
 

Abstract—In this paper, a nearly decentralized voltage 
regulation algorithm is proposed that effectively coordinates the 
operation of distributed generation (DG) units in order to 
minimize the active power losses and the total reactive power 
consumption in medium-voltage (MV) networks with radial 
topology. This control requires minimum communication 
infrastructure, whereas decisions are individually taken by each 
DG unit based on local and remote measurements. Furthermore, 
a new cooperative on-load tap changer control is employed to 
further reduce the network losses. The proposed controls are 
validated by time-domain and time-series quasi-static simulations 
in a radial MV network. The former highlights the fast response 
and the robustness of the proposed voltage regulation algorithm, 
while comparisons with well-known decentralized control 
schemes and an optimal power flow method show the improved 
performance of the proposed controls. 

Index Terms—Distributed generation, loss minimization, 
on-load tap changer, reactive power control, voltage regulation.  

I. INTRODUCTION 

OWADAYS, the distribution grid is facing a transition 
towards the proliferation of distributed generation (DG), 

mainly due to the advent of renewable energy resources. This 
transition is promoted by local and international policies to 
improve flexibility, sustainability and efficiency [1]. This 
poses, however, new technical challenges concerning the 
smooth operation of the network such as: Protection problems, 
voltage regulation issues, and overloading of network 
equipment [2]. Among them, voltage rise is the most common 
issue prohibiting the further increase of DG penetration in 
medium- (MV) and low-voltage (LV) networks [3]. 

Considering MV networks, several solutions have been 
proposed to tackle the voltage rise problem. Grid 
reinforcement is an effective but expensive solution for the 
distribution system operators (DSOs). In [4], a coordinated 
operation of the on-load tap changer (OLTC) with step voltage 
regulators (SVRs) has been proposed to control the voltage 
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profile. The main drawbacks of this method are the high 
infrastructure investments by means of installing new SVRs, 
while DG does not contribute in the voltage regulation 
process. However, the network performance can be 
significantly improved by the active participation of DG 
which is attained by applying reactive power control 
techniques [5]-[21]. 

In the literature, the reactive power-based control 
approaches are classified into three main categories: 1) 
centralized control, 2) distributed control, and 3) decentralized 
control. In the centralized control, reactive power control is 
centrally managed and an extended telecommunication 
infrastructure is required to efficiently monitor the distribution 
grid. In [5]-[7], multi-agent-based voltage control methods are 
proposed, employing the sensitivity matrix to dispatch the 
reactive power to DG units. Another form of centralized 
control is the optimal dispatch of DG units and network assets 
to satisfy an objective, e.g. minimizing the reactive power 
consumption or the network losses, resulting in a mixed-
integer non-linear optimization problem [8]-[10]. 
Nevertheless, these approaches are time-consuming and may 
lead to suboptimal results. 

In order to overcome the problems introduced by the 
centralized control, a distributed control approach for voltage 
regulation is proposed in [11] and [12]. Its distinct features are 
the lack of a central controller and the distributed way of 
communication among DG units. However, the convergence 
rate of this control is very slow and the optimal solution is not 
ensured.  

In the decentralized approach, control actions are 
determined based only on local measurements, introducing 
robustness and flexibility in the network operation, whereas 
communication is only required for coordination purposes. In 
[13], each DG unit absorbs reactive power to compensate the 
voltage rise caused by the active power injection. The authors 
in [14] and [15] proposed a decentralized control which 
simultaneously regulates the voltage and minimizes network 
losses. However conflicts between these objectives may occur, 
especially under high penetration conditions. An updated 
version of [14] has been proposed in [16], where a central 
controller is used to choose the most appropriate objective 
function, based on the current network conditions. 

The off-line coordination of the decentralized control 
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schemes has been introduced in [17]-[21]. More specifically, a 
coordinated calculation of Q(P) and Q(V) characteristics by 
employing the sensitivity matrix is proposed in [17] and [18], 
respectively. In [19]-[21], artificial intelligence techniques are 
applied to coordinate the decentralized operation of DG units. 
Nevertheless, these methods do not ensure the minimization of 
reactive power consumption or of the network losses during 
network operation. 

In this paper, a nearly decentralized voltage regulation 
method is proposed that mainly aims at the minimization of 
active power losses in MV networks with radial topology. 
This is achieved by applying reactive power control to specific 
DG units and taking into account the network topology. The 
proposed method is based on minimum communication 
requirements, whereas the overall reactive power consumption 
is reduced and the maximum DG penetration is further 
increased, compared to other decentralized methods. 
Additionally, the combined operation of the proposed reactive 
power control with an improved OLTC operation is 
investigated to further reduce the network losses. 

