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Abstract—This paper deals with the provision of primary
frequency response (PFR) as ancillary service (AS) from active
distribution networks (ADNs) to the transmission system (TS).
In particular, two methodologies are developed. The first one
aims to quantify the PFR capability range of the ADN. This
range is defined by determining the range of the aggregated, i.e.,
equivalent, active power - frequency P(f ) droop curves that can
be provided at the point of interconnection (POI) with the TS.
The second one targets to optimally control P(f ) droop curves of
individual distributed energy resources (DERs), installed in the
premises of the ADN, to guarantee specific frequency regulation
characteristic at the POI. This frequency regulation characteris-
tic is expressed by means of a P(f ) droop curve. Both methods
are tested on two discrete distribution systems. Several test cases
are examined to demonstrate their implementation. Additionally,
comparisons against conventional approaches and time series
simulations are conducted to evaluate the performance of the
proposed methods.

Index Terms—Active distribution networks, ancillary services,
distributed energy resources, primary frequency response.

I. INTRODUCTION

TRADITIONALLY, after a large generation or load
disturbance, power system frequency is controlled by

utilizing inertial and primary frequency response (PFR) of
synchronous generators (SGs) [1]. However, nowadays, power
system industry is moving towards generating electricity
from distributed energy resources (DERs), that are mainly
connected to the utility grid via power electronic convert-
ers [2]. Consequently, conventional SG-based power systems
are transformed into converter-based ones [3]. This shift
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towards converter-interfaced generation modifies the dynamic
properties of power systems [4], affecting also their frequency
control capability and performance [5].

Indeed, converter-interfaced units do not possess inherent
inertia and primary frequency control capabilities [3], [5].
Thus, significant frequency changes, fast-frequency dynam-
ics, under frequency load shedding and even frequency
instabilities are expected in power systems dominated by
converter-interfaced units [5], [6]. Therefore, to enhance
system stability and to ensure the uninterruptible provision of
high quality power, frequency control functionalities, such as
inertia and PFR, should be embedded to converter-interfaced
DERs [4], [5]. In fact, nowadays several interconnection stan-
dards impose that DERs should provide frequency support to
the power system. Methodologies to provide frequency control
functionalities from DERs are reviewed in [7] and [8], while
several standards discussing frequency control requirements
for the interconnection of DERs are summarized in [4].

The above-mentioned frequency control functionalities
allow large-scale converter-interfaced power plants, that are
directly connected to the transmission system (TS), to partic-
ipate in balancing and ancillary services (ASs) markets [9].
However, nowadays, a large amount of green energy is also
produced by small-scale DERs, that are connected to active
distribution networks (ADNs) [10]. Therefore, as discussed
in [11], equal opportunities should also be provided to these
units to increase their value and revenues by participating in
the above-mentioned AS markets.

In this context, several methods have been proposed dur-
ing the last years to control the operation of DERs, connected
to ADNs, in order to provide AS to the TS. For instance,
in [12]–[14] methods to quantify the active and reactive flex-
ibility area of ADNs are developed. Congestion management
of TSs through the utilization of ADN assets is suggested
in [15], while in [16] coordination of DERs is proposed to
provide voltage support to TSs. Given the focus of this work,
we provide in the next paragraphs a review of existing meth-
ods aiming to coordinate the operation of several DERs in
order to provide PFR as AS to the TS.

In [17]–[19] centralized control architectures are developed
to facilitate the provision of PFR from large-scale wind farms
(WFs) to the TS. In particular, in these papers, optimization
problems are formulated aiming to optimally distribute PFR
among the wind turbines of a WF based on different
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operational objectives, e.g., cost minimization [17], power loss
minimization [18], maximization of kinetic energy [19], etc.
The concept of virtual power plant (VPP) is introduced in [20]
to coordinate the operation of combined wind and photovoltaic
(PV) power plants for the provision of frequency ASs to the
TS. In [21] a VPP consisting of WFs and demand response
(DR) units is proposed, targeting to aggregate the contribu-
tion of several resources in order to provide PFR as AS to the
TS. The aggregator concept is utilized on [22] to optimally
coordinate the operation of multiple battery energy storage
systems (BESSs). However, all the above-mentioned methods
are oriented to large-scale DERs and BESSs, that are directly
connected to the TS. As a consequence, they cannot be applied
for ADN analysis, since they neglect load peculiarities and
ADN characteristics.

To overcome these issues, methods oriented on ADN and
microgrid (MG) analysis are developed in [3], [23]–[26]. In
these methods, the aggregator concept is utilized to coordinate
the operation of several ADN assets, such as electric-vehicles
(EVs), PVs, DR units, and BESSs, in order to provide in an
aggregated manner frequency ASs to the utility grid. The coor-
dination of ADN assets is performed via optimization routines.
However, neither of the above-mentioned works integrates the
network modeling within the optimization. Thus, technical and
operational constraints of ADNs, such as grid voltage and line
thermal limits, are not fully considered [27].

In [28] a stochastic frequency control method for grid-
connected MGs, operated under active power - frequency P(f )
droop curves, is proposed. However, MGs are simulated using
aggregated reduced order models. Thus, local issues such as
voltage violations and congestion problems are not considered.
The provision of PFR from EVs is discussed in [29] and [30].
In particular, in these works algorithms to determine charg-
ing/discharging power of EV batteries are formulated, aiming
to control the power delivered at the point of interconnection
(POI) with the TS. However, in these approaches line ther-
mal limits are not considered. Another approach is presented
in [31] and [32]. Specifically, in these works, P(f ) droop
curves of individual DERs, installed within an ADN, are
designed to achieve a specific PFR at the POI with the TS.
To determine the individual P(f ) droops, the contribution of
each DER to the aggregated PFR is evaluated using partici-
pation factors, derived via linearized power flows. However,
these methods are designed based on the assumption that all
DERs contribute to the PFR proportionally to their size.

