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High penetration levels of distributed (PV) generation on electrical distribution system show many
opportunities and challenges for Egyptian Distribution Utilities. The sovereign purposiveness of this
threshing was to augment the penetration level of the PV power production in three-phase LV grids,
by using solar inverters with reactive power control inconvertibility, imposed by certain grid codes.
This method, which is based on the grid voltage profile for location – dependent PF set premium could
be cushioned to whole solar inverter. The main target was to mitigate unnecessary Q absorption. This
method combines two droop function power factor active power and Q-(V) strategies. The performance
of each inverter is to compare the output voltage measured and control the quantity of Q. Therefore,
improvement of the voltage profile at a certain bus can reduce the total losses, saving consumed power
by customer and increase the system capacity by 4.5%.
� 2017 Ain Shams University. Production and hosting by Elsevier B.V. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction tion, Egypt has the best locations with high intensity of direct solar
The world continues to demand electric energy, and on the
other hand the traditional energy, introduces pollution as carbon
taxes. The green energy provides promotion [1].

It is expectant that future LV networks will help for high pene-
tration levels of small-scale PV. The high penetration of PV Power
may cause several problems, such as voltage fluctuations, encum-
bering of grid appliances, harmonics current radiations grid think-
ing, flicker, direct current injection. . ., etc. [2,3].

This study focuses on the grid voltage to keep it inadmissible
limitations, especially in the case of reduction in the power
demands with high active power injections by PV inverters.

In Egypt, the traditional electricity demand is growing rapidly,
especially the residential loads (42.7%) and the industrial loads
(27%) of the total energy [4]. So, the Egyptian government forwards
its efforts direct to integrate dispersed generators, especially for
residential power demand of small-scale PV up to 10 kW. In addi-
radiation, the range was between 2000 and 3200 kW h/m2/year
from north to south, and the sun shines duration was between 9
and 11 h/day [5]. So the Egyptian government, has approved the
fed-in tariff and subsidized the customers and investors to pro-
mote the PV penetration levels.

The main purpose of this paper was to increase the penetration
attribution of PV power producing in three-phase LV network-
connected in Egyptian networks, by controlling of reactive power
capability, which is generated from the solar inverter and P.F- P.
in this paper the control of PV inverter is implemented using pro-
portional plus integral (PI) controller to maintain the voltage at the
PV bus.
2. Reactive power supply capability of basic concepts in analysis
of distributed generators

To increase the higher penetration levels to the power distribu-
tion systems, it may require a lot of efforts, to integrate dispersed
generators. The optimum benefits from solar inverters installed on
grid were to promote penetration levels more. The semiconductor
switches are control of the Q quantity of inverter. When the active
power injection is less than the inverter rated apparent power, the
remaining capacity can be used for supplying reactive power. New
generation of solar inverters power factor (PF) is set at 0.9 PF,
which keeps them at rated active power injection for network
ancillary services. Reactive power can control the grid – connected
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inverters on LV distribution networks [6]. As a toss network cryp-
togram, the minimums P.F value is set at 0.9 by the control of the
loll encyclopedia in the sequence that could be acclimated in the
Egyptian grid code. In addition to this, if the solar irradiation
decreases from 100% to 10%, the inverter can use the remaining
capacity to provide the reactive power supply to compensate the
voltage drop [7].

Further, the grid voltage levels must be defined clearly as the
power injections from the distributed generators, cause rise in
the total voltage on the LV and MV grids which should be finite
at ±10% and ±5% of the nominative grid voltage, consecutively.
Thus, at apiece bond speck, it is required to measure these voltage
changes that are triggered by the generators, where maximally
permissible power injecting is specifiable. Thus, the following con-
ditions can be realized:

1. Unlimited number of inverters can be connected to the same
transformer, with considering the full loading that is 100%.
Fig. 1 shows the structure of network and installed inverters
location, depending on adaptive Q and V method [8]. To control
higher voltage drop at the end of the feeder, this method is
based on the voltage sensitivity analysis measurements.

2. The inverters should have coordination among each other and
with the equal distance (100 m), to work in the acceptable net-
work voltage without a communication medium.

