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The  increasing  penetration  of  fluctuating  photovoltaic  (PV)  generation  brings  operational  challenges
for  distribution  system  operators,  such  as  introducing  the  voltage  rise  problem.  The situation  is made
worse  in  the  presence  of  single-phase  generation  being  unevenly  connected  to  the  different  phases.  To
address  this  problem,  distribution  transformers  with  single-phase  tapping  capability,  together  with  reac-
tive power  provision  of  PV systems,  are  under  investigation.  This  paper  presents  modeling  and  analysis
of  the benefits  of  coordinated  voltage  control  of  a decoupled  three-phase  on-load  tap  changer  (OLTC)
and  photovoltaic  inverters  in  a distribution  system,  for accommodating  a greater  number  of  photovoltaic
generators  in  the  grid.  A  24  h  root-mean-square  simulation  study is performed  in  the DigSilent  Pow-
erFactory  with  a 1 s  time  step  using  10 min  resolution  consumption  and  production  profiles  on  a real
oltage control Danish  distribution  grid,  as well  as the developed  dynamic  photovoltaic  generation  and  load  models.  The
simulations  show  that the  joint  action  of  the  power  distribution  transformer  with  OLTC  control  on  each
phase, and  the  reactive  power  provision  of photovoltaic  inverters,  significantly  improves  the  PV  hosting
capacity  in  the  analyzed  unbalanced  scenarios  without  side  effects,  such  as  additional  power  losses,  or
significant  neutral  voltage  rises.
. Introduction

Network operators nowadays need to face the challenge of
nsuring a stable supply voltage in the low-voltage grid, at the same
ime integrating an increasing number of nonprogrammable dis-
ributed energy resources, such as photovoltaic generation, which

ight raise the risk of violating the permitted voltage band [1–4].
etwork operators are being forced into expensive expansion

nvestments, even though the capacities of their grid are far from

sed up.

Alternatively, as listed in [5] and [6], several solutions have been
uggested to deal with the overvoltage phenomena in the presence

Abbreviations: DG, distributed generation; DSO, distribution system operator;
V/LV, medium voltage/low voltage; OLTC, on-load tap changer; PV, photovoltaic;
UF, voltage unbalance factor; One-phase OLTC, decoupled single-phase OLTC that
as  the possibility of tapping each phase independently.; Three-phases OLTC, the
ontroller changes the taps on 3 phases simultaneously; Qreg, reactive power provi-
ion of photovoltaic inverter.
∗ Corresponding author. Tel.: +45 20124369.

E-mail address: matm@elektro.dtu.dk (M.  Marinelli).
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378-7796/© 2015 Elsevier B.V. All rights reserved.
©  2015  Elsevier  B.V.  All  rights  reserved.

of a high level of PV generator penetration in low-voltage grids.
These methods include: 1) voltage control using reactive power
generation from PV inverters [7,8]; 2) voltage control at the LV side
of the MV/LV transformer by on-load tap changers (OLTC) [9]; 3)
active power derating of PV production in the case of overvolt-
age conditions [10]; and 4) battery storage/energy buffer at PV
generators and MV distribution levels [11]. Each solution is cur-
rently investigated by different stakeholders and their feasibility
is described in report [6]. In practice, several national standard
bodies, such as CEI in Italy [12] and VDE in Germany [13] have
updated the connection rules to enable reactive power provision by
the inverters interfacing static generators such as PV units, even at
low-voltage levels. Different reactive power control methods have
been set, most of them relying on local measures on the busbar
voltage or the produced active power; they can be summarized as:
fixed cosϕ, cosϕ(P) characteristics, fixed Q, Q(U) droop function,
and remote set values method.
Coordinated volt/var control has been widely proposed and
studied in the literature. In [9], the DG DemoNet project is
introduced, the project objective being to develop and test an intel-
ligent voltage control method in an active distribution grid. The

