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Abstract—The increased penetration of wind power plants
(WPPs) in distribution networks challenges the distribution
system operators (DSOs) to improve and optimize networks’
operation. A higher amount of local power production translates
to more losses in the network. This paper proposes a deterministic
optimization methodology to minimize the losses in distribution
networks with WPPs, by exploiting WPPs’ capability to control
reactive power in coordination with the on-load tap changers
from the MV/HV transformer, avoiding the need for network
reinforcements. The principal objective is to optimize the reactive
power flow in the network. Measurements from a real distribution
network with a large share of controllable WPPs under varying
wind and load conditions are used for the study. The benefits and
the challenges of the optimization methodology are assessed and
discussed with respect to active power losses, voltage profile and
reactive power. The results show that with reactive power support
from WPPs, network losses are reduced by 4.2 %. Higher loss
reductions (up to 19 %) can be achieved through a coordinated
action between the WPPs and TSO. Furthermore, it is shown that
the distribution network can act as an asset to the transmission
network for reactive power support, via actively controlling
WPP’s reactive power.

Index Terms—loss minimization, wind power plants, reactive
power set-points, OLTC settings, grid codes, capability curve

I. INTRODUCTION

Increasing concern for climate change has led to increasing
share of renewable energy sources (RES) in power systems

around the world. RES can either be connected as utility
scale power plants in bulk-power transmission systems or
as distributed generations connected to distribution systems.
The total distributed wind generation capacity installed in
Denmark alone, in 2020 was around 3.1 GW, which is ≈50 %
of Denmark’s total installed wind generation capacity [1].
In 2019, 50 % of the total electricity consumed in Denmark
was generated by renewable energy sources of which 47 %
came from wind power plants (WPPs) [2]. The European grid
codes require WPPs to provide support to the grid in terms
of active power control, reactive power supply, maintaining
power quality and voltage profiles, fault-ride through capa-
bility and protection [3]. At the distribution level, integration
of WPPs offer several such benefits, like reducing congestion
and power losses in the transmission lines, active support in
terms of voltage stability, improved load shedding, etc [4].
With improved technology and reducing cost of installations,
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WPPs are a prevalent choice among different RES options
to support the network, especially when the benefits for the
distribution system operators (DSOs) are not only technical
but also economical [5]. However, nowadays, due to increase
in the share of WPPs and other RES in distribution grids, the
DSOs face additional challenges concerning under- and over-
voltages, higher active power losses, transformer and cable
overloading, etc. [6]–[10].

One of the main challenges behind integrating a large share
of RES such as WPPs in distribution grids is the increase
in active power losses. Note that the power generated due to
WPPs is weather-dependent and non-dispatchable in nature.
When local active power injection is introduced in the network,
active power losses decrease up to a certain amount of installed
capacity. Beyond this break point, reverse power flow in the
network increases resulting in an increase in active power
losses, as demonstrated in [6]. Injection of active power at
the end of the feeders increases the voltage levels at the
receiving end of the feeders which disrupts the traditional
design of a radial feeder [7]. Especially during high generation
and low load scenarios, the increase in voltage could be
detrimental. Distribution system losses and the voltage profiles
have become a significant concern for the distribution grid
[8], [11]. Thus, minimizing the distribution system losses in
presence of wind power has been a prevalent research topic
over the years [4], [12]–[19]. Optimal allocation and placement
of WPPs in the distribution grid is one of the many strategies
explored for effective integration of WPPs while facilitating
low network losses and steady voltage profiles [6], [20].
Allocation studies for placing WPPs or network assets like
capacitors, voltage regulators, on-load tap changers (OLTCs)
etc. are however less relevant for a network with pre-existing
high share of WPPs, and might not be always reasonable to
limit the producers to connect at the nearest connection point.
It thus becomes imperative to utilize the capabilities of already
existing WPPs and network assets such as OLTCs, voltage
regulators, switching capacitors, etc. to support the network
to minimize losses, maintain voltage profiles, and provide
reactive power support to the distribution grid. Using WPPs
along with network assets to reduce network losses provides
economic benefit for the DSOs and saves costs on further
network reinforcements.

