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A B S T R A C T   

This paper introduces an adaptive sequential droop control strategy for PV inverters to mitigate voltage rise 
problems in PV-rich LV distribution networks. To facilitate the effective coordination of sequential (Q − V and 
P − V) droop control of PV inverters, multiple control areas with the strong coupling nature of PV systems are 
identified based on the ε-decomposition technique. The droop control parameters are tuned and adapted, based 
on a consensus among PV inverters within each control area. This proposed control strategy inherits the 
autonomous feature of the droop control for coping with voltage rise issues while being able to avoid curtailing a 
significant amount of PV production. To evaluate the effectiveness of the proposed control strategy, simulations 
using MATLAB/Simulink are performed on a real European LV distribution network, considering a PV pene-
tration level of about 150%. The obtained results highlight that the proposed control strategy successfully 
mitigates voltage rise problems while significantly reducing the amount of curtailed PV generation by approx-
imately 35.6% and 76.2% when compared with the static sequential droop control and the static Q − V droop 
control and adaptive P − V droop control, respectively. Simultaneously, the effective contribution among all the 
PV systems towards voltage rise mitigation is obtained.   

1. Introduction 

Recently, the integration of residential-scale PV systems is acceler-
ating in low-voltage (LV) distribution networks, which poses technical 
challenges regarding power quality and reliability [1]. One of the 
foremost issues is the voltage rise, which becomes a major limiting factor 
for further PV deployment [2]. Lack of proper solutions to this problem 
results in on-off switching of PV units activated by the internal protec-
tion [3]. Subsequently, this leads to loss of energy yields of PV systems as 
well as causes damages to the electrical appliances. 

To address voltage rise problems, a number of solutions can be found 
in the literature, including network reinforcement, capacitor bank in-
stallations, transformer tap changer adjustment, electrical energy 
storage-based methods, and PV inverter control [4,5]. Among these, 
controlling PV inverters to regulate its output active and/or reactive 
powers emerges as a promising solution [6], especially considering that 
they can be implemented locally, embedded in the inverter’s control 
system, while simultaneously complementing the already existing 
voltage control infrastructure. Various control methods based on 

reactive power absorption (RPA) have been proposed [7–10]. These 
methods apply control rules based on the network state, e.g., voltage 
magnitude or power quality indices, to regulate the amount of absorbed 
reactive power by the inverters. The voltage magnitude at the point of 
connection (POC) of the inverter, subsequently, is reduced. The RPA 
scheme can be implemented using cosϕ(P), cosϕ(PV), or Q − V droop 
control, of which Q − V droop control is widely used [9]. Nevertheless, 
RPA by itself is unable to sufficiently solve voltage rise problems due to 
the high R/X ratios in LV distribution networks, and the limited reactive 
power capacity of the PV inverters [4]. Alternatively, active power 
curtailment (APC), which decreases output active power of PV inverters 
to reduce the voltage level at the POC, has shown to be more effective 
[11,12]. The APC scheme can be based on P − V droop control or vol-
tage/active power sensitivity [13]. Among these, the P − V droop con-
trol is most widely utilized [14]. However, this scheme directly leads to 
losses of PV owners’ revenue due to generation reductions. A combi-
nation of RPA and APC has been reported in [15–17] to be more 
promising for voltage rise mitigation. This type of combined method 
helps to mitigate voltage rise issues with a decreased amount of curtailed 
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active power, as shown in [18]. However, a major disadvantage of this 
approach is the unfair contribution of active power curtailment among 
PV units to voltage rise prevention. This brings PV owners to a disad-
vantageous position as they have fewer opportunities to export the 
surplus PV generation. Thus, they might cease to deploy the voltage rise 
prevention or even protest against it [19]. Hence, from the customer 
perspective, the unfair curtailment should be effectively managed. 

One of the solutions to the effective contribution of PV systems to-
wards mitigating voltage rise problems is the fairness of active power 
curtailment as proposed in [20–24]. The work in [20] adopted the 
sensitivity matrix to fairly curtail active power. However, reactive 
power control of PV inverters was not considered while the method fully 
relied on a central controller. The method in [21] combined RPA and 
APC scheme for PV inverters, where the coordinated control algorithm is 
implemented by a central controller. Such centralized methods heavily 
depend upon extensive high-bandwidth communication networks along 
with a large number of interconnected devices making the system 
vulnerable to a single point-of-failure and costly to be deployed [25]. In 
contrast, distributed control uses a sparse communication network with 
a significantly low bandwidth requirement, which enables this type of 
control architecture to be less costly and less complex. Considering the 
widespread integration of residential-scale PV units, distributed control 
is potentially practical to replace centralized control. The method in 
[22] employed a distributed control scheme to obtain fair generation 
curtailment of PV systems. However, this method excludes the RPA 
scheme for PV inverter control. A common feature of these three 
methods is that the coordinated control algorithm provides the set 
points of active power values for PV inverters. Meanwhile, the interac-
tion between the droop control and the coordinated control has not been 
discussed. In [23] an adaptive droop-based approach for PV systems is 
presented to tackle voltage rise by firstly absorbing reactive power and 
then fairly curtailing active power. The necessity to know the droop 
control parameters of other PV systems and a complex signaling pattern 
to recognize the voltage violation conditions are the main drawbacks of 
this approach. The study in [24] proposes a static Q − V droop control 
and an adaptive P − V droop control scheme using consensus-based 
distributed coordination to prevent voltage rise. For this study, the 
threshold value for Q − V droop control remains constant over simula-
tion time, while the threshold value for P − V droop control scheme is 
periodically updated. This method, furthermore, considers the fair 
curtailment at a feeder level; resulting in a higher total amount of cur-
tailed power when compared with the droop-based local control 
scheme. Since the impact of PV generation on voltage regulation varies 
depending on their location [26], grouping PV inverters and coordi-
nating them would be more promising to solve voltage rise problems. 
The groups of PV inverters can be identified through a network 
decomposition technique. 

