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a b s t r a c t

This paper deals with the provision of reactive power support from distribution grids to the transmis-
sion system. To this end, a new distributed control scheme is proposed that coordinates the reactive
power output of distributed generation (DG) units to meet a predefined reactive power set-point at
the point of interconnection of the distribution grid with the transmission system. The coordination
process is implemented in an optimal way minimizing the network losses, while also satisfying the
technical limits of the distribution grid. Furthermore, the proposed distributed control scheme is
supplemented with a new control algorithm for the on-load tap changer (OLTC) of the high-/medium-
voltage transformer to unlock additional reactive power flexibility in case the voltage limits at the
distribution grid are reached. Time-series simulations on the IEEE 33-bus network are performed to
evaluate the performance of the proposed method against existing solutions.

© 2022 Elsevier Ltd. All rights reserved.
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1. Introduction

1.1. Background

Traditionally, distribution grids were treated by the trans-
ission system operators (TSOs) as passive elements without
eing actively involved in the control process. Nevertheless, the
dvent of distributed generation (DG) brought new control and
onitoring functionalities, enabling their active participation at

he transmission system operation [1]. This is also reflected in
he demand connection code published by ENTSO/̄E, which intro-
uces a closer cooperation between distribution system operators
DSOs) and TSOs to tackle new operational challenges raised by
he gradual replacement of large-scale power plants with DG
nits [2].

.2. Literature review

Focusing on the provision of reactive power support (RPS), the
uthors in [3] demonstrated that the available reactive power of
G units can be used instead of the conventional compensation
evices to effectively regulate the reactive power at the TSO–
SO interface. This solution has been recently assessed from
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an economical perspective in [4], where the findings indicated
that it can be a viable solution against the use of conventional
compensation devices. Furthermore, the performance of the well-
established Q (V ) and Q (P) droop control schemes is investigated
n [5,6], respectively, in terms of providing RPS. Nevertheless,
decentralized implementation is assumed for these methods,
here control actions are individually performed by each DG unit
ased only on local measurements. As a result, the reactive power
t the TSO–DSO interface cannot be accurately controlled, since
G units operate in an uncoordinated way.
To overcome this limitation, a central controller is introduced

n [7] to coordinate the decentralized operation of DG units
quipped with Q (V ) droop control. The concept of the central
ontroller is also adopted in [8], which is used to adjust the
perating set-points of the DG units to meet a predefined power
xchange at the TSO–DSO interface. A similar approach is pro-
osed in [9], where an optimization-based solution is presented
o optimally dispatch the DG units. In [10], a model-free coordina-
ion scheme is proposed to transform the distribution feeder into
controllable PV bus. More specifically, the reactive power of the
istribution grid is automatically adjusted to regulate the voltage
t the transmission system. Furthermore, a comprehensive frame-
ork is proposed in [11] that utilizes phasor measurement units
s the main communication mean for the provision of RPS from
istribution grid to the transmission system. Finally, the concept
f the virtual power plant is proposed in [12] that coordinates
G units located in different geographical areas to provide RPS.

lthough the above-mentioned methods can effectively provide
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Table 1
State-of-the-art solutions on the provision of RPS to the transmission system.

References Scope Distribution grid model Input data Control architecture Optimized grid
Planning Control Model-free Linear Non-Linear Forecasts Measurements Centralized Distributed

[3,5,6] ✓ – – – ✓ – ✓ – – –
[4] ✓ – ✓ – – – ✓ – – –
[7,8,11] – ✓ – – ✓ – ✓ ✓ – –
[9] – ✓ – ✓ – ✓ – ✓ – –
[10] – ✓ – – ✓ – ✓ – ✓ –
[12] – ✓ ✓ – – ✓ – ✓ – –
[13,14] – ✓ – ✓ – ✓ – ✓ – –
[15] – ✓ – – ✓ ✓ – ✓ – –
[16,17] – ✓ – – ✓ ✓ – ✓ – ✓
Proposed solution – ✓ – – ✓ – ✓ – ✓ ✓
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RPS to the transmission system, their impact on the performance
of the distribution grid is not considered.