dx.doi.org/10.1016/j.epsr.2015.10.025
http://www.sciencedirect.com/science/journal/03787796
http://www.elsevier.com/locate/epsr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.epsr.2015.10.025&domain=pdf
mailto:matm@elektro.dtu.dk
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oltage control method involves the coordination of OLTC opera-
ion and reactive power exchange between the distribution system
perator and the PV inverter. Several articles [14–17] have been
ublished regarding this project. In [18], a coordinated strategy
or voltage control in distribution networks is investigated, where
he automatic voltage controller installed at the primary substation
ooperates with the DG controllers in setting the active and reac-
ive power set points for generators. In [19], the authors discuss
he voltage control with on-load tap changers in medium voltage
eeders in the presence of distributed generation. Concerning the
LTC, two kinds of controls are discussed for the conventional dis-

ribution grid: the first is based on the local voltage measurement,
hile the second is intended for remote voltage regulation through

ine drop compensation (LDC). With the provided background, the
uthors in [19] studied the effect of both the controls on a distri-
ution network in the presence of DG. Their analysis showed that
LTC and OLTC with LDC are robust against DG, whereas DG can
egatively affect the voltage regulation provided by LDC, therefore

 proper coordination between DG and LDC is needed to ensure
oltage regulation, while enhancing the integration of DG. In [20],
he authors presented a proposal for active management of the dis-
ribution system that makes use of an innovative controller that
oordinates the on-load tap changer action with the regulation of
eactive exchanges between DG plants and feeders in MV networks.

 similar approach is also presented in [21], where the application
f the OLTC control is considered for MV/LV transformers, along
ith the reactive power control for DG units.

All the aforementioned research activities described, deal with
he OLTC’s applications on voltage control in three-phase balanced
ystems, using a synchronized tap changer on the three phases.
ther studies [9,14–17,19,20] do not take into account the volt-
ge unbalance effect in low-voltage networks due to the users’
ingle-phase connections, as it usually happens to the PV inver-
ers typically for domestic installations. This kind of connection of
he PV could exacerbate the power flow unbalance already existing
n these systems due to the unbalanced load connections.

The novelty of this work consists of addressing the voltage

ontrol problem through an OLTC capable of operating on the sin-
le phases independently; the objective is to evaluate the hosting
apacity of a distribution network characterized by high PV pen-
trations. This study is a further extension of the work presented
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in [22] in which only the passive network with no PV connections
is considered. Highlights of this study include: 1) a coordinated
voltage control of a decoupled three-phase on-load tap changer
transformer and photovoltaic inverters is proposed for the first
time to address the voltage problems of unbalanced distribution
networks that are characterized by high PV generations; and 2)
details regarding the modeling and control algorithms of OLTC are
presented.

The rest of the paper is organized as follows: in Section 2, a
general working principle of OLTC in the presence of distributed
generation is discussed. Section 3 presents the modeling assump-
tions and methods for the elements of the distribution system. In
Section 4, a Danish low-voltage network adopted as a case study
is presented. Simulations are shown in Section 5 to illustrate the
performance of the proposed method. In addition, future work on
experimental validation of the one-phase OLTC transformer is also
described. Finally, conclusions are given in Section 6.

2. On-load tap changer working principle in the presence
of distributed generation

According to European standard EN 50160, the range of variation
of the root-mean-square magnitude of the supply voltage, whether
line to neutral, Un, or line to line, Uc, is Un ± 10% or Uc ± 10% for at
least 95% of the week. As illustrated in Fig. 1, in practice, a maximum
voltage rise of 3–5% is available to renewable energies in the low-
voltage grid, since the rest is reserved for the medium-voltage grid,
considering voltage drops and setting imprecisions.

