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Abstract—In this paper, a decentralized control scheme is 
proposed that achieves two objectives: To mitigate overvoltages 
and to reduce the frequency of tap changes in the high- 
/medium-voltage transformer. The proposed control is based on 
the reactive power capability of the distributed generation units, 
while actions are individually taken by each unit based only on 
local measurements. The validity of this method is examined 
through time-domain and time-series simulations. The former 
highlights the quick response and the robustness of the proposed 
control, whereas in the latter the performance and effectiveness 
of the proposed method in the long term is presented, focusing 
on the reduction of the transformer tap changes. 

Index Terms--Decentralized control, distributed power 
generation, on-load tap changers, reactive power control, 
voltage control. 

I. INTRODUCTION 
Over the last decade, policies for the promotion of 

distributed generation (DG) and especially of the renewable 
energy sources have been adopted in national and international 
level, in order to improve the global sustainability, flexibility, 
and efficiency. As a consequence, the power delivery system 
has been gradually changed from a downstream unidirectional 
to a bidirectional scheme raising a series of technical 
challenges considering the smooth operation of the network, 
such as: Protection issues, voltage rise problems, and 
overloading of the network equipment [1]. Among them, 
voltage rise is considered as the most common problem that 
the distribution system operators (DSOs) have to face, 
significantly hindering the further increase of DG penetration 
[2]. 

Focusing on medium-voltage (MV) distribution networks, 
an effective solution to the voltage rise problem is the 
participation of DG units in the voltage regulation process by 
incorporating reactive power control techniques [3]-[8]. 
Several national grid codes have already included 

decentralized control schemes, which employ the reactive 
power capability of the DG units as a voltage regulation 
means [3], [4]. The application of the Q(V) droop 
characteristic is a typical case of decentralized control that is 
preferred against other centralized- or distributed-based 
approaches, since no communication infrastructure is required 
and thus robust performance of the network is ensured [5]-[8].  

The on-load tap changer (OLTC) control of the 
high-/medium-voltage (HV/MV) transformer was traditionally 
employed to regulate network voltage by controlling it at the 
MV busbar [9]. However, this conventional OLTC operation 
was affected by the advent and participation of DG in the 
voltage regulation process [10], [11]. Specifically, under high 
DG penetration, the excessive reactive power consumption of 
the DG units, needed for the effective overvoltage mitigation, 
increases the frequency of the tap changes and thus reduces 
the lifetime of the OLTC [12], [13]. In the literature, several 
centralized methods have been proposed to coordinate the 
operation between the OLTC and the DG units [14], [15]. 
However, none of these have taken into account the high 
sensitivity of the transformer voltage drop to reactive power 
variations, which significantly affect the OLTC performance 
and life cycle [16]-[19]. 

In this paper, an enhanced version of the decentralized 
voltage control using the Q(V) droop characteristic is 
proposed, which, apart from regulating efficiently the network 
voltage, aims to reduce the frequency of tap changes of the 
HV/MV transformer OLTC. This is attained by coordinating 
specific DG units to inject reactive power, instead of 
demanding it by the upstream network. The performance of 
the proposed method is demonstrated in an extended radial 
MV network and is further compared to the conventional Q(V) 
droop characteristic. Time-domain and time-series simulations 
show the improved performance of the proposed control, both 
in terms of quick response and in the reduction of the tap 
changes in the long term. 
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II. PROPOSED VOLTAGE CONTROL

The application of reactive power-based methods in MV 
networks ensures the effective voltage regulation, since the 
relatively low R/X ratio of the lines introduces a strong linkage 
between the grid voltage and the reactive power. Therefore, 
active power curtailment techniques, which can be used in 
low-voltage (LV) grids due to their resistive nature, are 
avoided and thus the DG penetration can be further increased. 
In the next subsections, the proposed decentralized control and 
its features are thoroughly presented. 