Having determine the gaps in the existing literature, scope
of the paper is to develop tools and methods in order to facil-
itate the provision of PFR from ADNs to the TS. For this
purpose, a methodology is initially developed to accurately
determine the PFR capability range of ADNs, i.e., the mini-
mum and maximum PFR that can be offered at the POI with
the TS. To achieve this, the aggregated contribution of all
DERs to PFR is quantified by determining the aggregated,
i.e., equivalent, P(f ) droop curves that can be provided at
the POI with the TS. Additionally, a second methodology is
proposed to optimally coordinate the P(f ) droop curves of
individual DERs in order to provide specific PFR characteris-
tics at the POI with the TS. The dispatch of DERs is performed

in an optimal way, targeting to minimize an objective func-
tion. Both methodologies are developed based on conventional
optimal power flow (OPF) formulations, incorporating this
way ADN modeling as well as grid technical and operational
constraints into the optimization problem. Thus, contrary to the
existing approaches, the proposed methodologies fully exploit
operational limits of ADNs, maximising their contribution to
PFR. Additionally, the use of conventional OPF formulations
facilitates the integration of the proposed methods to com-
mercial power system software analysis tools. To the best of
the authors’ knowledge, no similar methodologies are reported
in the literature. Finally, a framework is developed to define
work flows, signal and information exchange between TS oper-
ators (TSOs) and distribution system operators (DSOs), that
are responsible for the operation of ADNs.

The rest of the paper is organized as follows: Section II
presents the theoretical background, explaining the operation
of DERs under the P(f ) droop control scheme and discussing
the technical and operational constraints of ADNs. The main
idea of providing PFR from ADNs to the TS is explained in
Section III. Section IV presents the methodology developed
to estimate the PFR capability range of ADNs, while in
Section V the method proposed to optimally dispatch DERs
is presented. In Section VI, the proposed methodologies are
tested on a single feeder distribution system. Comparisons
against conventional approaches are carried out and the impact
of forecast errors on the accuracy of the proposed method-
ologies is quantified. More evaluation results are provided in
Section VII, where both methodologies are tested on a dou-
ble feeder distribution system. In Section VIII a discussion
concerning the applicability of the proposed methods is per-
formed. Additionally, technical and regulatory issues that must
be addressed to allow the implementation of the proposed
methods are discussed. Finally, Section IX summarizes the
research findings and concludes the paper.

II. THEORETICAL BACKGROUND

Operation of DERs under P(f ) droop control and modeling
of ADNs are briefly reviewed in this section to provide
the required background for the analysis of the proposed
methodologies.

A. Operation of DERs Under the P(f ) Droop Control

To participate in PFR, DERs should be deloaded, i.e., oper-
ated with a headroom under their maximum point power
(MPP), to ensure that sufficient generation margin is available
at any time instant [33]. Methodologies to design de-loading
controllers for wind turbines and PV systems are summarized
and reviewed in [7] and [8]. Additionally, DERs should be
controlled with P(f ) droop curves to adjust their active power
based on grid frequency.

A typical P(f ) droop is presented in Fig. 1. Based on grid
frequency f , three regions (modes of operation) are identified.
Normal operation mode: fn−�f

2 ≤ f ≤ fn+�f
2 . Grid frequency

is around its nominal value, i.e., fn, within a predetermined
deadband �f . �f is determined by the TSO. DERs inject an
amount of active power which is frequency insensitive and is
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Fig. 1. Typical P(f ) droop curve.

defined as

Pk ≡ Pc = PMPP,k(1 − ph,k). (1)

PMPP,k is the maximum available power of the k-th DER;
ph,k is expressed in p.u. and denotes the headroom, i.e., the
available power reserve, of the k-th DER.
Under-frequency mode: fmin ≤ f < fn − �f

2 . Here fmin is the
minimum permissible grid frequency, determined by the TSO.
Active power injection of DERs is defined as

Pk = PMPP,k + PMPP,k
[
ph,k(f − fmin)

]

fmin + �f
2 − fn

. (2)

Over-frequency mode: fn + �f
2 < f ≤ fmax. Here fmax is the

maximum permissible grid frequency, determined by the TSO.
Active power injection of DERs is defined as

Pk =
Pc(f − fmax) + Pmin,k

(
fn + �f

2 − f
)

fn + �f
2 − fmax

. (3)

Pmin,k is the minimum power that k-th DER can inject.

B. Technical and Operational Constraints of ADNs

ADNs are connected to the TS via interconnection trans-
formers (ITFs). For the modeling of ADNs, in this paper, an
undirected graph G = (V, E) is used. V = {0, 1, . . . , p} is the
set of ADN buses. Without loss of generality, it is assumed
that the ITF is placed between buses 0 and 1. Bus 0 denotes
the high voltage (HV) side of the ITF, while bus 1 the MV
side. The set of power lines is represented using E ⊆ V × V .
Moreover, Ni := {j: (j, i), (i, j) ∈ E} is used to represent the
neighborhood of bus i, i.e., the set of buses that are connected
to bus i. Finally, Di = {1, 2, . . . , di} is used to denote the set
of DERs that are installed at bus i.

To simulate ADNs, the following set of equations is used
∑

k∈Di

Sk − SL
i = √

3UiI∗
i , ∀i ∈ V (4)

∑

j∈Ni

Ii,j = Ii, ∀i ∈ V, j ∈ Ni (5)

Ui − Uj = Zi,jIi,j, ∀i ∈ V, j ∈ Ni. (6)

SL
i is the complex load consumption at bus i. Sk is the complex

power of the k-th DER at bus i. Real power injection of the
k-th DER depends on grid frequency and computed using (1)
- (3). Ui and Ii denote the complex phase-to-phase voltage and
the complex current injection at bus i, respectively. Ii,j is the
current flowing through line (i, j); Zi,j is the corresponding
line impedance. Note that Ii,j = −Ij,i and Zi,j = Zj,i.