Based on the above-presented discussion, this paper introduces an 
adaptive sequential droop control (ASDC) strategy for PV inverters in a 
combination with the ε-decomposition technique to alleviate voltage 
rise problems in PV-rich LV distribution networks. The proposed control 
strategy is essentially an improvement of our previous work [24] inte-
grating the ε-decomposition technique and the adaptive sequential 
droop control, in which both RPA and APC schemes are periodically 
updated, to permit the application in different control areas. While the 
centralized control scheme can be used to realize the optimization 
approach for minimizing PV power curtailment, this paper introduces 
the distributed control scheme based on the consensus algorithm to 
realize adaptive sequential droop control strategy for coordinating PV 
inverters. This paper aims to obtain a reduced amount of required PV 
power reduction compared to the cases with the conventional, i.e, un-
coordinated, droop control schemes and the adaptive active power 
droop control method for adequately solving the voltage rise problems, 
instead of obtaining an optimal minimum power curtailment. Among all 
the features discussed, the main contributions of this paper can be 
summarized as follows:  

• A distributed coordination control scheme is proposed that adapts 
both the Q − V and P − V droop control parameters of the PV in-
verters to reduce the amount of curtailed generation and guarantee 
the effective contribution of all PV systems, while alleviating voltage 
rise problems. Voltage rise mitigation is first attempted through RPA 
scheme. APC scheme is triggered when the voltage levels can not be 
retained below the threshold value using RPA scheme.  

• An ε-decomposition technique is used to decompose the network into 
multiple control areas. The proposed ASDC strategy, thus, is imple-
mented for PV units located in the same control area. 

The rest of the paper is organized as follows. First, Section 2 analyzes 
the problems of voltage rise and voltage sensitivity. Next, Section 3 
presents the proposed control strategy followed by Section 4 describing 
the related modelling and simulation. Then, results and discussion 
presenting the efficacy of the proposed control strategy are given in 
Section 5. Finally, concluding remarks are drawn in Section 6. 

2. Problem analysis 

2.1. Voltage rise issues 

Due to the increasing level of PV integration in LV distribution net-
works, voltage rise has become a more frequent issue. Voltage difference 
(ΔV) between the sending and receiving end voltage of a typical LV 
distribution line section with an impedance of (R+ jX) can be expressed 
as, 

ΔV =

(
P − jQ

V*
R

)

(R+ jX) (1)  

where V*
R denotes the conjugate of the receiving end voltage, P and Q 

denote the active and reactive power transferred through the line, 
respectively. 

Further consider the receiving end bus supplies local power con-
sumption of PL and QL of loads, and receives local power generation of 
PG and QG from PV systems. By ignoring the imaginary part, Eq. (1) can 
be rewritten as, 

|ΔV| ≈
(|PL| − |PG|)R + (|QL| − |QG|)X⃒

⃒V*
R

⃒
⃒

(2)  

where P = |PL| − |PG| and Q = |QL| − |QG|. 
It can be inferred from Eq. (2) that when a high level of PG coincides 

with a low PL, |ΔV| is negative, indicating that voltage level rises to-
wards the end of the line. In practice, if the voltage level measured at the 
POC exceeds 1.1 p.u., PV systems are disconnected from the network 
and are reconnected after some delay [12]. If the solar irradiance varies 
insignificantly, the PV systems continue switching off and on with the 
network. To solve the voltage rise issue, the reverse power flow needs to 
be limited by reducing PG and QG from PV systems. 

An important notice from Eq. (2) is that for a typical LV network with 
high R/X ratio, changes in active power strongly impact the voltage 
magnitude variation. However, the reactive power control of PV in-
verters is, therefore, still beneficial for voltage control. If the PV in-
verters can operate with 0.9 power factor (PF), it can absorb reactive 
power with an amount of approximately 50% of the rated active power 
for grid ancillary services [27], which reduces the curtailment of active 
power injection. Some of commercial PV inverters are capable of 
providing such reactive power absorption as discussed in [28]. In this 
paper, the reactive power control strategy is further studied to mitigate 
voltage rise problems in LV distribution networks. 

2.2. Variation in impact of PV generation on voltage regulation 

The variation in the impact of active and reactive power injection 
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from PV inverters on phasor bus voltages and voltage angle varies 
depending on the bus location, which can be observed by applying the 
concept of voltage sensitivity matrix. The voltage sensitivity matrix is 
derived by reversing the system Jacobian matrix, which is resulted 
from solving the nonlinear load flow using Newton-Raphson algo-
rithm [29]. 

Owing to the radial feature, the critical voltage rise in the LV net-
works due to the surplus PV power generation predominantly occurs at 
the bus located at the end of the feeder. According to [26], in a radial LV 
feeder the voltage sensitivity at the critical bus to active power and 
reactive power injection from PV systems both increase as the distance 
to the transformer increases along the feeder. Then, controlling active 
power and reactive power injection from PV systems connected to the 
buses with the higher impact sensitivity becomes more effective on 
voltage rise mitigation. It is, therefore, necessary to group PV systems 
with strong coupling nature, e.g., voltage sensitivity, for solving the 
voltage violation problems. 

3. Proposed control strategy 

The proposed control strategy aims to mitigate voltage rise along 
the feeder while significantly reducing the amount of curtailed PV 
generation. To this end, the ε-decomposition technique is utilized to 
decompose the network into multiple control areas containing groups 
of PV systems. The adaptive sequential droop control (ASDC) approach 
is then applied in the decomposed control areas to alleviate voltage rise 
issues. 

Fig. 1 presents the block diagram of the proposed ASDC approach, 
which is embedded in each PV inverter, consisting of two layers: a 
local control and a coordination control layer. The former is based on 
a sequential droop control (SDC) mechanism, and the latter is based 
on a consensus-based distributed control (CBDC) mechanism. The 
local control layer is responsible for continuously monitoring and 
mitigating voltage rise conditions at the POC by regulating active and 
reactive power of PV units. The coordination control layer, which 
operates with a lower response speed than the local control layer, is 
responsible for adequately coordinating PV systems for the voltage 
level violations by periodically adapting the local control layer. As 
can be seen in Fig. 1, the output power set points of the PV inverters 
(Pnet,Qnet) are determined by the local control layer, which regulates 
the APC and RPA scheme of PV units in response to the voltage rise at 
the POC. Furthermore, the P − V and Q − V droop control parameters, 
i.e., the threshold levels (VtP and VaQ), are periodically set by the 
coordination control layer. The operation of this coordination control 
layer, therefore, can be regarded as a correction process to the local 
control layer in order to obtain the fair generation curtailment. To 
complete this process, the coordination control layer first exchanges 
the PV active power injection ratios (β) between neighboring PV in-
verters, then reaches the common agreement of β in an iterative 
manner. The proposed control strategy is discussed next in more 
detail. 