Following this introduction, Section II describes the 
problem formulation, while the proposed reactive power 
control method is analyzed in Section III. The updated OLTC 
operation is described in Section IV. Simulation results for a 
radial MV network are presented in Section V, where 
comparisons are made with existing methods to highlight the 
efficiency of the proposed control. Finally, discussion and 
conclusions are presented in Section VI. 

II. PROBLEM FORMULATION

At the MV level, power distribution networks with radial 
topology are mainly located in rural areas with low population 
density. Most of the DG units deployed in these networks have 
an intermittent generation profile, e.g. PVs. This prompts 
DSOs to connect them in dedicated, generation-only feeders to 
mitigate the effect these DG units have on the conventional 
loads. A typical configuration of such a network is depicted in 
Fig. 1 comprising three feeder categories, namely mixed 
generation-consumption, only consumption and only 
generation.  

In this network, voltage regulation can be attained either by 
allocating the reactive power among the DG units or by 

Fig. 1. MV network configuration consisting of three feeder types. 
(a) Mixed generation-consumption. (b) Only consumption. (c) Only 
generation. 

adjusting the tap position of the high-voltage/medium-voltage 
(HV/MV) transformer. In such a case, operational constraints, 
regarding the thermal limit of lines and the reactive power 
capability of DG units, must be also considered. Since the 
objective of the proposed control scheme is the minimization 
of the network active power losses, the problem can be 
formulated as a mixed-integer non-linear optimization 
problem, expressed mathematically as follows: 

,min loss i
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In the above equations which are derived from the power flow 
theory, N denotes the set of network nodes and also of 
branches, NDG is the set of nodes with DG units, and D is the 
discrete set of the transformer tap setting. Ploss,i and Qloss,i is 
the active and reactive power loss of the i-th branch calculated 
with respect to the corresponding resistance (Ri) and reactance 
(Xi). Vi and Vprev,i is the voltage magnitude of the i-th node and 
of the previous adjacent node, respectively. Ii is the current 
flowing through the i-th branch, whereas Qi is the reactive 
power produced by the DG unit located at the i-th node and 
Tap is the tap position of the OLTC. Coefficients Ai and Bi are 
calculated according to:
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Pj and Qj denote the active and reactive power injections at the 
j-th node, whereas Nd,i is the set of nodes located downstream 
of the i-th node. 

Scope of this paper is to solve the above optimization 
problem in a decentralized and more robust manner, while 
keeping the minimum communication requirements. For this 
purpose, the OLTC and the reactive power control of the DG 
units are designed to act independently, but in a coordinated 
way, based on local and remote measurements. The voltage 
regulation with minimum losses is performed by the proposed 
reactive power control taking into account the network 
configuration, whereas the introduction of an updated version 
of the OLTC contributes to the further reduction of network 
losses. 
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III. PROPOSED REACTIVE POWER CONTROL 

The reactive power control is applied to feeders with 
installed DG units where voltage regulation issues, especially 
overvoltages, may arise. This often occurs at the generation 
feeder depicted in Fig. 2 due to the reverse power flow caused 
by the injection of DG units. On the other hand, overvoltages 
are less likely to happen in the mixed generation-consumption 
feeder, since the DG penetration is restricted by many DSOs 
to cause only 3 % voltage rise with respect to the case with no 
generation [22]. This limitation aims to mitigate the technical 
issues that arise by the DG connection in this feeder, such as 
increased short circuit level at the point of common coupling 
(PCC), current congestion, continuous voltage deviations etc. 
[2]. Therefore, the proposed reactive power control needs to 
be examined for the generation-only feeder. In the next 
subsections, the theoretical framework and the actual 
implementation of this control are presented. 

A. Theoretical Framework 

The reactive power allocation for loss minimization is a 
non-linear optimization problem as shown in (1). A 
decentralized solution to this problem is given by employing 
the sensitivity theory which linearizes the network. Therefore, 
analytical expressions, which describe the relation among the 
reactive power of the DG units, the corresponding voltages 
and the network losses, can be derived leading to the proposed 
reactive power control. More specifically, the sensitivity 
theory is employed to the generation feeder depicted in Fig. 2, 
which consists of unevenly distributed DG units. Thus, the 
voltage magnitude (ΔV) and angle (Δθ) variations are 
quantified with respect to active and reactive power injections 
according to: 

 P Q
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In (4) S is the sensitivity matrix, consisting of four 
submatrices corresponding to the partial derivatives of node 
voltage magnitude and angle against active and reactive 
power. Due to the incorporation of reactive power control 
schemes in DG units as a voltage regulation means, the 
sensitivity of voltage magnitude to reactive power variations is 
of main interest and can be approximated, as proposed in [23], 
by: 
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Here Vm denotes the voltage magnitude at node m, Qk is the 
reactive power produced by the DG unit at node k, Xi is the 
line reactance between the (i-1)-th and i-th node, and V is the 
nominal network voltage. 

