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Abstract

This paper describes a control framework that enables distributed battery energy storage systems (BESS)
connected to distribution networks (DNs) to track voltage setpoints requested by the transmission system
operator (TSO) at specific interconnection points in an optimal and coordinated manner. The control
design is based on an optimisation problem whose objective is to minimise the real-time voltage-tracking
mismatch while satisfying local physical network constraints. A novel agent-based control scheme adopting
an online convex optimisation (OCO) framework is developed and solved in a distributed fashion to guarantee
the solution’s scalability and the service provision within the required time. The BESS agents under the
proposed control framework automatically adapt to the time-varying network conditions so as to track the
required voltage setpoints whilst fulfilling the technical operating requirements of the local network. The
designed OCO-based framework addresses the existing conflict between the accuracy and optimality of the
solution and the communication and computational efficiency. The convergence to the optimal solution
is demonstrated. Several case studies are performed to corroborate the analytical results and assess the
performance of the proposed approach.
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1. Introduction

The increasing deployment of utility-level renew-
able generation in transmission networks (TNs) and
distributed energy resources (DERs) in distribution
networks (DNs) can potentially result in significant
benefits and increased flexibility of operation to the
whole network. It can, at the same time, result in
unexpected challenges to voltage regulation, particu-
larly in DNs [1]. These challenges call for the develop-

1This work was partially supported by the EC H2020 ‘Bor-
der management of variable renewable energies and storage
units enabling a translational Wholesale market (CROSS-
BOW)’ project.

ment of control schemes that facilitate the coordina-
tion between transmission (TSOs) and distribution
system operators (DSOs) to efficiently utilise new
DER capabilities. In this context, emerging technical
solutions, particularly focusing on voltage support at
DN, are being investigated by different system opera-
tors worldwide [2, 3]. In current practice, control set-
points for DERs in DNs are determined by the TSO
in a centralised manner, considering droop-based con-
trol and voltage measurements at the interconnection
points (see, e.g., [4, 5]). For instance, studies con-
ducted by the UK TSO, National Grid (NG) ESO,
found that to support frequency and voltage recovery
in particular in power systems with renewable gener-
ation, additional dynamic voltage support will be re-
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quired to replace that which is currently provided by
synchronous generation at the interconnection points.
NG ESO is thus running the Power Potential project
[5], which is the first world trial to test the delivery
of dynamic voltage support from different types of
DERs embedded at various voltage levels, including
storage assets, whose at least 90% of response is to
be provided in 2s in order to be effective.

To deliver advanced voltage support DERs must
be able to: i) dynamically adapt to changes resulting
from system voltage changes; ii) respond to the TSO
instructions/requested settings within 2s (see, e.g.,
[5]); iii) satisfy the first two points while maintaining
communication efficiency. These requirements bring
new control challenges to the coordination of a po-
tentially large number of various distributed assets in
DNs and the capability to dynamically respond to the
time-varying network conditions [6]. BESS are suit-
able for delivering such improved voltage support and
are one of the most promising flexibility providers in
future power grids [7, 8]. Therefore, the focus of this
study is on BESS and on devising a scalable control
scheme which can optimally and dynamically coordi-
nate an arbitrary number of BESS located at DN. It
coordinates BESS to track the time-varying voltage
profiles specified by the TSO at one or more TN-DN
interconnection points while satisfying the DN con-
straints. This would allow maximising the support
that BESS located at the DN can provide to both
TN and DN and facilitate the TSO task of operating
a more complex and flexible power network.

Various techniques have been adopted to address
the voltage control problem caused by an increased
level of renewable generation, especially photovoltaic
(PV) power generation, in DNs [9, 10, 11, 12]. The
majority of these have some notable deficiencies, such
as: i) using the OLTC transformer increases the
stress on transformers due to the continuous change
of the tap [9]; ii) the PV curtailment could reduce the
efficiency and revenues of PV generation. In addition,
due to the high R/X (resistance/reactance) ratio in
DN, the use of reactive power compensation from PV
generation would not be effective enough [10]. The
high R/X ratio however makes DNs more sensitive
to the active power and therefore, fast-response stor-
age devices are technically capable to support net-

work voltage by regulating active power and com-
pensating the reactive power via an inverter [13].
The available control approaches for voltage regula-
tion in DNs can be classified into three main cat-
egories: centralised [14], decentralised [15] and dis-
tributed [10, 16, 17, 18]. The reader is referred to [19]
for a detailed review.

Centralised approaches are computationally pro-
hibitive when the number of devices to coordinate
is large, and highly rely on expensive communication
networks. The decentralised approaches, which rely
only on locally available information, suffer from in-
stability and sub-optimality issues [20]. In contrary,
distributed approaches combine the advantages of
the two aforementioned ones as they are significantly
more scalable than centralised approaches and result
in a far more optimal solution than decentralised ap-
proaches. They can efficiently coordinate distributed
devices utilising information exchange among neigh-
bouring devices through a much simpler communi-
cation network than in centralised approaches [17].
Nonetheless, the available distributed approaches,
e.g., [8, 16, 17, 18, 21], do not address the afore-
mentioned control challenges and are not suitable
for coordinating a large number of BESS to provide
voltage support to the TN in real time. Authors
in [17] propose a distributed approach that coordi-
nates DERs to regulate voltage profiles, whilst in [21]
a distributed approach to the accelerated voltage reg-
ulation, which requires the same R/X ratio, is devel-
oped. Authors in [8] explore distributed voltage con-
trol using active and reactive power from distributed
generators, which however has a limited capability of
being implemented online.

Note that the TN-DN interaction and TSO re-
quirements are not considered in the aforementioned
studies. Although there are some existing stud-
ies [8, 16, 17, 21] dealing with voltage control from
DERs, just a few of them have both online and
distributed implementation capabilities and none of
them consider dynamic voltage services, the TN-DN
interaction and have such as real-time capabilities,
which makes the proposed solution truly scalable and
flexible, and able to optimally coordinate an arbi-
trary number of BESS located at distribution net-
works without the need of any central entity and
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preserving privacy. Although a very few studies at-
tempted to design distributed methods, their focus is
on regulating voltages only at distribution levels, ig-
noring the requirement of dynamic services and of the
transmission system. Furthermore, the proposed con-
trol algorithm is non-iterative, thus providing real-
time capabilities, differently from the algorithms de-
scribed in the aforementioned studies, which are it-
erative, thus without any guarantee to converge to
an applicable solution within the required time. The
novelty of our contribution is twofold: i) novel con-
trol algorithm design, since it combines online convex
optimisation (OCO) and distributed algorithms in a
dynamic and uncertain environment; ii) novel appli-
cation area, since it integrates the dynamic voltage
support requirements and the instruction from sys-
tem operators into the control design. Furthermore,
the proposed solution gives the aggregator or the sys-
tem operator the possibility to tune the performance
so as to give priority to the voltage tracking perfor-
mance or to the BESS operational costs and lifetime,
according to the specific needs and preferences.

Main contribution

In order to address the challenges described above,
in this paper a fully distributed and non-iterative con-
trol approach is proposed, which is able to optimally
coordinate an arbitrary number of BESS in a DN to
regulate the voltage at specific TN-DN interconnec-
tion points instructed by the TSO, while accounting
for both the time-varying grid conditions and the lo-
cal network constraints, as well as saving communi-
cation and computational costs.

We aim to give a first original contribution to solve
the open challenge of devising an effective control so-
lution to the need of provision of dynamic voltage
support from DERs, and distributed storage in par-
ticular, which also consider the TN-DN interaction.
The TSO requirements are expressed as time-varying
voltage setpoints at specific TN-DN interconnection
points, which need to be tracked. A network-wide op-
timisation problem for BESS located at DN level is
firstly formulated. It aims to track time-varying volt-
age setpoints specified by the TSO. The optimisation
problem is then reformulated in a dynamic setting
using an OCO framework [22] and solved in a dis-

tributed fashion, allowing for a real-time and scal-
able implementation. Please note that, although we
focus on the time scale of interest to dynamic voltage
services, the proposed framework can be applied at
any time scale and sampling period of interest. The
control setpoints to the BESS are calculated based
on the past and current measurements (e.g., voltage,
active and reactive power) and adapted to the vary-
ing network conditions, while contributing to track-
ing the TSO voltage setpoints in real time with an
efficient communication resource usage. Comparing
with the iterative algorithms, the proposed approach
solves the problem sequentially following the OCO
framework that regards the optimization as a pro-
cess. Only one iteration is performed for each time,
and the associated updates are applied directly to
track voltage references, resulting in a faster response
time. The effectiveness of the proposed scheme is il-
lustrated on case studies using the IEEE 123-bus test
feeder. Although the control design is based on a
linearised power flow model, a fully AC power flow
model is used to assess the proposed framework in
the simulation environment.

2. TN-DN Voltage Control Problem

Traditionally TNs and DNs are operated indepen-
dently. However, DNs with the increasing penetra-
tion of DER technologies are becoming more active
and providing more flexibility and control options to
operate the network and support the TN operation.
For instance, a proper coordinated control of DER in
DNs could provide flexible and local voltage support
to the bulk system more efficiently and at a lower
cost compared with installing VAR components in
the TN [6]. BESS are one of the most promising de-
vices entitled to offer this support through a local
control in DNs and an enhanced control in TN [5].
This section formulates a voltage control problem,
by which BESS are controlled to keep DN voltage
within acceptable ranges, while the enhanced control
should provide a dynamic voltage support to the TNs
and therefore guarantee that the voltage setpoints at
relevant TN-DN interconnection points satisfactorily
track the profiles provided by the TSO. Table 1 de-
fines the parameters and variables used in this paper.
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Table 1: Variables and parameters

N set of nodes
N c set of TN-DN interconnection points
E set of line segments
rij (xij) resistance and reactance of each line

(i, j) ∈ E
M incidence matrix of the graph modelling

the power network
vi/vc voltage magnitude at the ith node/ cth

interconnection point
vmin (vmax) the vector of minimum (maximum) volt-

age limits
vset(t) the time-varying voltage references at

time t, ∀n ∈ N
pi (qi) active (reactive) power injection at the

ith node
pbj (qbj ) active (reactive) power provided by an in-

verter of a battery unit connected to the
jth node

pgj (qgj ) active (reactive) power injected by an in-
verter of a renewable generating unit at
the jth node

pcj (qcj ) active (reactive) power absorbed by a
load at the jth node

Pij (Qij) active (reactive) power flow from ith node
to jth node.