A. Droop Control 

Decentralized voltage regulation can be generally achieved 
by applying droop characteristics to the DG units. In most 
cases, the absorbed reactive power is calculated with respect 
to a local measurement, e.g. the voltage magnitude at the point 
of common coupling (PCC) or the injected active power. The 
Q(P), cosφ(P), and Q(V) droop characteristics are considered 
as the most well-known decentralized reactive power-based 
methods that have already been incorporated into several 
national grid codes [4]. The main drawback of the first two 
techniques is that the reactive power depends only on the 
corresponding active power injection, resulting in 
unnecessarily high reactive power consumption since the 
network operational conditions are not taken into account [7]. 
To address this problem, the Q(V) droop characteristic shown 
in Fig. 1 is adopted, where the reactive power consumption is 
activated when the PCC voltage exceeds a certain voltage 
threshold (Vth), indicating a potential overvoltage limit 
violation.  

National grid codes do not propose any specific Q(V) 
characteristic, leaving this definition to the local grid 
connection requirements [4]. In [7], a simple but effective 
method for the individual determination of the Q(V) 
characteristic in each DG unit is proposed. Nevertheless, in 
this approach, all DG units participate, even those with 
marginal contribution to the overvoltage. This results in an 
unnecessary increase in the reactive power consumption.  

The contribution of each DG unit to the overvoltage 
mitigation can be quantified by using sensitivity analysis. 
Assuming the radial feeder of Fig. 2, the sensitivity of voltage 
against reactive power can be approximated, as shown in [20], 
by: 
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Fig. 1.  Q(V) droop characteristic. 
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Fig. 2. Radial feeder topology consisting of DG units and loads. 

power produced by the unit located at k-th node, V is the 
nominal network voltage, and Xi denotes the line reactance 
between the (i-1)-th and i-th node. According to (1), the 
required reactive power for the voltage regulation of the m-th 
node, provided by the DG unit located at k-th node, depends 
on the relative position of these nodes as follows: 
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From (2), it can be concluded that the necessary reactive 
power is minimized when the voltage regulation process is 
assigned to the DG unit located at the m-th node or further 
downstream the feeder. Therefore, following this important 
outcome, the method proposed in [7] is modified by applying 
the Q(V) droop characteristic to specific only DG units, when 
overvoltages at the PCC occur, reducing, in this way, the 
overall reactive power consumption in the feeder. 

B. Implications with the OLTC Operation 

DSOs have mainly adopted two decentralized methods 
concerning the OLTC operation, namely the automatic voltage 
regulation (AVR) and the line drop compensation (LDC). In 
the former, the voltage at the MV busbar is kept constant to a 
predefined value, while in the latter, this value is calculated 
with respect to the current flowing through the HV/MV 
transformer. Under high DG penetration, the AVR method 
presents a more robust performance and is preferred over the 
LDC method, which deteriorates due to the bidirectional 
power flow [21]. Furthermore, DSOs must comply with the 
EN 50160 Standard regarding voltage operating limits, which 
have been defined as ±10 % of the nominal voltage [22]. In 
case of MV feeders, where LV distribution networks are 
connected, the above limits are generally decreased to ±5 % so 
as to guarantee a sufficient voltage regulation margin at the 
LV level.  

The introduction of reactive power-based control schemes 
in the voltage regulation process leads to an additional amount 
of consumed reactive power that is necessary for the effective 
overvoltage mitigation. Although this additional reactive 
power is minimized, by the above-mentioned modification in 
the application of the Q(V) droop characteristic to specific DG 
units, it must be provided by the upstream network. Moreover, 
this amount of reactive power is highly variable due to the 
intermittent nature of the renewable DG units. Therefore, due 
to the mainly inductive nature of the HV/MV transformer, 
voltage drop is very sensitive to these reactive power 
variations, which consequently affects the performance of the 
AVR method by increasing the frequency of the transformer 
tap changes [12].  



 

C. Enhanced Algorithm for the Reduction of Tap Changes 

The main idea behind the proposed algorithm is to limit 
this additional amount of reactive power flowing through the 
HV/MV transformer. This is succeeded by exploiting the DG 
units not equipped with the Q(V) characteristics in order to 
provide part of the reactive power consumed by the DG units 
participating in the voltage regulation process. In this way, 
both the voltage drop variations of the transformer and the 
frequency of the tap changes are reduced.  