To guarantee the secure operation of the ADN, line currents
and bus voltages should remain within the following limits:

∣∣Ii,j
∣∣ ≤ Imax

i,j , ∀i ∈ V, j ∈ Ni (7)

Vmin ≤ |Ui| ≤ Vmax, ∀i ∈ V (8)

here Imax
i,j is the maximum ampacity of the line, while Vmin

and Vmax are the lower and upper voltage limits, respectively,
specified by relevant grid codes and power quality standards
such as EN50160.

III. PROVISION OF PFR FROM ADNS TO THE TS

To provide PFR as AS to the TS, DSOs shall coordinate the
operation of several DERs. In particular, DSOs should perform
the following tasks.

i) Estimate the minimum and maximum PFR capability of
ADNs. Specifically, DSOs should evaluate the range of the
aggregated, i.e., equivalent, P(f ) droop curves that can be pro-
vided at the POI with the TS. To evaluate this range, technical
constraints must be considered to ensure the safe grid opera-
tion. Information concerning PFR range will allow DSOs to
actively participate in future AS markets [32], [34].

ii) Provide specific, TSO-defined, PFR. In future AS mar-
kets, ADNs will compete with other market participants
concerning the provision of PFR as an AS to the TS. All
market offers will be evaluated by the market operator tar-
geting to minimise the cost of the AS. Thus, during specific
time instants ADNs will have to reduce their market share,
simply because other market participants will provide more
competitive offers/products. In these cases, TSOs should send
appropriate dispatch signals to the corresponding ADNs to
reduce their contribution to PFR, since they will not be remu-
nerated for the extra power. Towards this objective, TSOs
should determine PFR characteristics of individual ADNs by
defining the P(f ) droop curve that each ADN must provide at
the POI with the TS. The DSO should then dispatch DERs
of the ADN to achieve this TSO-defined P(f ) droop, ensuring
also that all ADN technical constraints are fulfilled. Dispatch
must be performed in an optimal way to minimize the cost of
the AS.

To implement the above-mentioned tasks, the framework of
Fig. 2 is proposed. This framework describes the required work
flows as well as signal and information exchange between
TSOs and DSOs in order to facilitate the provision of PFR
from ADNs to the TS. As shown, during predetermined time
intervals (�t), TSO informs the DSO concerning permissi-
ble frequency limits, i.e., �f , fmax, and fmin. Generally, �t
is a TSO-defined parameter that can vary from a few min-
utes up to several hours. Nevertheless, according to [35], each
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Fig. 2. Interaction between DSO and TSO for the provision of PFR. Summary
of paper contributions.

TSO should perform contingency analysis at least once every
15 minutes. Thus, in this paper, �t is set to 15 minutes.
Additionally, �f , fmax, and fmin limits are generally defined
by interconnection standards [4]. However, their values can
be modified, practically on a monthly basis, by TSOs [35].
Thus, a regular update is required. In this paper, this update
is performed every �t.

Using �f , fmax, and fmin, DSO evaluates the PFR capabil-
ity range of the ADN. i.e., the range of the equivalent P(f )
droop curves that can be provided at the POI with the TS.
For this purpose, the maximum (Pmax

0 ) and minimum (Pmin
0 )

power that the ADN can deliver at the POI are computed. Note
that Pmax

0 and Pmin
0 are evaluated for several grid frequencies

varying from fmin to fmax. This approach is proposed since
load consumption is affected by the grid frequency [36]. PFR
capability range is eventually defined by Pmax

0 , Pmin
0 , fmax and

fmin limits. An example is given in Fig. 3. In this case, PFR
range is determined by the hatched area.

Then, the PFR capability range is forwarded to the TSO,
which conducts a contingency analysis to determine the over-
all required PFR reserves. Contingency analysis is performed
based on normative incidents. An example of how contingency
analysis should be conducted is presented in [37]. Afterwards,
the contribution of each ADN to PFR is determined through
market mechanisms. Subsequently, based on the contribution
of each ADN, the TSO defines the corresponding P(f ) droop
curve and sends appropriate set points to the DSO. These set
points determine the power that the ADN must provide at the
POI with the TS when grid frequency is equal to fmax, fn, and
fmin. For instance, to define the P(f ) droop that is plotted with

Fig. 3. Range of aggregated P(f ) droop curves at POI. Line connecting
points A and D denotes Pmin

0 limits. Line connecting points B and C denotes
Pmax

0 limits. The blue curve denotes a TSO-defined P(f ) droop curve.

the blue curve in Fig. 3, the TSO should send set points E
(P1, fmax), F (P2, fn), and G (P3, fmin) to the DSO.

In the final stage of the proposed framework, DSO optimally
dispatches DERs to acquire the TSO-defined P(f ) droop curve
at the POI. The dispatch is performed through an optimization
routine, targeting to minimize the cost of the AS.

The algorithm proposed to estimate PFR capability range is
presented in Section IV. Moreover, the algorithm proposed to
optimally dispatch DERs to guarantee a specific TSO-defined
P(f ) droop curve at the POI is presented in Section V.