η+ (η−) charging (discharging) efficiency

pb,min
i (pb,max

i ) minimum (maximum) active power limit
of a battery at the ith node

SoCb,min
i

(SoCb,max
i )

State-of-Charge (SoC) limits

sbj apparent power

smax ratio of the apparent power capacity to
the real power capacity of the inverter

κ, ε positive stepsizes
ft objective function
gt coupled inequality constraints
T set of service time horizon
Z local feasible set of the optimisation prob-

lem
Π projection operator

ω, γ weight for voltage tracking and BESS op-
erational costs

α designed algorithm parameter

2.1. Distribution network modelling

The set of DN nodes is denoted by N , N :=
{0, . . . , N}, which comprises N + 1 nodes. The set
of TN-DN interconnection points is N c ⊆ N with
|N c| = Nc. The voltage setpoints provided by the
TSO at time t at the interconnection point c is de-
noted by vset

c (t)∀c ∈ N c ⊆ N . v := [v1, . . . , vN ]T

collects all measured voltage magnitudes. The volt-
age magnitude v0 of a reference bus is assumed to

be constant. Let E := {(i, j),∀i, j ∈ N}, be the
set of lines. The linearised DistFlow model in [23]
is widely adopted to represent the distribution flow
model. Line losses are neglected and almost flat volt-
ages are assumed. Its accuracy has been numerically
corroborated by several recent studies on voltage reg-
ulation in DN [15, 17]. For every (i, j) ∈ E , one has

Pij =
∑
kNi

Pjk − pj (1a)

Qij =
∑
kNi

Qjk − qj (1b)

vi − vj = rijPij + xijQij (1c)

Let pj = pgj +pbj −pcj and qj = qgj + qbj − qcj denote to-
tal injected active and reactive power at the jth node,
respectively. Since the proposed framework focusses
on BESS, the only control variables are the BESS-
related ones; the variables related to renewable gen-
eration, synchronous generators, loads are measured
or estimated. The network model described in this
section can be written compactly as

v = c̄+f b(pb(t),qb(t))+fg(pg(t),qg(t))−f c(pc(t),qc(t))

where c̄ is a constant n-dimensional vector
denoting the voltage profile under no VAR
support [24]. f b(pb(t),qb(t)) := Rpb(t) +
Xqb(t), f c(pc(t),qc(t)) := Rpc(t) + Xqc(t) and
fg(pg(t),qg(t)) := Rpg(t)+Xqg(t) where pb (pc,pg)
and qb (qc,qg) are the vector of pbj (pcj ,p

g
j ) and qbj

(qcj ,q
g
j ), respectively; R := M−TDrM

−1 where Dr ∈
RN×N is a diagonal matrix with rij being the diago-
nal entry; and similarly for X := M−TDxM

−1. The
matrices R and X are defined so as to be linked to
physical parameters, i.e., resistances and reactances
of the lines (through the incidence matrix) and to fa-
cilitate a fully distributed design. Note that, since
BESS are the controllable units, (2) is rewritten as

v = v̄(t) + f b(pb(t),qb(t)), (2)

where c̄, fg(pg(t),qg(t)) and f c(pc(t),qc(t)) are in-
cluded in v̄(t) for the sake of convenience. The time-
varying v̄(t) will be tackled by an OCO framework
in Section 3.
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2.2. Problem formulation

As illustrated in [6], the current practice to control
energy storage devices, including BESS, is to use a
droop-based controller. However, this decentralised
approach fails to regulate the voltage to the desired
setpoint since it is basically a proportional controller.
Furthermore, the local voltage at some nodes in the
DN could be violated, as shown in Section 4.

Note that vset(t) comprises two parts: 1) vset
c (t) =

[vset
1 (t), . . . , vset

c (t), . . . , vset
Nc

(t)], ∀c ∈ N c is the vec-
tor of references instructed by the TN for the in-
terconnection points ; 2) vset

h (t) contains the ref-
erence values at each local node, i.e., vset

h (t) =
[vset

1 (t), . . . ,vset
h (t), . . . ,vset

Nh
(t), ], where h ∈ N\N c

and Nh are the number of nodes that are not TN-
DN interconnection points. In order to capture
the BESS charging/discharging modes, let pbi (t) =

pb,+i (t) + pb,−i (t) be continuous variables representing
the charging and discharging power of the storage
unit i at time t. The objective is to minimise the
deviation between the local DN voltage and the cor-
responding reference at relevant nodes and penalize
the BESS power injection as below,

min
pb(t),qb(t)

T∑
t=1

(
γ

2
C1(pb(t),qb(t))

+
ω

2

(
C2(pb(t),qb(t))

))
(3a)

s.t vmin ≤ v̄(t) +Rpb(t) +Xqb(t) ≤ vmax (3b)

0 ≤ pb,+i (t) ≤ pb,max
i , − pb,min

i ≤ −pb,−i (t) ≤ 0 (3c)

0 ≤ pb,−i (t)

pb,min
i

+
pb,+i (t)

pb,max
i

≤ 1, (3d)

SoCb,min
i ≤ SoCbi (t) ≤ SoCb,max

i (3e)

SoCbi (t) = SoCbi (t− 1) + η+pb,+i (t)− η−pb,−i (t)
(3f)√

(pbi (t))
2 + (qbi (t))

2 ≤ sbi , for i = 1, . . . , Nb. (3g)

The first term of the control objective (3a), i.e.,

C1(pb(t),qb(t)) :=
∥∥∥v̄ +Rpb +Xqb − vset(t)

∥∥∥2

2

is adopted to track the voltage references and regu-
late the voltage magnitudes at each node, while the

second term, i.e., C2(pb(t),qb(t) = 1
2p

b(t)TRpb(t) +
1
2q

b(t)TXqb(t) represents a cost function associated
with each battery unit, which includes R and X so
as to dispatch the battery units based on the net-
work parameters. The two weights, i.e., γ > 0 and
ω > 0, are designed to balance the voltage regu-
lation and BESS power provision cost. Note that
C1(pb(t),qb(t)) is so that pb and qb can be updated
only based on the local voltage mismatch, as shown
in Section 3, which, in the simulation study, is calcu-
lated by using a fully AC power flow model. Equa-
tion (3b) ensures that the voltage magnitude at all
nodes in the DN is within a pre-defined range. In
the first term of (3a) the tracking objective is to be
achieved only at the identified interconnection points
c ∈ N c, while the voltage at the remaining nodes
of the DN are not provided (they are set to zero)
so as to minimise the voltage fluctuations. There-
fore, at those remaining DN nodes the voltage is reg-
ulated so as to be within an acceptable range, as im-
posed by (3b). The BESS dynamics are described
by (3f). Equation (3d) guarantees a feasible and real-
istic charging/discharging behaviour of each battery
unit (3d) [25]. Equation (3g) represents the maxi-
mum apparent power constraint of the inverter of a
battery unit, which is further linearised as

−sbj ≤ sin(τ
π

κ
)qbj(t) + cos(τ

π

κ
)pbj(t) ≤ sbj , (4)

where τ = 1, . . . , κ. The accuracy loss is determined
by the setting of κ; the loss is reduced to 1.5% if
κ = 8 [14].

The problem defined in this section is formulated
over a prediction horizon T . The potentially high
complexity of the solution for a large number of
BESS, in terms of computational and communication
costs, and the unpredictability of the network condi-
tions motivate the use of a dynamic online optimisa-
tion framework, such as OCO, and of a distributed
approach. By doing so, the BESS can be controlled
in real-time and so as to adapt to the time-varying
network conditions.

3. Distributed TN-DN voltage control

The challenges described in the previous sections
require a scalable and flexible control, which pro-
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vides the optimal solution at a low communication
and computational cost, thus accounting for the ex-
isting local communication and computational infras-
tructures limited resources. This section introduces
a novel control approach to solve the problem defined
in (2.2), which also meets the above requirements of
a scalable and flexible control.

3.1. Online convex optimisation framework

In the OCO framework, a player plays a repeated
game in a time horizon T [22]. Denoting t ∈ T as the
per time slot and T being the time slot set, a player
selects an action xt from a convex set X ∈ Rn and
suffers a loss ft(xt), where ft(·): Rn → R is the loss
function. To cope with dynamic operations, the tra-
ditional OCO setting, which considers a static envi-
ronment, is adapted to an unknown and time-varying
environment. In this modified optimisation problem,
the player is a battery unit with the time-varying ob-
jective function of tracking setpoints/regulating volt-
age. The decision to be made is how to control the
BESS outputs so as to minimise the voltage mis-
match and regulate voltage in the whole DN. To make
the OCO scheme compatible with the considered dy-
namic environment, an improved performance index,
a dynamic regret, which compares the performance of
the OCO scheme to the sequence of optimal solutions,
is applied [26], i.e.,

RdT :=
∑
t∈T

ft(xt)−
∑
t∈T

ft(x
∗
t ), (5)

where x∗t is the sequence of best dynamic decisions
given as x∗t ∈ arg maxx∈X ft(x), s.t. gt(x) ≤ 0,
ht(x) = 0, ∀t ∈ [0, T ],. Thus the goal of the OCO
algorithm is to generate decisions with a sub-linear
regret as a function of T [26], where RdT = O(

√
T )

and consequently, limT→∞
RdT
T = 0. This implies that

the online algorithm asymptotically converges to the
sequence of best dynamic schedules.
3.2. Distributed algorithm design

In order to solve the OCO algorithm in a
distributed fashion, define zt = [z1,t, . . . , zN,t]

T ,
with zi,t collecting all the optimisation variables
{pbi (t), qbi (t)}; ft(zt) represents the objective (3a);
gt(zt) ≤ 0 includes the coupling inequality con-
straints (3b); Zi is the set defined by the local con-
straints (3c) - (3g) for battery unit i, and Z collects

all Zi. Define the modified Lagrangian of the prob-
lem defined in Section 2.2 per time-slot as

Lt(zt,λt) = ft(zt) + λTt gt(zt)−
κα

2
‖λt‖22 , (6)

where λt = [λ1,t, . . . ,λN,t]
T are the Lagrangian mul-

tipliers of gt(zt),∀i ∈ N ; κ is a positive number to
be decided later; α > 0 is the stepsize of the designed
algorithm. The difference between (6) and the tradi-

tional Lagrangian is the additional term κα
2 ‖λt‖

2
2.

Note that this term is added not only to prevent
λt from being too large at the initial time but also
to facilitate the design of the sub-linear regret func-
tion, which is required for ensuring the convergence
property of the proposed OCO algorithm (see The-
orem 3.1). Based on (6), an online saddle-point al-
gorithm is introduced. The primal variable zt is up-
dated at t+ 1 by

zt+1 ∈ arg min
z∈Z

OzLt(zt,λt)(z− zt) +
1

2α
‖z− zt‖22 ,

(7)
where OzLt(zt,λt) is the gradient of Lt(zt,λt) with
respect to z at z = zt. The dual variable λt is up-
dated at t+ 1 by

λt+1 =
[
λt + αOλLt(zt,λt)

]+
, (8)

where OλLt(zt,λt) is the gradient of Lt(zt,λt) with
respect to λ at λ = λt; [·]+ := max(·, 0), which
guarantees the feasibility of the dual variable. In-
tuitively, each local controller can update the primal
and dual variables at the next time step by apply-
ing (7) - (8) based on the current information and
thus the injected/absorbed active (reactive) power at
time t, which can be performed in real-time.