This drawback can be addressed by integrating additional
onstraints in the formulation of the optimization problem that
odel the behavior of the distribution grids, as proposed by the
uthors in [13,14]. However, a linearized network model is as-
umed which may introduce inaccuracies and infeasible operating
oints during the real-time grid operation. The full nonlinear
etwork model is considered in the optimization-based methods
roposed in [15–17]. Scope of these methods is to regulate the re-
ctive power exchange at the TSO–DSO interface with minimum
etwork losses, while also satisfying the technical limits of the
istribution grid. Nevertheless, centralized methods suffer from
ingle-point failures due to the use of a central controller. Ad-
itionally, these methods use generation and consumption fore-
asts to determine the operating set-points of DG units. Thus, in
ase of forecast errors, miscalculations may occur leading to sub-
ptimal and infeasible solutions. Finally, a complete knowledge
f the network parameters and operating conditions is needed,
imiting their applicability under real-field conditions.

.3. Main contributions

Building on the authors’ previous work [18], in this paper, a
ew distributed control scheme for the provision of the RPS at the
SO–DSO interface is proposed. Scope of the proposed method is
o optimally coordinate the reactive power output of DG units to
chieve a predefined RPS set-point without violating the technical
onstraints of the distribution grid. The differences between the
roposed method and the state-of-the-art solutions are presented
n Table 1, while the main contributions are listed below:

• Minimization of network losses. Contrary to the majority of
the state-of-the-art solutions, the proposed method aims at
optimizing the distribution grid, in terms of minimizing the
network losses.

• Use of a data-driven distributed control architecture. The distinct
feature of the proposed method lies on the use of a data-driven
distributed control architecture, avoiding the use of forecasts
and the adverse effects caused by single-point failures.

• Limited information exchange. Unlike the centralized methods,
the proposed approach requires limited information, thus al-
lowing its implementation under real-field conditions.

• Efficient handling of discrete variables. A new control algorithm
for the on-load tap changer (OLTC) of the high-/medium-
voltage (HV/MV) transformer is proposed acting supplemen-
tary to the distributed control scheme. The proposed algorithm
aims to facilitate the RPS provision in case the voltage limits
at the distribution grid are reached.

The rest of the paper is organized as follows: The problem
ormulation and a centralized implementation of the optimal
PS provision is analytically presented in Section 2. The pro-
osed methodology, i.e., the distributed methodology for RPS
 t

2

supplemented with a new OLTC control algorithm, is presented
in Section 3. Simulation results for a radial MV network are
presented in Section 4 and, finally, Section 5 concludes the paper.

2. Optimal RPS provision

2.1. Problem formulation

The optimal provision of RPS at the TSO–DSO interface consti-
tutes an optimization problem that is mathematically formulated
using (1)–(11). More specifically, (1) is introduced as the objective
function aiming to minimize the network losses.

min
∑
i∈N

∑
j∈N

[
αij

(
pipj + qiqj

)
+ βij

(
qipj − piqj

)]
(1)

Eq. (1) is the exact loss formula as presented in [19]. N is the set
f network nodes, while αij and βij are two coefficients calculated
y:

ij =
Rij

ViVj
cos(θi − θj) (2)

βij =
Rij

ViVj
sin(θi − θj) (3)

where Vi and θi denote the magnitude and angle of the voltage
at node i, while Rij is the real part of the ijth element of the
-matrix, which is the inverse of the network admittance matrix.
n case of distribution grids where the admittance matrix may not
e invertible, the Z-matrix can be directly calculated by adopting
he solutions presented in [20,21]. Furthermore, in (1), pi and qi
tand for the net injected active and reactive power at node i
alculated according to

i =

∑
j∈N

Pij = pg,i − pc,i (4)

i =

∑
j∈N

Qij = qg,i − qc,i. (5)

ere, pc,i and qc,i are the active and reactive power of the load
onnected to node i, respectively, whereas pg,i stands for the
ctive power of the DG unit located at node i. Finally, qg,i is
he main control variable denoting the reactive power used by
he DG unit located at node i, where a positive value indicates
leading power factor, i.e., the DG unit operates in overexcited
ode producing reactive power.
The model of the distribution grid is included in the opti-

ization problem using (6) and (7) that represent the active and
eactive power flowing through the network branches.

ij = ViVj[Gij cos(θi − θj) + Bij sin(θi − θj)] (6)

ij = ViVj[Gij sin(θi − θj) − Bij cos(θi − θj)] (7)

ij and Qij are the active and reactive power flowing from node i to
he directly connected node j. Furthermore, G and B are the real
ij ij
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Fig. 1. Conceptual design of the centralized control scheme.
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Fig. 2. Single branch.

nd imaginary part of the ijth element of the positive-sequence
network admittance matrix.