The concept of using WPP or distributed generation capa-
bilities has been tested in many works. In an earlier work,
authors used reactive power from wind farms to maintain
system voltage in steady state and during grid disturbance
using a particle swarm based optimization method (PSO) [12].
Similarly, a WPP connected to a German sub-transmission
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system was used in [21] to provide the reactive power needs
of the sub-transmission and the transmission network, also
based on PSO. A co-ordinated control approach between
installed capacitors and distributed energy resources (DERs)
is deployed in [22], to increase energy efficiency, whereas;
[13] implements optimal power flow to determine optimal
reactive power in a network with WPPs to minimize losses.
An example of deploying DERs’ capability to maintain voltage
profile using a deterministic optimization can be found in [23].
However, authors in [23] maintain a voltage profile at the
point of connection of the DER and resort to active power
curtailment if reactive power limits are reached. In [24], the
objective is to reduce the OLTC operations by dispatching
reactive power from inverter based RES. However, the results
are supported based on simulations over a 24 hour time-
series on a distribution grid with 80% penetration of RES
(photovoltaics PVs and WPPs). The complementary nature of
PV and WPPs is used in [16] for power loss minimization.
Authors in [25] implement a droop control for renewable gen-
erators in the distribution grid for voltage support. The fuzzy
characteristics of distributed generation sources are exploited
in [19] to optimize distribution grids’ reactive power and to
minimize expectation of network losses and voltage deviation.
A more recent study shows capability of distributed generation
sources, such as WPPs and PVs, to provide voltage ancillary
services [26]. Authors in [27] again provide an example of
using reactive power control on DERs for handling voltage
violations in the network. However, the primary response to
voltage violations in [27] comes from OLTC settings and
DER capabilities are deployed as a fast corrective control.
Most of these literature’s focus on utilizing reactive power
from WPPs or DER has voltage regulation as the primary
objective and loss minimization as a secondary objective. In
addition, reactive power from WPPs is more often deployed
as a secondary measure while primary measure of control
remains with network assets.

However, the effects of using the reactive power capabilities
of WPPs in a distribution grid, without active power curtail-
ment, on distribution system losses are relatively unexplored
for longer horizon measurement data. Moreover, the impacts
of local generation/absorption of reactive power by WPPs on
the DSO/TSO reactive power exchange have not been yet
investigated in details in the existing literature.

The main objective of this paper is to develop and present
an optimization methodology to minimize the losses in distri-
bution networks with large share of wind power, exploiting
WPPs capability to control reactive power in coordination
with the on-load tap changers from the medium/high voltage
(MV/HV) transformer. Key contributions of this paper are
listed as follows:

1) Develop novel methodology to reduce network losses
in a distribution network with a large share of WPPs,
by exploiting WPPs’ control capabilities to absorb or
consume reactive power.

2) Assess the value of utilizing the entire reactive power
capability of a WPP beyond the grid-code requirements
to reduce active power losses in the network.

3) Depict the value of the control of MV/HV OLTC trans-
former for active power loss reduction.

4) Quantify maximum loss reduction by employing WPPs’
control capabilities along with and tap-changer settings.

An in-depth analysis of reactive power exchange between
distribution and transmission network is presented to explore
co-ordination opportunities between TSO and DSO. This in-
vestigation is carried out using the measurement data of a real-
time distribution network, described in [4]. Wherein a detailed
analysis of the active and reactive power flows in a real
distribution network based on actual measurements, as well
as of the co-relation between the consumption, wind power
production and network losses is described. The preliminary
analysis results presented in [4], shows that the network losses
are proportional to the wind power production. This result is
used as a base in the present research investigation. The paper
is structured as follows. Section II describes the distribution
network model. The said methodology is presented in Section
III, while in Section IV, sheds light on the implementation
details. Results from the simulation are presented and de-
scribed in Section V. Finally, conclusive remarks are presented
in Section VI, where the track for future work is also proposed.

II. DISTRIBUTION NETWORK MODEL

A distribution network model, based on a real Danish
medium voltage (i.e. 60 kV) distribution network, is briefly
described in the following. Further details can be found in
[4], [28]. Fig.1 illustrates the layout of this network, which
is connected to the high voltage (HV) transmission network
through one step-up 60/150 kV transformer, and to the low
voltage (LV) 10 kV buses through several step-down 60/10 kV
transformers. Three controllable WPPs are connected to this
distribution network, i.e. the WPP1, rated 12 MW, and WPP2

and WPP3 rated 15 MW each.The salient features of this
network are tabulated as follows: Almost one year of SCADA

TABLE I: The 60kV distribution network

Network Element # Voltage Level
Buses 25 60 kV
TSO/DSO substation 1 150 kV / 60 kV
Consumer substation 6 60 kV / 10 kV
Substations with uncontrollable generation 13 60 kV / 10 kV
Substations with controllable generation 3 60 kV / 10 kV
Transformers 1 150 kV / 60 kV

22 60 kV / 10 kV
Type IV controllable WPPs 3 60 kV
Loads (Aggregated) 22 10 kV

measurements with one-hour resolution is available for the
present investigation.

III. OPTIMIZATION METHODOLOGY

The optimization problem defined in this research is highly
nonlinear, non-convex, constrained and involves discrete and
continuous variables. It can be formulated as shown be-
low, with f(x, u(x)) denoting the objective function, while
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Fig. 1: Layout for the 60 kV distribution network

h(x, u(x)) and g(x, u(x)) denoting the equality and inequality
constraints respectively:

min f(x, u(x))

s.t. h(x, u(x)) = 0

g(x, u(x)) ≤ 0

xl ≤ x ≤ xu
(1)

where x represents the control variable, and u(x) is a function
of the control variable, while xl and xu are lower and upper
limits for the control variables, respectively.