By using an OLTC transformer instead, the network operator
can increase the grid capabilities by dynamically adapting the volt-
age that decouples the voltages of low- and medium-voltage grids.
Referring to the example made in Fig. 1, this may result in an 11%
rather than a 3% voltage rise being available in the low-voltage
grid for feed-in from renewable energies, which is shown in Fig. 2.
This kind of action helps to improve the hosting capacity without
expensive grid expansion investments.
The transformer is provided with a certain number of taps along
one of the windings in order to adjust the turns ratio between the
primary and secondary sides. A tap changing device that makes
the physical change in the tap position during on-load operation is

rm er 
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Fig. 2. Advantages offered to the ne

laced on the winding with a higher voltage to minimize the cur-
ent to be switched, and can be “off-circuit” or “on-load” type. OLTC
re usually equipped with oil-immersed transformers connecting
V networks to MV  systems. Since the majority of power distribu-

ion companies stipulated a voltage variation of ±10% in the power
ontract, the tap changer is provided with an equivalent range of
oltage regulation of ±10% in 16 or 32 steps: a 16 steps tap changer
rovides 1.25% voltage change at each step, while a 32 steps tap
hanger provides 0.625% voltage change at each step; thus the lat-
er is preferred when a more precise control is needed. In this study,

ore details regarding the modeling and control algorithm of the
LTC are introduced in Section 3.1.

. Modeling the distribution system’s elements

The system elements involved in the analysis have been
odeled and simulated with the software DigSilent PowerFactory

23,24], in order to test the effects of the on-load tap changing
apability at the MV/LV transformer on an unbalanced low-voltage
etwork. The following sections discuss the implementation of the
omponents involved in the analysis.

.1. OLTC modeling
The main focus of this paper lies on the MV/LV transformer
ne-phase tap changing capability, aimed at mitigating voltage
eviations at a certain busbar (e.g., the point of common coupling

Sta Vmea*

Va-n

Sta Vmea*

Vb-n

Sta Vmea*

Vc-n

Tapp ing logic
ElmTap*

tap

Fig. 3. Control scheme for three-phase a
tage band load

k operator in the presence of OLTC.

(PCC) at the transformer’s secondary busbar). The three-phase
Delta-Wye transformer connecting the LV system under test to the
MV network has been modeled as three single-phase transformers,
each independently controlled, in order to have a one-phase tap
changing capability. The control scheme for the OLTC transformers
is shown in Fig. 3. We  note that the control scheme is also appli-
cable to three-phase OLTC transformers. Two regulating options
are investigated in order to compare and verify the effectiveness
of the control: three-phase OLTC transformer and one-phase OLTC
transformer. The first regulation option consists of operating the
three OLTC synchronously on the three phases, referring to the
voltage value on one phase (in this study phase a): this opera-
tion is expected from a standard OLTC, and the choice of selecting
just one phase voltage value for the control would result in a cost-
effective solution for the device (since it is supposed to work with a
balanced voltage triplet and it requires just one-phase voltage mea-
surement). The one-phase OLTC control is then taken into account,
allowing the three tap-changing devices to operate independently,
referring each to the respective voltage measurement.

Each tap position variation is obtained through a proportional
controller behaving as for the characteristics shown in Fig. 4, con-
tinuously changing the tap position depending on the voltage
measured at the controlled bus. In Fig. 4, two examples of linear
characteristics are shown: the red curve shows the tapping range
between −1 and 1, which means the voltage is regulated within
±2.5% of the nominal voltage; the blue curve illustrates the tapp-

ing range between −2 and 2, which means the voltage is regulated
within ±5% of the nominal voltage.

Transfomer
Elm Tr2*

V

 

nd one-phase OLTC transformers.
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Fig. 4. Characteristics of the transformer proportional controllers.

.2. Load modeling

Loads have been represented as constant impedance units, vary-
ng their absorption through the 24 h time window considered for
he simulations according to real measurements coming from a real
ow-voltage network. Field measurements of voltages, currents,
nd active power coming from a real Danish LV network have been
sed to characterize the load profiles. The measurements, taken on
he three phases at several busbars of the system, have a 10 min
esolution and cover a 24 h interval. The time-dependent power
rofiles obtained processing the field data are then applied to the
ingle-phase loads through the scheme shown in Fig. 5, where the
ctive and reactive power values are read from an external file and
pplied to the single-phase load.