3.3. Distributed algorithm implementation

The proposed algorithm can be implemented in a
distributed manner, where each local controller of a
battery unit only utilises neighbouring information
to obtain its optimal power injections. As illustrated
in Fig. 1, the control signals to each battery unit
are their active and reactive power setpoints for its
inverter, calculated by the proposed distributed al-
gorithm at each time step. Please note that the pro-
posed solution is based on the information at the last
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Figure 1: The proposed control framework

time step: the real-time data required by each bat-
tery unit i at each time step are the local voltage
measurement, the real-time voltage setpoint, if i is
an interconnection point, and the information from
its neighbouring battery units. The SoC measure-
ment of each battery unit is used to avoid battery
over-charging/discharging. The one-step information
requirement helps the solution providing results at a
lower communication and computational cost.

The distributed design takes advantage from the
sparsity of the inverse of the matrices R, X and X/R,
i.e., Hr, Hx, H x

r
, respectively, as in [27]. At each time

t the local controller of the battery unit i, ∀i ∈ N ,
performs the following updates in order to calculate
its power output at t

3.3.1. Update primal variables: vi,t, p
b
i,t, q

b
i,t:

pbi,t = ΠZi{pbi,t−1 − α(γ(vi,t−1 − vset
n )

+

N∑
j=1

HrijR
p
jp
b
j,t−1 − λi,t) (9a)

qbi,t = ΠZi{qbi,t−1 − α(γ

N∑
j=1

H x
r ij

(vj,t−1 − vset
n )

+

N∑
j=1

HrijR
q
i q
b
i,t−1 −

N∑
j=1

H x
r ij
λj,t), (9b)

where (2) is formulated to obtain (9a) - (9a), i.e.,

vi,t = v̄ +
∑N
j=1 rijp

b
j,t−1 +

∑N
j=1 xijq

b
j,t−1; vi,t can

be seen as an estimation of the local voltage based
on (1). ΠZ is a projection operator onto Zi [26].

3.3.2. Update dual variables λi:

λi,t =
[
λi,t−1 + α(pbi,t−1 +

N∑
j=1

H x
r ij

(qbj,t−1)− καλi,t
]+
.

(10)

The calculation of setpoints at each time step can
be concluded as

� Obtain the local bus voltage magnitude vi,t−1

� Update the active and reactive power according
to (9a) - (9b) with projection operations to en-
sure them in the feasible ranges.

� Exchange the active and reactive power with
neighboring

� Update Lagrangian multipliers according to
(10).

The implementation of the algorithm depends on
the physical power network, i.e. rij and xij . In or-
der to obtain (9) - (10) the scaled gradient method
following [28] is applied.

Remark 3.1. As to the nodes without a storage
unit, several approaches can be adopted: i) assum-
ing the injection from such node to be equal to 0,
pbi,t = qbi,t = 0; ii) including additional bounds on

this node, such as pbi,min = pbi,max = 0; iii) as
in [29], R and X can be decomposed according to
the block decomposition for v, i.e. v = [v0, vc, vl]

T ;
vc are the voltage magnitudes of nodes with control-
lable BESS defined by Controllabe Nodes; vl are
the voltage magnitudes of nodes with only uncon-
trollable renewable generators and loads defined by
Non− controllable Nodes. With this decomposition,
R and X can be rewritten as R = [Rcc, Rcl;Rlc, Rll]
and X = [Xcc, Xcl;Xlc, Xll]. Accordingly, one has
for a subset of the grid nodes, i.e., the controllable
nodes, vc = v̄c + Rccp

b + Xccq
b + Rclp

l + Xclq
l.

Note that the proposed distributed algorithm is com-
patible with any of the approaches described above. In
the case study we adopt the first approach mentioned
above for convenience.
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3.4. Convergence analysis

The convergence analysis adopts the notations de-
fined in Section 3. The goal of the section is to show
that the proposed distributed OCO algorithm can
achieve a sublinear regret, i.e., RegdT ≤ O(T ), which

implies that, as T → ∞, RegdT
T ≤ O(1) → 0, i.e., the

performance of the sequence of zt is no worse than
the best solution z∗t . Before introducing the main re-
sults, the following assumptions are given to facilitate
the convergence analysis.
3.4.1. Assumptions

A.1 For any zt ∈ Z, the functions ft(zt) and
gt(zt) have uniformly bounded gradients, i.e.,∥∥Oft(zt)∥∥2

≤ G and
∥∥Ogt(zt)∥∥2

≤ G for some
positive constant G.

A.2 The radius of Z is bounded, i.e., ‖z− y‖ ≤ Rz,
∀z,y ∈ Z.

A.3 All constraints gt(zt) are uniformly bounded,
i.e.,

∥∥gt(zt)∥∥2
≤ D for some positive constant

D.

Note that the above assumptions are widely used
in existing OCO-based studies [26]. Most of the
objective functions used in distributed voltage reg-
ulation problems, including the one defined in the
Problem (2.2), can easily satisfy these assumptions,
e.g., network loss minimisation [27], and voltage con-
trol [24, 13].

The following Lemma is therefore given based on
the modified Lagrangian (6).

Lemma 3.1. Supposing Assumptions A.1 - A.3 are
satisfied, for any λ ≥ 0 it holds that

T∑
t=1

(Lt(zt,λ)− Lt(z∗t ,λt)) ≤

α

2
(1 +N)G2

[
T +

T∑
t=1

‖λt‖22
]

+ αTD2

+ κ2α3
T∑
t=1

‖λt‖22 +
1

2α
(R2 + 2R∆z(T ) +‖λ‖22),

(11)

where ∆z(T ) :=
∑T
t=2

∥∥z∗t−1 − z∗t
∥∥

2
that is the drift

of the best static solution {z∗t }Tt=1.

Using Lemma 3.1, the following theorem guaran-
tees the sublinear regret.

Theorem 3.1. Under Assumptions A.1 - A.3, if
κ = (N + 1)G2 + 1, then the dynamic regret RegdT
is bounded by

RegdT ≤
1

2α
(R2+2R∆z(T ))+

αT

2
[(2D2+(1+N)G2)].

(12)

With α =
√

∆z(T )
T the proposed algorithm yields a

sublinear regret, i.e., RegdT ≤ O(
√
T∆z(T )).

Remark 3.2. The flexibility and scalability of dis-
tributed algorithms enable the proposed solution to
different applications. In particular, it is not limited
to the BESS but it can be applied to different DERs
or other conventional systems that need a solution to
be scalable and flexible (e.g., plug-and-play), by sim-
ply adding these components and the associated con-
straints as long as they maintain the convex property.

4. Case study

In this section a simulation study is conducted to
demonstrate the effectiveness of the proposed dis-
tributed voltage control approach. This simulation
study was performed on a 2.4 GHz Intel Core I5 PC
and the problem was formulated, coded and solved
in the Matlab/Matpower environment. The IEEE
123-bus test feeder (4.16 kV level) [30] is considered.
This section performs several studies to demonstrate
the effectiveness of the proposed control approach
through two distribution systems, a 33-bus test feeder
(12.66 kV level) [31] and a 123-bus test feeder (4.16
kV level) [32], under static and dynamic operating
conditions.

The initial voltage reference vset
n is chosen to be 1

p.u. at each node and the minimum/maximum volt-
age deviations are set as to be ±5%. Then the voltage
references vary according to the current network con-
ditions. A subset of nodes are randomly selected to
install PV panels and BESS. The maximum apparent
power capacity of the inverter is set to be a constant
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value, i.e., sj = smaxp
max
j , where smax is 1.1. The

SoC limits of BESS are 0.2 and 0.8, respectively. The
algorithm parameters α and κ are chosen based on
Theorem 3.1. The sampled time interval is 0.1s and
1s for the static case and the dynamic case, respec-
tively. Although the designed solution is based on the
linearised power flow model of Section 2.2, the actual
voltage magnitudes of the test system are obtained
by solving the AC power flow in Matpower [33] and
used to update the voltage values in (9a) and (9b).
The l∞-norm of v− vset

n is introduced to to quantify
the tracking performance.

Before implementing the proposed solution, we
first illustrate the evaluation of regrets as in Fig. 2.
The results shows our solution can effectively address
the optimization problem in a online manner.

Figure 2: The evaluation of the regret function

4.1. Static operating condition

In this case, 33 ESS and 3 PV panels are installed
in the modified 33-bus test feeder. The DN is sup-
posed to be connected to a TN through Node 10. A
case of multiple DN-TN interfaces and a subset of
nodes installed ESS is proposed in Case 4.2. The dis-
tribution system operating condition is assumed to
be static but TN can update the voltage set-point
of the interface during the simulation process, where
to clearly show the effectiveness these setpoints are
supposed to be different for each ESS. The algorithm
parameters α and κ are chosen based on Theorem 3.1
and γ is set to be 0.5 in this case. Fig. 3 gives the up-
date of voltage magnitudes using the proposed solu-
tion. Fig. 4 shows that the voltage magnitude update
of Node 10 is regulated to its set-point, i.e., vset

n = 1

p.u. at the beginning. While TN updates the set-
point during the system operation, for example 1.02
p.u., the proposed solution can still track the voltage
following the instruction (see, e.g. Fig. 4).

Time [s]

v 
[p

.u
.]

Figure 3: Voltage magnitude using the proposed solution

Time [s]

v 
[p

.u
.]

Figure 4: Voltage magnitude of Node 10

Figure 5: Modified IEEE 123-bus test feeder [30]
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Figure 6: Load and PV profiles [34]

4.2. Dynamic operating condition

In this case study the performance of the proposed
control framework are assessed in a dynamic setting,
showing that the framework is suitable for an on-
line implementation. A modified IEEE 123-bus test
feeder is considered, where 100 residential BESS (1.2
kW rating each) and 3 commercial PV generators (60
kW rating each) are installed. Three TN-DN inter-
connection points are selected for implementing the
TSO requirements and shown in Figure 5, i.e., Node
31, Node 60 and Node 150 [30]. The time-varying
active power profiles of loads and PV plants are gen-
erated based on [34]; the unit is scaled up from W to
kW to be consistent with the case study, as shown
in Fig. 6. One hundred BESS are randomly located
in the network, and the corresponding resistance and
reactance matrices, denoted as Rcc and Xcc respec-
tively, are obtained following the procedure in [35].