Assuming the voltage regulation of node m by the DG unit 
located at node k, the required reactive power variation 
depends on the relative position of node k with respect to the 
regulated node m. Therefore, three cases are considered: In the 
first case, k < m, thus the voltage is regulated by a DG unit 
 

 
Fig. 2. Schematic diagram of a unidirectional generation feeder. 

 

closer to the MV busbar. In the second case, k = m, while in 
the third one k > m, i.e., the DG unit is located further than the 
regulated node. The reactive power variations in the first and 
third cases, in relation to the second case are given in (6) and 
(7), respectively: 
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From (6), (7) it can be concluded that the required reactive 
power is minimized when the voltage is regulated by the DG 
unit located at the regulated node, or further than it with 
respect to the MV busbar. The corresponding feeder losses can 
be approximated by [16]: 
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ΔQk is the reactive power variation of the DG unit located at 
node k and Ri is the line resistance between the (i-1)-th and 
i-th node. Therefore, by substituting (6) and (7) in (8): 
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According to (9), the active power losses are minimized 
when the DG unit used for voltage regulation is located at the 
regulated node. This constitutes an important outcome on 
which the proposed control scheme is based. Furthermore, in 
this case, the reactive power variation is also minimized, as 
derived from (6) and (7). The condition in (9) applies under 
the assumption of constant R/X ratio along the feeder, which is 
the normal case for a typical MV feeder. 

B. Application to the Generation Feeder 

In case an overvoltage occurs at the generation feeder 
depicted in Fig. 2, the maximum voltage, and thus the 
regulated node, appears at the end of the feeder. Consequently, 
the DG unit at the last node will absorb reactive power to 
compensate the voltage rise and simultaneously attain 
minimum increase in the network losses. 

The voltage rise in a single branch between two successive 
nodes is calculated according to, 
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where, Vi-1 and Vi are the voltage magnitudes, θ denotes the 
voltage angle difference, and Pi, Qi is the active and reactive 
power flowing through the branch, respectively. If the DG 
units are located at nodes close to the end of the feeder, the 
loading of the corresponding branches is relatively small, 
resulting in a negligible voltage angle difference between 
successive nodes. In such a case, the voltage rise between 
these nodes is zeroed when the reactive power flowing 
through the branch is equal to 

 i
i i

i
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X
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When the DG unit at the last node operates according to 
(12), the voltages of the last two nodes are equal. At this point, 
the node before the last one becomes the regulated node and 
the corresponding DG unit undertakes the voltage regulation 
control. This process continues with the rest of DG units along 
the feeder until the overall voltage regulation is accomplished. 
Therefore, following this control scheme, the DG penetration 
is only restricted by the thermal limit of the line, since the 
voltage is fully controlled by the DG units. 

Under maximum generation conditions, the DG units 
responsible for voltage regulation should be able to absorb 
reactive power equal to (12), which corresponds to a minimum 
power factor operation. This minimum power factor is 
proportional to the R/X ratio of the branch between the 
regulated node and the previous one. Thus, the resulting 
oversizing factor of the DG unit located at the i-th node is 
calculated according to: 
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The oversizing of the DG units according to (13) is a 
necessary condition for the proposed reactive power control 
scheme. It is only applied to the DG units of the last nodes, 
where overvoltages are more likely to occur. The remaining 
units operate with unity power factor and thus the oversizing 
is not necessary. The number of the oversized DG units, 
starting from the end node, is determined by a simple power 
flow analysis. As the DG units operate in under excited mode 
only, the limiting factor concerning their reactive power 
capability is the DG unit current, i.e. the apparent power, as 
analyzed in the Appendix. Therefore, the reactive power 
capability of every DG unit can be defined as follows: 

    2 2

max, max,i i i iQ D P P    (14) 

where Qmax,i is the maximum reactive power the DG unit can 
provide in each time instant, Pmax,i, is the maximum active 
power of the DG unit, and Pi is the active power injection at 
  

 
Fig. 3. Voltage regulation flowchart of the i-th DG unit. 