3. All the PVS installation capacity is 10 kW at the same time.
Fig. 1. Network feeder for

Fig. 2. Block diagram of t
3. Inverter controller

Fig. 2 shows that, at the network-side inverter, a back-to-back
remitted, the phase angle of the current to the primate grid is
defined. In the DC - DC converter is used for maximum power point
tracking. Moreover, the grid side inverter is used to control both of
the DC link voltage and the voltage at the point of common cou-
pling (PCC). The three-phase voltage at the PCC is sensed and fol-
lows a phase locked loop (PLL) circuit to generate the
transformation angle. The actual three- phase currents at the PCC
are converted from the abc to dq0 frames. The proportional plus
integral (PI) controllers are used for this control action and produce
the firing angles to the power electronic switches of the inverter.

The output voltage of inverter can also be adapted by applying a
controller itself in the inverter. Most commonly used method for
the inverter is the sinusoidal pulse width modulation (PWM) tech-
nique. By implementing this method, a constant DC input voltage
is disposed into the inverter. Also an unflappable AC output voltage
is accessed by regulating the on/off duration of the inverter units,
PWM techniques [9].

The phase shift of the current vector can be arbitrarily con-
trolled as long as the absolute value of the current. Appendix A
shows that the relation between phase shift and voltage (h � limits
17.44–30.34 with active and reactive power can be considered).
The power commute Pact (within its boundary Pmin and Pmax) dur-
ing the inverter is in general dealt by the executive control of the
the voltage gradient.

d,q
a,b,c

he control structure.
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PV system with first imperative so that its boundary is the maxi-
mum possible reactive power preparation |Q|max in Eq. (1).

jQ jmaxðtÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2max � p2

actðtÞ
q

ð1Þ

The current faces accessorial boundary Qmin and Qrnax essentiality
due to causes of stability and availability. The executive purview
P

Pmax

Qmin

k

Fig. 3. Loading inconvertibility graph of an Inver

Fig. 4. The configuration of
(uploaded receptivity) of an inverter is shown in Fig. 3. Within these
limitations, the reactive power of the inverter can be controlled
with response to these limits as shown in Appendix B (Pmin = 2.5
and Pmax = 10 KW), (Qmin = 0 and Qmax = 10 KVAR).
Q

Qmax

W

kVAR
ter with its Pmin, Pmax, Qmin and Qmax limits.

Simulated PV system.
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4. Simulation results

The inverter is simulated by MATLAB Simulink [10]. Results are
shown. It is developed by voltage VL-L of 380 V rms.

The Simulation of power control of the PV system under envi-
ronmental condition changes is shown Fig. 4.

The PCC Voltage (0.38/11 kV) is load (10 kW, 4.5 Kvar), and the
PV system is compound of solar arrays.

The PV system configuration with 8 parallel connections and 5
series connections accomplishes the aspired DC power and DC
voltage input for an inverter system, the PV type is monocryt line
and 17.2% efficiency, and the data of the PVmodule are indicated in
[11]. Table 5 illustrates the PV module parameters.

The maximum power of the PV arrays is around 10 kW. Simula-
tion is done with Matlab/Simulink program.

The parameters of solar module at 25 �C which used in the sim-
ulations are listed in Table 1.

The results of simulation for the proposed PV unit based on I-V
and P-V clc’s are shown in Figs. 5a and 5b.

The results of PV module based on P-V and I-V clc’s at different
values of cell temperatures and irradiations are shown in Figs. 6a
and 6b.

Voltage analyzed can rim the supernumerary influential loca-
tions and require quantities, to serve reactive power for the grid
voltage support from the distributed solar inverters. Assume that
the 8- bus radial pretest feeder has three – phase balancing power
stream as shown in Fig. 1.

The 8- bus radially test feeder is utilized measurements of the
different values of the parameters for load flow calculations. It
Table 1
The solar module’s, parameters at 25 �C.

Imp (current at MPP) 7.7098 A
Vmp (voltage at MPP) 35 V
Pmax (maximum electrical power) 270 w
VOC (open circuit voltage) 44.4999 v
Is.c (short circuit current) 8.1998 A

Fig. 5a. I-V Characteristics of PV Module at different irradiations.

Fig. 5b. P-V Characteristics of PV Module at different temperatures.
shows the values of voltage regulation for the grid voltage (Vg)
and the load voltage (VL) for each PV location of the grid. These
data depend on the connection points of the inverters, that are
closest and faraway of the transformer, while neglects the power
demand from the consumers.