3.1. ε-Decomposition technique 

In order to determine various control areas for the ASDC approach, 
the decomposition of the network is done such that, the decomposed 
network consists of a series of sub-networks. Consider the fact that the 
voltage rise is a local problem, grouping these nodes into sub-networks, 
monitoring and solving the sub-networks independently appear prom-
ising [30]. Each sub-network bounds the coverage range of the 

communication network in this area. Given this boundary, the coordi-
nation mechanism can be executed among PV systems located in the 
same control area. 

The ε-decomposition technique is identified by the graph theory. In 
this technique, a value of ε is pre-defined with 0 < ε < 1, which is 
regarded as a threshold of the interconnection strength among sub- 
areas. Let us assume a graph 𝒢 = (𝒱, ξ) with the set of vertices 𝒱 (i.e., 
PV units) and the set of edges ξ (i.e., communication links between PV 
units). If there exists an edge between neighboring sub-graphs that is 
smaller than the threshold value of ε, such edge is specified as a weak 
connection of the graph [30]. This link, accordingly, will be discon-
nected from the graph and a series of sub-graphs will be identified. By 
mapping this decomposed graph to the original network, the decom-
position of a network is attained with mutual coupling among 
sub-network not greater than a given ε value [31]. A different series of 
decomposed sub-systems can be generated by varying ε value as it de-
cides the sub-system size [30]. 

More specifically, our study involves using n × n admittance matrix, 
Y for the implementation of the ε-decomposition method. The basic 
principle is to associate a graph 𝒢 with the matrix Y, identify the edges 
(𝒱 i,𝒱 j)⊂ξ with magnitude smaller than or equal to a prescribed positive 
value of ε. Decomposed matrix Y of original matrix Y is achievable if a 
permutation matrix P exists such that Eq. (3) is satisfied. 

Y = PT YP (3)  

where Y is assumed as an M × M block matrix with Mp × Mq blocks 
Ypq = (ypq

ij ) given by Eq. (4). P can be identified equivalently to dividing 
the graph 𝒢 associated with Y into M sub-graphs in the manner that the 
coupling magnitude of these sub-graphs in 𝒢 less than ε [30]. 

|ypq
ij | ≤ ε ∀p, q ∈ N, p ∕= q, i ∈ Np, j ∈ Nq (4) 

Y can be conventionally represented as 

Y = Y0 + ε1Y1 + ε2Y2 + ⋯ + εmYm (5)  

where Y0 is a block diagonal matrix and Y1,⋯,Ym are decomposed 
matrices with all elements less than or equal to ε, and m is a series a 
prescribed positive value, ε satisfying ε1 > ε2 > ⋯ > εm. A comprehen-
sive description of the ε-decomposition approach can be founded in 
[30]. 

3.2. Local control layer: Sequential droop control 

In the local control layer, the SDC mechanism is implemented inte-
grating Q − V and P − V droop control, as shown in Fig. 2 (a). During 
normal operations, i.e., no voltage violations, the reactive power output 
of the PV inverter i1 (Qnet

i ) is set to zero, while the active power output 
(Pnet

i ) is set to the maximum power point, PMPP
i . If the voltage level at the 

POC (Vi) exceeds the threshold level for reactive power absorption 
(VaQ

i ), i.e., at point (1), RPA is activated according to the Q − V droop 
control mechanism. As can be seen in Eq. (6), Qnet

i is set following a 
linear function of Vi.  

where Qi is the maximum reactive power output and VgQ
i is the threshold 

level for reactive power injection. 
If Vi reaches the threshold level for active power curtailment (VtP

i ) at 
point (2), Qnet

i is set to − Qi, i.e., maximum amount, with the aim at 
reducing the active power curtailment for voltage rise mitigation. 
Concurrently, the PV inverter starts APC mode using P − V droop control 
with Pnet

i being reduced following a linear function of Vi as expressed in 

1 In this paper, it is assumed that the PV system i is connected to the node i of 
the distribution network. 
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Eq. (7).  

where [V V] = [0.9 1.1], as specified in the European Standard EN 
50160. Recognizing that this sequential droop control allows the PV 
inverters to operate in reactive power priority mode, implying that 
voltage regulation is first attempted through RPA. APC is triggered only 
if the voltage levels can not be maintained below the threshold value 
using RPA. 

It is worth mentioning that solar irradiance and PV module tem-
perature are constantly changing in time, then the maximum power is 
also varying. Thus, to function P − V droop control in PV inverter i, the 
inverter needs to be capable of effectively estimating PMPP

i while oper-
ating at a curtailed active power output. Several maximum power point 
estimation (MPPE) methods for PV active power control have been 
proposed in [12,32–34]. In fact, in [12], the PV inverter periodically 
switches to maximum power point tracking (MPPT) mode performed by 
the inside MPPT algorithm for a certain time window, then recapturing 
the actual maximum power. However, the droop control function re-
mains regularly deactivated and activated, making the power outputs 

largely fluctuated and then voltage rise problems not fully solved. An 
interesting alternative introduced in [32] utilizes irradiance and tem-
perature measurements to extrapolate the datasheet information to 
actual PV module parameters, then fits a linear regression model to 
determine the polynomial function coefficients for MPPE. In [33,34], a 
least-squares curve fitting model is built based on a dataset of voltage 
and current measured at the dc side to realize MPPE. These two latter 
MPPE methods allow the PV inverters to continuously estimate the 
maximum power and simultaneously function the active power 
curtailment. Since the sequential droop control parameters will be 
periodically modified in a real-time manner by the consensus-based 
distributed control as described in the next section, the MPPE ap-
proaches in [32–34] appear to be promising ones. Nevertheless, none of 
these approaches is incorporated in this paper as it is assumed that the 
maximum power set-points are already provided by a MPPE method. 