The concept of the slack bus is introduced to model the trans-
mission system. In particular, the transmission system is modeled
as an ideal voltage source where the voltage angle is zero while
the voltage magnitude (Vs) is calculated as follows:

Vs = Vhv/[m(1 + βtap)] (8)

where Vhv stands for the voltage magnitude of the HV network,
tap denotes the tap position, β is the variation of the transfor-
mation ratio, and m is the nominal transformation ratio. Eq. (8)
is introduced to model the OLTC operation of the HV/MV trans-
former. It is worth mentioning that tap is treated as an input
parameter in the optimization problem determining the voltage
at the slack bus (Vs).

The provision of RPS at the TSO–DSO interface is incorporated
in the optimization problem by adding the following equality
constraint:

Qset =

∑
j∈N

Qsj (9)

where Qset is the reference value and Qsj is the reactive power
flowing from the slack bus (s) to the directly connected node j.
inally, (10) and (11) are used to model the reactive power capa-
ility of DG units and the technical constraints of the distribution
rid, respectively.

min,i ≤ qg,i ≤ qmax,i (10)

min ≤ Vi ≤ Vmax (11)

min,i and qmax,i are the minimum and maximum reactive power
imits of the DG unit connected to node i, which are calculated
ollowing the procedure described in [22]. In case no DG unit is
onnected at node i, the corresponding reactive power limits are
et equal to zero. Finally, Vmax and Vmin are the maximum and
inimum permissible voltage limits.

.2. Centralized implementation

The optimal RPS provision at the TSO–DSO interface can be
mplemented by adopting the centralized approach depicted in
ig. 1. More specifically, a central controller is applied to solve
3

the optimization problem of (1)–(11) using the following input
data: (a) network configuration, (b) short-term generation and
consumption forecasts, and (c) Qset. The output data are the
reactive power set-points which are forwarded to the DG units
via an ICT infrastructure. This process is repeated at a regular
basis, e.g., every 15 min. It is worth mentioning that between two
consecutive solutions of the optimization problem, the reactive
power output of each DG unit remains constant and equal to the
last acquired value. As a result, in case of forecast errors, inaccu-
racies may occur, increasing also the possibility of voltage viola-
tions. Furthermore, the optimization problem of (1)–(11) requires
a complete knowledge of the network parameters and operat-
ing conditions at each time instant, while single-point failures,
e.g. central controller failure, cannot be effectively addressed.

3. Proposed method

Scope of the proposed method is to solve the optimization
problem as expressed by (1)–(11) following a distributed ap-
proach. More specifically, the reactive power of each DG unit
is updated by combining local measurements at the point of
interconnection with the distribution grid with the information
received by neighboring units. Additionally, the proposed dis-
tributed control scheme is supplemented with an OLTC algorithm
that contributes to the provision of RPS in case the voltage lim-
its at the distribution grid are reached. An analytical descrip-
tion of the developed control strategy is carried out in the next
subsections.

3.1. Distribution network modeling

To facilitate the derivation of the update process, the lin-
earized DistFlow model is adopted [23]. In particular, assuming
the single branch of Fig. 2, the voltage at node i is calculated as
ollows:
¯i = V̄π i − Z̄i Īi (12)

here V̄i and V̄π i are the complex voltage at node i and its parent
ode. Furthermore, Z̄i and Īi are the impedance and the current
lowing through the line. By multiplying both sides of (12) by the
onjugate of V̄i, (13) is derived.
2
i = V 2

π i − 2Re
[
V̄π iZ̄∗

i Ī
∗

i

]
+

(
Z̄i Īi

) (
Z̄i Īi

)∗
(13)

ere, the last term on the right-hand side is relatively small and
an be neglected [23]. Moreover, the apparent power (S̄i) flowing
hrough the line is calculated according to

¯i = V̄π i Ī∗i . (14)

By replacing, (14) to (13), (15) is obtained.