 

the specific time instant. 
Furthermore, the R/X ratio of typical overhead MV lines is 

normally less than 1, which corresponds to minimum power 
factor of approximately 0.7 lagging and an oversizing factor of 
less than 1.41. In the case of inverter-interfaced DG units, the 
efficiency of the inverter remains high, whereas the cost for 
the additional oversizing is low [24].  

C. Actual Implementation 

A nearly decentralized voltage control scheme is proposed 
based on the previous analysis. The reactive power allocation 
among DG units is used to minimize the network losses and 
the total reactive power consumption. The developed 
algorithm, which is only applied to the oversized DG units, is 
presented in Fig. 3 by means of a flowchart. 

More specifically, each DG unit measures the voltage 
magnitude at its PCC (VPCC) and also receives information 
about the voltage at the last node (Vend). The latter can be 
transferred along the feeder using power line communication 
to avoid further communication infrastructure. When VPCC 
exceeds the upper voltage limit (Vup_lim), the DG unit controller 
checks whether Vend is larger than VPCC. If so, no action is 
taken since the DG units located closer to the last node still 
absorb reactive power without having reached the minimum 
allowable power factor. Otherwise, the voltage regulation 
process is activated and the DG unit starts absorbing reactive 
power until the overvoltage is mitigated or the minimum 
power factor is reached. This process is implemented by 
employing proportional-integral (PI) controllers to eliminate 
the error between VPCC and Vup_lim. After the voltage regulation 
is accomplished, the DG units that have reached the minimum 
power factor continue to operate in constant power factor 
mode. 

 The second part of the algorithm refers to the reverse 
process of reducing the reactive power absorption. Thus, in 
case the VPCC falls below the Vup_lim, the DG unit reduces the 
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reactive power absorption till the VPCC reaches Vup_lim or the 
power factor becomes unity. However, a time delay is 
introduced in each DG unit to ensure the sequential activation 
of the voltage regulation process among them. Therefore, the 
oversized DG unit closer to the HV/MV transformer will 
instantly react in these voltage variations, whereas the DG unit 
at the end of the feeder will be the last to react. In this way, the 
simultaneous interactions among the PI controllers of the DG 
units are avoided [25], whereas the reactive power absorption 
and the active power losses are minimized. The time delay 
between two DG units located at successive nodes depends on 
their corresponding responses. In case of inverter-interfaced 
DG units, which have generally small response times, this 
value can be of order of few hundreds of milliseconds. 

It is worth mentioning that the proposed voltage control 
scheme can be generalized for a tree-like generation feeder, 
provided that each DG unit receives voltage information from 
all ending nodes located downstream of it. The overvoltage 
mitigation process is activated when VPCC is equal to the 
voltage of every ending node, which means that all the 
downstream DG units have reached their minimum power 
factor. The reverse process of reducing the reactive power 
absorption is implemented by applying time delays to the DG 
units as previously mentioned.  

IV. COORDINATION WITH OLTC 

The proposed reactive power control ensures the voltage 
regulation along the generation feeder, independently of the 
OLTC operation. The main objective of the proposed OLTC 
control is to reduce the network losses due to the reactive 
power control, while maintaining the voltages within 
permissible limits.  The voltages along the mixed feeder are 
between the corresponding of the generation and the 
consumption feeders, since loads are partially fed by the local 
DG units. Therefore the limits for the voltages at the 
consumption feeders set the restrictions on the OLTC control.  
 DSOs in Europe must comply with the Standard EN 50160 
concerning voltage operating limits, defined as ±10 % of the 
nominal voltage [26]. In case of consumption and mixed MV 
feeders, where LV distribution networks are connected, the 
limits at the MV level are generally reduced to ±5 % to ensure 
sufficient voltage regulation margin at the LV level. 
Therefore, the maximum allowable voltage at the MV busbar 
is considered equal to 1.05 pu. 

The concept of the proposed OLTC operation is described 
as follows. During high generation periods, the DG units 
absorb reactive power to regulate the voltage which results in 
increased network losses. The OLTC aims to alleviate this 
reactive power absorption and thus to reduce the losses of the 
generation feeders by reducing the voltage at the MV busbar. 
However, this action is performed only when the voltage 
limits at the consumption feeders are not violated, since 
voltage regulation at these feeders is considered as the main 
priority of the OLTC. Therefore, the OLTC operation is 
formulated mathematically according to 
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where Tapi denotes the position of the tap changer at time i, 
Vmin is the minimum permissible voltage equal to 0.95 pu, and 
Vi

cons, Vi
gener are the last node voltages of the consumption and 

generation feeders respectively at time i. ΔV is the magnitude 
of the voltage change per tap step, which occurs in each node. 
This value equals to the tap-changer step plus a configurable 
small dead band in order to consider the small impact of the 
changing loading conditions. In the cases examined in this 
paper, the dead band was set equal to 0.001 pu. In practice, the 
dead band can be estimated by the DSO, taking into account 
the actual load variations mainly in the consumption feeder. 
VMV is the voltage magnitude at the MV busbar, whereas Vthres 
is the voltage threshold indicating the approach of the 
overvoltage limit. In this paper, the threshold is considered 
equal to 1.09 pu. Prior to any tap change, one minute time 
delay is applied in order to reduce the sensitivity of the OLTC 
control. 