Note that, the maximum reactive power output Qi in Eq. (6) varies 
with Pnet

i and it is calculated in compliance with the European Standard 
EN 50438, which stipulates that all distributed generation units con-
nected to LV distribution networks must operate with PF ranging from 

Qnet
i =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Qi

(
VgQ

i − Vi
)

(

VgQ
i − V

) , if V ≤ Vi < VgQ
i 0, if VgQ

i ≤ Vi ≤ VaQ
i − Qi

(
Vi − VaQ

i
)

(
VtP

i − VaQ
i
) , if VaQ

i < Vi ≤ VtP
i − Qi, if VtP

i < Vi ≤ V (6)   

Pnet
i =

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

PMPP
i , if V < Vi ≤ VtP

i PMPP
i − PMPP

i

(
Vi − VtP

i

)

(
V − VtP

i

) , if VtP
i < Vi < V0, if Vi ≥ V (7)   

Fig. 1. Block diagram of a LV distribution network with the proposed ASDC strategy, composed of two control levels: a local control, implemented using SDC; and a 
coordination control, implemented using CBDC. The orange dotted and blue dashed lines represent the control signals and information exchange, respectively. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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0.9 lagging to 0.9 leading [35]. Fig. 2 (b) shows the operation region of a 
PV inverter, which is within the shaded triangle, along with the apparent 
power S, rated active power Prated

i , maximum reactive power Qi specified 
by the PF requirement (cosφ = PF). The above-mentioned constraints of 
Qi are integrated into the proposed control strategy as expressed below, 

Qi1 =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(Si)
2
−
(
Pnet

i

)2
√

(8)  

Qi2 = (tan[arccos(PF)])Pnet
i (9)  

Qi = min
(

Qi1,Qi2

)

(10) 

Nevertheless, applying the static Q − V and P − V droop control with 
the same threshold values in voltage rise conditions causes the deficient 
employment of reactive power capability and unequal generation 
curtailment of PV systems. In the radial LV feeders, PV units connected 
to the end of the feeder absorb significantly more reactive power and 
curtail more active power compared to other PV units. This can be 
regarded as an improper utilization of PV systems to the voltage regu-
lation. Hence, a coordinated mechanism for enhancing the contribution 
of PV systems during voltage rise conditions need to be developed. 

3.3. Coordination control layer: Consensus-Based distributed control 

The improper utilization of PV inverter capability for voltage rise 
alleviation can be solved by the coordination control level, which is 
based on a CBDC mechanism. Consensus algorithms have been widely 
used as a basis for distributed control. Following this, each PV inverter 
communicates and shares its local information as the variable of interest 
with neighbours following a distributed procedure [36]. The goal of the 
consensus algorithm is to converge all PV inverters to a common 
agreement following an iterative manner. The variable of interest can be 
regarded as a quantity that is agreed by all PV inverters. The consensus 
algorithm considers a graph 𝒢 = (𝒱, ξ) which represents the communi-
cation topology of the PV units. The set of nodes 𝒱 = {1,…, n} describes 
the set of PV inverters, whereas the set of edges ξ⊂𝒱 × 𝒱 describes the 
set of communication links between PV inverters. Define for the PV 
inverter i a variable of interest xi and define 𝒩 i = {j ∈ 𝒱 : (i, j) ∈ ξ} as 
the set of adjacent PV inverters that communicate with it. Considering 
the discrete nature of information exchange, the first-order consensus 
algorithm can be adopted. The discovery law of a variable of interest xi is 
then expressed as [36] 

xi[k+ 1] = xi[k] +
∑

j∈𝒩 i

dij
(
xj[k] − xi[k]

)
∀i ∈ 𝒱 (11)  

where k is the iteration counter and dij is the information weight factor 

between the unit i and the neighbor unit j. 
From a system point of view, the discovery law in Eq. (11) can be 

expressed in a matrix-vector form as 

X[k + 1] = DX[k] (12)  

where X[k] = [x1[k],…, xi[k],…, xn[k]]T and X[k + 1] are the vectors of the 
discovered variables of interest at k and k + 1 iterations, respectively, 
and D is an information weighted matrix. As discussed in [37], if the 
values of D’s elements are non-negative and the sums of D’s rows and 
columns are all ones, the convergence of all PV inverters to a consensus 
will be reached at the average value of the variables of interest which 
can be expressed as 

lim
k→∞

X[k] = lim
k→∞

DkX[0] =
I⋅IT

n
X[0] (13)  

where X[0] is the initial value of X and I = [1, 1,…,1]T . Notice from Eq. 
(13) that the convergence speed of the variable discovery procedure is a 
function of D [36]. Among various methods to define dij, the Metropolis 
method introduced in [38] is adopted in this paper, given by 

dij =

⎧
⎪⎨

⎪⎩

1
/[

max
(
ni, nj

)]
, if i ∕= j ∀j ∈ 𝒩 i

1 −
∑

j∈𝒩 i

(
1
/[

max
(
ni, nj

)])
, if i = j

0. Otherwise

(14)  

where ni and nj represent the number of PV inverters that communicate 
with the PV inverter i and j, respectively. To enable the consensus al-
gorithm to properly operate, a sparse communication network is then 
established. In this communication network, each PV unit exchanges its 
local measured data only to adjacent nodes. Hence, neither a central 
controller nor the extensive high-bandwidth communication network is 
required. 