The proposed algorithm is presented in Fig. 3 by means of 
a flowchart. A decentralized approach is followed in which 
each DG unit regulates the reactive power flowing through the 
line, and thus through the transformer, based only on local 
measurements, namely the voltage at the PCC (VPCC) and the 
current of the corresponding line (Iline). In case the reactive 
power flowing through the line (Qline), which is calculated 
from the acquired measurements, exceeds the predefined 
threshold (Qth), the DG unit starts producing reactive power 
(Qprov) until, either the reactive power regulation of the line is 
achieved or the minimum power factor (pfmin) is reached. This 
process is implemented by using a proportional-integral (PI) 
controller to eliminate the difference between Qth and Qline. 
However, a time delay is deliberately introduced in each DG 
unit to ensure the sequential activation of the reactive power 
regulation process among them. The most distant DG unit will 
instantly react to these variations, whereas the DG unit closer 
to the HV/MV transformer will be the last to react. The time 
delay between two adjacent DG units depends on the 
corresponding responses, varying from few hundreds of 
milliseconds, in case of inverter-interfaced DG units, up to 
several seconds. 

The second part of the algorithm refers to the reverse 
process of reducing the injected reactive power. When the 
Qline falls below the Qth, the DG unit decreases the reactive 
power till the Qline reaches Qth or the power factor becomes 
unity. In this case, the allocation of the time delays among the 
DG units is reversed, compared to the first part of the 
algorithm.  

In the proposed method, the determination of the Qth in 
each DG unit for the activation of the reactive power 
regulation control can be addressed by adopting one of the 
following methods:  

 The Qth in each DG unit is equal to the reactive power 
flowing through the corresponding line when loads 
absorb their rated power and there is no active DG. In 
this case, the proposed algorithm is activated to reduce 
any reactive power consumed by the DG units 
participating in the overvoltage mitigation process. 

 Introducing power flow analysis. In such a case, 
power flow calculations are performed using historical 
generation and consumption data to define the 
minimum value of reactive power flowing through the 
corresponding line of each DG unit, which invokes a 
tap change at the OLTC of the HV/MV transformer. 

 The development of an offline optimization method. 
Following this, optimization techniques are employed 
to determine the Qth that will reduce the tap changes. 
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Fig. 3. Reactive power regulation flowchart of i-th DG unit. 

 
In this paper, the second method is selected to calculate the Qth 
for each DG unit. Furthermore, the determination of the DG 
units that will participate in the proposed control is addressed 
by performing a sensitivity analysis in order to calculate to 
what extend the reactive power injection of each DG unit 
contributes to voltage rise. The DG units with low sensitivity 
to voltage changes at the PCC with respect to reactive power 
injections, i.e. those located close to the HV/MV transformer, 
are selected for the proposed scheme. 

III. SIMULATION RESULTS 
The performance of the proposed control is investigated in 

the extended MV network of Fig. 4. In this network, only one 
type of DG is considered, namely PV units, while the line 
impedance is considered equal to 0.404 + i0.386 Ω/km for all 
lines. The network data regarding the rated active power of 
PV units and loads as well as the line lengths are presented in 
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Fig. 4. Network topology. PV units are connected to the red nodes. 

TABLE I 
NETWORK LINE LENGTHS 

Line Number km
15,23,28,29,32,37,38,41,47,49,56,69,72,76,89 0.5

7,14,19,31,34,35,39,42,44,52,55,57,61,62, 66, 71,74,75,77,79,81,84,88,90 1
16,18,20,21,22,26,27,30,40,43,45,46,48,51,53, 54,58,60,63,64,67,68,70, 

73,78,80,83,87 1.5 
3,5,6,9,13,24,25,33,36,50,59,65,82,85,86 2

17 2.5
4,8,10,12 3

11 4



 

TABLE II 
RATED ACTIVE POWER OF PV UNITS AND LOADS 

Nodes MW Nodes MW Nodes MW Nodes MW
11 1.80 84 -1.40 64,87 -0.55 70,75,77 -0.35
15 0.35 8,26 0.90 67,73 -0.45 71,79,90 -0.30
28 -1.30 16,21 0.50 4,9,10 1.40 3,12,14,25 0.70
39 2.50 34,59 2.00 5,6,7 0.40 13,18,22,27 0.60
45 -0.75 46,54 1.20 17,19,23 0.80 20,24,30,50 1.00
60 3.00 47,61 -0.20 29,36,49 -1.20 37,41,48,88 -0.80
63 -0.90 53,86 -0.60 31,44,57 1.50 55,69,74,78 -0.40
80 -1.65 58,72 -0.25 33,81,83 -0.85 32,40,52,68,85 -0.70
82 -0.10 62,76 -0.15 35,43,89 -1.00 38,42,51,56,65,66 -0.50