V. SIMULATION RESULTS 

The proposed voltage regulation method is demonstrated in 
the MV network configuration shown in Fig. 1, where the 
mixed generation-consumption feeder is neglected. The 
remaining two feeders are identical, consisting of 10 nodes 
each, while the corresponding distances are presented in 
Table I. The impedance and the thermal limit of the line are 
0.404 + i0.386 Ω/km and 296 A, respectively. In this network, 
only one type of DG is considered, i.e. PV units. The rated 
active power of PV units and loads, which are numbered 
according to their connection node, is shown in Table II. 
Simple power-flow calculations reveal that only the inverters 
of the PV units located at the last three nodes of the feeder 
need to be oversized according to (13), to achieve effective 
voltage regulation, during peak power injection. The power 
  

TABLE I 
LINE LENGTHS AT EACH FEEDER 

Line MV – 1 1 - 2 2 - 3 3 – 4 4 - 5 
Length (km) 2 3 2 2 1 

Line 5 – 6 6 - 7 7 - 8 8 - 9 9 - 10 
Length (km) 3 2 3 4 3 

 
TABLE II 

RATED ACTIVE POWER GENERATION AND CONSUMPTION 

PV unit PV 1 PV 2 PV 3 PV 4 PV 5 
MW 0.8 0.5 1.5 0.5 0.5 

PV unit PV 6 PV 7 PV 8 PV 9 PV 10 
MW 1 1.5 1.5 2 0.8 
Load Load 1 Load 2 Load 3 Load 4 Load 5 
MW 0.75 0.25 0.8 1 0.5 
Load Load 6 Load 7 Load 8 Load 9 Load 10 
MW 0.8 0.5 0.7 0.25 0.5 



factor of all loads is considered constant and equal to 0.95 
inductive. The transformer connection is a 150 kV/20 kV, Dy5 
with a rated power of 250 MVA, short-circuit voltage of 12 %, 
while the full-load losses are 0.3 %. The transformer tap range 
is ±8 with a voltage variation of 1.67 % per tap. 

Initially, the results obtained from a time-domain simulation 
are presented to highlight the effectiveness and the fast 
response of the proposed control. In the second subsection, the 
improved performance of the control is demonstrated by 
comparing it with well-known control schemes via a 
time-series, quasi-static power flow simulation. 

A. Time-domain simulation 

The generation feeder is modelled at the PSIM software 
where the reactive power control is applied to the last three PV 
units, which are equipped with oversized inverters. A direct- 
quadrature rotating frame control method is employed in each 
grid-interfaced inverter. The voltage at the beginning of the 
feeder is considered constant and equal to 1.05 pu, whereas 
the time delay for the activation of voltage regulation between 
two successive PV units is 0.25 s. The communication delay is 
considered equal to 0.03 s. These values, which are fully 
configurable, have been chosen to reduce the overall 
simulation time. The PV units inject their rated active power 
except those with variable output that are depicted in Fig. 4. 
This can occur in extended MV networks due to varying sky 
conditions over PV units in distance. The reactive power 
consumption of the last three PV units is illustrated in Fig. 5, 
whereas the corresponding PCC voltages are presented in Fig. 
6. 

Prior to 0.5 s, the PCC voltages are below the maximum 
allowable voltage defined at 1.1 pu and thus the voltage 
regulation process remains deactivated. At 0.5 s, a step 
increase of the injected active power of some PV units occurs 
as shown in Fig. 4. As a consequence, the upper voltage 
threshold is violated and overvoltages occur along the feeder.  
According to Fig. 6, the maximum voltage appears at PV10, 
which starts absorbing reactive power to regulate the voltage 
at the PCC. The voltage regulation processes of PV8 and PV9 
remain deactivated since the corresponding voltages are lower 
than the voltage of PV10.  