A. Objective function

The objective of this optimization is to reduce the total
active power losses PL in the network, given by,

PL =
∑

(i,j)∈EB

Gij (V 2
i + V 2

j − 2ViVj cos (θij)) (2)

where i, j are the indices of the set of branch edges (EB) of the
system. Gij is the series conductance of the line connecting
sending end i and receiving end j. Vi, Vj are the voltages and
θij is the difference in the phase angles of the voltages at the
i and j ends of the line.

B. Control variables

The control variables used in this work are:
• WPP reactive power set-points QWPPj

for all three
WPPs (i.e. j = 1, 2, 3). Notice that WPPj is connected
to bus i ∈ NWPP ;
NWPP is the set of buses with controllable WPPs
NWPP ⊆ NB.
NB is the set of all buses in the network

• Tap-settings TMV for 60 /150 kV step-up transformer
WPPs can operate in different control modes, namely they are
capable of providing or absorbing reactive power by either
voltage, reactive power or power factor control during steady-
state operation [29]. As the reactive power capability of WPPs
is dependent on both active power production PWPP and
voltage VWPP , an optimization using reactive power QWPPj

as control variable (x), with lower xl(PWPP , VWPP ) and
upper xu(PWPP , VWPP ) variable limits, such as

xl(PWPP , VWPP ) ≤ x ≤ xu(PWPP , VWPP )

is difficult to implement.
The control of the WPPs reactive power in this investigation
is therefore performed indirectly by altering the voltage at
the point of connection (PoC) and changing thus the WPPs
reactive power output. In addition, tap-settings of the step-
up transformer (i.e. 60 /150 kV) can also be considered as a
control variable to improve voltage profile in the network. The
voltage level of the OLTC transformer is controlled on the low
60 kV side, directly via tap-settings. The control vector of the
optimization problem hereby consists only of voltage control
variables, as follows:

x =
[
VWPP1

, VWPP2
, VWPP3

, VTMV

]T
(3)

where VWPPj
is the voltage at the PoC for WPPj with

j = 1, 2, 3 and VTMV
is the voltage for the 60 /150 kV

transformer. It is important to notice that all the control
variables are bounded by upper (xu = 1.1 p.u.) and lower
(xl = 0.9 p.u.) voltage levels according to the grid code
requirements [30].

C. Constraints

1) Equality constraints: The equality constraints of the
optimization problem are the active and reactive power balance
equations for each bus i at each time-step t, accounted directly
inside the load-flow algorithm:

PDi,t − PGi,t + PIi,t = 0 ∀i ∈ NB (4)

QDi,t
−QGi,t

+QIi,t = 0 ∀i ∈ NB (5)

where PDi,t and QDi,t represent the active and reactive power
demand of the ith bus at time t, respectively. PGi,t

and QGi,t

are the generated active and reactive power at the ith bus at
time t,respectively, while PIi,t and PIi,t denote the active and
reactive power injections into the ith bus at time t, respectively.

2) Inequality Constraints: Four types of inequality con-
straints are considered in the optimization problem, e.g. WPP
generation constraints, transformer constraints, security con-
straints and MVAr transfer constraints.

WPP generation constraints - these are inequality con-
straints on the voltage at PoC for WPPs, and their reactive
power capability.

V l
WPPj

≤ VWPPj,t
≤ V u

WPPj
∀j (6)

Ql
WPPj

≤ QWPPj,t
≤ Qu

WPPj
∀j (7)

where VWPPj,t and QWPPj,t is the voltage and reactive
power output of WPPj at time t, respectively. V l

WPPj
and

V u
WPPj

are the lower and upper voltage limits, and similarly
Ql

WPPj
and Qu

WPPj
are the lower and upper reactive power

limits. The WPP upper and lower voltage limits are set ac-
cording by the grid codes [30] as specified in section III-B. As
depicted in Fig. 2, the grid code requirements (GCR) for WPPs
provide a feasible area for WPPs reactive power output QWPP
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in relation to their active power output and the voltage at PoC .
In comparison with the reactive power capability curves (CC)
(Fig. 4) however; GCR offer a restrictive operating zone.

Fig. 2: Grid code requirements (GCR) for delivery of
reactive power in relation to voltage in PoC [30].

The present research assumes that the wind turbines in-
stalled in the 60kV network are Type IV wind turbines
connected by a back-to-back converter to the grid. Voltage and
current limitations of the grid side converter predominantly
limit the reactive power from wind turbine [31]. Fig. 3 gives
a simplification of the WT system by depicting only the grid
side converter by an equivalent impedance ZWT .