IV. EVALUATION OF THE PFR CAPABILITY

To estimate the PFR capability range of ADNs, the algo-
rithm of Fig. 4a is developed, consisting of seven main steps.
Step 1 (Initialization phase): The topology of the ADN, the
location of DERs and loads as well as short-term generation
and load forecasts are provided as inputs to the proposed algo-
rithm. Additionally, DSO specifies grid technical constraints.
These constraints refer to current and voltage limits and they
are expressed using (7) and (8), respectively.
Step 2 (Derivation of ADN model): The ADN model is
developed for grid frequency f . As shown, in the first iteration
of the algorithm, all ADN parameters are calculated for fmin.
Step 3 (Determination of the maximum power that can be
delivered at POI): An OPF is performed. Aim of the OPF is to
adjust power injections of all DERs, i.e., Pk and Qk, in order to
compute the maximum power Pmax

0 that can be provided under
grid frequency f at the POI. The OPF is expressed by (4) - (8).
The objective function of the OPF and the associated control
variables are formally defined as

(
P̄max, Q̄max) = arg max(

P̄,Q̄
) P0. (9)

Here, P̄ = {Pk,∀k ∈ Di,∀i ∈ V} and Q̄ = {Qk,∀k ∈ Di,∀i ∈
V} declare the sets of active and reactive powers of all DERs,
respectively. Super-index max denotes the value of those power
injections that maximize (9). P0 is the active power flowing
through the POI.
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Fig. 4. a) Algorithm-1: Methodology to estimate the PFR capability of
ADNs. b) Algorithm-2: Methodology to dispatch DERs in order to provide
specific TSO-defined PFR at POI.

Step 4 (Determination of the minimum power that can be
delivered at POI): A second OPF is conducted. The objec-
tive of this OPF is to adjust power injections of all DERs
in order to determine the minimum power Pmin

0 at POI. As
previously, OPF is expressed by (4) - (8). However, in this
case, the objective function is

(
P̄min, Q̄min) = arg min(

P̄,Q̄
) P0. (10)

Super-index min denotes power injections that minimize (10).
Step 5 (Save results and proceed to the next frequency): At
this step, grid frequency f and the corresponding Pmax

0 and
Pmin

0 values are stored in three separate vectors. Afterwards,
grid frequency is increased by a predetermined step, i.e., df .
Step 6 (Condition for algorithm termination): If the resulting
frequency is higher than fmax, i.e., the maximum permissible
grid frequency, the algorithm proceeds to step 7. Otherwise,
as shown in Fig. 4a, the algorithm moves back to Step 2 and
the ADN model for the new grid frequency is developed.
Step 7 (Forward potential droop range to the TSO): In this
step, the algorithm terminates and the vectors containing
Pmax

0 and Pmin
0 values for all considered grid frequencies are

forwarded to the TSO. To facilitate the reading, vectors con-
taining Pmax

0 and Pmin
0 values are depicted in Fig. 3 using

purple and orange lines, respectively. These vectors alongside
with fmax and fmin limits (red and yellow dotted lines of Fig. 3,
respectively) define PFR capability range of the ADN.

V. OPTIMAL PFR DISTRIBUTION

As already discussed, TSO determines, based on contin-
gency analysis and market mechanisms, the P(f ) droop curve

that the ADN shall provide at the POI with the TS. TSO
communicates the required P(f ) droop curve to the DSO by
sending appropriate set points. These set points include the
power that the ADN should provide at the POI under fmin, fn,
and fmax. For the rest of the paper, these powers are denoted
as Pfmin , Pfn , and Pfmax , respectively. Subsequently, DSO coor-
dinates the P(f ) droop curves of individual DERs in order to
guarantee this TSO-defined droop.

To coordinate the droop curves of individual DERs, the
following solution is proposed: Power injections of each
DER, i.e., Pk and Qk, are computed using OPF calculations.
Note that the power delivered at the POI changes based on
grid frequency, i.e., based on the TSO-defined P(f ) droop
curve. Thus, Pk and Qk must be determined for different grid
frequencies to ensure that in each frequency the aggregated
contribution of all DERs provides the TSO-defined P(f ) droop
curve. In the simplest case, Pk and Qk should be determined
at least for fmin, fn, and fmax, i.e., for grid frequencies that
belong to different regions of the TSO-defined P(f ) droop
curve. Algorithmic details are presented in Fig. 4b. A step-
by-step analysis of the proposed solution is provided below.
Step 1 (Initialization phase): Grid topology, location of DERs
and loads as well as short-term generation and load foracasts
are provided as inputs to the algorithm. Additionally, DSO
specifies ADN current and voltage limits using (7) and (8),
respectively. Finally, DSO determines the values of weighting
factors wloss

line and wd
k . Further information for these weighting

factors are provided in the next Step.
Step 2 (Network optimization): Pk and Qk of all DERs are
computed for different grid frequencies, varying from fmin up
to fmax. At each frequency, Pk and Qk are computed by solv-
ing an OPF, targeting to minimize the cost of the AS. The
proposed OPF is expressed by (4) - (8). The objective function
and the control variables are formally defined as

(
P̄PFR, Q̄PFR) = arg min(

P̄,Q̄
) C,

s.t. (11)

P0 = ct, (12)

with

C = Cline
loss + Cd. (13)

Here, super-index PFR denotes the values of those power
injections that minimize (11). P0 is the active power that must
be provided at the POI under a specific grid frequency. Cline

loss
and Cd denote the total cost related with line losses and the
remuneration of DERs, respectively. A detailed description is
provided below.
Line losses: Lines losses are computed as

Pline
loss =

∑

(i,j)∈E
Ri,j

(Ii,j
)2

. (14)

Here, Ri,j is the resistance of line (i, j). The total cost asso-
ciated with line losses is evaluated in this paper using the
following equation

Cline
loss = wline

lossP
line
loss, (15)
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where wline
loss is a weighting coefficient that penalizes the power

losses at the ADN. This weighting coefficient is determined
by the DSO.
Remuneration of DERs: To provide PFR, DERs should be
de-loaded, i.e., operated under their MPP. Inevitably, the de-
loaded operation of DERs results in loss of green power, that
subsequently can lead to loss of revenues for DER owners. To
avoid this loss of revenues, DER owners should be remuner-
ated appropriately for the provision of the corresponding AS.
The cost function adopted in this paper to define remuneration
costs is the following:

Cd =
∑

k∈Di,i∈V
wd

k

(
PMPP,k − Pk

)
. (16)

Here, wd
k is a weighing coefficient, determined by the DSO,

that is used to penalize de-loading of DERs.
As already discussed, to ensure that the TSO-defined P(f )

droop curve is achieved with high accuracy, Pk and Qk must
be computed for several grid frequencies varying between fmin

and fmax. As shown in Fig. 4b, this is achieved by iteratively
solving (11) - (13) for different grid frequencies. The maxi-
mum number of iterations is denoted as m. However, as the
number of iterations increases, the total problem complex-
ity is increased as well. Thus, to preserve low computational
complexity, injections Pk and Qk are determined in this paper
only for three grid frequencies (m=3), belonging to different
regions of the P(f ) droop. As demonstrated in Section VI-B,
this simplification leads to very accurate results. Specifically,
in the first iteration, i.e., m = 1, grid frequency is equal to
fmin and DERs are operated in under-frequency mode. In this
case, power at POI, i.e., P0, is constant and equal to Pfmin . In
the second iteration, grid frequency is set to fn. DERs oper-
ate in normal mode and P0 is set to Pfn . Finally, in the last
iteration, grid frequency is equal to fmax and DERs operate
in over-frequency mode. In this case, P0 is equal to Pfmax . As
shown in Fig. 4b, for each grid frequency, the corresponding
ADN model is developed and a dedicated OPF is solved to
determine Pk and Qk.
Step 3 (Condition for algorithm termination): If m is higher
than m, the algorithm moves to Step 4. Otherwise, the algo-
rithm goes back to Step 2 and (11) - (13) are evaluated for
the new grid frequency.
Step 4 (Design of individual P(f ) droop curves): When all iter-
ations are finished, individual P(f ) droop curves are designed,
using (17) - (19), and sent to the DERs.

Pk ≡ Pfn,k = Pfmax,k
(
1 − ph,k

)
(17)

Pk = Pfmax,k + Pfmax,k
[
ph,k(f − fmin)

]

fmin + �f
2 − fn

(18)

Pk =
Pfn,k(f − fmax) + Pfmin,k

(
fn + �f

2 − f
)

fn + �f
2 − fmax

(19)

Here, Pfn,k, Pfmax,k, and Pfmin,k denote the active power that
the k-th DER inject at fn, fmax, and fmin, respectively. ph,k

is computed via (17). Note that contrary to the conven-
tional implementation, presented in (1) - (3), in the proposed

Fig. 5. System under study.

approach DERs do not inject their MPP at fmin. On the con-
trary they inject Pfmax,k, which can be equal or less to the
corresponding MPP. Additionally, DERs do not inject their
minimum power at fmax. They inject Pfmin,k, i.e., more or equal
power to the corresponding Pmin. This approach is proposed
to offer higher flexibility to the TSO and further justified in
the next paragraph.

TSO may request from the ADN to provide at fmin a power
at POI lower than the maximum available. Similarly, TSO may
request a power at fmax higher than the minimum available. For
instance, TSO may request the blue P(f ) droop curve of Fig. 3.
To offer this flexibility to TSO, DERs should operate under
their MPP at fmin and above their minimum permissible power
at fmax.

VI. SIMULATION RESULTS ON A SINGLE FEEDER

DISTRIBUTION SYSTEM

In this section, the proposed methodologies are evaluated
on a single feeder distribution system. In particular, the anal-
ysis is conducted using the European MV benchmark grid of
CIGRE [38]. The required OPFs are solved in Python using
Sequential Least Squares Programming (SLSQP) through the
minimize function of Scipy library [39].

A. System Under Study

The topology of the examined test system as well as the
rated power (Pr,k) of DERs and loads are presented in Fig. 5.
The nominal grid voltage and frequency are 20 kV and 50 Hz,
respectively. For all loads a power factor equal to 0.9 is consid-
ered. All loads are modeled as constant power loads. Minimum
permissible power of all DERs is assumed equal to 10% of the
Pr,k value. fmax and fmin are assumed equal to 52 Hz and 46
Hz, respectively, and �f is set to 0.4 Hz. Maximum ampacity
of power lines is 416 A. Vmin and Vmax are considered equal to
0.95 p.u. and 1.05 p.u., respectively. All other grid parameters
are from [40].

B. Explanatory Examples

In this section, the functionalities of the proposed methods
are demonstrated via indicative examples. To create an easily
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Fig. 6. TSO-defined P(f ) droop curve at POI. The power at POI is equal
to 12 MW, 10 MW and 8 MW under fmin, fn, and fmax, respectively. The
approximation error for different values of m is presented on the right y-axis.

observable test case, only the WTs of Fig. 5 are considered in
the analysis. All WTs inject their rated power. No loads are
considered in the grid.

Initially, the PFR capability range of the ADN is eval-
uated using Algorithm-1. In particular, Pmax

0 and Pmin
0

are computed for both fmin and fmax. The resulted PFR
range is eventually defined by an area similar to the one
presented in Fig. 3, with points A (1.694 MW, 52 Hz),
B (14.398 MW, 52 Hz), C (14.400 MW, 46 Hz), and
D (1.694 MW, 46 Hz). The analysis reveals that Pmax

0 is almost
15% lower compared to the total power of the WTs. Indeed,
the proposed method restricts the contribution of WTs to
ensure that line thermal limits are not violated. Note that a fur-
ther increase of Pmax

0 will lead to congestion in line connecting
nodes N1 and N2.