The load, represented in Fig. 5 by a block (LoadSlot) is then
odeled as for Eqs. (1–2), which gives a general definition of the

ctive and reactive powers’ voltage dependencies.

ZIP = P0

[
a1

(
V

V0

)2
+ a2

(
V

V0

)
+ a3

]
(1)

ZIP = Q0

[
a1

(
V

V0

)2
+ a2

(
V

V0

)
+ a3

]
(2)

Eqs. (1) and (2) refer to an active and reactive powers definition
lso known as ZIP [25] model, where three terms a1, a2, and a3

epresent the shares of the constant impedance, constant current,
nd constant power contributions; P0 and Q0 are the active and
eactive powers at rated voltage V0; PZIP, and QZIP are the active and
eactive powers at operating voltage V. In this work, for the dynamic

MeasurementSlo t
ElmFile *

time

kW,
kVAr

P

Q

Fig. 5. Load dyna
Fig. 6. Output power for the photovoltaic unit under clear-sky conditions.

simulations, the loads have been modeled as constant impedances,
so the three components have been set to the following values:
a1 = 1, a2 = 0, and a3 = 0. Fig. 5 shows the process of applying variable
power set points, i.e., P0 and Q0 in Eqs (1) and (2), to the load models
during the dynamic simulation.

3.3. PV generation profile modeling

One aim of this work is to analyze the effects of the on-load
tap changer on the low-voltage network in presence of different
degrees of PV penetration. In the process, the PV generation profiles
are characterized by the ideal day active power profile shown in
Fig. 6.

In Fig. 6, two photovoltaic active power output profiles are
shown for a 24 h interval under clear-sky conditions [6]. The two
curves refer to different PV orientations: the blue curve, represent-
ing the best case, is the output obtainable from an aggregation of
systems pointing south with a 45◦ inclination, while the red curve,
considering of a more realistic case (also used for this work), is
related to a group of 10 PVs with different orientations (East–West)
and inclinations (30–45◦). Clear-sky conditions are considered in
this study and can represent the “worst case” in terms of introduc-
ing the voltage rise problem to the distribution network, since it
generates the maximum power. Other effects due to reduced PV
production can be observed in earlier/later hours of the day in the
simulation. By analyzing the control effect of the OLTC under the

idea sunny day, it is ensured that the OLTC can handle different PV
production levels.

The PV units in this work have been modeled as “active loads”
with constant power, assumption justified by the fact that PV

LoadSlot
ElmLod *

 
mic model.
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Table 1
Total load energy (24 h) and mean power values.

Phase a Phase b Phase c
Fig. 7. Photovoltaic unit dynamic model.

enerators are interfaced to the distribution grid through inverters
ontrolling the active power output.

Since, as mentioned previously, the simulation tool considers
he shunt elements (i.e., loads, in this case) as constant impedances,

 correction to the power set point assigned to the active loads
s needed. This feature is obtained through the control scheme
eported in Fig. 7, which is derived from the one in Error! Refer-
nce source not found. with the addition of a “Voltage Correction”
lock that implements Eq. (3), where PZIP and PPV are respectively
he active power calculated as for Eq. (1) with a1 = 1, a2 = 0, and
3 = 0, and the corrected active power output of the PV unit:

PV = PZIP ·
(

V0

V

)2
= P0 (3)

.4. PV reactive power control modeling
Since the Danish grid code does not provide for any tech-
ical guidelines about the reactive power management by the
istributed generation plants connected to the LV network, it

s reasonable to expect that future Danish requirements will

Fig. 8. Reactive power control cha
Energy [kWh] 295.5 201.2 242.4
Mean Power [kW] 12.4 8.4 10.2

experience harmonization with other European regulations, such
as the Italian and German ones—respectively CEI 0-21 [12] and
VDE-AR-N 4105 [13]. For this reason, in this work it has been
decided to start from those technical standards in order to imple-
ment a local control characteristic based on local measurements
of the voltage and the active power produced. The characteristic
adopted in this work, which is derived from the one presented in
[4], is shown in Fig. 8 and includes both voltage and active power
dependence, as described in Eq. (4):