V 2
= V 2

− 2Re
[
Z̄∗S̄

]
(15)
i π i i i
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The power flow balance at node i is calculated as follows:

S̄i − Z̄i Īi Ī∗i −

∑
j∈Ci

S̄j = −s̄i (16)

here s̄i stands for the injected apparent power at node i and Ci
stands for the set of the child nodes of node i. The second term
t the left-hand side of (16) models the line losses and can be
eglected since they constitute a small part of the power flowing
hrough the line. As a result, (16) is transformed to (17).

¯i −
∑
j∈Ci

S̄j = −s̄i (17)

he linearized DistFlow model as expressed by (15) and (17) can
e written in compact form using (18) and (19), respectively.

= Rp + Xq + v01N (18)
¯ = Ms̄ (19)

ere, v is the N × 1 vector of the square voltages and v0 is the
square voltage of the slack bus. Moreover, S̄ and s̄ denote the N×1
vectors of the apparent power flowing though the network lines
and injected to the network nodes, respectively. M is equal to A−T

where A is the incidence matrix of the network with a size of N×

N . Furthermore, p and q are the real and imaginary part of s̄, while
R and X are equal to 2MTdiag(Re [z̄])M and 2MTdiag(Im [z̄])M,
respectively. Finally, 1N is the unity vector of size N×1. Note that
z̄ differentiates from the Z-matrix presented in Section 2.1. The
former is a vector of size N × 1 containing the line impedances
of the distribution grid, while the latter is a matrix of size N × N
that includes additional information regarding the topology of the
distribution grid.

By adopting a similar approach, the line loss for the given
single branch of Fig. 2 is calculated according to (20).

P loss
i = Re

[
Z̄i Īi Ī∗i

]
(20)

Assuming that the network voltages are kept close to 1 p.u. [23],
(20) is transformed to (21).

P loss
i = riS̄iS̄∗

i (21)

Therefore, the overall network losses are calculated as follows:

Ploss
= pTR+p + qTR+q (22)

where R+
= MTrM and r = diag(Re [z̄]).

3.2. Distributed control scheme for optimal RPS

The mathematical formulation of the optimization problem
that is solved by the proposed distributed control scheme is
presented below:

min qTR+q (23)

s.t. (18), (19), and

Qset = QTD = −1T
Nq (24)

vmin ≤ v ≤ vmax (25)

qmin ≤ q ≤ qmax (26)

Eq. (23) is the objective function aiming to minimize the network
losses which, according to (22), depend on the active (p) and
reactive power (q) injected at the network nodes. Nevertheless,
since this paper deals with the provision of reactive power at
the TSO–DSO interface, only the impact of the reactive power on
the network losses is considered. Furthermore, QTD is the reactive
power flowing at the TSO–DSO interface. Finally, vmin, vmax, qmin,
and q stand for the minimum and maximum permissible
max

4

limits of the network voltages and the reactive power injected
at each network node.

The method of Lagrange multipliers is proposed to solve the
optimization problem of (23)–(26) [24]. More specifically, the
Lagrangian is calculated according to

L = qTR+q + µlT (vmin − Rp − Xq − v01N)

+ µuT (Rp + Xq + v01N − vmax) + ωlT (qmin − q)

+ ωuT (q − qmax) + ν
(
Qset + 1T

Nq
) (27)

µl, µu, ωl, and ωu are the Lagrangian multipliers associated
with the inequality constraints, i.e., (25) and (26), whereas ν is
the Lagrangian multiplier related to the equality constraint as
expressed by (24). Assuming ∂L

∂q = 0, (28) is obtained.

2R+q − XTµl
+ XTµu

− ωl
+ ωu

+ ν = 0 (28)

In (28), q includes the reactive power of both DG units (qg) and
loads (qc) with the latter being uncontrollable. Thus, to move
from q to qg, (28) is transformed to (29).

qg = −qc + 0.5r−1 [
−2KrQ + XTµl

− XTµu
+ ωl

− ωu
+ ν

]
(29)

Here, K is equal to MT
− diag(1N) and Q is the imaginary part of

S̄. As a result, the reactive power of the DG units (qg(τ + 1)) is
updated as follows:

qg(τ + 1) = −qc(τ + 1) + 0.5r−1 [−2KrQ(τ )
+ XTµl(τ + 1) − XTµu(τ + 1)

+ ωl(τ + 1) − ωu(τ + 1) + ν(τ + 1)
] (30)

Furthermore, the updates of the Lagrangian multipliers are deter-
mined using (31).