A comparison study is carried out to further
demonstrate the improved performance of the pro-
posed approach, where three different control ap-
proaches are tested: i) no voltage control; i i) a fully
decentralised control [36], which can be seen as an
advanced and improved version of the control tech-
niques being tested by TSOs [4, 5]; i ii) the proposed
control approach. The resulting voltage profiles at
each node of the network, including the selected in-
terconnection points, are depicted in Figs. 7-9 based
on the three different control approaches, where the
dash lines are lower and upper voltage limits and the
solid lines are voltage profiles at all network buses.
It can be seen that both the benchmark case of no
voltage control and the decentralised approach are

not able to regulate the voltages at all nodes of the
DN within acceptable ranges, especially during peri-
ods of high PV power generation, as shown in Fig. 7
and Fig. 8. The proposed control framework, on the
other hand, can effectively regulate all the voltages
within the acceptable range, see 9.

Figure 7: No voltage control

Figure 8: Decentralised solution [36]

Figure 9: Proposed method (9) with γ = 20

In addition to this standard control objective, com-
monly considered in practice and in the literature,
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Table 2: Comparative results

No control
Decentralised
control [36]

Proposed
method
(γ = 5)

Proposed
method
(γ = 20)∥∥∥v − vset

n

∥∥∥
∞

0.0897 0.0751 0.0289 0.0097

the proposed approach is able to satisfactorily track
the time-varying voltage references instructed by the
TSO at the selected TN-DN interconnection points,
as illustrated in Fig. 10. Fig. 10 shows the tracking
performance at Node 60; the tracking performance
at the other selected TN-DN connection nodes are
equally satisfactory, yielding a maximum tracking er-
ror of 0.6e−3 at Node 31 and 0.8e−3 at Node 150,
with a similar profile to track as in Fig. 10. Table 2
compares the performance resulting from the control
approaches mentioned above. It can be seen that
the proposed control framework significantly outper-
forms the other two approaches in terms of voltage
regulation. Note that the proposed solution is dis-
tributed and each battery unit only needs to inter-
act with its neighbours. By doing so the proposed
control framework is scalable and the computational
time to calculate BESS setpoints is very short (just
8 milliseconds in the discussed case study).

0 2 4 6 8 10 12

t [h]

0.995

1

1.005

1.01

1.015

1.02

v
 [

p
.u

.]

Node 60

Ref. at Node 60

Figure 10: Voltage tracking performance at the selected TN-
DN connection point Node 60

Furthermore, the performance of the proposed
framework for voltage control can be tuned through
the control parameter γ. The control objectives of the
proposed framework are the voltage profile tracking
of all nodes in N c and the minimisation of voltage
fluctuation at the other nodes, as the voltage con-
trol tracking might affect the voltage profiles at other
nodes. In the case studies presented here we consid-

ered 100 BESS distributed around the system, and
the nodes with BESS have higher weights than the
other nodes. As a result, increasing γ can improve
the voltage profile of all nodes in the network. Be-
sides, larger values of γ produce stronger (and more
expensive) control actions but smaller voltage mis-
matches, in line with the formulation of the objective
function in Section 2.2. It can be seen from Table 2
that a larger value of γ (20) results in a smaller volt-
age deviation and hence tracking error with respect
to the case with a smaller value of γ (5).

(a) The update of voltage profiles

(b) The update of active power outputs

Figure 11: The comparative results when γ is fixed

As shown in Table 2, a larger γ gives priority to the
tracking objective over the BESS operational costs,
therefore BESS will be controlled to deliver a large
amount of power in short time for tracking voltage
setpoints. This may bring additional BESS opera-
tional costs and affect the battery life, as shown in
Fig. 11 and affect the battery life. In this study, γ is
initialized as 1 and increased gradually. It is selected
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to achieve an acceptable tracking performance and
still reduce the impact on battery life. The findings
in Table II are further verified by Figs. 11 - 12, where
the comparative results of different selection of ω and
γ are depicted respectively. In Fig. 11, γ is fixed as
1 and ω is varied from 0.1 to 10, while in Fig. 12,
ω is fixed as 1 and γ is varied from 1 to 15. We can
note that a larger ω results in delivering less BESS
power (therefore smaller operational costs) but in a
poorer tracking performance, whilst γ results in an
improved tracking performance but in larger power
outputs, therefore higher operational costs. These
parameters provide more choices to the system oper-
ators and they can be appropriately set according to
the specific needs of the power system.

(a) The update of voltage profiles

(b) The update of active power outputs

Figure 12: The comparative results when ω is fixed

5. Conclusion

A distributed control scheme is developed for co-
ordinating distributed BESS in DNs to provide real-

time voltage regulation and satisfy the required volt-
age profiles specified by TSOs. An optimisation prob-
lem is formulated to schedule the operation of the
BESS inverters for an efficient and real-time deliv-
ery of voltage support. The optimisation problem is
solved in a distributed fashion using an OCO frame-
work to reduce the computational and communica-
tion costs while adapting to the time-varying network
conditions. The performance of the proposed ap-
proach is verified through case studies showing that it
outperforms the current practice and the existing de-
centralised approaches. Further studies will include
the analysis of the communication network design
and the development of robust approaches to further
compensate the uncertainty coming from renewable
sources and load conditions.

Appendix A. Proof of Lemma 3.1

Upper bounds are firstly introduced. Being zt+1

the optimal solution of (3), one has

(z− zt+1)T (αOzLt(zt,λt) + (z− zt+1)) ≥ 0, ∀z ∈ Z,
(A.1)

which leads to the following upper bound,

α(zt − z)TOzLt(zt,λt) ≤
1

2
‖z− zt‖22 −

1

2
‖zt+1 − zt‖22

− 1

2
‖z− zt+1‖22 + α(zt − zt+1)TOzLt(zt,λt),

(A.2)

where the inequality follows (A.1) and the fact that

(z−zt+1)T (zt+1−zt) = 1
2‖z− zt‖22−

1
2‖zt+1 − zt‖22−

1
2‖z− zt+1‖22 is used. The last term in (A.2) can
be bounded using Cauchy-Schwartz inequality and
Young’s inequality subsequently, i.e.,

α(zt − zt+1)TOzLt(zt,λt) ≤
1

2
‖zt − zt+1‖22

+
α2

2

∥∥OzLt(zt,λt)
∥∥2

2
. (A.3)

The last term in (A.3) is bounded by

∥∥OzLt(zt,λt)
∥∥2

2
=

∥∥∥∥∥∥Oft(zt) +
N∑
i=1

λi,tOgi,t(zi,t)

∥∥∥∥∥∥
2

2

≤ (1 +N)
[∥∥Oft(zt)∥∥2

2
+

N∑
i=1

λi,t
∥∥Ogi,t(zi,t)∥∥2

2

]
≤ (1 +N)G2(1 +‖λt‖22), (A.4)
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where gi,t is the local decoupled constraint, and Assump-
tions A.1 is adopted to obtain the last inequalities. Like-
wise,

‖λ− λt+1‖22 =
∥∥∥λ− [λt + αOλLt(zt,λt)]

+
∥∥∥2

2
≤‖λ− λt‖22

− 2α(λ− λt+1)T (OλLt(zt,λt)) + α2
∥∥OλLt(zt,λt)

∥∥2

2
,

(A.5)

where the nonexpansive property of the projection oper-
ator is used. Similarly,∥∥OλLt(zt,λt)

∥∥2

2
=
∥∥gt(zt)− καλt∥∥2

2
≤ 2D2 + 2(κα)2‖λt‖22 ,

(A.6)

where Assumptions A.3 is adopted to obtain the last in-
equalities.

Lemma 3.1 can be proved now. Noting that z∗t ∈
Z, given λt, due to the convex-concave property of
Lt(zt,λt), one has

Lt(zt,λ)− Lt(z∗t ,λt)

≤ 1

2α

(∥∥z∗t − zt
∥∥2

2
−
∥∥z∗t − zt+1

∥∥2

2
+‖λ− λt‖22

−‖λ− λt+1‖22
)

+
α

2

(∥∥OλLt(zt,λt)
∥∥2

2
+
∥∥OzLt(zt,λt)

∥∥2

2

)
,

(A.7)

where the inequality follows (A.2) and (A.5). Plug-
ging (A.3) and (A.6) into (A.7) and summing up to (A.7)
over T , one has

T∑
t=1

[
Lt(zt,λ)− Lt(z∗t ,λt)

]
≤ 1

2α
‖λ‖22 +

1

2α

T∑
t=1

(∥∥z∗t − zt
∥∥2

2
−
∥∥z∗t − zt+1

∥∥2

2

)
+
α

2

T∑
t=1

(∥∥OλLt(zt,λt)
∥∥2

2
+
∥∥OzLt(zt,λt)

∥∥2

2

)
, (A.8)

where the telescoping sum of
∑T
t=1(‖λ− λt‖22 −

‖λ− λt+1‖22) and the nonnegativity of ‖λ− λT+1‖22 are
used to obtain the inequality. In order to bound the sec-
ond term in (A.8), note that ‖z∗t − zt‖22 −

∥∥zt − z∗t−1

∥∥2

2
=

(z∗t − z∗t−1)T (z∗t − 2zt + z∗t−1) ≤ 2R
∥∥z∗t − z∗t−1

∥∥, where R
is defined by using Assumption A.2, and hence∥∥z∗t − zt

∥∥2

2
−
∥∥z∗t − zt+1

∥∥2

2

=
∥∥z∗t − zt

∥∥2

2
−
∥∥zt − z∗t−1

∥∥2

2
+
∥∥zt − z∗t−1

∥∥2

2
−
∥∥z∗t − zt+1

∥∥2

2

≤ 2R
∥∥z∗t − z∗t−1

∥∥+
∥∥zt − z∗t−1

∥∥2

2
−
∥∥z∗t − zt+1

∥∥2

2
,

(A.9)

summing up over T such as

T∑
t=1

(∥∥z∗t − zt
∥∥2

2
−
∥∥z∗t − zt+1

∥∥2

2

)
≤ 2R

T∑
t=1

∥∥z∗t − z∗t−1

∥∥
+

T∑
t=1

(∥∥zt − z∗t−1

∥∥2

2
−
∥∥z∗t − zt+1

∥∥2

2

)
≤ 2R∆z(T ) +R2,

(A.10)

where the last inequality follows
∑T
t=1

(∥∥zt − z∗t−1

∥∥2

2
−

‖z∗t − zt+1‖22
)

= ‖z∗0 − z1‖ −‖z∗T − zT+1‖. Then plug-

ging (A.2) - (A.6) and (A.8) into (A.7), and rearranging
terms, the result in Lemma 3.1 is yielded.