Fig. 3: Simplified representation of wind turbine’s grid side
converter connected to WPP collection system through WT

transformer [31]

Vc and θc in Fig. 3 represent the converter voltage mag-
nitude and angle, VWPPj

and θWPPj
represent voltage mag-

nitude and angle at point of connection to WPP collection
system, namely MV side of wind turbine’s transformer, ZWTk

denotes an equivalent impedance from the grid side converter
up to the high voltage side of the wind turbine transformer,
and PWTk

and QWTk
are the active and reactive power output

from the wind turbine k in the WPPj .

ZWTk
=
√
R2

WTk
+X2

WTk

where, RWTk
and XWTk

represent equivalent resistance and
impedance of the grid side converter. Assuming KWT is the
set of all WTs in WPPj system,

PWPPj =
∑

PWTk
∀k ∈ KWT (8)

QWPPj
=
∑

QWTk
∀k ∈ KWT (9)

As demonstrated in [31], the wind turbine’ reactive power lim-
ited by converter voltage QWTk,V can be written as follows,

QWTk,V =

√√√√(VWPPj
VC

ZWTk

)2

−
(
PWTk

+
V 2
WPPj

RWTk

ZWTk

)2

−
V 2
WPPj

XWTk

ZWTk

(10)

By replacing VC in the Eq. (10) with the maximum and
minimum allowable converter voltage VCmax and VCmin, the
maximum injection and absorption of reactive power limited
by converter voltage can be calculated, respectively. Similarly,
as written in [31], the reactive power limited by grid side
converter current QWTj ,I can be calculated as follows:

(11)QWTk,I = ±
√

(VWPPjICmax)2 − P 2
WTk

where ICmax is the maximum converter current limit. The
positive and negative roots in Eq.(11) indicate the maximum
reactive power injection and absorption limited by converter
current. Authors in [31] provide a comprehensive derivation
of the above equations.

Fig.4 shows reactive power capability curves (CC) in re-
lation to the active power output of the WPPs at different
voltage levels. These non-linear reactive power capability
curves are derived based on Eq. (10) and Eq. (11). The
reactive power output (QWPPj

) of WPPj is a function of
the active power and voltage on the high voltage side VHV

of the WT transformer. Solid lines in Fig. 4 denote the upper
limit of the reactive power injection capability, whereas, dotted
lines denote the upper limit of the reactive power absorption
capability of the WPPs at a particular voltage level. As WPPs
operate in voltage control mode, the upper and lower bounds
of the reactive power QWPPj

can be easily calculated for
each time-stamp. Thereby, as the control variable is adjusted
towards the optimal solution, the upper and lower bounds for
QWPPj

are adjusted considering its current PWPPj
, VWPPj

level. Notice from Fig. 4 that, as the voltage level on the high
voltage side increases, for the same amount of active power
production PWPPj , the reactive power capability of WPPs
decreases. Based on WPP’s capability curves, it is thus worth
noting that by raising the voltage level to decrease current
and thus the active power losses, will limit the WPP’s reactive
power capability.

Transformer constraints - these are minimum and maxi-
mum constraints on the transformer tap-setting as follows,

Tmin
MV ≤ TMV ≤ Tmax

MV (12)

It should be mentioned that, in this investigation, the trans-
former tap-setting is considered as a continuous variable and
rounded to the closest integer settings after the load flow
converges. Since, tap-settings are modified indirectly via the
control variable VTMV

(as given by Eq. (3)), the tap-setting
constraints are also incorporated indirectly via an OLTC
adjustment module.
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Fig. 4: Reactive power capability curve of a typical Type IV
WT for different voltages levels on the HV side [32]

Security constraints - these are inequality constraints,
which define the lower and upper voltage limits for all the
buses, and the maximum loading for each bus.

V l
i ≤ Vi ≤ V u

i ∀i ∈ NB (13)

Si ≤ Smax
i ∀i ∈ EB (14)

where Vi is the voltage at the ith bus and Si is the power flow
in the distribution line.

MVAr transfer constraint - this is the constraint which can
be imposed by a TSO on the MVAr flow between distribution
and transmission networks. For example, in Denmark, the
reactive power transfer range between the distribution and
the transmission network should be limited to 48 % of the
MVA capability of the MV/HV transformer [30]. In this
present investigation, as the MVA capability of the MV/HV
transformer is 160 MVA, the reactive power transfer limit from
the transmission network to the distribution network is limited
to ±76.8 MVAr.