In the proposed CBDC mechanism, the PV active power injection 
ratio (β) is defined as the variable of interest, i.e., x in Eq. (11). 
Following this, β of each PV system is shared with the adjacent ones, 
given by 

βi[k] = Pnet
i [k]

/
PMPP

i [k] ∀i ∈ 𝒱 (15)  

where PMPP
i depicts the maximum power of the PV inverter determined 

by the local control as explained in Section 3.2. 
Replacing xi in Eq. (11) by βi, all PV units will converge to the same 

power injection ratio illustrated by 

β1 = β2 = ⋯ = βn (16) 

As the consensus can only be reached when k→∞, this calls for an 
introduction of a stopping criterion by comparing the error at k + 1 

Fig. 2. (a) - The SDC mechanism applied for PV unit i consisting of Q − V droop control (dark blue curve) and P − V droop control (red curve). (b) - The operation 
region (shaded triangle) of PV inverter i determined by the apparent power Si (orange curve), rated active power Prated

i , maximum reactive power Qi, and PF 
requirement (cosφ = PF). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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iteration with the consensus convergence tolerance (τ) as [36] 
∑

i∈𝒱
|βi[k+ 1] − βi[k]| < τ ∀i ∈ 𝒱 (17) 

Having the updated value of βi at k + 1 iteration, the coordination 
control level calculates the droop control parameter, i.e., VtP

i [k+1], and 
then updates the sequential droop control at the local control level with 
such new value. To complete this modification, the following rule is 
proposed. 

VtP
i [k+ 1] =

Vi[k + 1] − (1 − βi[k + 1])V
βi[k + 1]

(18) 

That adaptation of the droop control parameters, subsequently, 

enables the local control to command the PV inverters to fully employ 
the reactive power absorbing capability and properly share the curtailed 
active power if needed with other PV inverters. It is important to 
highlight that the coordinated mechanism is performed by PV inverters 
bounded on the coverage range of the corresponding communication 
topology. If the communication topology is built for a specific group of 
PV inverters, only the PV inverters within this group will follow the 
coordination. In this sense, the proposed ASDC can be implemented in 
various control areas in parallel. 

4. Modelling and simulation 

4.1. LV Distribution network 

A real European LV distribution network is simulated in Matlab/ 
Simulink to investigate the effectiveness of the proposed approach. As 
depicted in Fig. 3, this network is energized from a 125 kVA, 11/0.4 kV 
distribution transformer and supplies electricity to 39 households, of 
which 28 are assumed to be equipped with PV units. The network 
comprises underground power cables with R, X values being listed in 
Table 1. The cable properties are provided in [39]. Since the proposed 
approach uses only changes in voltage magnitude as the trigger, the 
simulations were executed in the phasor mode. 

Fig. 3. The test network based on a real European LV distribution network. The arrows and solid circles represent loads and PV units, respectively, along with their 
index. The numerical values along the power cable sections denote the cable length in meters, while the uppercase letters denote the cable types. 

Table 1 
R, X values for the power cables of the test network.  

Cable types R (Ω/km) X (Ω/km) R/X 

240 mm2 Al  0.14 0.0818 1.71 

150 mm2 Al  0.228 0.0844 2.70 

95 mm2 Al  0.353 0.0868 4.07 

50 mm2 Al  0.706 0.0924 7.64 

35 mm2 Al  0.956 0.0982 9.74  
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4.2. Load profiles and PV system data 

The household loads in the test network are all uncontrollable and 
modelled using average normalized profiles of 400 residential cus-
tomers, which are derived from smart meters with 15-minute resolu-
tions [13]. The household load demands are in the ranges of 0.54 - 3.67 
kW. The installed PV capacities are of residential-scale, ranging between 
5.25 and 6.65 kWp. The total installed PV capacity is 168.3 kWp, 
depicting a penetration level of about 150%, calculated as a ratio of total 
installed PV capacity to the maximum network load [40]. The input data 
for the PV systems, comprising the solar irradiation data and the 
ambient temperature data, are derived from real measurements. Due to 
the small geographical area of the test network, identical input data is 
used for all PV systems. For the compliance with the Standard EN 50438 
[35], all PV inverters are assumed to operate within a PF of ±0.9. 

4.3. Simulation setup 

The proposed control strategy is tested and compared with two other 
control methods as follows,  

• Method 1: PV inverters are only embedded with the static SDC 
scheme (introduced in Section 3.2) with all the threshold values 
being constant over simulation time and uniform among PV in-
verters. Neither the coordination control nor the network decom-
position is applied.  

• Method 2: PV inverters employ the static Q − V droop control and 
adaptive P − V droop control. The threshold value for Q − V droop 
control scheme remains constant over simulation time, while the 
threshold value for P − V droop control scheme is updated by the 
coordination control layer (mentioned in Section 3.3). This method is 
adopted from our previous work presented in [24], where the 
network decomposition is not applied. This means that the coordi-
nation control is implemented for all PV inverters located in the same 
feeder, e.g., PV units from no. 8 to 23 will converge to a consensus of 
the power utilization ratio, while PV units from no. 27 to 39 will 
converge to the other consensus.  

• Method 3: PV inverters are embedded with the proposed control 
strategy, i.e., ASDC, by which the threshold values for both Q − V and 
P − V droop control scheme are periodically modified. Reconsidering 
the aims of lowering the curtailed PV power generation during 
voltage rise conditions, this method is carried out along with the 
network decomposition. 

In all these three methods, the local control of PV inverters employs 

the SDC scheme to tackle voltage rise issues. For the coordination con-
trol layer, a convergence tolerance τ = 10− 3 is applied as a stopping 
criterion for the consensus algorithm. Constant time duration of 15 
seconds is used as the time interval at which the coordination mecha-
nism updates the P − V droop control parameter. The simulation is 
executed over two consecutive summer days. 

5. Numerical results 

5.1. Network decomposition for control area determination 

Following the ε-decomposition technique described in Section 5.1, 
Fig. 4 depicts the determined 7 control areas for the test network with a 
chosen ε value of 0.21. With no loss of generality, this value of ε is 
chosen to exemplify the decomposition procedure. To this end, Y matrix 
of the network is first computed and then normalized before partitioned 
with given ε value into multiple decomposed matrices. The network was 
decomposed into sub-networks, in which each of them determines one of 
the control areas presented in Fig. 4. It is needed to be noted that, since 
the ε-decomposition technique bases on the admittance matrix Y of the 
network, recalculating the decomposition of the network is required 
when there is any change of the network configuration. In this paper, it 
is assumed that the test network configuration remains constant. 