Q = f (V, P) (4)

As can be seen from Fig. 8, the reactive power contribution by
inverters is set in order to reduce the voltage deviation at the con-
nection busbar, so when a voltage rise is detected, the inverter will
start operating as an inductor (i.e., absorbing reactive power), and
conversely when a voltage sag occurs, the inverter will start inject-
ing reactive power, operating as a capacitor. The characteristic has
a dead-band between 0.99 Un and 1.01 Un, while the voltage lim-
its have been set to ±10% of the nominal voltage Un. The reactive
power limit has been set to 0.5 p.u. (with respect to the inverter’s
rated apparent power) [12,13].

4. A Danish low-voltage network

The models described in Section 3 have been implemented in
a real low-voltage grid, provided by DONG Energy Els distribution
company [26]. The network consists of 33 single-phase loads and
18 single-phase PVs that are connected to the MV  network through
a 10/0.4 kV transformer as shown in Fig. 9. The MV  grid connec-
tion has been represented as a voltage source with a 20 MVA  short
circuit power.

Field measurements of voltages, currents, and powers of the
three phases of the busbars have been considered in order to obtain

the consumption profiles for each of the 33 single-phase loads dur-
ing a 24 h interval, resulting in about 740 kWh, with a mean power
of 30.8 kW.  The total energy and mean power for each phase are
reported in Table 1.

racteristic for PV inverters.
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Table  2
PV connection assumptions in the studied network.

PV penetration
level [%]

Total PV power for a LV network with 70
customers [kVA], one PV inverter 5 kVA

Phase connections (A, B, C with
different penetration %)

Number of customers

40 140 A, B, C (50,30,20) 28
50  175 A, B, C (50,30,20) 35
60  210 A, B, C (50,30,20) 42
70  245 A, B, C (50,30,20) 49
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Table 3
PV power distribution over the six buses of each phase for 70% scenario.

Phase a Phase b Phase c

Bus 1 20 kVA 15 kVA 10 kVA
Bus  2 20 kVA 15 kVA 10 kVA
Bus  3 20 kVA 15 kVA 10 kVA

V

Fig. 9. Danish LV network layout with PV connections.

In order to evaluate the effects of the one-phase OLTC control
n the presence of different degrees of DG integration, the PV pen-
tration level is introduced in this study and is defined by the ratio
f the number of households that have PVs and the total number
f households [6]. Assuming that the grid has installed PV inverter
apacity of 350 kVA (i.e., 100% PV penetration) and a PV unit size
f 5 kVA, which is expected to be an affordable size for household-
rs under the present legislative framework, the total installed PV
ower in each simulation scenario can be derived using Eq. (5):

TOT = (nCUST · kPV%) · Sr (5)

here

TOT total apparent power installed in the network;
CUST total number of customers connected on this low-voltage

network, set to 70;
PV% percentage of PV penetration in the network;
r apparent power of the single PV unit, chosen as 5 kVA.

. Simulations

.1. Definition of simulation cases and scenarios

The investigation of the effects of the OLTC operation presented
n Section 3 has been made over a 24 h time period, considering

ifferent control options in the following five cases:

Base case: the transformer is not equipped with any tap changing
device;
Bus  4 20 kVA 10 kVA 10 kVA
Bus  5 20 kVA 10 kVA 5 kVA
Bus 6 20 kVA 10 kVA 5 kVA

• three-phase OLTC: the OLTC is controlled synchronously on the
three phases, taking as a reference the phase-neutral voltage at
phase a.

• one-phase OLTC: the control is set to independently commute the
tap positions on each phase winding.

• Qreg: reactive power provision from PV inverters is studied to
regulate the voltage. The purpose is to compare the local control
performance of the inverters to the OLTC control solution.