Fig. 7, shows the voltage values before PVs installation.
Table 2 shows the values of voltage regulation (e) for Vg and VL

at each PV location of the grid. Eq. (2) estimates the voltage regu-
lation (e) values for each location.

e ¼ Vg�VL

Vg
ð2Þ

Fig. 8 shows the voltage values after installation of PVs, and the
variation of e values was based on measurements of voltages before
PVs installation.

Table 3 shows the enhancement of measurements for the volt-
age values after the installation of PVs without control of reactive
power with the distance between the inverter and transformer
Fig. 6a. P-V Characteristics of PV Module at different temperatures.

Fig. 6b. I-V Characteristics of PV Module.

V1 V2 V3 V4 V7V6V5
0.78 p.u

0.80 p.u

0.84 p.u

0.86 p.u

0.94 p.u

0.92 p.u

0.89 p.u

1.00 p.u

0.97 p.u

Fig. 7. Voltage values before PVs installation.



Table 2
Voltage values before installation of PV for v1–v7.

V1 V2 V3 V4 V5 V6 V7

0.0% 2.7% 4.1% 5.6% 8.6% 10.89% 15.7%

1.00 p.u

0.97 p.u

0.94 p.u

0.92 p.u

0.89 p.u

0.86 p.u
V1 V2 V3 V4 V5 V6 V7

Fig. 8. Rise of voltage values after installation of PVs.

V1 V2 V3 V4 V5 V6 V7
0.950 p.u
0.960 p.u

0.968 p.u

0.973 p.u

0.978 p.u

0.984 p.u

0.989 p.u

0.994 p.u

1.000 p.u

Fig. 9. Voltage values after control by reactive power to compensate VD.
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Fig. 9, shows the voltage values after control by reactive power
to compensate VD.

Table 4 shows the voltage rise due to the converted part of the
real power (mi), produced from V1 to V7 to reactive power, to com-
pensate the voltage drop that increases with the distance from the
transformer. With the set valuable of PF, this finitely reactive
power spotting can still profoundly furnish supplemental voltage
drops on the transformer and the outlines. From the voltage anal-
ysis the lower PF values could be appropriated to the inverters,
which are connected to the transformer, to obtain the optimum
voltage values in admissible rate imposed by certain grid codes
as shown in Table 5. The required PF can be determined for each
inverter as shown in Eqs. (3) and (4).

DU ¼ SUP:DP þ SUQ :DQ ¼ 0 ð3Þ

PFi ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þm2

i

q ; mi ¼ SUPðj; iÞ
SUQ ðj; iÞ ð4Þ

where SUP, SUQ, PFi and mi respectively, are the voltage sensitivity to
active power, the voltage sensitivity reactive power, PF and mi
required at i th bus. In addition to this ίth corresponds to the bus
code at the PVs coupling point in this case, as shown in
Fig. 6 10 kW of constant active power injection (P = 10 kW) appro-
priated to all inverters instatauts time, and the required PFs to keep
the voltage level until bus 7 inadmissible limitation [12].

Fig. 10 illustrates the simulation results of the system in the
case of without V1, with V7, and with PV and Q control.

Fig. 11, shows the voltage drop of the system for three cases :-

1. without P.V
2. with P.V and without Q controlled
3. with P.V and Q controlled

4.1. Reduced line losses

Fig. 12 shows the load and line connecting at PF is 0.9, the active
power by load is 10.5 kW, and the reactive power is 4.5 KVAR.
Table 3
Voltage regulation values after installation of PV for V1–V7 Before cont

V1 V2 V3 V4

0% 1.3% 2.7% 4.1%
When the load side injects a hc equal 0.156 KVAR, the load P.F is
0.948 and active power is 10.5 kW, and reactive power is 458 KVR.
The reactive power is increased due to voltage rise and the current
is reduced. The line loss is estimated by Eq. (5).

Ploss ¼ 3 I2R ¼ 3
p2 þ Q2

V2 R ð5Þ

The total system losses is 3%, when the saving in losses equals
3% � 10.39% = 0.3%, as shown in Appendix C.

The total saving is equal 8.99 kW h/year, and the overall total
system is equal to 90 kW h/year.

4.2. Increase system capacity

The reduction line of the values of current flow before and after
is indicated in equations[6,7].

I1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
P2
1 þ Q2

1

q

V1
ð6Þ

I2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
P2
2 þ Q2

2

q

V2
ð7Þ

The reduction in the system current is given in Eq. (8).