At 0.59 s, the voltage of PV10 becomes equal to the 
corresponding of PV9. In fact, due to the nonzero voltage 
angle θ in (10), the voltage of PV10 will be slightly less than 
the corresponding of PV9, which, however, does not affect the 
voltage regulation procedure. PV9 interprets this as a signal 
that minimum power factor operation is reached by the PV10, 
also verified in Fig. 5. Since the PCC voltage of PV9 remains 
above 1.1 pu, the voltage regulation process of this unit is 
activated. At 0.72 s, the voltages of PV9 and PV10 become 
both equal to the corresponding of PV8 and since the 
overvoltage at PV8 persists, its inverter starts absorbing 
reactive power till the voltage is finally regulated at the time 
instant of 1 s. In this way, minimum reactive power 
consumption and consequently minimum network power 
losses are achieved. 

The second part of the proposed algorithm is implemented  
 

 
Fig. 4. Injected active power of PV units. 

 
Fig. 5. Absorbed reactive power of PV units. 

 
Fig. 6. Voltage at the PCC of PV units. 

 

by reducing simultaneously the active power injections of 
PV3, PV6 and PV7 at the time 1.1 s, as shown in Fig. 4. The 
last three PV units sense this generation reduction by the 
corresponding decrease of their PCC voltages. However, they 
do not react immediately due to the different time delays 
introduced in each of them. The PV8 is the first to react, 
decreasing the reactive power consumption in order to recover 
the PCC voltage back to the upper threshold. Due to the fast 
response of the inverter, the reactive power of PV8 is zeroed 
at 1.25 s. However, the voltage still remains below the upper 
threshold. Then, after a time delay of 0.25 s, PV9 starts 
reducing its reactive power consumption till voltage regulation 
is accomplished at 1.5 s. 

At 1.7 s, the active power of PV10 is assumed to decrease 
and since it operates with the minimum power factor, the 
reactive power will instantly change as shown in Fig. 5. As a 
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consequence, the reactive power of PV9, where the voltage 
regulation process is already activated from the previous stage, 
will also change in order to maintain the voltage equal to the 
1.1 pu, ensuring minimum losses and reactive power 
consumption.  

B. Quasi-static simulation 

In this section, time-series simulations are performed to 
compare the proposed voltage regulation algorithm with other 
widely-used decentralized control schemes and a centralized 
optimal-power-flow-based method. More specifically, the 
Q(P) and Q(V) characteristics are applied to the PV units of 
the generation feeder following the coordination procedure 
proposed in [17] and [18], respectively. For this purpose, the 
simulation tool developed in [27] is used in order to efficiently 
conduct the simulations. Additionally, the optimal power flow 
(OPF) method aims at minimizing the network losses by 
properly allocating the reactive power consumption among PV 
units and considering the maximum allowable voltage as the 
only operational constrain. This non-linear problem is solved 
using the interior point method that performs well due to the 
relative small size of the examined network. However, in 
order to ensure the global optimality of the OPF method, a 
Monte Carlo approach is employed to generate random values 
for the initial points of this method forming the optimal power 
flow with Monte Carlo (OPF-MC) method. In this method, 
1000 initial points are randomly created for the OPF in each 
time instant. 

The application of the control schemes described previously 
guaranties that the overvoltage limit is not violated along the 
feeder. Therefore, the power injection can be increased up to 
the line thermal limit, which is now the limiting constraint. To 
evaluate the performance of the different controls, the 
maximum penetration range (MPR) is introduced. For each 
case, MPR is limited by the maximum line thermal current and 
is calculated following the distribution of the active power  
 

TABLE III 
MAXIMUM PENETRATION AT THE GENERATION FEEDER 

  OPF-MC OPF Q(P) Q(V) Proposed 
Total Installed 
Capacity (MW) 

11.55 11.55 9.54 9.83 10.60 

Diff (%)   0 -17.43 -14.95 -8.26 

 

 
Fig. 7. Normalized active power profiles. (a) Load profiles and (b) 
generation profiles. 

generation per node, as shown in Table II. The different 
control schemes result in the MPRs of Table III. It can be seen 
that the maximum MPR appears when the OPF method is 
applied which coincides with the OPF-MC. Although the 
resulting MPR by the proposed method is less than the 
corresponding of the OPF, it still remains much higher 
compared to MPR of the decentralized control schemes. 
Therefore, the minimum MPR caused by the Q(P) 
characteristic is chosen as a comparable basis for the time-
series simulations. 