 
TABLE III 

PV UNITS PARTICIPATING IN THE CONTROL SCHEMES 

 Voltage regulation Reactive power regulation 

PV units  10, 11, 12, 23, 24, 25, 
26, 27, 59, 60 3, 4, 13, 14, 15, 16, 44, 46 

 
TABLE IV 

VOLTAGE SENSITIVITY OF NODE 12 AGAINST REACTIVE POWER 

PV units PV3 PV4 PV5 PV6 PV7
V/kVAr 0.03  0.08 0.11 0.14 0.16

(%) 8.89 21.38 29.39 37.12 40.91
PV units PV8 PV9 PV10 PV11 PV12
V/kVAr 0.20 0.23 0.27 0.34 0.39

(%) 52.01 59.33 70.74 86.74 100 

 
Tables I and II, numbered according to their connection node. 
Following the results obtained from the power flow and the 
sensitivity analysis, the PV units participating in the voltage 
regulation process and in the proposed reactive power control 
scheme are presented in the two columns of Table III, 
respectively. The minimum power factor of the PV units in the 
proposed method is 0.8 leading, while the power factor of all 
loads is 0.95 lagging. The HV/MV transformer connection is a 
150 kV/20 kV, Dy5 with a rated power of 40 MVA, short- 
circuit voltage of 12 %, while the full-load losses are 0.5 %. 
The transformer tap range is ±8 with a voltage variation of 
1.25 % per tap. 

First, time-domain simulation results are presented to 
highlight the effectiveness and the fast response of the 
proposed control. Then, time-series simulations are employed 
to demonstrate the superior performance of the proposed 
control, compared to the conventional Q(V) droop control, in 
terms of reducing the frequency of tap changes. 

A. Time-domain Simulation 

Time-domain simulations are conducted for the first feeder 
of the examined network using the PSIM software. The 
simulation time step is 10 μs. In this feeder, consisting of 10 
PV units, the voltage at the MV busbar is considered constant 
and equal to 1.05 pu. According to Table ΙΙI, PV10, PV11, and 
PV12 are equipped with the Q(V) droop characteristic to 
effectively regulate the network voltages with minimum 
reactive power consumption. The proposed control is applied 
to PV3 and PV4, since they present a very small sensitivity of 
voltage with respect to reactive power variations, as shown in 
Table IV. The time delay of the proposed control is considered 
equal to 0.2 s. All PV units inject their rated power, except 
those with variable output, as shown in Fig. 5. The reactive 
power of the PV units that participate in the control schemes is 
depicted in Fig. 6, whereas the reactive power flowing through 
the lines at the beginning of the feeder and the voltages at the 
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Fig. 5. Injected active power of PV units. 
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Fig. 6. Reactive power of PV units. 
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Fig. 7. Reactive power flowing through the lines. 
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Fig. 8. Voltage profile at the PCC of PV units. 

 

last nodes are presented in Fig. 7 and Fig. 8, respectively. 



 

Initially, all PV units operate with unity power factor and 
inject their rated power, resulting in excessive overvoltage at 
the last nodes of the feeder, as shown in Fig. 8. At 0.5 s, the 
Q(V) droop characteristics are activated and the last three PV 
units start absorbing reactive power, until the voltage is 
regulated to the maximum permissible limit of 1.1 pu. The 
damped oscillations observed in the reactive power and the 
PCC voltage of the PV units, occur due to the abrupt 
activation of the associated droop control. The reactive power 
consumption of these PV units increases the reactive power 
flowing through the lines, as shown in Fig. 7. To reduce this 
excessive amount of reactive power, the proposed control 
scheme is introduced. 