• one-phase OLTC with Qreg: besides one-phase OLTC, reactive
power provision from PV inverters is added to address the voltage
deviation problem and to evaluate the joint control effect.

With the aim of reducing the voltage deviation from the nominal
value at the outermost busbar of the feeder, the voltage measure-
ments used as an input for the OLTC control are taken from Bus 6
as highlighted in Fig. 9.

The control options of the five cases have been applied to four
PV penetration scenarios as shown in Table 2, obtained by progres-
sively increasing the installed power in order to check the grid’s
hosting capacity. The PV penetration percentages selected for the
simulation scenarios start from 40% up to 70% with respect to the
maximum installed power of 350 kVA (i.e., 70 households with
5 kVA power). The 40% PV penetration was  chosen as the starting
scenario, since in that case the distribution network approaches
the voltage limitations, while 70% of PV penetration is the max-
imum grid hosting capacity reachable by adopting the control
options.Note that for each PV penetration level, PV power is first
distributed on each phase based on the numbers defined in Table 2.
Then, the PV power of each phase is evenly distributed to all six
buses shown in Fig. 9. For example, the total installed PV power
is 245 kVA for the scenario 70% and it is distributed as shown in
Table 3.

5.2. Simulation results

In the following section, an analysis of the simulation results is
given by verifying several indices relating to the hosting capacity of
the LV grid, in particular: the voltage deviation from nominal value,
the voltage unbalance factor (VUF), and the neutral potential and
total energy loss during the simulated 24 h.

The degree of voltage unbalance factor is quantified as:

VUF% = V− × 100 (6)

+

According to [27], Eq. (6) permits the evaluation of the Voltage
Unbalance Factor (VUF), defined as the ratio between the negative
and positive sequence voltage components in percent.
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Table 4
Summary of the simulation results.

Scenario Case Max  phase voltages deviation at bus 6 Max  VUF at bus 6 Max  neutral potential (%Vn) Total losses [kWh]

PV 40% Base case −4.0%/ + 7.0% 1.00% 2.50% 11.61
Three-Phase OLTC −6.5%/ + 4% 1.10% 2.50% 12.22
One-Phase OLTC −2.0%/ + 3.5% 1.30% 2.50% 12.15
Qreg −4.0%/ + 5.2% 1.24% 2.15% 11.73
One-Phase OLTC + Qreg −2.0%/ + 3.1% 1.42% 2.20% 12.12

PV  50% Base case −5.5%/ + 11.0% 1.40% 3.75% 21.45
Three-Phase OLTC −11.0%/ + 6.5% 1.40% 3.80% 23.59
One-Phase OLTC −2.5%/ + 5.5% 1.80% 3.85% 23.31
Qreg −3.9%/ + 7.3% 2.00% 2.75% 20.90
One-Phase OLTC + Qreg −2.2%/ + 4.7% 2.32% 3.30% 21.02

PV  60% Base case −6.0%/ + 11.0% 1.50% 3.95% 28.41
Three-Phase OLTC −11.0%/ + 7.0% 1.50% 4.00% 31.62
One-Phase OLTC −3.0%/ + 7.0% 1.80% 4.05% 31.03
Qreg −4.0%/ + 7.8% 2.22% 3.00% 22.99
One-Phase OLTC + Qreg −2.3%/ + 5.2% 2.63% 3.58% 29.22

PV  70% Base case −4.0%/ + 13.0% 1.63% 4.08% 38.10
Three-Phase OLTC −10.1%/ + 8.8% 1.65% 4.30% 43.07
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One-Phase OLTC −2.0%/ + 8.8%
Qreg −4%/ + 8.1% 

One-Phase OLTC + Qreg −2.0%/ + 6.0% 

The results are summarized in Table 4. For each PV penetration
cenario, the values for the mentioned indices under the five cases
re presented. Particular emphasis is placed on the voltage devia-
ion and VUF values, considering respectively, ±10%Vn and 2% as
imits for acceptable network operation, and, for this reason, the
alues are highlighted in red when overcoming those bounds. As
hown in Table 4, in the case of 40% PV penetration, the PVs in
he grid are safely integrated without any additional control, since
he voltage deviation at Bus 6 is contained between −4 and +7% of
he nominal voltage and VUF remains below 1% during the entire
eriod.