According to the framework of Fig. 2, once the PFR capabil-
ity range is evaluated, TSO conducts a contingency analysis to
determine the P(f ) droop curve that the ADN should provide
at the POI. However, as already discussed, in this paper we
do not propose a new method for contingency analysis. Thus,
it is assumed that the TSO conducts the required contingency
analysis using his own tools [37]. In order to demonstrate
Algorithm-2 we suppose that the TSO requests at the POI the
P(f ) droop curve of Fig. 6. This TSO-defined droop curve
can be obtained using several dispatch scenarios. To display
the generic nature of the proposed methodology, two indica-
tive scenarios are presented below.
• S1: All WTs participate in PFR. Cost related to line power
losses is considered in the optimization problem. To simulate
this scenario, the following weighting factors are considered:
wline

loss = 1 and wd
k = 0 for every k ∈ Di, i ∈ V . In this scenario,

the dispatch is practically performed in order to minimize the
total power system losses.
• S2: WT4 does not participate in PFR. The cost of line
power losses is not considered in the optimization problem.
The weighting factors are: wline

loss = 0, wd
GWT4 = 1, and

wd
k = 0 for every k ∈ {GWT2, GWT3, GWT5}. In this sce-

nario, the dispatch is performed targeting to minimize the total
power that de-loaded from the WTs, ensuring also that WT4
does not contribute in the PFR.

The active power injections of each DER for each sce-
nario are presented in Table I. Power that is de-loaded from
each DER as well as system total power losses are shown in
Table II. In both scenarios, the power delivered at the POI for
fmin, fn and fmax is the one requested by the TSO, i.e., the black

TABLE I
RESULTS OF THE PFR DISTRIBUTION PROBLEM

TABLE II
TOTAL SYSTEM LOSSES AND POWER THAT IS DE-LOADED

curve of Fig. 6. In S1, line losses are minimized. Consequently
the total power provided by the DERs is lower compared to
S2. In S2, the main objective is to operate DER GWT4 pro-
viding as much power as possible. Therefore, GWT4 does not
participate in PFR, injecting always its MPP. Power injections
of the remaining DERs are adjusted accordingly to provide
the desired droop curve at the POI.

The impact of the number of iterations (m) on the accu-
racy of Algorithm-2 is also evaluated, using the assumptions
of S2. Results are depicted in Fig. 6. As shown, as the num-
ber of iteration increases the absolute error decreases. The
maximum error is observed for m=3 and it is equal to 3 kW.
This error is merely 0.025% of the power flowing through
the POI. Nevertheless, as the number of iterations increases,
the required execution time is increased as well. In particular,
for m equal to 3, 5, 7, 9 and 11 the execution time is equal
to 4.47 s, 8.50 s, 11.20 s, 14.12 s and 17.27 s, respectively.
Simulations have been conducted using an i5-7200, 2.71 GHz,
8 Gb RAM PC. For the rest of the analysis, m is set to 3, since
this value achieves a good compromise between computational
burden and active power error at POI.

C. Comparative Analysis

In this section, the methodology proposed to dispatch DERs
is compared with the approach developed in [31]. In this work
the contribution of each DER to PFR is proportional to the
rated power of the unit. Additionally, to allocate the PFR
among the installed DERs, the concept of participation factors
is introduced. In particular, for each DER a participation fac-
tor is computed using sensitivity analysis. Participation factors
aim to quantify the impact of individual DERs on the active
power flowing through the POI.
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Fig. 7. Comparison with a conventional approach.

The TSO-defined P(f ) droop curve is depicted in Fig. 7
with black color. To achieve this droop curve at the POI, the
P(f ) droop curve of individual DERs are designed using both
methods. To achieve a fair comparison, the contribution of
each DER to the PFR is assumed for both methods propor-
tional to the corresponding rated power. The proposed method
is executed assuming (m = 3). Concerning the second method,
the participation factors are computed as proposed in [31]. The
resulted error from both methods is presented on the secondary
y-axis of Fig. 7. The error of [31] reaches to a maximum
value equal to 7.75 kW. This error is almost four times higher
compared to the error of the proposed method. The computed
errors for both methods are trivial compared to the total power
flowing through the POI, validating their accuracy. However,
it is worth noticing that the proposed methodology has a more
generic nature compared to the method of [31]. Indeed, in [31]
the PFR is proportionally distributed to the installed DERs
based on their rated power. On the contrary, using the proposed
methodology different scenarios can be considered, e.g., some
DERs do not participate at all in the PFR. This is also verified
by the examples presented in Section VI-B.

D. Consideration of Uncertainty

The proposed method uses load and generation forecasts to
dispatch DERs. Therefore, the impact of forecast errors on the
accuracy of the proposed method should be evaluated. For this
purpose, the following analysis is conducted: loads of Fig. 5
are connected to the grid. For each load a forecast error is
assumed that fits a normal distribution with mean value equal
to 0 and standard deviation equal to 2.5%. Using these set-
tings, a set of 10.000 simulations is conducted, to statistically
quantify the impact of forecasts errors on the accuracy of the
proposed method.

For each simulation, the power injection at the POI is
computed for a wide range of frequencies. The results are
depicted in Fig. 8. Specifically, in this figure, the TSO-defined
P(f ) droop curve is presented (dark blue curve) together with
the mean value of the power injections at the POI (black
dashed line) and the 95% confidence interval (black ink). As
shown, the mean value of power injected at the POI practically
coincides with the one required by the TSO. Only trivial differ-
ences are observed. The confidence interval remains constant
for the entire frequency range.

Fig. 8. Impact of forecast errors on the aggregated P(f ) droop curve.

Fig. 9. Daily load and generation profiles.

E. Time Series Simulation

In this section, time series simulations are conducted for a
typical day, assuming a �t equal to 15 minutes. Thus, total a
number of 96 time instants is considered. To perform the time
series simulations, the load and wind generation daily profiles
of Fig. 9 are used. These profiles are scaled to the rated power
of loads and DERs of Fig. 5.