At 1 s, PV4 starts injecting reactive power until the 
minimum power factor of 0.8 leading is reached at 1.02 s. 
Although the reactive power flowing through the lines is 
reduced, as presented in Fig. 7, it still remains much higher 
that the corresponding limit of Qth -1245 kVA. The negative 
sign indicates that the reactive power flows from the upstream 
network to the PV units. After a time delay of 0.2 s, PV3 is 
activated and injects reactive power to further reduce the 
reactive power flowing through the line, until the minimum 
power factor is reached. It is worth mentioning that during this 
period the network voltages remain below or equal to the 
maximum permissible limit, as shown in Fig. 8. 

At 1.5 s, the injected active power of some PV units is 
reduced as depicted in Fig. 5, resulting in a decrease of the 
overall reactive power consumption shown in Fig. 6. Due to 
this, the reactive power flowing through the lines is reduced 
below the predefined limit. Therefore, the reverse process of 
reducing the injected reactive power is activated. PV3 starts 
instantly reducing the reactive power, while PV4 is activated 
after 0.2 s till the reactive power regulation of the line is 
achieved at 1.85 s. 

B. Time-series Simulation 

In this section, a time-series simulation is performed by 
employing the simulation tool developed in [23]. The 
simulation period is considered one day, while the time 
interval is equal to 10 min. Normalized generation and load 
profiles, similar to those presented in Fig. 9, are randomly 
distributed along the examined network. The daily load or 
generation profile at each bus is obtained by multiplying the  
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Fig. 9. Example of normalized active power profiles. (a) Load profiles and 

(b) generation profile. 
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Fig. 10. Tap variation profile. 
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Fig. 11. Voltage profile at the MV busbar. 
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Fig. 12. Reactive power profiles. (a) Line3 and (b) Line13. 
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Fig. 13. Voltage profiles. (a) Node 12 and (b) Node 27. 



 

corresponding normalized profile with the rated power of the 
load or PV unit. Considering the OLTC control, the AVR 
method is employed in which the target voltage at the MV 
busbar is equal to 1.05 pu with a dead-band of ±0.007 pu. The 
tap variation of the HV/MV transformer and the voltage 
profile of the MV busbar are depicted in Fig. 10 and Fig. 11, 
respectively. Furthermore, the reactive power absorbed by the 
first two feeders is shown in Fig. 12, while the voltage profiles 
of the corresponding last nodes are presented in Fig. 13. Prior 
to the activation of the proposed control, the application of the 
Q(V) droop characteristics to the PV units mitigates 
effectively the overvoltages, as verified in Fig. 13. However, 
the increased penetration of PV units in conjunction with their 
intermittent generation results in excessive reactive power 
consumption with high volatility, as shown in Fig. 12. 
Therefore, as depicted in Fig. 11, several voltage violations at 
the MV busbar are observed, while the number of the HV/MV 
transformer tap changes in Fig. 10 is also increased to 
maintain the voltage within the predefined limits. 

The proposed reactive power control scheme reduces 
effectively the reactive power flowing through the lines and 
thus through the transformer, as shown in Fig. 12. This in turn 
improves the voltage profile of the MV busbar. Therefore, 
according to Fig. 10, the number of tap changes is decreased 
by 4, relieving significantly the stress of the HV/MV 
transformer OLTC. Furthermore, as shown in Fig. 13, network 
voltages remain below the maximum permissible limit for 
most of the time, except for specific time-instants. These small 
violations occur, since the Q(V) of Fig. 1 has been used 
without considering the adverse effect that the proposed 
control may have in the total reactive power regulation. 

IV. CONCLUSIONS AND FUTURE WORK 
In this paper, the conventional Q(V) droop characteristic is 

enhanced to reduce the frequency of the OLTC tap changes in 
HV/MV transformers. The proposed method is based on the 
decentralized coordination of specific DG units to provide part 
of the reactive power consumed by other DG units, 
participating in the voltage regulation process. Therefore, no 
communication infrastructure is needed, while the lifetime of 
the OLTC is significantly improved. Time-domain and time-
series simulation show the validity and the improved 
performance of the proposed method, compared to the 
conventional Q(V) control scheme. 

Further work will be carried out concerning the 
implementation of different Q(V) droop characteristics to take 
into account the reactive power capability of the DG units that 
participate in the reactive power regulation control scheme. In 
this way, possible small overvoltage violations will be 
eliminated, improving thus the proposed method. 
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