The application of the three-phase OLTC control allows

he reduction of the voltage deviations within a total 10.5%
−6.5%/ + 4%) band around the nominal voltage (11.0% in the Base
ase). Adopting the one-phase OLTC control, instead, the volt-
ge deviation is reduced within a 5.5% band around the nominal

Fig. 10. Voltage measurements at bus 6 and tap positi
2.01% 4.42% 41.73
2.56% 3.55% 41.22
3.42% 4.15% 42.30

voltage. However, one-phase OLTC control leads to a small increase
in the VUF level (+0.3% respect to the base case). Qreg control
improves the voltage profile compared to the base case. The
adoption of the one-phase OLTC with Qreg regulation strategy
allows the best outcome in terms of voltage magnitude regula-
tion, even though with the PV 40% scenario and the adoption
of this control method, the VUF increases by 0.42% with respect
to the base case but still does not exceed the permitted value
of 2%.

Under the modeling hypothesis discussed in Section 3, both
controls do not affect the neutral potential, while they tend to
increase the energy losses by around 0.6 kWh  (+5% compared to the

base case losses). This effect can be explained by noticing that the
PVs are modeled as constant power units (i.e., current is inversely
proportional to the voltage) and that during the PV production
period, the injected power is much greater than the load absorption.

ons in three-phase case and base case scenario.
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n the other hand, when the PVs are not producing, current and
oltage are directly proportional, due to the constant impedance
oads model. As a result, since the reduction of the voltage devia-
ion is more sensible during the PV production period, the effect
f inverse proportionality between voltage and current is, on aver-
ge, more relevant during the entire period, resulting in an overall

ncrease of the current flowing through the network branches and
hen leading to greater losses. This effect is even more intense when
ncluding the independent tap changing strategy, since the voltage
ariation is greater in each phase.

Fig. 11. Voltage measurements at bus 6 and tap posit

Fig. 12. Voltage measurements at bus 6 and tap p
esearch 131 (2016) 264–274 271

Table 4 shows that by increasing the PV penetration percent-
age to 50%, 60%, and 70%, the voltage deviation at the controlled
bus becomes unacceptable, exceeding the ±10%Vn band. This effect
remains when applying the three-phase OLTC strategy, since the
control was designed to refer to the voltage of phase a. Fig. 10a
shows that increasing the PV penetration to 70% results in a voltage

increase in phase a, while phases b and c have their voltages around
the nominal value. With the three-phase OLTC control option, the
voltage of phase a decreases, while the voltages of phase b and c
deviate from their nominal values, since the tendency is to reduce

ions in one-phase case and base case scenario.

ositions in Qreg case and base case scenario.
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itions in one-phase case with Qreg and base case scenario.
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Fig. 14. VUF at bus 6 in five control options under the 70% PV penetration scenario.
Fig. 13. Voltage measurements at bus 6 and tap pos

he overvoltage in phase a as well as to reduce the other two phases’
oltages. The corresponding tap positions are shown in Fig. 10b.

The voltage values at Bus 6, along with the tap positions under
he 70% PV penetration scenario are shown in Fig. 11 for the one-
hase OLTC control. From Fig. 11, it can be seen that the adoption of
he one-phase OLTC control option by itself can help mitigate the
oltage deviation from 17% to 11.8% overall, preventing the voltage
o exceed the ±10%Vn band. In between, Fig. 12 shows the voltage
rofile obtained at Bus 6 when adopting the Qreg control solution
nd the results show that voltages are kept in the safe band and the
verall voltage devation is 12.1%. In Fig. 13, the voltage and relative
ap position in the same PV penetration scenario are referred to the
ase including both the one-phase OLTC and reactive power con-
rols, showing that the voltage deviation at bus 6 could be further
educed to about 8%.

