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Abstract. Electricity distribution networks are now faced with increasing
penetration level of small-scale decentralized renewable energy generation.
Meanwhile, distribution network operators are concerned with adverse impacts
such as voltage rise and three-phase voltage unbalance that would result. This
paper focuses on single-phase solar photovoltaic (PV) integration voltage
unbalance issues and proposes a local voltage control strategy for a low voltage
(LV) distribution network. The proposed control method is based on real-time
management of the active and reactive powers. Simulation results show that the
proposed algorithm maintains the quality and reliability of the three-phase voltage
in the network and hence provides a potential solution to the challenges facing
future distribution networks.

Keywords: Distributed generation (DG), voltage unbalance, distribution network,
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1 Introduction

Recent years have witnessed a continuing upward trend in renewable energy
infrastructure investments throughout the world. Several countries have adopted
various support schemes to promote the renewable energy generation (feed-in tariffs,
green certificates, capital subsidies and grants, tax exemptions etc.).These incentive
measures have stimulated a widespread deployment of wide range of distributed
electricity generation from renewables. Among these, local generation from roof
mounted solar PV systems have been very popular.

Distributed energy generation (DG) has several technical advantages including
balancing of power flow and steady-state conditions, grid support on power delivery,
reduction in transmission line investment, easy installation and start-up and economic
benefits from both the consumers and energy providers point of view.

However, the influx of DG connection to the LV distribution grid poses new challenges
to network operators. The main technical issues are linked to the limitations of the grid
DG hosting capacity in one hand, and the regulatory issues that require energy
distributors to accept the connection of small-scale energy producers on the without
violating the technical standards of the network (equipment ratings, power quality, etc.)
on the other hand. These issues are currently largely debated to identify appropriate



regulations and methodologies on how to plan and operate the existing distribution
networks [1, 2].

In the past, research and study have been focusing on the connection of DG on the
medium voltage network without neutral line and balanced operation was assumed [3]-
[4]. Now, residential customers can directly inject single phase DG power into the 3
phase 4 wire LV distribution network. The network voltage unbalance factor and power
losses in the LV network with DG were studied [5-6]. The load models used in this
paper are taken from [7].

This paper analyses the impacts of high penetration of single-phase solar PV systems
on a three-phase distribution network under unbalanced conditions, taking into account
the NEMA and IEEE indexes and proposes a method to regulate the voltage unbalance
factor [8, 9]. The approach is based on the local control of reactive power production.
Furthermore, all the DGs are controlled independently [10].

The paper is organized as follows: Section 2 overviews the voltage characteristics in
LV networks under balanced and unbalanced conditions. Section 3 presents the
proposed method to regulate the voltage unbalance factor. The results of the simulation
studies are discussed in Section 4. Section 5 presents the conclusions of this simulation
study.

2 Voltage Characteristics in LV Networks

A three phase system is said to be balanced or symmetrical if the voltages and phase
currents have the same amplitude and are out phase by 120° with respect to each other.
If at least one of these conditions is not met, the system called unbalanced or
asymmetrical [11].

In most practical cases (without DG), the load asymmetry is the main cause of
unbalance. However, in most low voltage network, the loads are usually single-phase,
and are distributed on the phases of the three-phase system [12] therefore, it is difficult
to maintain a balance between phases.

2.1 Voltage Unbalance

When seeking to evaluate the quality of a three-phase voltage system, it is important to
ensure that the unbalance rate is below regulatory limit of the voltage unbalance factor.
The commonly used definitions to specify the level of voltage unbalance are given

by IEEE and NEMA Standards [13]. Another definition of voltage unbalance is the
ratio of the negative sequence voltage component to the positive sequence voltage
component

V.
VUR (%) = VZ X 100 (1)
1

Where V; and V, are the rms of the inverse and direct system voltage respectively.
Therefore, the determination of VUR is based on the properties of symmetrical



components applied to the three-phase system. Note that when the system is balanced
(no negative component), the unbalance rate is zero.

2.2 Symmetrical Components
The three-phase system can be decomposed into a direct component, a negative

sequence and a zero sequence system, denoted by subscripts 1, 2 and 0 respectively as
shown in Fig. 1.

Va Ve - v\cot Vao
V. ‘ Vc2 Vbo
— ot Ve
- + + %’ 0
ot A ot
Vb Vc 1 Vbl Vb2

Unbalanced system Positive Sequence  Negative Sequence  Zero Sequence

Fig. 1. Symmetrical components of unbalanced three phases.

The matrix representation of the three voltage components is written as:

Va Val Vaz VaO
Vabe = [Vo| = | Vb1 | + | Vb2 | + |Vio Q)
VC Vcl VCZ VCO

The sequence components differ only by their phase angles, which are symmetrical
and shifted by 120°. Define the operator ¢ phasor vector forward by that angle: ¢ =
e/120°and 2 = 240",

The zero sequence components are in phase and are denoted by:

Vo = Vao = Vho = Voo 3)
and the other phase sequences as:
Vi = Var = @Vp1 = @*Vy

Vy = Ve = 9*Vpz = @V )
Thus,
Vo 1A v, 1 1 11V,
Vane = [Vo| + ||+ | @V2 [=[1 0* @]V ()
Vo oy PV, 1 ¢ ¢*|l1
The vector for three phase voltages is determined by the matrix equation:

v, 1 1 1]V
V| = 1 (PZ o 1.1; (6)
Ve 1 ¢ ¢*| 1

The symmetrical components for the voltages V,,. are determined by the inverse
transform:



ol (1 1 1] %
Vi =3 1 9o .|V ™)
V2 1 ¢* o] L1

With these transformations the energy is invariant and therefore the powers
calculated from the original values or transformed values will be the same.