IV. IMPLEMENTATION

The proposed optimization methodology to minimize active
power losses is an iterative procedure implemented in Python.
PYPOWER package is used to implement the network model.
The algorithm receives hourly SCADA measurements for
active and reactive power, voltage, and current. First, the
measurements are filtered, any missing data is filled in using
a state estimator, while bad data is eliminated. The network
model is updated with the current measurements every hour.
Using the latest measurements, the optimization routine works
towards reducing the active power loss for each particular hour.

As output, the optimization provides voltage setting for
the WPPs and 60 /150 kV transformer. The OLTC adjustment
algorithm is then called to determine the tap-setting for the
60 /150 kV transformer as per the control variable (VTMV

)
from the optimization routine. The tap-setting for the trans-
former is calculated based on the first-order sensitivity factor
for change in the regulated nodal voltages and line’s active
power with respect to change in tap-settings of the transformer.

To this end, a modified Jacobian matrix is calculated. Details
regarding the OLTC adjustment module are elaborated in [33].

A Newton-Raphson based load-flow calculates the steady-
state variables such as voltage magnitudes and angles for all
buses, active and reactive power flows in each line, and active
power loss for each iteration step for every hour. It is important
to highlight again, that, the present routine enables the control
of bus voltages instead of the tap-settings. and this significantly
simplifies the control vector to only consists of voltages.

V. RESULTS

In this section, the proposed optimization method to min-
imize the losses in distribution networks with large share
of WPPs, by utilizing wind turbines control capabilities is
assessed and discussed with respect to active power losses,
voltage profile and reactive power for a set of simulated cases.

A. Study cases

Different study cases are carried out on the real Danish
distribution network, depicted in Fig.1. Data from one year
SCADA measurements with resolution of an hour for load and
generation profiles are available for the period between 8th

Dec-2014 and 31st Oct-2015. Table II provides an overview
of all the simulated cases, described in the following.

Base Case - used as reference, is defined as the distribution
network case when WPPs reactive power control capabilities
are not used, namely when WPPs do not contribute with
reactive power to the network, being operating at a predefined
reactive power set-point, which is typically 0 MVA.

WPP (GCR) or WPP(CC) cases - two cases where the
constraints, on WPPs’ flexibility to adjust their operating
reactive power set-points, are defined either by grid-codes
depicted in Fig. 2, when the case is denoted by WPP(GCR),
or by reactive power capability curves, illustrated in Fig. 4,
when the case is denoted by WPP(CC). In these two cases,
only the reactive power set-points for WPPs are provided by
the optimization routine. As mentioned earlier and depicted
in Eq. (3), the control of WPPs’ reactive power is performed
indirectly by adjusting the voltages in their PoCs and therefore
the control variables for the optimization routine in these cases
only consist of WPPs’ voltages:

x =
[
VWPP1 , VWPP2 , VWPP3

]T
(15)

TSO case - is defined as the case where the potential benefits
of a coordination between TSO and DSO to minimize the
losses in the distribution network are analyzed, by assuming
that the OLTC of the 60 /150 kV TSO/DSO transformer is
controllable. Notice that this requires TSO to change the OLTC
setting in accordance with the DSO requirements. The control
vector in this case consists only of the voltage level of the
OLTC transformer, controlled directly via tap-settings.

x =
[
VTMV

]T
(16)

It is worth noticing that the attention in the present investi-
gations is mainly drawn to the impact that the control of the
60 /150 kV transformer has on the 60 kV distribution network
alone, the effects on the transmission side not being included
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TABLE II: Overview of simulated cases

WPP reactive power constraint OLTC
Case GCR CC

Base Case - - -
WPP(GCR) - -
WPP(CC) - -

TSO - -
TSO + WPP(CC) -

in the network model, as out of the scope of the present study.

TSO + WPP(CC) case - is defined as the case, where
the reduction of active power losses by employing different
available assets, such as for example, combining WPP reactive
power control capabilities (CC) with the adjustment of the
tap-changers of the TSO/DSO transformer, is investigated. In
this case, both the reactive power-setpoints for WPPs and the
OLTC tap-setting for the 60 /150 kV transformer are provided
by the optimization process, while minimizing the losses. The
control variables for the optimization routine are thus both the
voltages at each individual WPP and the voltage at the OLTC
transformer:

x =
[
VWPP1 , VWPP2 , VWPP3 , VTMV

]T
(17)

B. Active power losses

High amount of wind power production in distribution
networks leads to an increased reverse power flow into the
system. In this respect, Fig. 5 shows how the active power
exchange with TSO is impacted by the increased wind power
production for the network under consideration. Notice that
the power flow from TSO to DSO (TSO → DSO: +) is
completely reversed when the wind power production is more
than 15 MW.