Once the network decomposition is completed, the corresponding 
sparse communication network, which is required for operating the 
coordination control layer, is established as shown in Fig. 5. As can be 
seen, the coverage range is within each determined control area, 
meaning that each PV unit only communicates with the other units 
located in the same area. The information weight factors (dij) for the 
established sparse communication network are calculated using Eq. 
(14). Development of the communication infrastructure is considered 
more in the planning phase for the distribution network by the network 
operators, which involves long-term planning decisions. In this work, it 
is assumed that the communication infrastructure is already installed in 
the test distribution network and the main focus is on evaluating the 
proposed control strategy more in the operation phase. The planning 
requirement and cost for the communication infrastructure is, hence, 
considered beyond of the scope of this paper. 

5.2. Voltage rise mitigation 

Fig. 6 displays the resulting voltage magnitudes at the POCs of all PV 
systems in the network without any control mechanism over two 
consecutive summer days. This figure shows that voltage rise. e.g., 
above 1.07 p.u. only appears in the feeder no. 3 and 5, where the PV 
units from no. 8 to 23 and the PV units from no. 27 to 33 are located, 
respectively. For the sake of comparison, the threshold value VtP

i = 1.07 
p.u. is used uniformly for the static P − V droop control in Method 1, and 
applied as a default setting for the adaptive P − V droop control in 
Method 2 and 3. Meanwhile, the threshold value VaQ

i = 1.06 p.u. is 
applied uniformly for the static Q − V droop control in both Method 1 
and 2, and utilized as a default setting for the adaptive Q − V droop 
control in Method 3. If no voltage rise is detected or if the PV units are 
not in operation (e.g., at night), Method 2 will automatically reset VtP

i to 
the default value, while Method 3 reset both VaQ

i and VtP
i . 

The decomposed test network along with the sparse communication 
network resulting from Section 5.1 are utilized to execute the simulation 
with Method 3. Recall that the simulation with Method 1 and 2 is per-
formed without the network decomposition procedure. To evaluate the 
performance of the proposed control strategy, this study adopted an 
empirical cumulative distribution function (CDF) to visualize the 
maximum voltage levels occurring in the test network, as illustrated in 
Fig. 7. Without control, the voltage magnitude significantly rises (i.e., 
above 1.09 p.u.). Visibly, the curves of all three methods move far to the 
left, indicating that the network voltage represents considerably lower 

Fig. 4. Decomposition of the test network for ε = 0.21 and determination of 
control areas as shaded regions. The solid circles represent PV units along with 
their index. 

T.T. Mai et al.                                                                                                                                                                                                                                   



Electric Power Systems Research 192 (2021) 106931

8

magnitudes as compared to the case with no control. Additionally, it is 
observed that there is a slight difference in the CDF curves between each 
of the three control methods, meaning that the voltage profile of PV 
systems in three methods are comparable; therefore, all three methods 
effectively mitigate the voltage rise issues. This effective support is 
derived from employing the SDC scheme in the local controllers of the 
PV inverters, where both reactive and active power control are 
sequentially utilized. 

Table 2 summarizes several performance metrics for three control 
methods. It is evident that Method 3 outperforms Method 1 and 2 in 
terms of the total curtailed PV energy. More specifically, Method 3 leads 
to a relatively similar value of the maximum voltage magnitude with the 
diminished percentage of curtailed energy (i.e., 0.234%) compared to 
Method 1 and 2 (i.e., 0.363% and 0.982% respectively), corresponding 
with the reduction of 35.6% and 76.2% compared to Method 1 and 2, 
respectively. This superiority of Method 3 is derived from the increased 
reactive power absorption by PV systems compared with Method 1 and 
2, which is demonstrated in the next section. This growth in PV reactive 
power absorption along with a higher PV active power production (i.e., 
because of lower PV active power curtailment) causes Method 3 to have 
the slight rises of 1.63% and 3.88% in the network energy losses 
compared to Method 1 and 2, respectively. In three methods, Method 2 
has the smallest value of energy losses, resulted from the lowest energy 
flow in the network. This is due to the smallest quantity of the energy 
supplied (kWh) of PV inverters in Method 2, meanwhile, its load energy 
consumption is in the same volume as Method 1 and 3. It can be noted 

Fig. 5. A sparse communication network for the decomposed test network with ε = 0.21 presented as a graph. The numerical circles represent PV units. The blue 
two-end arrow dashed lines represent the bi-directional communication links between PV units, while the numerical values along with the communication links 
denote the information weight factors (dij). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 6. Voltage magnitude at the POCs of PV systems in the network without any control mechanism.  

Fig. 7. Maximum voltage level measured in the network for different control 
methods using empirical cumulative distribution function (CDF). 

Table 2 
Summarized results for three control methods.  

Properties Method 1 Method 2 Method 3 

Maximum network voltage level (p.u.) 1.0743 1.0735 1.0740 
Total energy supplied from PV systems 

(kWh) 
2850.8 2833.1 2854.5 

Total curtailed energy of PV systems (%) 0.363 0.982 0.234 
Total energy losses in the network (kWh) 68.02 66.55 69.13  
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that the performance metrics analyzed in this section correspond with 
the predefined threshold values VaQ

i and VtP
i . The sensitivity analysis of 

different threshold values is discussed in Section 5.4. 
Another advanced feature of Method 3 is to significantly reduce the 

amount of curtailed active power of the PV units located at the end of the 
feeders (e.g., PV unit no. 23). To demonstrate this, Fig. 8 plots the 
calculated active power curtailment and reactive power absorption 
along with the measured voltage profiles of PV unit no. 23. At the POC of 
that PV system, the voltage rise above VtP

i = 1.07 p.u. predominantly 
occur (as displayed in Fig. 6). In cases of voltage rise, Method 1 results in 
the highest amount of curtailed active power compared to Method 2 and 
3 (with a maximum value of approximately 0.53 kW and 0.71 kW in the 
first and second day, respectively). Owing to the static Q − V droop 
control scheme and the consensus-based coordination control mecha-
nism, Method 2 helps to prevent voltage rise situations with a smaller 
volume of active power reduction (with the maximum value being 
around 38.5% and 38.7% lower than Method 1). The total amount of 
curtailed energy of the PV system in Method 2 is 1.7343 kWh (around 
40.7% lower than that in Method 1). Finally, the proposed control 
strategy (i.e., ASDC) in Method 3 provides the comparable outcomes of 
voltage magnitude with the lowest amount of curtailed active power. In 
this method, the total curtailed PV energy is just nearly 0.69 kWh 