The simulation time frame is one day. Normalized typical 
load profiles for different consumer categories, as well as 
generation profiles as shown in Fig. 7 are randomly distributed 
to the consumption and generation feeders, respectively. These 
profiles are multiplied with the rated power of each load or PV 
unit to obtain the daily load or generation profile at each bus. 
Initially, a conventional operation of the OLTC is considered, 
i.e. the voltage at the MV busbar is kept close to 1.05 pu 
which, in  the examined network, corresponds to a tap position 
equal to -3, remaining constant for all the simulation period. 
The voltage profile of PV10 located at the last node of the 
generation feeder is depicted in Fig. 8, whereas the total 
reactive power consumption of the PV units is shown in Fig. 
9. 

Considering the Q(P) characteristic, the main drawback is 
that this control does not take into account the network 
operational condition, since the absorbed reactive power in 
each PV unit depends only on the corresponding active power 
injection. Therefore, in cases of divergences in PV 

 

 
Fig. 8. Voltage profile of PV10. 

 
Fig. 9. Total reactive power consumption profile of the generation feeder. 
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generated power, due to local clouds, which is very a common 
situation in MV networks due to the large covering area, the 
consumption of the reactive power is unnecessary high 
resulting in voltages far below the upper threshold, as verified 
in Fig. 8, and thus in increased active power losses. 

This situation is improved by the introduction of the Q(V) 
control where the reactive power consumption is activated 
after the PCC voltage exceeds the droop threshold, which is 
lower than the maximum allowable voltage. Therefore, the PV 
units start absorbing reactive power from a lower overvoltage 
and this results in increased active power losses and a bell- 
shaped voltage profile as shown in Fig. 8. On the other hand, 
the proposed voltage control aims at maintaining voltages 
close to the upper voltage limit to ensure minimum reactive 
power consumption and losses, as illustrated in Fig. 9.  

The OPF results in minimum reactive power consumption 
compared to the other methods, whereas the voltage profile is 
similar to the corresponding of the proposed method. This is 
also verified with the OPF-MC method since the 
corresponding curves overlap. The total daily energy losses 
are presented in the first column of Table IV, where it is 
observed that the proposed method achieves almost up to 7 % 
reduction in the total energy losses compared to the 
decentralized control methods, slightly higher than the OPF 
and OPF-MC methods. This benefit of the OPF cannot 
compensate the extensive communication infrastructure 
needed for implementing this method, compared to the 
corresponding low requirements of the proposed control. 

 

 
Fig. 10. Tap variation profile. 

 
Fig. 11. Voltage profile. (a) PV10 and (b) Load10. 

TABLE IV 
ENERGY LOSSES (MWH) 

  
Conventional 

OLTC 
Proposed 

OLTC 
Difference 

(%) 
Q(P) 8.42 8.66 2.85 
Q(V) 8.38 7.89 -5.90 

Proposed 7.98 7.73 -3.13 
OPF 7.95 7.70 -3.14 

OPF-MC 7.95 7.70 -3.14 

 
Moreover, all the PV units of the generation feeder operate 
with oversized inverters in the OPF method, whereas in the 
proposed control only part of the inverters, in this case the last 
three PV units, need to be oversized. 

Finally, OLTC control is introduced in order to further 
reduce the active power losses. In Fig. 10, the tap variation of 
the OLTC is depicted and the voltage profiles along the 
feeders are shown in Fig. 11. The corresponding daily energy 
losses are presented in the second column of Table IV. The 
use of the OLTC control reduces the reactive power 
consumption of the PV units, and thus the energy losses, since 
it reduces the voltage magnitude at the MV busbar, while 
maintaining the voltages of the consumption feeder within 
operating limits. The active power losses are only increased in 
the case of the Q(P) implementation, since this control ignores 
the network operational condition. Consequently, the optimal 
network operation by means of minimizing reactive power 
consumption and losses is ensured by the combined operation 
of the OLTC control with the proposed voltage control. 

VI. DISCUSSION AND CONCLUSIONS 

In this paper, a nearly decentralized voltage control method 
is proposed, coordinating in an optimal way the reactive 
power allocation among the DG units of a feeder to minimize 
network losses in a MV distribution network. This is achieved 
by operating the feeder close to the allowable upper 
overvoltage limit. A method for determining the number and 
the required oversizing of the DG units that will participate in 
the voltage regulation is presented. The proposed control 
method needs only the reading of the RMS voltage at the 
end-node of the feeder, thus minimizing communication 
infrastructure requirements. The proposed control method is 
enhanced using a modified control of the OLTC operation to 
further reduce the network losses. Simulation results justify 
the robustness and the improved performance of the proposed 
method over conventional decentralized control schemes. 