Regarding the voltage unbalance, Table 4 shows that the VUF
ends to rise in the one-phase OLTC control when increasing the
V penetration. The effect is even more intense when including the
ocal reactive power control to the DG units. This is because the
ositive and negative sequence magnitudes are subject to oppo-
ite trends (i.e., the positive sequence tends to decrease, while the
egative sequence increases). In particular, the local control by DGs
auses the uncoordinated injection of different values of reactive
ower, negatively affecting the VUF. On the other hand, the pres-
nce of this local action helps to mitigate the neutral conductor’s
urrent, resulting in a smaller neutral potential.

The VUF values obtained in the 70% PV penetration scenario
re shown in Fig. 14 associated with each of the cases presented
efore: as already mentioned, the control solutions could worsen
he maximum VUF value from 2% to about 3.5%.

.3. Future work on experimental validation of the one-phase

n-load tap changer transformer

This study has shown that the decoupled three-phase on-
oad tap changer transformer can effectively regulate the voltage
introduced by the PV installation. To validate the control per-
formance of the one-phase OLTC transformer, the device will be
experimentally tested using the SYSLAB-PowerLabDK experimen-
tal facility at the DTU Risø Campus (http://www.powerlab.dk/
facilities/syslab.aspx). Fig. 15 shows the internal structure of the
one-phase OLTC transformer whose regulation range is ±10% of
input voltage. The rated power of the transformer is 3 × 11.66 kVA.
The device will be tested in the configuration illustrated in Fig. 16.
The test will be performed with different generations and load con-
ditions by measuring and analyzing the phase-neutral voltage, neu-
tral to ground voltage, currents in the line, and voltage unbalance

factor.

http://www.powerlab.dk/facilities/syslab.aspx
http://www.powerlab.dk/facilities/syslab.aspx
http://www.powerlab.dk/facilities/syslab.aspx
http://www.powerlab.dk/facilities/syslab.aspx
http://www.powerlab.dk/facilities/syslab.aspx
http://www.powerlab.dk/facilities/syslab.aspx
http://www.powerlab.dk/facilities/syslab.aspx
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Fig. 15. OLTC device introduction.

ction
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Fig. 16. System layout of testing the operational fun

. Conclusions

This paper has presented simulation studies carried out in a Dan-
sh EUDP-supported project, where one of the aims is to develop
nd test the feasibility of a decoupled three-phase on-load tap
hanger (OLTC) in the distribution system with the objective of
mproving the distribution network power quality. A real Danish
ow-voltage network with measurements of the loads and realistic
hotovoltaic (PV) generation profiles has been used to apply the
roposed control. To perform the RMS  (root mean square) simu-

ation, the grid elements behavior and the control scheme for the
LTC controller have been modeled with the software DigSilent

owerFactory. In the performed simulation, four indices have been
onsidered when controlling the voltage at the feeder’s outermost
us: phase voltage magnitude, voltage unbalance factor, neutral
otential, and system losses. The simulation process involved the
 of the decoupled three-phase on-load tap changer.

definition of several PV penetration percentage scenarios, under
which five control options for the OLTC have been implemented:
no control, three-phase synchronous control, one-phase decoup-
led control, reactive power provision from photovoltaic inverters,
one-phase decoupled control, and reactive power provision of pho-
tovoltaic inverters. Under these conditions, the coordinated voltage
control of one-phase decoupled OLTC and reactive power provision
of PV allowed the improvement of the network’s hosting capacity,
increasing the acceptable PV penetration from 40% to 70%. In the
process, the voltage unbalance factor was shown to increase with
respect to the base case as a result of the opposite trends in the pos-
itive and negative sequence magnitudes. In particular, the voltage

unbalance growth effect could be even greater if the OLTC control
is associated with the reactive power provision from DGs.

The objective of future work is to extend the simulation anal-
ysis over a longer time period (e.g., weeks) and to investigate a
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rade-off between the voltage control solutions and the voltage
nbalance factors.
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