I1 � I2
I1

ð8Þ

where P1, Q1 and I1 are the values before control.
P2, Q2 and I2 are the values after control.
The capacity of the system, is increased by 4.5%.

4.3. Advantages and disadvantages of PV system

Although the benefits of PV system were mentioned previously,
the nature of solar power depend on the sun, when reduction or no
rol of Q (u).

V5 V6 V7

5.6% 7% 8.6%



Table 5
Voltage regulation values after control of Q (u) & cos u (P) to PV1 – PV7.

V1 V2 V3 V4 eV5 V6 V7

0.0% 0.0% 0.53% 0.8% 1.1% 1.3% 2.7%

PV off grid

Pv on grid
without control

PV on grid with
control

V1 V2 V3 V4 V5 V6 V7

0.950 p.u
0.960 p.u

0.968 p.u
0.973 p.u

0.978 p.u

0.984 p.u
0.989 p.u
0.994 p.u

1.000 p.u

Fig. 10. Values of voltage for case study (PV off grid - Pv on grid without control and
-PV on grid with control).

Voltage 
drop (v)

1 – without P.V

2 - with P.V and 
without Q controlled

3 - with P.V and Q 
controlled

Fig. 11. Voltage drop line LV studied with distance from the transformer before and
after installation of PVs, and PVs installation with control.

Fig. 12. The load and PV system in structure.
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Fig. 13. Fluctuation in Output Power of PV System For one day.

Table 4
The reactive power and the PF values set for each inverter.

mi 0.1 0.2 0.25 0.3 0.35 0.4 0.46

PF PVI 0.99 0.98 0.97 0.95 0.94 0.92 0.9
Q KVAR 1 2 2.5 3 3.5 4 4.6
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power at some of the time, is caused by power fluctuation [13].
Power production from PV power plants shows systematic pat-
terns determined by apparent movement of the sun in the sky. This
profile is disturbed by short-term variability driven by clouds.
Fig. 13 shows an example of the PV power fluctuations due to
the variations in irradiance. The fluctuation is apparent. Fig. 13
shows the fluctuation output power of PV system for one day, illus-
trating the frequency of these variations of power output depend-
ing on the quantity of irradiance. For some utilities, these
fluctuations have a negative impact [14].

The power is generated from a PV system designed to inject
some or all output power into the grid. If any violation occurs,
the utilities forward the owners to treat their PV systems. There
are many of the technologies used for storage or delivery generated
power to enhance PV systems [15].
5. Conclusion

With the ever-increasing PV penetration at the distribution sys-
tems, several problems can arise. One of the main problems is volt-
age fluctuation at the distribution network buses so this study has
presented a new approach of location – P.F- P and Q-V droop char-
acteristics method. It can be considered as standby solution, to
control Q-V droop method imposed by certain grid codes. High
penetration of grid installed PVs, and voltage support from the
inverters close to the transformer is required. This method
enhances the voltage profile of the grid and compensates line volt-
age drop in admissible limit especially at the end feeder without
requiring any new infrastructure. Therefore, improvement of the
voltage profile of the system buses can reduce the total losses of
the network and saving consumed power by customers and
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increases the system capacity by 4.5%. In the future work, we will
study the improvement of PV systems by smoothing its output
power.

Appendix A

The relationship between phase shift and related voltage at PCC
certain bus.
h �
 P.F
 P
 Q
 V
17.44
 0.954
 10.494
 3.297
 325.264

18.44
 0.948
 10.428
 3.5
 335.128

19.44
 0.943
 10.373
 3.66
 342.702

20.44
 0.937
 10.307
 3.842
 351.120

21.44
 0.930
 10.23
 4.043
 360.187

22.44
 0.924
 10.16
 4.215
 367.769

23.44
 0.917
 10.087
 4.387
 375.198

24.44
 0.910
 10.01
 4.5609
 382.526

24.36
 0.91
 10.01
 4.560
 382.5

25.36
 0.903
 9.933
 4.726
 389.425

26.36
 0.89
 9.79
 5.0155
 401.175

27.36
 0.888
 9.68
 5.224
 409.429

28.36
 0.8799
 9.678
 5.228
 409.586

29.36
 0.871
 9.581
 5.404
 416.423

30.34
 0.86
 9.46
 5.613
 424.399
Appendix B

The related results between active power and controlled phase
shift.
P
 Q
 P.F
 h �
0.5
 10
 0.045
 87.42