The nodes with overvoltages are determined by the DG 
penetration level. Therefore, in cases of low penetration levels, 
the expected overvoltages are smaller and consequently the 
effectiveness of the proposed reactive power control is 
ensured. Moreover, the absorbed reactive power of each DG 
unit participating in the voltage regulation process aims to 
compensate the voltage rise caused by the corresponding 
active power injection. So, the disconnection of such a DG 
unit, e.g. in case of fault, will not affect the voltage at the PCC 
and thus the performance of the proposed reactive power 
control.  

Furthermore, the number of the DG units participating in 

0 4 8 12 16 20 24

-3 

-2 

-1 

Time (h)

T
ap

s

 

 

Q(P) Q(V) Proposed OPF OPF-MC

0 4 8 12 16 20 24
1.05 
1.06 
1.07 
1.08 
1.09 
1.1 

1.11 

Time (h)

V
ol

ta
ge

 (
p

u
)

a)

 

 

0 4 8 12 16 20 24
0.93 
0.95 
0.97 
0.99 
1.01 
1.03 
1.05 

Time (h)

V
ol

ta
ge

 (
p

u)

b)

 

 

Q(P)
Q(V)
Proposed
OPF
OPF-MC

Q(P) Q(V) Proposed OPF OPF-MC



the reactive control scheme is determined by a simple power 
flow. In cases where DG units with low rated power are 
connected at the nodes close to the feeder end, the control 
scheme will include further DG units, more remotely located, 
to mitigate overvoltage efficiently.  

The proposed reactive power control is employed at the 
generation feeders, where reverse power flow occurs. In case 
DSOs allow a greater DG penetration at the mixed generation-
consumption feeders, a similar control scheme should be 
applied. However, the bidirectional power flow, which is a 
typical characteristic of these feeders, may lead to time-
varying voltage profiles, e.g. increasing, bell-shaped, 
decreasing, etc. Furthermore, the presence of loads affects the 
oversizing of the DG units, since the active and reactive power 
consumptions reduce the oversizing factor. However, the 
proposed methodology can be properly modified to take into 
account these issues and this constitutes part of future research 
work. 

APPENDIX 

Following the procedure presented in [20], the reactive 
power capability of the DG unit shown in Fig. 12, is 
determined by two limiting factors, namely the maximum 
value of the internal voltage (Ve) and the current limit. 
According to the proposed voltage regulation method, the DG 
units participating in this process will operate in under excited 
mode, absorbing reactive power. In such a case, the maximum 
value of Ve, and thus the respective DC voltage in the case of 
inverter-interfaced DG units, is not a limiting factor, since it 
will be lower than VPCC. This can be also verified by the active 
(P) and reactive power (Q) injections, given by, 

 sine PCC

c

V V
P

X
  (Α.1) 

 
2

cose PCC PCC

c c

V V V
Q

X X
   (Α.2) 

where δ is the load angle and Xc is the equivalent output 
reactance. In the case of inverter-interfaced DG units, Xc is the 
aggregated reactance of the output filter and of the MV/LV 
transformer, when present, while in the case of synchronous 
generators, it denotes the synchronous reactance.  

However, a relatively low Ve may result to stability issues, 
which limit the absorbed reactive power. Thus, the reactive 
power capability of the DG unit is now determined by two 
limiting factors, i.e. the current and the stability limit. The 
former, results in the reactive power capability given by (14), 
whereas the latter introduces a maximum operational limit for 
the load angle. When the voltage regulation process is 
activated, the PCC voltage is equal to 1.1 pu. Therefore, under 
maximum generation conditions, the maximum permissible Xc 
can be calculated with respect to the oversizing factor and the 
load angle according to: 

 max

2
max

1.21

1 cot
cX

D 


 
 (Α.3) 

 
Fig. 12. Simplified equivalent circuit of a DG unit.  

 
Fig. 13. Upper limit of the output reactance. 

 

 

Eq. (A.3) is derived from (A.2), (A.3), and (14), assuming 
maximum allowable load angle δmax. It is noted that, with 
inverter-interfaced DG units, δmax equals to 90º, since there are 
no masses, thus no dynamic stability margins.  

The maximum permissible output reactance for the different 
values of D is shown in Fig. 13, where it is evident that in all 
cases Xc should be larger than 1 pu for the stability limit to 
become binding. In the case of inverter-interfaced DG units, a 
common value of the Xc is 0.3-0.4 pu [20], which is much 
lower than the above shown limits. On the other hand, 
synchronous generators can be properly designed so as to 
operate with an appropriate power factor, when injecting their 
peak power, avoiding this problem.  

Therefore, the reactive power capability of the DG units is 
only determined by the corresponding current limit, i.e. the 
maximum apparent power and the active power loading as 
given in (14). 
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