3 Local Voltage Support Strategy

The voltage setting, before being considered as a centralized function coordinated by
the DG, can also be studied from the local perspective.

The author in [14] proposed a voltage support scheme based on a local control
strategy applied for each DG. The controller operates in two different modes: (1)
Normal operation mode (called P/Q) provides power control (2) Perturbed operation
mode (called P/V) provides voltage and active power control. Mode 1 applies when the
voltage is below an intermediate pre-determined threshold value whereas mode 2 is
used when the voltage increases above the permissible limit [15].

The supervisory controller is capable of adjusting the desired voltage level according
to the operating voltage and power ratings of each DG. At each node, the desired
voltage limits V,,;,, and V., are adapted to the voltage level and the amount of reactive
power generated or absorbed. Using this adjustable limit of the desired voltage will
allow all DGs to participate to the regulation of the overall voltage in the distribution
network.

As the voltage gets closer to 1 p.u., the voltage window [V,,in, Vinax] becomes
narrower. On the other hand, as the amount of reactive power injected or absorbed
increases, the voltage window [V,,in, Vinax] becomes larger while respecting the order
Vmin,admissible = Vmin,desired = Vmax,desired = Vmax,admissible-

Fig. 2 shows the structure of the supervisory controller adopted here.
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Fig. 2. Structure of the control scheme.

The operation principle of the self-adaptive control is shown in the Fig. 3(a). This
controller does not take the voltage unbalance rate into account and the aim of this
paper is to propose another approach which takes into account this constraint using
VUR (%) as the control objective. This is illustrated in Fig. 3(b). The adaptive local
setting is developed in Matlab whereas the unbalanced three phase load flow is
performed under the distribution system simulator OpenDSS. The two programs are
interfaced via a COM (Component Object Model) [16].
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Fig. 3. Adaptive setting: (a) voltage thresholds (b) unbalance rate thresholds.

The implementation of the proposed method is described by the flowchart of Fig. 4.
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Fig. 4. Flowchart describing the implementation of the control method.

4 Test System

The proposed adaptive local setting is tested on a real LV network provided by SDO
Algeria. The neutral phase OLT network is fed by a transformer of 160 kVA, 30/0.4



kV. It consists of 126 nodes,16 three-phase loads and 51 single-phase loads. The
configuration of the network is shown in Fig. 5 [17].
’3f

{ PDE04 \
125
(©)

PDE.03 \ F_[

92

- L e
" o g’ o/’

PDEO1T 1

B
% 4
’ r—-—\\\"

Fig. 5. LV network topology.

The load installed on the LV distribution network is shown in Fig. 6. The data was
recorded in a rural area on 17"June 2013.

There are four DG of 2 kW single-phase PV Type connected to the LV network. It
is assumed that PV systems operate in voltage regulation mode. The voltage is set at
1.02 times their nominal values [18].

Fig. 7 shows the decentralized production value for each hour of a day of one PDE.
PV power generation used in the simulations are given in [19].

The connection points of the four DGs on the LV network are summarized in Table 1.

Table 1. Connection points of the PDF over the network.

DG n® Connecting point
at Bus at phase
01 61 -b-
02 58 -a-
03 92 -c-

04 125 -C-
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Fig. 6. Load curves.

Fig. 7. Power profile generated by a DG.

5 Simulation Results

In this section, two simulation scenarios are presented to illustrate the performance of

the proposed voltage control strategy.

5.1 Without regulation

The results of Fig. 8 show the voltage waveforms and unbalance rate at nodes 61, 58,

92 and 125.
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Fig. 8. Voltage and unbalance rate at the DG nodes (without voltage control).
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The voltages of the three phases at node 61 are almost the same, because it is closer
to the source (transformer station). That is why the voltage unbalance rate is lower.

There is an increase in the difference between the voltages of phase (a) (DG connection

phase) and the other phases in the period between 7 am and 5 pm. At this time

the PDE

>

has sufficient power to maintain the voltage close to 1.02 p.u which causes an increase

in the unbalance rate during this time period and an overshoot above the admissible

limit of 3% (Fig. 8

nodes 58 and 125).

>



Node 61

Node 58

Similar remarks apply to the voltage response and unbalance rate at nodes 92 and
125 as for node 58. There is no unbalance rate limit at node 92 because the difference
between the value of the voltage of the DG connection phase and the voltages of the
other phases is lower due to a lower voltage drop across the phases when the DG is not
connected.