First, the PFR capability of the examined ADN is evalu-
ated every 15 minutes (�t=15 minutes), using Algorithm-1
and the maximum and minimum power that can be provided
by the ADN at the POI is computed. Maximum and minimum
power limits are presented in Fig. 10. Note that for the exam-
ined frequency range, i.e., from 46 Hz to 52 Hz, maximum and
minimum power limits are practically constant and not affected
by frequency variations. Thus, only two curves are represented
in Fig. 10. As shown, power limits vary considerably dur-
ing the day due to the varying generation and consumption.
Therefore, the overall PFR capability of the ADN is also time-
varying. The minimum power provided at the POI is always
constrained by Pmin,k. The maximum power is generally lim-
ited by the available power of the installed DERs, i.e., PMPP,k.
However, for certain time periods, e.g., around t = 12 h, the
maximum power is defined by the thermal limits of the lines.
Indeed, Pmax

0 is restricted by the proposed Algorithm to avoid
congestion issues.

To demonstrate Algorithm-2, it is assumed that the TSO
requests a P(f ) droop curve defined by the following set
points: (fmin, 0.9×Pmax

0 ), (fn, 0.7×Pmax
0 ) and (fmax, 0.5×Pmax

0 ).
All DERs participate in PFR and wline

loss = 1. Fig. 11 represents
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Fig. 10. Maximum and minimum power at the POI.

Fig. 11. P(f ) droop curve required by the TSO and the one provided by
DER GWT3.

the evolution of the P(f ) droop curve settings. In particular,
the settings of the TSO-defined droop curve and the settings
of GWT3 are presented. As shown, the settings of the TSO-
defined droop change continuously during the day and DERs
react to these changes to ensure a specific power at the POI.
To highlight the time-varying droop settings, droop curves for
time instants t1, t2 and t3 are depicted in Fig. 12.

The computational burden of the proposed framework is
quantified by calculating the required execution time. The
average execution time, required to evaluate the PFR capabil-
ity of the ADN and to optimally dispatch DERs is 1.64 s and
4.43 s, respectively. This low execution time reveals that the
proposed framework can readily support real-time applications
in MV networks. Both Algorithms contain steps that can be
executed in parallel. For instance, in Algorithm-2, three inde-
pendent OPF problems are solved. A parallel implementation
of these steps will further reduce the computational burden.

VII. SIMULATION RESULTS ON A DOUBLE FEEDER

DISTRIBUTION SYSTEM

In this section, the proposed methodologies are evaluated
using a larger distribution system. For this purpose, the 20 kV,
50 Hz MV distribution system of [41] is used. The single line
diagram of the examined system is depicted in Fig. 13. As
shown, the grid consists of two main feeders. Both feeders,
are connected to bus 1. An ITF is used to connect the MV
grid to the TS.

For the analysis, both PVs and WTs are considered. The
rated power of the installed DERs is presented in Table III. The
rated active power of system loads is presented in Table IV.
All loads are assumed of constant power and they are operated
with a power factor equal to 0.9. Further details concerning
grid parameters can be found in [41]. The minimum permis-
sible power of WTs and PV units is assumed equal to 10% of

Fig. 12. P(f ) droop curve required by the TSO and the one provided by
DER GWT3 at time instants t1, t2 and t3.

TABLE III
RATED ACTIVE POWER OF PV UNITS AND WTS

TABLE IV
RATED ACTIVE POWER OF SYSTEM LOADS

the Pr,k value and zero, respectively. fmax and fmin are assumed
equal to 52 Hz and 46 Hz, respectively, while �f is set to 0.4
Hz. Vmin and Vmax are considered equal to 0.95 p.u. and 1.05
p.u., respectively. The maximum current of the ITF is 578 A.
Thermal limit for the rest of grid lines is 289 A.

A. Time Series Analysis

To conduct time series analysis, the load and generation pro-
files of Fig. 9 are scaled to the rated powers of the installed
loads and DERs. Initially, Algorithm-1 is executed to deter-
mine the PFR capability of the examined ADN. Simulations
are performed assuming a �t equal to 15 minutes. The max-
imum and minimum power that the ADN can provide at the
POI are illustrated in Fig. 14 together with constraint 8. The
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Fig. 13. Large scale network under study. PV units and WTs are connected
to buses denoted with orange and blue colors, respectively.

Fig. 14. Maximum and minimum power that can be delivered at the POI.

current flowing at the head of each feeder, i.e., at lines 1 − 2
and 1−27, is depicted in Fig. 15. As shown, the power limits
vary considerably during the day due to the varying genera-
tion and consumption. The minimum power provided at the
POI is always constrained by Pmin,k (there are no voltages
below the lower limits established by constraint 8). The max-
imum power is mostly limited by the available power of the
primary resource, PMPP,k. Nonetheless, there are some time
instants in which the power is limited by the line thermal
limits (constraint (7)). This is illustrated in Fig. 15.

To evaluate Algorithm-2, it is assumed that the TSO requests
a P(f ) droop curve defined by points (fmin, 0.9 × Pmax

0 ),
(fn, 0.7 × Pmax

0 ) and (fmax, 0.6 × Pmax
0 ). Note that these points

describe a P(f ) droop curve with the same slope for under-
and over-frequency events. It is considered that all DERs par-
ticipate in PFR intending to minimize system power losses,
i.e., wline

loss = 1. Fig. 16A represents the evolution of the P(f )
droop curve required by the TSO at the POI, while Figs. 16B
and 16C illustrate P(f ) droop settings of GWT5 and GPV30,
respectively. As shown, DERs must adapt their P(f ) droop
curves during the day to meet TSO requirements. It should
be noted that WTs provide power throughout the day, while
PV units only for a short period defined by the sunny hours.
Consequently, PFR is mostly provided by WTs since they are
able to adapt their power injections during all the day. In con-
trast, PV units participate in the PFR only for a short period
of time throughout the day.

