading (L1-2 
and L2-3) increased by 24% as compared to the base case 
scenario (Case A, no PV integration). The integration of PV 
at feeder 1 also affected the loading curve of transformer 
T1. It was observed that the average loading of transformer 
T1 was reduced from 17% (Case A, no PV integration) to 
14% (Case B, with PV integration); however, the loading 
of transformer T2 did not change, as no PV was connected 
to feeder 2.

The voltage rise problem due to integration of PV was 
addressed using the QV droop control strategy into the PV 
inverter. It was observed that by using the QV droop con-
trol strategy (Case C) into the PV inverter, the maximum 
bus voltages (V7 to V11) in feeder 1 decreased to 1.05 p.u. 
from 1.09 p.u. (Case B, without QV droop control); however, 
no significant changes were observed in the line loading 
or transformer loadings. In this work, the operational per-
formance of the mesh type electrical distribution network 
was compared with the radial type electrical distribution 
network, in particular in high PV penetration scenarios. 
It was observed that in a PV-integrated electrical energy 
network, line loading can be reduced by 20% if the net-
work is configured from a radial to a mesh type. Also, the 
QV droop control strategy further improves the voltage 
profile.

These results will to be useful for electricity distribution 
companies, industries and policymakers for analyzing the 
impacts of high PV penetration into a distribution network 
for future grid operation or grid reinforcement planning. 

Fig. 36  Loading of transformer 
T2 for Cases B, D and E
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This work will contribute in the analysis of operational risk 
scenarios with high PV penetration and in implementing 
mitigation techniques (e.g. QV droop functionality) with 
further investigation of power quality.
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