Appendix B. Proof of Theorem 3.1

Using the definition of the modified Lagrangian (6), for
any λ ≥ 0, one has

T∑
t=1

(Lt(zt,λ)− Lt(z∗t ,λt)) =

T∑
t=1

(ft(zt)− ft(z∗t )) +

T∑
t=1

‖λt‖

+

N∑
i=1

T∑
t=1

(λigi,t(zi,t)− λi,tgi,t(z∗i,t)−
καT

2
‖λ‖22 ≥

T∑
t=1

‖λt‖

+

T∑
t=1

(ft(zt)− ft(z∗t )) +

N∑
i=1

T∑
t=1

λigi,t(zi,t)−
καT

2
‖λ‖22 ,

(B.1)

where the inequality follows z∗t being a feasible solution
and thus gi,t(z

∗
i,t) ≤ 0 and λi,t ≥ 0. Using the result of

Lemma 3.1, it follows that

T∑
t=1

(ft(zt)− ft(z∗t )) +

N∑
i=1

T∑
t=1

λigi,t(zi,t)−
καT

2
‖λ‖22

≤ 1

2α
(R2 + 2R∆z(T ) +‖λ‖22) +

αT

2
[(2D2 + (1 +N)G2)],

(B.2)

where κ = (1 +N)G2 + 1 leads to the last inequality, i.e.
((1 +N)G2 + 2κ2α2−α) ≤ 0. Rearranging terms in both
sides of (B.2) one has

T∑
t=1

(ft(zt)− ft(z∗t )) +

N∑
i=1

T∑
t=1

λigi,t(zi,t)

− (
καT

2
+

1

2α
)

N∑
i=1

λi ≤
1

2α
(R2 + 2R∆z(T ))

+
αT

2
[(2D2 + (1 +N)G2)]. (B.3)
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Note that maximising
∑N
i=1

∑T
t=1 λigi,t(zi,t) − (καT

2
+

1
2α

)
∑N
i=1 λi over λi ≥ 0, i.e., λi =

[
∑T
t=1 gi,t(zi,t)]

+

καT+ 1
α

, ∀i ∈

N , and substituting α =
√

∆z(T )
T

into (B.3) Theorem 3.1

is demonstrated.
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Response to Editor and Reviewers 

 

We would like to thank the Reviewers and the Editor for their valuable comments and suggestions. 

All comments have been carefully addressed and the paper has been revised accordingly taking all 

suggestions into account. Once more, we appreciate the time and effort of Reviewers and Editor 

for improving the quality of the paper. Detailed responses to individual comments are provided 

below. References in the response letter refer to the revised manuscript and to additional references 

provided in this response letter. 

 

Editor 

 

Comments from reviewers were received, while it was agreed that the paper is interesting 

and has some publishable materials, some concerns were raised, primarily on the novelty, 

clarity and applicability which need to be strengthend significantly.  Please address all the 

comments raised by the reviewers, and highlight the changes made in the revised paper. 

Please note that all accepted papers in the Control Engineering Practice need to demonstrate 

the practical applications, the paper needs to strengthen the application element in the 

revised version in particular.  

 

RE: We would like to thank the Reviewers and the Editor for their constructive comments. We 

carefully addressed all the comments in this revision to further clarify the contributions and the 

potential application to power systems. We refer the Editor in particular to our responses to the 

comments 1 and 2 of Reviewer 1 and our responses to the comments of Reviewer 4, which clarify 

the novelty and the technical aspects of our algorithm, which is distributed and not decentralized 

and does not make any strong assumptions and does not decouple the system. Our control 

algorithm has learning and real-time capabilities and provides an optimal solution still considering 

the strong coupling due to the network constraints and power balance. Furthermore, it addresses 

an open problem, which is being investigated by several Transmission System Operators 

worldwide and for which, to the best of our knowledge, there is not any effective control solution 

proposed yet. This aspect, along with the real-time capabilities of the proposed control algorithm 

and the fact that it is non-iterative, make the proposed solution highly likely applicable in practice. 

Furthermore, the proposed solution combines the benefits of online convex optimization (OCO) 

and distributed consensus-based algorithms, which have been verified experimentally and the 

experimental results have confirmed the theoretical findings. In this regards, we refer the Editor to 

our response to the last comment of Reviewer 5.  

 

 

Reviewer 1 

 

In this paper, a control framework is proposed to track voltage setpoints using distributed 

BESS. The topic is interesting. However, the innovation of this paper is unclear and many 

concerns need to be addressed for publication.  

1. The control setpoints of the interconnection points and DERs are not adjusted frequently. 

The control command is issued in minute scale. Compared with the time scale of voltage 

control in DNs, the dynamic adjust of control setpoints can be ignored.  

 

Response to Reviewers



RE: Thank you for raising this point. Indeed, these setpoints have not been traditionally adjusted 

frequently. However, with increased renewable generation capacity in the form of distributed 

energy resources (DER), which displaces conventional transmission connected plants, the 

potential value of DERs to provide network support, not only at a distribution but also at 

transmission level, will need to be explored [1]. There is a clear trend, worldwide, to reduce the 

time scales of grid operation in order to react more promptly to the time varying grid conditions, 

mainly due to the variability of renewable generation. TSOs are exploring more dynamic support 

services, including the voltage services [2] (in the revised manuscript). For instance, the aim of 

Power Potential project [5] (in the revised manuscript) run by the UK TSO, National Grid ESO 

(NG ESO), is to be the first world trial to test the delivery of dynamic voltage support from 

different types of DERs embedded at various voltage levels, including storage assets, whose at 

least 90% of response is to be provided in 2s in order to be effective. Studies conducted by NG 

ESO found that, in order to support frequency and voltage recovery, additional dynamic voltage 

support will be required to replace that which is currently provided by synchronous generation at 

the interconnection points.  

(https://www.nationalgrideso.com/sites/eso/files/documents/SOF%20Report%20-%20Frequency

%20and%20Voltage%20assessment.pdf). 

Within the Power Potential project, it is being explored also a novel concept of reactive power 

market from distributed resources, which will create more flexibility enabling transmission and 

distribution networks to operate more efficiently [2]. With the concept of active distribution 

networks, authors in [3] investigated using DERs at distribution networks to improve voltage 

stability in transmission networks dynamically. The existing literature and launched projects by 

system operators show a need for dynamic and optimal operation of DERs at the distribution level. 

Thus, we aim at providing a technical solution for system operators to control a large number of 

storage assets for dynamical voltage services when needed, whose delivery time is just a few 

seconds. We propose a distributed approach for online voltage regulation and demonstrate its 

scalability and its dynamic tracking capability. The investigated services are provided by tracking 

the dynamic voltage setpoints of the interconnection points, which are calculated in real-time. 

Although there are some works that focus on distributed voltage control (e.g., [17], [20] and [27] 

in the revised manuscript), a few studies put efforts in coordinating multiple storage assets located 

at distribution networks for dynamic services, which are to be provided close to/in real-time, and 

the TSO-DSO interaction. Furthermore, the proposed solution gives the aggregator or the system 

operator the possibility to tune the performance so as to give priority to the voltage tracking 

performance or to the BESS operational costs and lifetime, according to the specific needs and 

preferences. We thus aim to provide a first original contribution to solve the open challenge of 

devising an effective control solution to the need of additional dynamic voltage support from DERs, 

and distributed storage in particular. 

Please, note that the proposed framework can be applied at any time scale of interest; we focused 

on fast dynamic services, however the proposed solution works at any sampling period. The 

following context is added in this revision and shown below for Reviewer’s convenience.  

 

Main Contribution, Section 1, Page 3, “Please note that, although we focus on the time scale of 

interest to dynamic voltage services, the proposed framework can be applied at any time scale and 

sampling period of interest.” 

 

 

https://www.nationalgrideso.com/sites/eso/files/documents/SOF%20Report%20-%20Frequency%20and%20Voltage%20assessment.pdf
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2. In paragraph 5 of Introduction, the author summarized: "None of the existing frameworks 

are able to adapt the control response to dynamic changes in the grid conditions and to 

system voltage variations". The conclusion is not accurate. Many studies have proposed 

many methods to adapt the control response to system voltage variations resulting from 

DERs integration.  

 

RE: Thank you for pointing this out. Indeed, some of the existing studies put efforts in controlling 

DERs for system voltage regulation. However, we would like to emphasize that just a few of them 

have both online and distributed implementation capabilities and none of them consider dynamic 

voltage services, the TN-DN interaction and have such as real-time capabilities, which makes the 

proposed solution truly scalable and flexible, and able to optimally coordinate an arbitrary number 

of BESS located at distribution networks without the need of any central entity and preserving 

privacy. Please, note that the ability to coordinate the BESS optimally (and other performance 

criteria can be considered) is a benefit of the proposed solution, which cannot be achieved by 

decentralized approach, since they do not consider coupling constraints, thus the BESS location in 

the network and the network model. The focus is on BESS, but the proposed framework can be 

extended to DERs in general, included demand, which is the topic of our current work. Although 

a very few studies attempted to design distributed methods, their focus is on regulating voltages 

only at distribution levels, ignoring the requirement of dynamic services and of the transmission 

system (see [16], [17] and [21] in the manuscript). Furthermore, those algorithms are iterative (we 

refer the Reviewer to our response to the comment 3 in this regard). The novelty of our contribution 

is twofold: i) novel control algorithm design, since it combines online convex optimization and 

distributed algorithms in a dynamic and uncertain environment; ii) novel application area, since it 

integrates the dynamic voltage support requirements and the instruction from system operators 

into the control design.  

 

We agree that our conclusive summary may be misleading and revise it in this revision. The revised 

text is shown below for Reviewer's convenience.  

 

Section I, Page 2, "Although there are some existing studies [8, 16, 17, 21] dealing with voltage 

control from DERs, just a few of them have both online and distributed implementation capabilities 

and none of them consider dynamic voltage services, the TN-DN interaction and have such as 

real-time capabilities, which makes the proposed solution truly scalable and flexible, and able to 

optimally coordinate an arbitrary number of BESS located at distribution networks without the 

need of any central entity and preserving privacy. Although a very few studies attempted to design 

distributed methods, their focus is on regulating voltages only at distribution levels, ignoring the 

requirement of dynamic services and of the transmission system. Furthermore, the proposed 

control algorithm is non-iterative, thus providing real-time capabilities, differently from the 

algorithms described in the aforementioned studies, which are iterative, thus without any 

guarantee to converge to an applicable solution within the required time. The novelty of our 

contribution is twofold: i) novel control algorithm design, since it combines online convex 

optimization (OCO)and distributed algorithms in a dynamic and uncertain environment; ii) novel 

application area, since it integrates the dynamic voltage support requirements and the instruction 

from system operators into the control design. Furthermore, the proposed solution gives the 

aggregator or the system operator the possibility to tune the performance so as to give priority to 



the voltage tracking performance or to the BESS operational costs and lifetime, according to the 

specific needs and preferences. " 

 

3. In paragraph 6 of Introduction, the author introduced that the method in this paper is an 

non-iterative control approach. However, how to solve equation (6) in an non-iterative 

manner is not clear.  