1
 10.95
 0.0909
 84.78

1.5
 10.89
 0.136
 82.18

2
 10.81
 0.1818
 79.52

2.5
 10.71
 0.227
 76.87

3
 10.58
 0.272
 74.21

3.5
 10.42
 0.318
 71.45

4
 10.24
 0.363
 68.71

4.5
 10.03
 0.409
 65.85
Appendix B (continued)
P
 Q
 P.F
 h �
5
 9.797
 0.4545
 62.96

5.5
 9.526
 0.5
 60

6
 9.216
 0.545
 56.97

6.5
 8.87
 0.59
 53.84

7
 8.485
 0.636
 50.50

7.5
 8.046
 0.681
 47.07

8
 7.549
 0.727
 43.36

8.5
 6.982
 0.772
 39.466

9
 6.324
 0.818
 35.11

9.5
 0.545
 0863
 30.34

10
 4.582
 0.9090
 24.36

10.5
 3.278
 0.954
 17.44

11
 0
 1
 0
References

[1] Mokhtari G, Zare F, Nourbakhsh G, Ghosh A. A new DER coordination in LV
network based on the concept of distributed control. In: Proc. IEEE Int. Symp.
Power Electronics for Distributed Generation Syst. (PEDG). p. 1–8.

[2] Mokhtari G, Nourbakhsh G, Zare F, Ghosh A. Overvoltage prevention in LV
smart grid using customer resources coordination. Energy Build
2013;61:387–95.

[3] Hanif A, Choudhry M. Dynamic voltage regulation and power export in a
distribution system using distributed generation. 1 ZheJiang Univ, Sci A
2009;10:1523–31.

[4] Egyptian Electricity Holding Company, Annual Report; 2013/2014.
[5] The Solar ATLAS.
[6] Erzeugungsanlagen am Niederspannungsnetz - Technische Mindestanforder-

ungen fur Anschluss und Parallelbetrieb von Erzeugungsanlagen am
Niederspannungsnetz (Generators connected to the low-voltage distribution
network - Technical requirements for the connection to and parallel operation
with low-voltage distribution networks), VDE-AR-N 4105; Aug. 2011.

[7] www.plueOAKenergy.com∖ploginverterreactive power compensation; MAY
29 2015.

[8] Kerber G. Urnrichter und Steuerverfahren fur einen Umrichter, Eur. Patent EP 1
906505A 1, Apr. 2; 2008.

[9] Stetz, thomas -Control and filter design of three- phase inverter for high power
quality grid connection, IEEE transactions on Power Electronics; 2014.

[10] MATLAB Program, version 14–2014.
[11] Suntech Company.
[12] Braun M, Stetz T, Reimann T, Valov B, Arnold G. Optimal reactive power supply

in distribution networks-Technological and economic assessment for PV
systems. In: presented at the 24th Eur. Photovoltaic Solar Energy Conf.,
Hamburg, Germany; Sep. 2009.

[13] www.energybc.Ca/Cache/SolarPV/www.Cetonline.org/Ref.
[14] Scholarly articles for impact of PV power fluctuation on electric network.
[15] www.solar-energy-at-home.com.

http://refhub.elsevier.com/S2090-4479(17)30007-2/h0005
http://refhub.elsevier.com/S2090-4479(17)30007-2/h0005
http://refhub.elsevier.com/S2090-4479(17)30007-2/h0005
http://refhub.elsevier.com/S2090-4479(17)30007-2/h0010
http://refhub.elsevier.com/S2090-4479(17)30007-2/h0010
http://refhub.elsevier.com/S2090-4479(17)30007-2/h0010
http://refhub.elsevier.com/S2090-4479(17)30007-2/h0015
http://refhub.elsevier.com/S2090-4479(17)30007-2/h0015
http://refhub.elsevier.com/S2090-4479(17)30007-2/h0015
http://www.plueOAKenergy.com
http://www.energybc.Ca/Cache/SolarPV
http://www.Cetonline.org/Ref
http://www.solar-energy-at-home.com

	Reactive power control of three-phase low voltage system based �on voltage to increase PV penetration levels
	1 Introduction
	2 Reactive power supply capability of basic concepts in analysis of distributed generators
	3 Inverter controller
	4 Simulation results
	4.1 Reduced line losses
	4.2 Increase system capacity
	4.3 Advantages and disadvantages of PV system

	5 Conclusion
	Appendix A
	Appendix B
	References