µu(τ + 1) =
[
µu(τ ) + γ (v(τ ) − vmax)

]
+

µl(τ + 1) =
[
µl(τ ) + γ (−v(τ ) + vmin)

]
+

ωu(τ + 1) =
[
ωu(τ ) + δ(qg(τ ) − qmax)

]
+

ωl(τ + 1) =
[
ωl(τ ) + δ(−qg(τ ) + qmin)

]
+

ν(τ + 1) = ν(τ ) + ϵ(Qset − QTD(τ ))1N

(31)

ere, the operator [ ]+ defines the projection on the positive
rthant, whereas γ , δ, and ϵ are positive constant parameters
etermining the convergence rate. These parameters are case-
ensitive depending mainly on the configuration of the examined
etwork and the number of DG units. In this paper, γ and δ are
qual to 3 · 10−4 and 6 · 10−2, while ϵ is equal to 3.6 · 10−3.
The proposed control scheme can be implemented under real-

ield conditions by adopting the configuration presented in Fig. 3.
n particular, an ICT infrastructure is used to forward QTD to the
G units. It is worth mentioning that a synchronous implemen-
ation is considered, i.e., the information is provided at the same
ime in the DG units. Afterward, each DG unit updates locally
he Lagrangian multipliers according to (31) by combining local
nformation, i.e., the voltage at the point of interconnection with
rid, and information received by the ICT infrastructure, i.e., QTD,
and Q. The updated reactive power output of each DG unit

s calculated using (30). Finally, an offline process that precedes
he real-time implementation of the proposed distributed control
cheme is proposed. Scope of this offline process is to fine-tune
ia simulations the parameters γ , δ, and ϵ in order to accelerate
he convergence of the proposed control scheme under real-field
onditions.

.3. OLTC algorithm

According to the above-mentioned analysis, it can be observed
hat the regulation of network voltages and the provision of RPS
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Fig. 3. Conceptual design of the distributed control scheme.
Fig. 4. Topology of the examined MV network. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
Fig. 5. Daily normalized active power profiles. (a) Generation and (b) consumption.
t the TSO–DSO interface may lead to conflicts. For example, for
given time instant t , let us assume that the DG units need to
bsorb reactive power to tackle overvoltages within the distri-
ution grid. Thus, the reactive power at the TSO–DSO interface
ill flow from the HV grid to the distribution grid. An attempt
o limit the reactive power at the TSO–DSO interface by letting
ome DG units to inject reactive power would probably lead to
vervoltages. Since priority is given to maintaining the network
oltages within the permissible limits, the reactive power set-
oint at the TSO–DSO interface cannot be reached. This problem
an be solved by reducing the network voltages, and thus the
eactive power absorbed by the DG units, using the OLTC of
he HV/MV transformer. Note that after the tap operation, it
hould be ensured that the network voltages are kept above the
inimum limit. The proposed OLTC operation can be expressed
athematically as follows:

apt+1
=

⎧⎨⎩ tapt + 1, if vt+1 >vmin and Q t
TD < Q t

set
tapt − 1, if vt+1 <vmax and Q t

TD > Q t
set

tapt , otherwise
(32)

where vt denotes the vector of network voltages at time instant
t . Assuming a tap change occurs, the network voltages at the next
time instant (vt+1) can be estimated by adding a voltage variation
(∆v). This value refers to the voltage variation per tap change,
plus a small value, indicating the small impact of the changing
loading conditions.
5

4. Numerical results

The performance of the proposed distributed methodology is
evaluated by performing time-series simulations on the 12.66 kV
MV distribution grid depicted in Fig. 4. Details regarding the
network configuration, the line parameters, and the rated power
of the loads are presented in [25]. To evaluate the performance of
the proposed OLTC algorithm, the examined distribution grid had
been modified by including a HV/MV transformer equipped with
an OLTC, as shown in Fig. 4. The HV/MV transformer has rated
power 50 MVA, short-circuit voltage 12%, whereas the full load
losses are 0.5%. The OLTC range is ±8 with a voltage variation of
1.25% per tap. Moreover, 15 PV units are connected to the nodes
denoted with red color in Fig. 4 transforming the initially passive
grid to active. The nominal power factor of the PV units is equal
to 0.8, while their connection node and the corresponding rated
power are presented in Table 2. Finally, the voltage at the slack
bus is kept constant and equal to 1 p.u., while the minimum and
maximum voltage limits are 0.95 and 1.05 p.u., respectively.