VIII. DISCUSSION

Nowadays, several grid codes demand from both large- and
small-scale DERs to provide frequency support functions to
the utility grid [4], [5]. In this context, large-scale DERs,
directly connected to the TS, can participate in frequency
AS markets, increasing their revenues. On the other hand,

Fig. 15. Current flowing at lines (A) 1 − 2 and (B) 1 − 27.

Fig. 16. P(f ) droop curve required by the TSO (A) and the ones provided
by DER GWT5 and GPV30.

small-scale DERs, located in distribution level, cannot partic-
ipate in these AS markets due to their rather limited power
and due to ADN technical constraints [11], [34]. To over-
come these issues, coordination schemes are required [5], [8].
These schemes will allow DSOs and/or aggregators to orga-
nize portfolios of small-scale DERs in order to participate in
the above-mentioned AS markets [34], [42]. For this purpose,
DSOs should develop tools that will allow them to optimally
coordinate the operation of several DERs in order to ensure
specific frequency regulation characteristics at the POI with
the TS [1], [42].

Towards this objective, in this paper, two methodologies
are developed aiming to facilitate the provision of PFR from
ADNs to the TS. The first methodology targets to quantify the
PFR capability range of the ADN, while the second one is used
to optimally dispatch DERs of the ADN in order to ensure spe-
cific frequency regulation characteristics at the POI with the
TS. Contrary to the existing aggregator solutions [23]–[26],
the proposed methodologies take into account grid technical
and operational constraints, by integrating the ADN modeling
into the optimization problem. This is achieved by formulat-
ing both methodologies by means of the OPF theory. It is
well accepted within the power system community that AC
OPFs are non-convex problems [12], [14]. However, it has
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been demonstrated that on feasible problems, existing solvers
provide an (at least local) optimal solution, while in practice
they most often provide the global optimum [14]. In this sense,
the performance of the proposed methodologies is not highly
affected by the adopted solver.

Both methodologies are applicable to DERs operated under
the P(f ) droop control scheme. This design choice is jus-
tified by the fact that the P(f ) droop control scheme can
be easily implemented in WTs [43], PV systems [44], and
DR units [21]. P(f ) droop curves can also be designed for
BESSs [45] and EVs [46], if the energy stored in these devices
is known. Additionally, both methodologies are directly appli-
cable to ADNs with a single POI with the TS. However, both
methodologies can be extended to support ADNs with multiple
POI with the TS. In this case, the expected outcome will be
a pareto front. For instance, the maximization of the power
delivered at one POI will lead to power reduction at another
POI.

Both methodologies efficiently support the concept of
“cascading responsibilities”, promoted by European DSO
(EDSO) [4]. Under this concept, each system operator is
responsible for its own grid assets and can only interact
directly with the users connected to the premises of its grid,
collects data from its users, makes decisions and passes
information to upstream operators. Indeed, the implementa-
tion of the proposed methodologies requires only local data.
This data contain grid topology, which is de facto known to
the DSO, as well as information concerning local generation
and consumption. The latter can be available to DSOs either
from forecast algorithms or real-time measurements, acquired
from smart metering infrastructure.

To implement the proposed methodologies, DSOs should
sign bilateral contracts with DERs that desire to participate
in the provision of the foreseen AS. This way, DSOs will be
able to dispatch DERs according to the optimization results.
To send dispatch signals to DERs, secured telecommunica-
tions channels should be established. It is worth noticing that
the biggest DSOs in Europe have already established such
channels to exchange signals with TSOs. However, these chan-
nels should be reinforced and expanded to ensure that DSOs
can “reach” all DERs that have signed bilateral contracts and
participate in the provision of the AS.

IX. CONCLUSION

In this paper, two methodologies are proposed to facilitate
the provision of PFR from ADNs to the TS. The first one
targets to quantify the PFR capability range of ADNs. This
range is determined by computing the range of the aggre-
gated P(f ) droop curves at the POI with the TS. The second
methodology aims to optimally dispatch DERs to guarantee
specific frequency regulation characteristics at the POI with
the TS. This frequency regulation characteristic is expressed
by means of a P(f ) droop curve. The dispatch of the DERs
is performed in an optimal way targeting to minimize a DSO-
defined cost function. This cost function aims to minimize
either total system losses or de-loading of DERs.

Both methodologies are developed using conventional OPF
formulations. This way all grid technical constraints are effi-
ciently modelled, and the operational limits of the examined
ADN are fully exploited. Additionally, the use of conventional
OPF formulations, that are already available in all commer-
cial power system analysis software, ensures that the proposed
methodologies can be easily implemented by system operators.

The proposed methodologies are validated by means of sim-
ulations. Explanatory examples are initially presented to pro-
vide a better understanding concerning their implementation.
Moreover, the impact of forecast errors on the performance
of the proposed methods is investigated. The conducted anal-
ysis reveals that forecast errors do not affect considerably
the performance of the proposed methods. Comparisons with
existing approaches are provided and a discussion concerning
the enhanced performance of the proposed methods is per-
formed. Time-series simulations for a single day are conducted
on a single feeder as well as on double feeder ADN. Validation
results reveal that the proposed methods present high accuracy
and low computational complexity.

The proposed methodologies can be adopted by DSOs to
create and manage portfolio of DERs in order to partici-
pate in AS markets by providing PFR from ADNs to the
TS. Additionally, the developed methodologies can be used
to achieve 100% renewable energy systems. Indeed, in these
systems conventional generators, driven by fossil-fuels, will
not be available. Thus, DERs should be de-loaded in order to
provide AS to the system, enhancing this way its resilience to
abrupt frequency changes.

Future work will be performed to extend the applicability
of the proposed methods to ADNs that have multiple POIs
with the TS. Additionally, further research will be conducted
to develop more detailed cost functions that fully quantify the
cost for the provision of PFR as AS to the TSO.
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