Furthermore, several studies [17], [34] in the past Ahave
shown, that reverse power flow in the network increases the
power loss. This aspect, that high wind power generation
in the network, as dominant contributor to reverse power
flow, increases the active power loss, is also depicted in Fig.
6. Notice that the region of WPP active power production
larger than 15 MW revealed in Fig. 5, accounts for only
40 % of the total time simulated, but contributes with 89 %
to the total losses in the network. It should be mentioned
that for the measurement data under consideration the TSO
supplies reactive power to the DSO only for 31 % of the total
timestamps. Most of these timestamps are characterized by a
reverse power flow in the network. Fig. 7 shows that 80 %
of the total active power losses in the network occur during
these timestamps, or when TSO is supplying reactive power
to the DSO . The results depicted in Fig. 5, 6, and 7 underline
that it is efficient to utilize the local reactive power generation
capabilities of WPPs to reduce network losses.

Table III provides an overview of energy losses (magnitude
in MWh and reduction in %) for the network under consid-
eration, as result output of the optimization routine for the
different study cases. The energy losses for each case are
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calculated by adding active power loss for all timestamps since
the resolution of available data is 1 hour.

Based on WPPs’ reactive power capabilities, which are con-
sidered in WPP(GCR) and WPP(CC) cases, the WPPs satisfy
some of the reactive power demand in the network locally.
Hence, the reactive power demand from the transmission net-
work decreases and as a result, the current required to transfer
the same amount of active power is also reduced, resulting
in network loss reduction. This means that, an increase in
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TABLE III: Energy losses - optimization results

Case Name Losses [MWh] Reduction [%]
Base case 8246.19 -

WPP (GCR) 8030.459 2.6
WPP (CC) 7899.329 4.2

TSO 6739.511 18.2
TSO+WPP (CC) 6688.056 19

the local supply of reactive power contributes to network loss
reduction. This is justified by the simulation results over all
the available data. Furthermore, as also depicted in Table III,
the WPP(CC) case has a greater loss reduction (4.2 %) than
WPP(GCR) case (2.6 %), due to the fact that, as mentioned
before, the capability curves provides more room for reactive
power support from WPPs.

As mentioned earlier, the current in the distribution network,
which directly affects the network losses, can be decreased by
changing the voltage profile in the network. The voltage level
in the network can be altered by the tap-setting of TSO/DSO
transformer and this is done in the TSO case. As shown in Ta-
ble III, this results in a network loss reduction of 18.2 %. The
final simulation case, TSO+WPP(CC) augments the reduction
of network losses due to increased voltage levels by enabling
WPPs to supply reactive power locally. Simulation results for
TSO+WPP(CC) show a 19 % loss reduction in the network.
Notice that augmenting the TSO case with WPP(CC) provides
only a slight decrease in network losses (1 % more), because
higher node voltages limit the reactive power capabilities of
WPPs, as depicted in Fig. 4.

C. Voltage profile

In all the simulated cases, voltages in the distribution
network are expected to be higher than the base case for
most of the time instances. For example, in WPP(GCR) and
WPP(CC) cases, local reactive power support is the reason
for voltage rise at the 60 kV level, while in TSO case, the
voltage profile is higher than the base case due to tap-changer
settings. This is also vailable for TSO+WPP(CC) case, as this
is a combination of both the tap-changer settings and local
reactive power from WPPs. As the voltage increases at the
60 kV buses, the current required to transfer the same amount
of power reduces proportionally. Active power loss in the
network, which is proportional to the square of the current,
thus reduces drastically. However, the node voltage not only
depends on the reactive power support due to WPPs but also on
the active power production and consumption in the network.

A distribution plot of the voltage at high voltage node of
WPP1 is plotted in Fig. 8 to provide an overall picture. The
voltage distribution presented can be considered representative
for all the other 60 kV nodes in the network for the purpose of
evaluating voltage profiles. This assumption is based upon the
observation of voltages at all 60 kV nodes for all timestamps.
Note that the voltages at 10 kV nodes or the low voltage nodes
are not affected during any of the cases studied. Analysis of
the voltage profiles is presented by grouping them into two
parts.
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Fig. 8: Voltage profile distribution for WPP1

WPP(GCR) and WPP(CC): Two distinct zones of opera-
tions are observed for the 60 kV node voltages in WPP only
scenario, i.e. for WPP(GCR) WPP(CC), depicted by Z-1 and
Z-2 in Fig. 8. Fig. 8 suggests that, the 60 kV node voltages
in WPP(CC) (green) case have a higher probability of being
at voltage levels ≥ 1.03 p.u. in comparison with WPP(GCR)
(red) or the base case (grey). Similarly, it can also be said that
the voltages with WPP(GCR) and WPP(CC) have a higher
probability of being ≤ 1.01 p.u. as compared to the base case.
The bi-modality in the two areas (Z-1 and Z-2) portrays two
distinct region of operations, one where WPPs supply reactive
power to the grid resulting in an increase in the node voltage,
and the other being when WPPs consume reactive power from
the grid resulting in a decrease in the node voltage.