(approximately 76.5% and 60.3% smaller than that in Method 1 and 2, 
respectively). Note from Fig. 8 that, the absorbed reactive power by the 
PV unit in Method 3 is higher than that in Method 2. This is because the 
curtailed active power in Method 3 is less than that in Method 2, leading 
to Pnet

i of PV inverters in Method 3 to become greater than Method 3. 
Accordingly, a greater Qi is available for Q − V droop control, as defined 
in Eq. (10). Hence, these findings show the effectiveness of the proposed 
control strategy to alleviate voltage rise problems as well as significantly 
decrease the volume of active power curtailment of the PV inverters. 

5.3. Contribution of various PV systems to voltage rise mitigation 

To verify the contribution of the power control of various PV systems 
towards alleviating voltage rise issues, the curtailed energy of the PV 
inverters in the feeder no. 3 and 5 for different control methods as a 
percentage of the energy (kWh) in the case with no control are calcu-
lated, as presented in Fig. 9. Recall that voltage rise above the threshold 
setting, i.e., 1.07 p.u., only appears in the feeder no. 3 and 5, as discussed 
in Section 5.2. The reduction of active power required for voltage rise 
alleviation, as a result, is purely done on such feeders. 

As can be seen, Fig. 9 illustrates that the effective contribution of PV 
generation curtailment to prevent voltage rise is obtained in Method 3 
and also Method 2, in which the coordination control layer was applied. 
In Method 2, all PV inverters in the same feeder reduce their generation 
with a relatively equal percentage at the expense of a high volume of the 
total curtailed energy. In Method 3, although the share of energy 
reduction is not equal among PV inverters in the same decomposed 

Fig. 8. Curtailed active power (P), absorbed reactive power (Q) and voltage profiles for different control methods over two consecutive days of PV index no. 23.  

Fig. 9. Curtailed energy of the PV inverters for different control methods 
during voltage rise conditions as a percentage of individual PV energy (kWh) in 
the case with no control. Each index from 8 to 39 represents the corresponding 
individual PV unit, while the last index, i.e., Sum, represents the total amount. 
The shaded, rounded rectangles covering the PV index represent the groups of 
PV inverters within the corresponding control areas in Method 3 with value of ε 
= 0.21. 

Fig. 10. Absorbed reactive power (Q) profiles for different control methods 
over two consecutive days of PV index no. 10. 
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control areas (i.e., decomposition of the network with ε = 0.21 as 
demonstrated in Fig. 4), the total curtail energy is remarkably reduced. 
The reason for the unequal reduction of curtailed energy in Method 3 is 
that the number of PV systems in several decomposed control areas is 
still large, e.g., 12 PV systems in the control area for PV inverters from 
no. 10 to 23. Then all PV inverters could not fully converge to a 
consensus of the power utilization ratio (β). However, a smaller number 
of PV units enables the convergence to the consensus as shown in the 
following section. In contrast, being embedded only with the static SDC 
scheme, Method 1 caused large deviations of the curtailment among PV 
units. Noticeably, Method 3 has outstanding performance as compared 
to Method 1 and 2 because the percentages of total curtailed energy in 
Method 3 are substantially lower. 

As depicted by the absorbed reactive power profile of PV unit no. 10 
in Fig. 10, the efficient use of reactive power absorption is obtained in 
Method 3. Although PV unit no. 10 is located closer to the transformer, 
where the voltage rise conditions occur with lower levels (as can be 
observed in Fig. 6), reactive power absorption through the droop control 
is largely obtained. This is due to the use of the adaptive Q − V droop 
control scheme, which is regulated by the coordination control mecha-
nism for the control area of PV unit no. 10 as illustrated in Fig. 4. On the 
other hand, In Method 1 and 2, the location of PV unit no. 10 causes the 
static Q − V droop control scheme to regulate reactive power absorption 
with considerably lower quantities compared to Method 3. Accordingly, 
the proposed coordination strategy proved to command PV inverters to 
not only more effectively contribute to voltage rise mitigation, but also 
lower their generation reduction. 

Since voltage rise mitigation involves activating the local droop 
control schemes of multiple PV systems at the same time, fluctuation of 
PV power output can arise due to interaction between the local con-
trollers. This power fluctuation can result in voltage oscillation in the 
network [2]. To damp the voltage oscillation, there are several tech-
niques available in the literature, such as applying a low-pass filter 
represented by a continuous-time transfer function with a time constant 
for PV power output [2] and limiting the rate of changes of PV power 
outputs [41]. For this paper, the investigation of the voltage oscillation 
due to the interaction between PV droop controls is left for future 
researches. 

5.4. Sensitivity analysis of different threshold values 

As mentioned in Section 5.2, the threshold value settings for the local 
control play an important role in the performance of the control models. 
For further comparison of three control methods, the impact on the 
methods’ performance metrics for different threshold values is analyzed 
in this section. The simulations are conducted using the configuration 
explained in Section 4 and Section 5.1 for two pairs of different 
threshold values for the droop control schemes. Key simulation results 
for three control methods are summarized in Table 3. It is observed in 
the first pair of threshold values VaQ

i = 1.07 p.u. and VtP
i = 1.08 p.u. that, 

Method 3 (i.e., the proposed control strategy) effectively solve the 
voltage rise issues and results in the decrease in the curtailed PV energy 
rate compared to Method 1 and 2, respectively. Regarding system en-
ergy losses, three control methods are insignificantly different. With the 
second pair of threshold values VaQ

i = 1.08 p.u. and VtP
i = 1.09 p.u., the 

performance of three methods are equivalent. Since the voltage levels (i. 
e., 1.0873 p.u.) are all lower than VtP

i setting (i.e., 1.09 p.u.), PV active 
power curtailing mechanism in three methods remain inactivated. 