 

RE: Thank you for this comment. The major difference between our non-iterative and other 

iterative algorithms is that the solution calculated at each iteration is directly applied without 

having to wait for the final convergence. We prove that the regret function is sublinear, thus the 

sequence of setpoints calculated at each point in time converges to the optimal sequence in few 

time steps. The more aspects of the system are dynamically observed and learned over time, the 

closer the solution gets to the optimal one. The proposed control algorithm has thus adaptive and 

learning capabilities, differently form the other few distributed algorithms existing in the literature 

for voltage control, which are iterative.  Specifically, for those iterative algorithms, multiple sub-

problems have to be solved iteratively at each time step before obtaining the final applicable 

solution for voltage control. Consequently, the response time provided by these iterative 

algorithms cannot always catch up with the fast variations of system conditions, which is the major 

barrier for an online application. In contrast, the proposed approach is based on the online convex 

optimization framework, which sees the optimization as a process and solves the problem 

sequentially. Therefore, the response time is faster than iterative algorithms, and the voltage 

control can be implemented in real-time.  

 

To clarify this, we add the following discussions and implementation details to clarify how the 

algorithm works in the revised paper, copied below for Reviewer's convenience.  

 

Main Contribution, Section 1, Page 3: "Differently from the iterative algorithms, which requires 

solving several sub-problems and thus commit more computational and communication resources, 

the proposed approach is non-iterative and solves the problem sequentially following the OCO 

framework, which regards the optimization as a process. Only one iteration is performed at each 

point in time, and the obtained reactive and active power setpoints are applied directly to track 

voltage references, resulting in a faster response time. " 

 

Section 3.3.2, Page 7, “The calculation of setpoints at each time step can be concluded as 

 

 Obtain the local bus voltage magnitude 𝑣𝑖,𝑡−1 

 Update the active and reactive power according to (9a) – (9b) with projection operations 

to guarantee they are within the feasible ranges. 

 Exchange the active and reactive power with neighboring storage systems 

 Update Lagrangian multipliers according to (10).” 

 

4. In the paragraph following equation (3), the author introduces that in the simulation study, 

p_b and q_b are calculated by using a fully AC power flow model. However, the power flow 

in equation (1) is linearized Distflow model. Why the fully AC power flow model is used in 

simulation, rather than the linearized Distflow model.  

 



RE: Thank you for this comment. The linearized Distflow model is used only in the algorithm 

design in order to formulate a convex problem and facilitate the convergence analysis and the 

calculations to be performed. The setpoints are calculated based on a linearized power flow model 

and also based on current voltage measurements. Although the use of a linearized power flow 

model has been proved to be efficient, it still brings some numerical inaccuracy. In order to further 

improve the control performance, we equip the control algorithm with learning capabilities 

following a dynamic OCO framework. In order to more realistically assess the control performance, 

however, the simulation environment needs to be as close as possible to the real one, therefore the 

simulations of the power system use the fully AC power flow model. The calculated power 

setpoints are applied to the simulated power system, whose response is based on these power 

setpoints, but also on the AC power flow. We can thus have a more realistic picture of the response 

of the real system to the application of the setpoints calculated by the proposed algorithm.   

 

 

5. In equation (6), the local constraints (3c) - (3g) are not contained.  

 

RE: Thank you for this comment. The major difficulty in the design of a distributed algorithm is 

handling the coupling system-wide constraints (Eq. 3b in Problem 3), so the description of the 

algorithm focuses mainly on this aspect. The local constraints for each agent, 3c-3g, define the 

local set Z (as indicated in the first column of page 6 in the revised manuscript), which is what is 

used in the description of the algorithm. Therefore, only coupled constraints are included in (6), 

whilst the local constraints are addressed using the projection operations in (9a) – (9b).   

 

6. The solution method in equation (8) brings calculation errors, which should be carefully 

demonstrated in the simulation part.  

 

RE: Thank you for the suggestion. Equation (8) is part of the algorithm design and the dual 

variables are updated by performing the simple operations of derivation and max, as indicated in 

this equation. As explained in our response to the comment 3, in this revision, we add the 

evaluation of the regret function yielded in simulations, which measures the performance or 

accuracy of an OCO-based algorithm (it basically gives an estimation of the “error” in the solution, 

how much the obtained solution deviates from the optimal one). As shown in Figure 1 below 

(Figure 2 in the revised manuscript), the regret, thus the error, converges to almost zero after just 

a few time steps; after that, we can conclude our solutions are as good as the optimal ones in 

hindsight. Theorem 3.1 and its proof guarantee that this is achieved by any application of the 

proposed algorithm, since it is proven that the regret function is sublinear (i.e., it learns and 

produces a smaller error as time grows). 

 



 
Figure 1. The evolution of the regret function. 

 

Again, we thank the Reviewer for the careful review and insights. We hope our revision 

addresses all the constructive comments. 

 

 

Reviewer 2 

 

This paper proposes a decentralized solution for voltage regulation at Transmission and 

Distribution interconnection points. The authors formulate an optimal power flow problem 

with voltage-tracking objective and then use a modified OCO framework to solve the 

problem in a decentralized manner to select the BESS setpoints. This is a very interesting 

and timely problem. The paper is well written. 

 

Thank you very much for your positive comment. 

 

1. Why is the paper focused on BESS systems and generally on DERs? Besides the obvious 

operation constraints, I don't envision major differences in the methodology. 

 

RE:  Thank you for raising this point. The methodology would indeed be applicable generally to 

DERs. In this paper, we mainly focus on BESS because of their fast response time, for their 

flexibility and capability to compensate for the variability of renewable generation, as well as 

because it is expected that a very large number of them will be more and more available at 

distribution networks (please, note that electric vehicles can be regarded, in this context, as mobile 

storage devices which could be handled by the proposed framework because of its plug and play 

feature, therefore because of its capability to handle storage systems connecting and disconnecting 

at any point in time). In general, as the number of DERs increases and displaces conventional 

transmission connected plants, several projects have been launched by system operators, e.g., 

National Grid, UK, to explore their potential value to provide network support, not only at a 

distribution but also at transmission level. In particular, the fast-varying renewable generation is 

at a time scale that is not consistent with conventional voltage control using on-load tap changers, 



step voltage regulators, and shunt capacitors. To address this, we propose an online and distributed 

solution for BESS systems. However, the proposed solution is not limited to the BESS but it can 

be applied to different DERs or other conventional systems by simply adding these components 

and the associated constraints as long as they maintain the convex property. We are currently 

extending our framework to unlock the benefit afforded by a combination of diversified DERs. 

 

In this revision, we add the following remark to clarify the capability of handling different DERs.  

 

Remark 3.2, Section 3.4, Page 8, “The flexibility and scalability of distributed algorithms enable 

the proposed solution to different applications. In particular, it is not limited to the BESS but it 

can be applied to different DERs or other conventional systems that need a solution to be scalable 

and flexible (e.g., plug-and-play), by simply adding these components and the associated 

constraints as long as they maintain the convex property.” 

 

2. Can you explain the reasoning behind the multiple T&D interconnection points of the 123 

bus test system? To the best of my knowledge, DNs are rarely (if even) operate with multiple 

TN connection for fault protection reasons. 

 

RE: Thank you for the comment. New grid concepts for grid operation, e.g., microgrid, bring a 

change in distribution system operation and topological network structure [4]. Traditionally these 

interconnection points have existed for the purpose of delivery of energy to a distribution network, 

however, because of the growth of generation connected at distribution level, increasingly they are 

also being required to export power onto the transmission network. This may lead to additional 

investment in transmission infrastructure. Therefore, we include more interconnection points in a 

distribution system to cover the new structure in emerging power systems and attempt to 

demonstrate the capability of the proposed solution in this new setting. More interconnection 

points need to be considered as satisfying one might create problems for other points. The tracking 

problem in such new setting is complicated, which has not been fully addressed and needs more 

investigation. This paper provides a contribution to this challenge. 

 

3. What is the reason behind using \Delta(u) as a performance indicator? It shows deviation 

from the base (uncontrolled) but higher deviation doesn't really mean better or worse. The 

l_\inty norm on the voltage deviation from setpoint is enough in my opinion. 

 

RE: Thank you for the useful suggestion. Indeed, the 𝑙∞ norm would be enough for verifying the 

tracking performance. We initially wanted to define a performance indicator for the tracking 

performance and one for the voltage deviation. However, we agree on the point raised by the 

Reviewer and we consider only the infinity norm as performance indicator, where all the network 

nodes are included. Please note that this performance indicator includes all the nodes in the 

network, thus it assesses both the tracking performance at the TN-DN interconnection points and 

the voltage deviation in the other nodes of the network. The paper has been revised accordingly.  

 

4. Can you discuss the best selection of \gamma for the algorithm? While the impact is shown 

on the performance (Table 2), it vaguely mentions a trade-off between performance and 

BESS size. 

 



RE: Thank you for the question. The two weights, i.e., γ > 0 and ω > 0, are designed to balance 

the voltage regulation and BESS power provision cost. A larger value of 𝛾 will give priority to the 

tracking objective over the BESS operational costs, therefore BESS will be controlled to deliver a 

large amount of power for tracking voltage setpoints. This may bring additional BESS operational 

costs and affect the battery life. A lower value of 𝛾 will penalize the tracking objective and aim at 

limiting the BESS operational costs and their power outputs as a consequence, thus preserving the 

battery itself. In the simulation study, 𝛾 is initialized to 1 and increased gradually. It is selected to 

achieve an acceptable tracking performance and still reduce the impact on battery life.  

 

We add the Figures 11 and 12 (page 12 in the revised manuscript), which show the impact of the 

two tuning parameters on the power outputs, and the following text in this revision, which is shown 

below for the Reviewer's convenience.  

 

Section 4.2, Page 11: "As shown in Table II, a larger 𝛾 gives priority to the tracking objective over 

the BESS operational costs, therefore BESS will be controlled to deliver a large amount of power 

in short time for tracking voltage setpoints. This may bring additional BESS operational costs and 

affect the battery life, as shown in Fig. 11, and affect the battery life. In this study, 𝛾 is initialized 

to 1 and increased gradually. It is selected to achieve an acceptable tracking performance and 

still reduce the impact on battery life. The findings in Table II are further verified by Figs. 11 - 12, 

where the voltage profiles and the power outputs obtained by setting different values of ω and γ 

are depicted, respectively. In Fig. 11, γ is fixed to 1 and ω is varied from 0.1 to 10, while in Fig. 