TSO and TSO+WPP(CC): For the case when the OLTCs
of the TSO/DSO transformer are actively controlled, the
optimizer raises the overall 60 kV voltage profile in the net-
work close to the maximum voltage limits. As illustrated in
Fig.4, the higher the voltage levels the lower reactive power
capability of the WPPs according to CC as illustrated in
Fig.4. However, at some timestamps, the WPPs are still able
to support the network with reactive power and contribute
to further loss reduction. This is the reason for the small
improvement in active power loss reduction from TSO to
TSO+WPP(CC) case.

D. Reactive power

The use of the reactive power contribution from the WPPs
to reduce active power losses in the network is evaluated in
the following for the 3 defined cases, where the reactive power
from the WPPs is optimized, i.e. WPP(GCR), WPP(CC) and
TSO+WPP(CC). Table IV provides an overview of WPPs’
the reactive power contribution, as output of the optimization
routine for the three considered cases. For the purpose of
comparing WPP’s reactive power contribution in each case,
reactive power in case WPP(GCR) is assumed 100%, as WPPs
do not contribute with reactive power in base case. Thus,
the columns in Table IV denote percentage values of reactive
power with respect to WPP(GCR) case.

Notice that in WPP(CC) case, WPPs reactive power con-
sumption and supply increases by 7 % and 113 %, respectively,
compared to the WPP(GCR) case. Furthermore, reactive power
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TABLE IV: WPPs’ reactive power - optimization results
% in reference to WPP(GCR) case

Reactive power from WPPs [ %]
Case Name Consume Supply

WPP (GCR) 100 100
WPP (CC) 107 213.1

TSO+WPP (CC) 122.86 112.83

consumption and supply of WPP increases by 22 % and 12 %,
respectively, in TSO+WPP(CC) compared to the WPP(GCR)
case. It is worth underlying that, while comparing either
WPP(GCR) case or WPP(CC)) case with the TSO+WPP(CC)
case, other factors, such as the voltage profiles, also need
careful consideration.
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Fig. 9: Density distribution of reactive power from WPP

Fig. 9 depicts the density distribution of reactive power
supplied by the WPPs in all three cases. The density distri-
bution for WPP(GCR) case shows 4 spikes at -2.76MVAr,
2.76MVAr, 6.18MVAr and 9.6MVAr which equates to the
limit 2.28 % of the installed capacities of the WPPs, which
are 12 MW, 15 MW and 15 MW as seen from Fig. 2. Since,
GCR restricts WPP capabilities at the aforementioned values,
spikes appear in the reactive power distribution of the WPPs
in WPP(GCR) case. According to the grid code [30], WPPs
cannot contribute to reactive power at voltage higher or
lower than 6 % of the nominal voltage as noted from Fig.
2. Notice that there are no such spikes in WPP(CC) case. It is
also noticeable that in WPP(CC) and TSO+WPP(CC) cases,
WPPs are able to supply/absorb more reactive power than
WPP(GCR) case. Thus emphasizing the restrictiveness of GCR
in comparison with CC. It is worth noticing, that the reactive
power capability of WPPs is limited in TSO+WPP(CC) case
due to high node voltages. This translates to the distribution
of the reactive power being more concentrated around one
value in TSO+WPP(CC) case, whereas the distribution is more
evenly distributed in WPP(CC) case.

A comparison of reactive power from WPPs in WPP(GCR)
and WPP(CC) case, along with the difference in active power
loss reduction for the two cases is depicted and exemplified in
Fig. 10 for WPP2. It also includes information on the hourly
maximum reactive power limit for the WPPs. The fact that
maximum reactive power capability of WPPs decreases with
increased active power, as illustrated in Fig.4, is empirically
depicted in Fig. 10 via the hourly upper limit of WPP reactive

power. Thus, WPP active and reactive power are inverse
proportional. Notice that for most of the active power range,
the reactive power upper limit with WPP(CC) is higher than
the reactive power upper limit based on WPP(GCR), which
is ± 3.42 MVAr for WPP2. The most important observation
from Fig. 10 is the scatter plot at the bottom, which portrays
the difference between loss reduction in WPP(GCR) case and
WPP(CC) case. The term ∆ Loss in Fig. 10 is given as
follows,

∆Loss = PLWPP (GCR)
− PLWPP (CC)

(18)

Thus, it can be concluded that, the higher reactive power con-
tribution from WPPs in WPP(CC) case translates to a higher
active power loss reduction in comparison with WPP(GCR)
case.