The simulation period is one day with a time resolution of
1 min. Normalized generation and consumption profiles, similar
to those presented in Fig. 5 are arbitrary distributed to the PV
units and loads. It is worth mentioning that the power factor
of all loads remains constant and equal to the nominal value
defined in [25]. Moreover, a zero tap position is assumed for
the OLTC for all the simulation period. The proposed method
is compared against a centralized, optimization-based method.
More specifically, the following scenarios are considered:
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H

Fig. 6. Daily power profiles at TSO–DSO interface. (a) Reactive power and (b) active power. Positive sign indicates power flow from MV grid towards the upstream
V grid.
Fig. 7. Daily profiles associated with the distribution grid. (a) Voltage magnitude at node 17, (b) overall reactive power of PV units, and (c) network losses.
• Centralized method without RPS (CN). In this scenario, an
optimization-based method is considered where the pro-
vision of RPS is neglected. Eqs. (1)–(8) and (10)–(11) are
solved at each time instant using the IPOPT solver in
GAMS [26].

• Proposed method without RPS (PN). Similar to CN, RPS is
deactivated, i.e., ν = 0. In this scenario, two softwares
are employed, namely OpenDSS and MATLAB. The former
is used as a power flow solver and the latter is employed
to implement the iterative process as expressed by (30)
and (31) at each time instant. Note that at each iteration,
a connection is established between MATLAB and OpenDSS
exchanging information, i.e., reactive power set-points and
network voltages.

• Centralized method with RPS (CW). This is an enhanced
version of the CN including also the provision of RPS. In
particular, (1)–(11) are solved at each time instant using the
IPOPT solver in GAMS [26].
6

Table 2
Rated active power of PV units.
Node MWp Node MWp Node MWp

5 0.35 7 0.50 9 0.70
10 0.30 12 0.80 14 0.35
15 0.70 17 0.50 22 0.50
26 0.25 27 0.70 28 0.25
30 0.80 31 0.35 33 0.35

• Proposed method with RPS (PW). This is the complete ver-
sion of the proposed methodology, considering also the
provision of RPS.

The daily profile of the active and reactive power at the TSO–
DSO interface is depicted in Fig. 6, while daily profiles associated
with the operating conditions within the distribution grid are
presented in Fig. 7. In particular, the voltage magnitude at the
most remote PV node, i.e., node 17, is illustrated in Fig. 7(a).
This is the most critical node for overvoltage mitigation since
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Fig. 8. Impact of forecast errors on the daily profiles. (a) Reactive power at TSO–DSO interface and (b) voltage magnitude at node 17.
Fig. 9. Daily profiles for the evaluation of the supplementary OLTC algorithm. (a) Reactive power at TSO–DSO interface, (b) tap position, and (c) voltage magnitude
at node 17.
it presents the maximum network voltage in case no control
is applied and PV units operate with unity power factor. The
overall reactive power used by the PV units is shown in Fig. 7(b).
Furthermore, the network losses are presented in Fig. 7(c). Finally,
the daily reactive energy used by the PV units and the network
energy losses are presented in Table 3.

According to Fig. 6(a), it can be observed that the distribution
rid presents an inductive behavior for all the simulation period
n case RPS is neglected. On the contrary, the provision of the
PS actively controls the reactive power at the TSO–DSO interface
eaching zero values, i.e., unity power factor. It worth mentioning
hat both CW and PW can effectively track the reference value at
he TSO–DSO interface.

Considering the active power at the TSO–DSO interface, all the
xamined scenarios lead to a similar profile, as shown in Fig. 6(b).
mall mismatches are observed for specific time instants which
re mainly related to the fact that each examined scenario leads
o a different profile of network losses, as verified in Fig. 7(c).