12, ω is fixed to 1 and γ is varied from 1 to 15. We can note that a larger ω results in delivering 

less BESS power (therefore smaller operational costs) but in a poorer tracking performance, 

whilst a larger 𝛾  results in an improved tracking performance but in larger power outputs, 

therefore higher operational costs. These parameters provide more choices to the system operators, 

and they can be appropriately set according to the specific needs of the power system." 

 

 

5. In the definition of equation (2) in page 4, you define (2) as a rewrite of (2). 

 

RE: We apologize for this typo. This mistake has been amended, and meanwhile, we have carefully 

proofread the paper to avoid similar mistakes and typos.  

 

6. In page 4, the deviation of v_h^{set} should be [v_1^{set}(t), ..., v_h^{set}(t), ..., 

v_{N_h}^{set}(t)] 

 

RE: We apologize for this mistake. It has been addressed in this revision.  

 

7. Figure 1 is hard to read. 

 

RE: Thank you for pointing this out. We have redrawn Figure 1 for better readability.  

 

8. In the Figures 2-3, what is the time index unit? Can you convert to SI (s/m/h)? 

 



RE: Thank you for the comment. The time scale setting does not affect the performance of the 

proposed solution, which can be applied with different time scales. The unit of time in this study 

is the second, which is added in this revision. 

 

Again, we thank the reviewer for the careful review and insights. We hope our revision 

addresses all the constructive comments. 

 

 

Reviewer 4 

 

The paper presents a distributed control approach for battery storage to ensure voltage 

regulation at TN-DN interconnection points. The paper is fairly well written and formulation 

of the problem has been presented in a systematic manner. 

 

1. In equation (3a), the author presents the weight parameter omega applied to the battery 

costs however no further mention of this is made in section 4, could the author clarify on the 

value chosen with this parameter and how variations of parameter gamma affect the battery 

costs if applied. 

 

RE: Thank you for raising this point. The tuning parameters 𝜔 and 𝛾 are introduced to provide the 

storage aggregators or the system operators with the possibility to tune the control performance 

according to specific operational concerns. A larger value of 𝛾 will give priority to the tracking 

objective over the BESS operational costs, therefore BESS will be controlled to deliver a large 

amount of power for tracking voltage setpoints. This may bring additional BESS operational costs 

and affect the battery life. A lower value of 𝛾 will penalize the tracking objective and aim at 

limiting the BESS operational costs and their power outputs as a consequence, thus preserving the 

battery itself. In the simulation study, 𝛾 is initialized to 1 and increased gradually. It is selected to 

achieve an acceptable tracking performance and still reduce the impact on battery life. To better 

illustrate their impacts on the performance, we add the Figures 11 and 12 (page 12) to the revised 

manuscript, as well as the following text:  

 

Section 4.2, Page 11: "As shown in Table II, a larger 𝛾 gives priority to the tracking objective over 

the BESS operational costs, therefore BESS will be controlled to deliver a large amount of power 

in short time for tracking voltage setpoints. This may bring additional BESS operational costs and 

affect the battery life, as shown in Fig. 11, and affect the battery life. In this study, 𝛾 is initialized 

to 1 and increased gradually. It is selected to achieve an acceptable tracking performance and 

still reduce the impact on battery life. The findings in Table II are further verified by Figures 11 - 

12, where the voltage profiles and the power outputs obtained by setting different values of ω and 

γ are depicted, respectively. In Fig. 11, γ is fixed to 1 and ω is varied from 0.1 to 10, while in Fig. 

12, ω is fixed to 1 and γ is varied from 1 to 15. We can note that a larger ω results in delivering 

less BESS power (therefore smaller operational costs) but it also leads to a poorer tracking 

performance, whilst a larger 𝛾 results in an improved tracking performance but in larger power 

outputs, therefore higher operational costs. These parameters provide more options to the system 

operators and they can be appropriately set according to the specific needs of the power system." 

 



2. The author has presented the algorithm performance in section 4, however, the effect of 

the control requirement to the battery power has not been outlined, the author could 

consider presenting the effects on the battery active and reactive power injections to further 

enhance self further analysis of the viability of the solution presented. 

 

RE: Thank you for this comment. In the revised manuscript, we added the following figures (Fig. 

11(b) and Fig. 12 (b) in the manuscript, page 12) to illustrate the impact of the application of the 

proposed control algorithm on power injections, highlighting the impact of the selection of the 

tuning parameters on the performance. We also added appropriate narrative to comment these 

results, as included in our response to the Reviewer’s comment 1.  

 

  
(a) Fixed 𝛾                                                                   (b) Fixed 𝜔  

 

Figure 3. Active power outputs for different values of 𝛾 and 𝜔 

 

3. Could the author comment on the physical practically of the solution presented given the 

need to install battery units on over 80% of the distribution nodes. 

  

RE: Thank you for the question. The proposed solution does not require such amounts of BESS 

installed in the distribution nodes, and no assumption on the number of BESS is needed. However, 

it is expected that the future distribution networks will have a large number of units as controllable 

devices for voltage regulation [5]. There is indeed a need for coordinating a large number of BESS 

in a fast and scalable manner. Therefore, we considered a large number of BESS in the discussed 

case studies to show that the proposed solution is scalable and can handle an arbitrary number of 

BESS. However, as the Reviewer correctly pointed out, a large number of (small size) BESS would 

be needed provide an effective response; there are still not a significant number of storage devices 

at distribution networks, but this number is expected to increase significantly in the near future. 

We can think of the electric vehicles as well, which could be integrated in the proposed 

methodology, because of its plug and play capability and the fact that electric vehicles can be 

regarded as mobile storage devices in this context.  

 

Again, we thank the reviewer for the careful review and insights. We hope our revision 

addresses all the constructive comments. 

 

 

Reviewer 5 



 

Decentralized control for large scale linear systems have been intensively researched in the 

literature, the paper reformulates the problem within the agent-based framework to enable 

battery storage systems to be connected to distribution networks for voltage tracking 

demanded by transmission system operators. A convex optimization function is designed to 

derive the optimal charging/discharging power from battery storage systems. The paper is 

not well written, seems written in a rush with quite a few flaws and errors, hence it is not 

easy to follow the logic. There are a few strong assumptions in the proposed approach, hence 

making the optimization problem easy to solve, no different from decentralised control of 

traditional linear systems with weakly coupled subsystems. Note that the journal only accepts 

papers with practical elements, the paper needs to validate the proposed methods either in 

the laboratory experiments (e.g. at least using real-time simulators) or demonstrate the 

practicality of the proposed approach on one way or another.  

 

Re: Thank you for the comments. We would like to point out that the proposed algorithm is not 

decentralized but distributed and that the made assumptions are not strong, nor decouple the system. 

The assumptions made are relevant to the control design and to the proofs, but do not make any 

assumptions on the structure or layout of the real power systems. These assumptions are standard 

within the OCO framework, and online optimization has been validated against empirical results, 

however in different fields, and in particular compressed sensing of a dynamic scene, traffic 

surveillance, tracking self-exciting point processes and network behavior in the Enron email 

corpus. All the experimental results support the core theoretical findings [7]. 

The coupling we consider is strong and not weak (e.g., the power balance constraint is considered 

and each calculated solution guarantees its satisfaction), which is the main reason for resorting to 

distributed and not decentralized algorithms (as we illustrate in page 2, where we discuss the 

various control approaches to voltage regulation in distribution networks). We address an open 

challenge. In fact, with increased renewable generation capacity in the form of distributed energy 

resources (DER), which displaces conventional transmission connected plants, the potential value 

of DERs to provide network support, not only at a distribution but also at transmission level, will 

need to be explored [1]. There is a clear trend, worldwide, to reduce the time scales of grid 

operation in order to react more promptly to the time varying grid conditions, mainly due to the 

variability of renewable generation. TSOs are exploring more dynamic support services, including 

the voltage services [2] (in the revised manuscript). For instance, the aim of Power Potential project 

[5] (in the revised manuscript) run by the UK TSO, National Grid ESO (NG ESO), is to be the 

first world trial to test the delivery of dynamic voltage support from different types of distributed 

energy resources (DER) embedded at various voltage levels, including storage assets, whose at 

least 90% of response is to be provided in 2s in order to be effective. Studies conducted by NG 

ESO found that to support frequency and voltage recovery, additional dynamic voltage support 

will be required to replace that which is currently provided by synchronous generation at the 

interconnection points.  

(https://www.nationalgrideso.com/sites/eso/files/documents/SOF%20Report%20-%20Frequency

%20and%20Voltage%20assessment.pdf). The existing literature and launched projects by system 

operators show a need for a control solution to manage dynamic and optimal operation of DERs 

at the distribution level, which thus is not yet available. 

Therefore, we aim at providing a technical solution to an open problem focusing on BESS, for 

controlling a large number of storage assets to provide dynamical voltage services when needed. 

https://www.nationalgrideso.com/sites/eso/files/documents/SOF%20Report%20-%20Frequency%20and%20Voltage%20assessment.pdf
https://www.nationalgrideso.com/sites/eso/files/documents/SOF%20Report%20-%20Frequency%20and%20Voltage%20assessment.pdf


We propose a distributed approach for online voltage regulation and demonstrate its scalability 

and its dynamic tracking capability. Some of the existing studies put efforts in controlling DERs 

for system voltage regulation. However, we would like to emphasize that just a few of them have 

both online and distributed implementation capabilities and none of them consider dynamic 

voltage services, the TN-DN interaction and have such as real-time capabilities, which makes the 

proposed solution truly scalable and flexible, and able to optimally coordinate an arbitrary number 

of BESS located at distribution networks without the need of any central entity and preserving 

privacy. Furthermore, the proposed solution gives the aggregator or the system operator the 

possibility to tune the performance so as to give priority to the voltage tracking performance or to 

the BESS operational costs and lifetime, according to the specific needs and preferences. Please, 

note that the ability to coordinate the BESS optimally (and other performance criteria can be 

considered) is a benefit of the proposed solution, which cannot be achieved by the existing 

decentralized approach, since they do not consider coupling constraints, thus the BESS location in 

the network and the network model. The focus is on BESS, but the proposed framework can be 

extended to DERs in general, included demand, which is the topic of our current work. Although 

a very few studies attempted to design distributed methods for voltage regulation, their focus is on 

regulating voltages only at distribution levels, ignoring the requirement of dynamic services and 

of the transmission system (see [16], [17], [21], [27] in the manuscript). Furthermore, most of the 

existing decentralized/distributed algorithms are iterative, whilst our proposed one is non-iterative. 