0 10 20 30 40
Active Power from WPPs [MW]

−5

0

5

10

R
ea

ct
iv

e
Po

w
er

fr
om

W
PP

s
[M

VA
r]

3.42MVAr

-3.42MVAr

CC Upper limit WPP(GCR) WPP(CC)

0 10 20 30 40
Active Power from WPPs [MW]

0.0

0.1

0.2

0.3

∆
Lo

ss
[M

W
]

Fig. 10: Comparison of reactive power from WPP2 in
relation to active power and difference in the active power

loss between WPP(GCR) and WPP(CC)

Table V illustrates the reactive power exchange of the
distribution network with the transmission network for the
different cases. It is worth noticing that this exchange is also
affected by the local supply and consumption of reactive power
in the distribution network. For WPP(GCR) case, the distribu-
tion network imports (TSO→DSO) ≈22 % less and exports
(DSO→TSO) ≈17 % less reactive power to the transmission
network as compared to the Base Case. The dependence of
distribution network on the transmission network for reactive
power further reduces with CC where only 51 % of reactive
power is imported (TSO→DSO) in comparison to the base
case. Note that in the TSO only case, the change in the reactive
power transfer is due to the changing voltage profile in the
network. In the TSO only case, the current in the distribution
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network reduces due to higher voltage levels. This makes the
cables more capacitive. Hence, an increase in the reactive
power being transferred from DSO to the TSO for the TSO
only case is noticed.

The 95th percentiles indicated by dotted lines in Fig. 11
and tabulated in Table V suggest that with WPPs supplying
reactive power locally, the demand of reactive power from
the TSO decreases. Note that the 95th percentile values for
both WPP (GCR) and WPP (CC) cases are smaller than
95th percentile for base case. A similar result is observed in
Fig. 12 where the 95th percentile for TSO+WPP(CC) case
is at 21.276 MVar as compared to 28.61 MVar in TSO only
case or a much higher value of 35.1 MVar in Base Case. The

TABLE V: Reactive power transfer between TSO-DSO:
cumulative [ %] w.r.t. base case and percentiles -

optimization results

Reactive power transfer
Case Name TSO → DSO DSO → TSO∑

95th percentile
∑

5th percentile
[ %] [MVAr] [ %] [MVAr]

Base case 100 35.1 100 -16.65
WPP (GCR) 78.13 29.3 83.1 -13.6
WPP (CC) 51 21.2 84.61 -12.54

TSO 74.2 28.6 122.69 -18.8
TSO+WPP (CC) 51.36 21.27 99.14 -15.1

density distribution of reactive power exchange between TSO
and DSO gives a clear picture of how the reactive power
requirements of the DSO shift in each scenario. Note that both
Fig. 11 and Fig. 12, are negatively biased, i.e. the reactive
power flows predominantly from the distribution network to
the transmission network. It is important to note that, for
WPP(GCR) case and WPP(CC) case, reactive power is im-
ported from the transmission network only for 27 % and 23 %
of the time, respectively. The data shows that, this exchange
has more than 80 % share in the network losses over the 10
simulated months. A similar phenomena is observed in TSO
and TSO+WPP(CC) cases, where the transmission network
supplies reactive power to the distribution network for only
27 % and 22 % of the total time, and this exchange contributes
≈ 74 % and ≈ 67 % to the active power losses, respectively.
Table V, Fig. 11, and Fig.12 suggests that the reactive power
exchange between transmission and distribution network can
be altered via WPP reactive power control. This reintroduces
the distribution network as an asset to the transmission network
for reactive power support.

VI. CONCLUSION

An optimization methodology to minimize the losses in
distribution networks with large share of wind power, exploit-
ing wind power plants capability to control reactive power
in coordination with the on-load tap changers (OLTCs) from
the MV/HV transformer, is proposed and analysed. The study
is conducted based on measurements from a real Danish
distribution network data with a large share of controllable
wind power plants (WPPs) under varying wind and load
conditions. It is observed that the reactive power control
capabilities of WPPs alone can contribute significantly to
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Fig. 11: Distribution of Reactive power transfer over
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loss reduction in distribution networks. The reactive power
control case was simulated using two different constraints,
namely grid code requirements (GCR) and capability curves
(CC). The results of the investigation show that the network
losses decrease as the WPPs are able to provide more reactive
power, whenever their operating reactive power set-points are
defined based on capability curves. For example, in such
situation, a loss reduction of 4.2 % can be achieved for the
considered network. Even better loss reductions (≈ 19 %) can
be achieved by coordinating WPPs reactive power control
capability and OLTC setting of the 60 /150 kV transformer.
Upon analyzing the reactive power flow over the transmission
system-distribution system (TSO/DSO) interface, it is found
that, the reactive power exchange over the TSO/DSO interface
can be altered via WPP reactive power control. The results
clearly confirm that the distribution network with large share of
wind power can support the transmission network by actively
controlling the reactive power.

The results presented in this paper can be used for fu-
ture studies to design an optimization methodology including
weather dependent variability in the distribution network, and
to greater possibilities of TSO/DSO coordination.
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