5.2 With regulation

Fig. 9 show the voltage waveforms and unbalance rate at the nodes at which the four
DGs are connected.
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Fig. 9. Voltage and unbalance rate at the DG nodes (with voltage control).
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These results show that with the proposed control strategy, the voltages at those
nodes which exhibited severe unbalance in the previous simulations are maintained
within the reasonable tolerance.

6 Conclusion

The paper proposed a control approach for the regulation of voltage unbalance in a
distribution network with interconnected single-phase PV distributed generation. The
simulations presented demonstrate the ability of supervisory controller to efficiency
regulate the voltage and reactive power flows in the system under unbalanced
conditions. In the case of the local setting, the participation of each DG is not optimised
but depends on the constraints obtained at the connection point. In addition, the largest
unbalance rates are obtained at the nodes connected to DGs and therefore are
considered as local problems that are local problems and if the DGs are able to maintain
the voltage at their connection point, the voltage unbalance will be eliminated from the
whole network.



References

10.

11.

12.

13.

14.

15.

16.

17.

18.

Esslinger P., and R. Witzmann R.: Experimental Study on Voltage Dependent Reactive
Power Control Q(V) by Solar Inverters in Low-Voltage Networks. 22" International
Conference on Electricity Distribution (CIRED 2013), June 10-13, 2013, Stockholm,
Sweden.
Vovos P.N.: Centralized and Distributed Voltage Control: Impact on Distributed Generation
Penetration. IEEE Transactions on Power Systems, vol. 22, no. 1, pp. 476-483, 2007.
Barker P., and Mello r.: Determine the Impacts of Distributed Generation on Power System:
Part 1-Radian Distribution Network. Proc. of the IEEE Power Eng. Soc. Summer Meeting,
pp. 1645-1656, 2000.
Lopes J.: Integration of Dispersed Generation on Distribution Network- Impacts Studies.
Proc. of the IEEE Power Eng. Soc. Winter Meeting, pp. 323-328, 2002.
Wong J.: Optimal Utilisation of Small Scale Embedded Generators in a Developing
Country- A Case Study in Malaysia. Renewable Energy, Vol. 36 no. 9, pp. 2562-2572,
2011.
Chua k.: Mitigation of Voltage Unbalanced in Low Voltage Distribution Network with High
Level of Photovoltaic System. Proc. of International Conference on Smart Grid and Clean
Energy Technologies, pp. 495-501, 2011.
Chen H., Chen J., Shi d. and Duan X: Power Fflow Study and Voltage Stability Analysis for
Distribution Systems with Distributed Generation. Power Engineering Society General
Meeting. Montreal IEEE, pp. 1-8,.2006.
JOUANNE HA. and BANERJEE B.: Assessment of Voltage Unbalance. IEEE Trans. on
power delivery, vol. 16, No. 4, pp. 782—790. ISSN 0885-8977, 2001.
PILLAY P. and MANYAGE M.: Definitions of voltage unbalance. IEEE Power Engineering
Review, vol. 21, No. 5, pp. 49-51. ISSN 0272-1724, 2001.
Bakhshidehzad B., Lobry J., Vallée F. and Durieux O.: Improvement of On-Load Tap
Changer Performance in Voltage Regulation of MV Distribution Systems with DG Units
using D-STATCOM. 22" International Conference on Electricity Distribution (CIRED
2013), June 10-13, 2013, Stockholm, Sweden.
Pillay P., Manyage M.: Definitions of Voltage Unbalance. IEEE Power Engineering Review,
pp- 50-51, May 2001.
Weedy B.M., Cory B.J.: Electric Power Systems—Fourth Edition, John Wiley & Sons,
Chichester, 1988, ISBN 0-471-97677-6.
Barati H. and Fatthi R.: Investigating and Simulating DGs to Improve Voltage Profile and
educing Power Loss in Unbalanced Distribution Networks. Power Engineering and
Electrical Engineering, Vol 12, No 3, pp. 192-200, 2014.
Rami G.: Self-Adaptive Voltage Control for Decentralized Productions of Connected
Energies to Electric Distribution Networks. Phd Thesis INP Grenoble, November 2006.
Kiprakis A.E. and Wallace A.R.: Hybrid Control of Distributed Generation of Distributed
Generators Connected to Weak Rural Networks to Mitigate Voltage Variation. CIRED, May
2003, Barcelona.
“MatlabMPI reference guide” [Online]. Available: http://www.ll.mit.edu/mission/ cybersec/
softwaretools/ matlabmpi/matlabmpi.html.
Bot Y. and Allali A.: Distribution System Voltage Problem Analysis for High-Penetration
Renewable Energy SourceS. Third International Energy Technologies Conference, Istanbul,
21-23 December 2015.
Turitsyn K., Sulc P., Backhaus S. and Chertkov M.: Local Control of Reactive Power by
Distributed Photovoltaic Generators, First IEEE International Conference on Smart Grid
Communications, pp. 79-84, June 10-13, 2013.




19. Richardot O., Viciu A., Besanger Y., Hadjsaid N., Kieny J.C.: Coordinated Voltage Control
in Distribution Networks Using Distributed Generation. IEEE PES, 2006.