The major difference between our non-iterative and other iterative algorithms is that the solution 

calculated at each iteration is directly applied without having to wait for the final convergence. We 

prove that the regret function is sublinear, thus the sequence of setpoints calculated at each point 

in time converges to the optimal sequence in few time steps (just 4 or 5 in our case study, as shown 

in Figure 2, page 9). The more aspects of the system are dynamically observed and learned over 

time, the closer the solution gets to the optimal one. The proposed control algorithm has thus 

adaptive and learning capabilities, differently form the other few distributed algorithms existing in 

the literature for voltage control, which are iterative.  Specifically, for those iterative algorithms, 

multiple sub-problems have to be solved iteratively at each time step before obtaining the final 

applicable solution for voltage control. Consequently, the response time provided by these iterative 

algorithms cannot always catch up with the fast variations of system conditions, which is the major 

barrier for an online application. In contrast, the proposed approach is based on the online convex 

optimization framework, which sees the optimization as a process and solves the problem 

sequentially. Therefore, the response time is faster than iterative algorithms, and our proposed 

solution can be implemented in real-time.  

The novelty of our contribution is thus twofold: i) novel control algorithm design, since it 

combines online convex optimization and distributed algorithms in a dynamic and uncertain 

environment; ii) novel application area, since it integrates the dynamic voltage support 

requirements and the instruction from system operators into the control design.  

 

To clarify this, we add the following discussions and implementation details in the revised paper, 

copied below for Reviewer's convenience.  

 

Section I, Page 2, "Although there are some existing studies dealing with voltage control from 

DERs, just a few of them have both online and distributed implementation capabilities and none 

of them consider dynamic voltage services, the TN-DN interaction and have such as real-time 

capabilities, which makes the proposed solution truly scalable and flexible, and able to optimally 



coordinate an arbitrary number of BESS located at distribution networks without the need of any 

central entity and preserving privacy. Although a very few studies attempted to design distributed 

methods, their focus is on regulating voltages only at distribution levels, ignoring the requirement 

of dynamic services and of the transmission system. Furthermore, the proposed control algorithm 

is non-iterative, thus providing real-time capabilities, differently from the algorithms described in 

the aforementioned studies, which are iterative, thus without any guarantee to converge to an 

applicable solution within the required time. The novelty of our contribution is twofold: i) novel 

control algorithm design, since it combines online convex optimization and distributed algorithms 

in a dynamic and uncertain environment; ii) novel application area, since it integrates the dynamic 

voltage support requirements and the instruction from system operators into the control design. 

Furthermore, the proposed solution gives the aggregator or the system operator the possibility to 

tune the performance so as to give priority to the voltage tracking performance or to the BESS 

operational costs and lifetime, according to the specific needs and preferences. " 

 

Main Contribution, Section I, Page 3: "Differently from the iterative algorithms, which requires 

solving several sub-problems and thus commit more computational and communication resources, 

the proposed approach is non-iterative and solves the problem sequentially following the OCO 

framework, which regards the optimization as a process. Only one iteration is performed at each 

point in time, and the obtained reactive and active power setpoints are applied directly to track 

voltage references, resulting in a faster response time. " 

 

We also carefully proofread the manuscript to amend typos. 

 

Apart from the above general comments, specific comments are given below: 

1. Table 1 is far from completion, quite a few key parameters are not defined in this table, 

like \gamma in (3a), \p_i^{b,-}, \p_i^{b,+ } in (3c) and (3d), \lambda in (6), \alpha in (7), \H_r, 

\H_x, \H_{x/r} in (9a), etc… This makes the paper quite difficult to follow.  

 

RE: Thank you for raising this point. These algorithm parameters were introduced when describing 

the algorithm design, since they are related to it. We agree with the reviewer that these parameters 

should also be included in Table 1 for the reader’s convenience, and we added them in this revision.   

 

2. (1c) is wrong, and it does not make sense at all. The paper seems failed to use the correct 

linearized model. The second P_{ij} should be a mapping of the reactive power, not the active 

power. But overall, they should not be the P_{ij} and Q_{ij}, rather, these two quantities 

should be affine mappings. Details could refer to ref [1] listed at the end of the comments. 

 

RE: We thanks the Reviewer and apologize for the mistake. This is a typo that should be 𝑄𝑖𝑗. It 
has been amended in this revision. The Linearized Distflow model used in this paper has been 

widely adopted in the study of voltage control (see [15] [16] [20] [21] [24] [27] [28] in the 

manuscript), particularly in distributed voltage regulation. Therefore, this work utilizes this 

linearized model in the control design based on recent studies. Please, note that the linearized 

Distflow model is only used in the algorithm design in order to formulate a convex problem and 

facilitate the convergence analysis and the calculations to be performed. In order to more 

realistically assess the control performance, however, the simulation environment needs to be as 

close as possible to the real one, therefore the simulations of the power system use the fully AC 



power flow model. The calculated power setpoints are applied to the simulated power system, 

whose response is based on these power setpoints, but also on the AC power flow. We can thus 

have a more realistic picture of the response of the real system to the application of the setpoints 

calculated by the proposed algorithm.   

 

3. There are quite a few design parameters, e.g. in (3a), (6), (9a), and theorem 3.1 only gives 

a very generic framework to define the conditions of a couple parameters in order to make 

the system converge, how these parameters affect the performance are largely ignored, 

though only in the simulation section the choice of \gamma in (9a) is discussed. The 

simulation section needs to be significantly strengthened.  

 

RE: Thank you raising this point. Please, note that there are only two tuning parameters (the other 

parameters are the network resistances and reactances and the BESS related ones, i.e., efficiencies 

and capacities), which can be set by the system operators according to specific needs and concerns. 

More importantly, those parameters do not have any impact on the convergence properties of the 

proposed algorithm (there is not any values of 𝛾 and 𝜔 that make the algorithm solution deviate 

from the optimal one). In order to better show the convergence properties and the impact of the 

choice of the tuning parameters on the control performance, we extended the simulation section. 

We included the analysis of the regret function to show that it approaches zero after just 4 or 5 

time steps, thus converging to the optimal solution in very short time, as depicted in the added 

Figure 2 in the revised manuscript, which is copied here for the Reviewer’s convenience. 

 
Figure 1. The evolution of the regret function. 

 

In the revised manuscript we also analyzed the impact of the parameters 𝛾 and 𝜔 on the control 

performance. The tuning parameters 𝜔 and 𝛾 are introduced to provide the storage aggregators or 

the system operators with the possibility to tune the control performance according to specific 

operational concerns. A larger value of 𝛾 will give priority to the tracking objective over the BESS 

operational costs, therefore BESS will be controlled to deliver a large amount of power for tracking 

voltage setpoints. This may bring additional BESS operational costs and affect the battery life. A 

lower value of 𝛾 will penalize the tracking objective and aim at limiting the BESS operational 

costs and their power outputs as a consequence, thus preserving the battery itself. In the simulation 



study, 𝛾 is initialized to 1 and increased gradually. It is selected to achieve an acceptable tracking 

performance and still reduce the impact on battery life. To better illustrate their impacts on the 

performance, we add the Figs. 11 and 12 (page 12 in the revision) to the revised manuscript, which 

we include below. 

 

 
(a) Voltage profiles                         (b) Active power outputs 

 

Figure  4. Comparative results for fixed 𝛾.  
 

 
(a) Voltage profiles                                           (b) Active power outputs 

 

Figure  5. Comparative results for fixed 𝜔. 

 

 

We included also the following text:  

 

Section 4.2, Page 11: "As shown in Table II, a larger 𝛾 gives priority to the tracking objective over 

the BESS operational costs, therefore BESS will be controlled to deliver a large amount of power 

in short time for tracking voltage setpoints. This may bring additional BESS operational costs and 

affect the battery life, as shown in Fig. 11, and affect the battery life. In this study, 𝛾 is initialized 

to 1 and increased gradually. It is selected to achieve an acceptable tracking performance and 

still reduce the impact on battery life. The findings in Table II are further verified by Figures 11 - 

12, where the voltage profiles and the power outputs obtained by setting different values of ω and 

γ are depicted, respectively. In Fig. 11, γ is fixed to 1 and ω is varied from 0.1 to 10, while in Fig. 

12, ω is fixed to 1 and γ is varied from 1 to 15. We can note that a larger ω results in delivering 

less BESS power (therefore smaller operational costs) but it leads to a poorer tracking 



performance, whilst a larger 𝛾 results in an improved tracking performance but in larger power 

outputs, therefore higher operational costs. These parameters provide more options to the system 

operators and they can be appropriately set according to the specific needs of the power system." 

 

 

4. Remark 3.1 gives a very strong assumptions, making the subsystems almost decoupled.    

 

RE: Thank you for the comment. Please, note that Remark 3.1 does not make any assumptions on 

the network structure or decouple the subsystem, but it just explains how nodes without any storage 

units can be modeled and integrated in the proposed control framework. It just provides the reader 

with several alternative options when applying the proposed solution. We assume that the 

comment of the Reviewer might refer to the second option, where 𝑅 and 𝑋 can be decomposed 

following the reference [29] (in the revised manuscript). However, we would like to highlight that 

this does not decouple the subsystem as well. This method, rather than decoupling the system, just 

uses the block decomposition approach to rearrange the elements in 𝑅 and 𝑋 based on the node 

controllability since the control solution is only developed for the node with controllable devices 

(BESS). It just provides an equivalent mathematical description of the same system, without any 

decoupling or any assumption on the coupling between the sub-systems. Furthermore, it should be 

noted that the proposed solution utilizes the first option without decomposing 𝑅 and 𝑋. We take 

advantage of the sparse nature of the inverse of 𝑅 and 𝑋 to design the solution without decoupling 

the system.  

 

5. In addition to strengthen the simulation section, the practicality of the proposed approach 

should be strengthened in order that the paper is acceptable in this journal - the journal only 

primarily accepts papers with practical applications. 

 

RE: Thank you for the suggestion. Indeed, a real implementation would be ideal, however an 

experimental study for such a large-scale system would be too hard to arrange, since such a number 

of BESS is not still not available. Furthermore, because of the pandemic, laboratories were closed 

most of the time and it was not possible to plan for any experimental work. The possibility of 

performing hardware in the loop experiments is currently being explored. We would like to 

emphasize that the proposed solution combines the benefits of online convex optimization (OCO) 

and distributed consensus-based algorithms. However in different application areas, both these 

algorithms have been verified experimentally, e.g., [6] for online optimization and [7] for voltage 

regulation. The experimental results have confirmed the theoretical findings. We strove to make 

our simulation environment as accurate as possible (see, for instance, our response to the 

Reviewer’s comment 2). These aspects above, along with the real-time capabilities of the proposed 

control algorithm and the fact that it is non-iterative, make the proposed solution highly likely 

applicable in practice.  

The implementation in practical systems would be one of the key directions in our future works.  

 

Again, we thank the reviewer for the careful review and insights. We hope our revision 

addresses all the constructive comments. 
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