Focusing on the operating conditions within the distribution
rid, it can be concluded that all the examined scenarios can
7

maintain the network voltages within the permissible limits, as
shown in Fig. 7(a). Additionally, in both implementations, i.e. with
and without RPS, the proposed control scheme leads to similar
amounts of reactive power compared to the centralized method.
This is also evident in Table 3 where the maximum mismatch is
6.13%.

According to Fig. 7(c), it can be observed that the activation
of the RPS leads to increased network losses for both the central-
ized and proposed methods. This happens due to the increased
reactive power absorbed by the PV units, as verified in Fig. 7(b),
to meet the reactive power set-points at the TSO–DSO interface
of Fig. 6(a). Moreover, the proposed method and the centralized
control scheme have almost identical power profiles, as shown in
Fig. 7(c). This can be also verified in Table 3 where the maximum
mismatch is 0.6%, indicating that the proposed control scheme
can achieve near optimal solutions.

To assess the impact of forecast errors on the performance
of the centralized, optimization-based solutions, a new series
of time-series simulations are performed. This is attained by
adopting the following procedure: Initially, the output data of
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Table 3
Daily PV reactive energy and network energy losses.

CN PN CW PW

Reactive energy (MVArh) 47.12 50.01 60.27 63.47
Energy losses (MWh) 3.33 3.35 4.15 4.17

the optimization process, i.e., the reactive power of PV units, are
determined every 15 min assuming generation and consumption
forecasts. Afterward, the output data are used to perform a power
flow analysis for a 15 min timeslot. During this analysis, forecasts
errors are applied to the generation and consumption forecasts,
varying from 5% to 30%. In this paper, forecast errors are only
applied to consumption profiles, since the assumed PV profile is
a sunny day that can be accurately predicted. The corresponding
results are presented in Fig. 8. It can be observed that the central-
ized, optimization-based method fails to accurately control the
reactive power at the TSO–DSO interface. Additionally, overvolt-
ages occur at the distribution grid, as shown in Fig. 8(b). This is an
inherent drawback of the optimization-based methods that use
forecasts to determine the operating set-points of the controllable
elements, e.g., PV units. On the contrary, the performance of the
proposed method is not affected by the assumed consumption
and generation profiles, since it is a data-driven method. As a
result, it can effectively control the reactive power at the TSO–
DSO interface and ensure that network voltages are kept within
the permissible limits.

Finally, the coordinated operation of the OLTC algorithm with
he distributed control scheme is assessed in Fig. 9 using the
nitial daily simulation case. Two scenarios are examined, namely
he PW with and without the proposed OLTC algorithm. Accord-
ng to Fig. 9(a), it can be observed that when no action is made by
he OLTC, the PW fails to regulate the reactive power at the TSO–
SO interface between 11:40 and 14:00. The main reason lies
n the fact that the PV units used to mitigate overvoltages have
eached their maximum reactive power limits during this period.
s a result, a further increase of injected power by some PV units
o increase the reactive power at the TSO–DSO interface would
ead to overvoltages. Nevertheless, according to Section 3.3, in
he proposed distributed control scheme, priority is given to
aintaining the network voltages within permissible limits. Thus,

he network voltages are kept within the limits as shown in
ig. 9(c) at the expense of reaching Qset at the TSO–DSO interface.
This issue can be effectively addressed using the proposed

LTC algorithm. In particular, according to Fig. 9(b), the tap is
oved from 0 to 2 to reduce the network voltages. As a result, the
verall amount of reactive power needed for voltage regulation
s also decreased. Therefore, there exist a sufficient amount of
vailable reactive power to control both the reactive power at
he TSO–DSO interface and the network voltages, as verified in
igs. 9(a) and 9(c), respectively.

. Conclusions

In this paper, a new data-driven distributed control scheme
s proposed for the provision of RPS at the TSO–DSO interface.
he proposed method coordinates the reactive power of DG units
o achieve a predefined RPS set-point, considering also the tech-
ical constraints of the distribution grid. Moreover, a new OLTC
lgorithm is proposed acting supplementary to the proposed
istributed control scheme. The proposed algorithm facilitates the
PS provision in case the voltage limits at the distribution are
eached. The validity of the proposed method is demonstrated
y performing time-series simulations on a MV distribution grid,
ighlighting its improved performance compared to centralized
ethods in terms of robustness to forecast errors. Finally, the
roposed method leads to near optimal solutions.
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