As can be seen from Table 2 and Table 3, when voltage rise condi-
tions activate the P − V droop control scheme, Method 3, i.e., the pro-
posed control strategy, induces the smallest quantity of PV active power 
reduction compared to Method 1 and 2, as well as adequately limits the 
voltage rise at the connection points. It is also important to highlight 
that, increasing threshold values for the droop control schemes allow the 
decrease in the active power curtailment, and power losses in the 
network as the differences between the network voltage levels and 
threshold values become smaller. 

5.5. Performance of the proposed control strategy for different control 
areas 

The performance of Method 3 is further evaluated using the network 
decomposition for various ε values. The values of ε were chosen to 
decompose the network into a different number of control areas. The 
percentages of curtailed energy of the PV inverters during voltage rise 
conditions in Method 3 with various ε values are displayed in Fig. 11. 
The notable changes in the curtailed energy of individual PV units and 
also the total amount occur when different values of ε are used. 
Nevertheless, the adequate contribution of PV power control towards 
voltage rise prevention is achieved as the percentages of curtailed en-
ergy are relatively comparable in each case of decomposition. 

Notice also from Fig. 11 that, with ε from 0.37 to 0.84, the same 
curtailed energy rate is achieved for PV inverters within the same con-
trol areas. In case of ε = 0.44, for instance, the control area for PV no. 19 
and 21 has the curtailed energy percentage of 1.4%, while in the control 
area for PV no. 22 and 23 the percentage is 3.3%. This also illustrates 
that the introduction of the equal PV energy curtailment rate in each 
control area provokes the unequal PV energy curtailment rates between 
different control areas. The reason behind the fair reduction rates ach-
ieved with ε from 0.37 to 0.84 is that the number of PV systems in the 
control areas is decreased, e.g., a maximum total of 4 PV inverters within 
a control area for the case of ε = 0.37 as compared to a maximum total of 
12 PV inverters for the case of ε = 0.21. This smaller number of PV in-
verters allows the consensus of the power utilization ratio (β) among 
them to be properly converged. To illustrate this, Fig. 12 shows the 
iteration number of the consensus of β for a group of PV no. 22 and 23 in 
case of ε = 0.37. The number of iteration is executed by the consensus 
algorithm to converge β22 and β23 of PV no. 22 and 23, respectively, to a 
common agreement, as considered by Eq. (17). For some duration, the 
iteration numbers reach high values due to the rapid changes in PV 
power generation as well as load consumption, which in turn induce the 
rapid changes in the voltage levels and then the power utilization ratio 
(β) of PV systems. By contrast, the iteration number values are small 
when the voltage levels vary with low rate. 

Furthermore, another number of performance metrics for Method 3 
implemented with various ε values are summarized in Table 4. This table 
points out that a larger ε value leads to a growing number of control 
areas and a declining number of the bi-directional communication links 
between PV units as more weakly coupling terms between the network 
nodes are identified. With increasing values of ε from 0.21 to 0.37, the 

Table 3 
Comparison of different control methods with different threshold values.  

Properties VaQ
i = 1.07 p.u., VtP

i = 1.08 p.u.   VaQ
i = 1.08 p.u., VtP

i = 1.09 p.u.   

Method 1 Method 2 Method 3  Method 1 Method 2 Method 3 

Maximum network voltage level (p.u.) 1.0809 1.0807 1.08  1.0873 1.0873 1.0873 
Total energy supplied from PV systems (kWh) 2860.8 2860 2861  2861.2 2861.2 2861.2 
Total curtailed energy of PV systems (%) 0.014 0.042 0.007  0 0 0 
Total energy losses in the network (kWh) 63.39 63.33 63.46  61.12 61.12 61.12  
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percentage of total curtailed energy of PV systems increases. A reason for 
this is that the partitioned sub-networks, which each of them forms the 
control areas for PV systems, become gradually decreased in size. The 
coverage range of the proposed control strategy within individual con-
trol areas, subsequently, is for a small group of PV units. The decreasing 
number of PV units in the control area enables the iteration number for 
the consensus procedure to decrease, meaning that the consensus pro-
cedure converges with shorter time. The control areas, where voltage 
rise issues appear, receive less contribution from PV reactive power 
absorption to prevent voltage rise problems. Meanwhile, in the neigh-
bouring control areas without voltage rise issues, the available PV 
reactive power absorption remains unused. Such decrease in the PV 
systems’ active power generation and reactive power absorption pro-
vokes the decline of the energy losses in the network. 

As also indicated from Table 4 that when ε starts increasing from 
0.44 to 0.84, the resulting curtailed energy rates of PV inverters decline. 
Nevertheless, the variation of PV systems’ curtailed energy is insignifi-
cant, causing the network energy losses to be remarkably similar. The 
rationale behind is that the size of the established control areas becomes 
small with a few PV units, e.g., a maximum total of 3 PV inverters for the 
case of ε = 0.44. The available PV reactive power absorption to support 
voltage rise mitigation, accordingly, is decreasingly exploited. Thus, the 
outcomes of adapting the SDC schemes of such PV inverters using the 
proposed control strategy (i.e., Method 3) are roughly similar to that of 
using the static SDC schemes, (i.e., Method 1), as shown in Table 2. 

Recognizing that, when considering the number of bi-directional 
communication links (BCL) and total consensus iteration (CI) number, 
identifying ε value can be based on the maximum percentage decrease in 
two successive values. Based on this evaluation criterion, ε = 0.44 is the 
fitting value for the proposed control strategy applied in the given test 
network, as can be seen from Figure 13. This value of ε = 0.44 also 
corresponds to a small amount of the total energy losses in the network, 
as illustrated in Table 4. However, when considering the total curtailed 
energy of PV systems (%), the fitting value for ε is the value corre-
sponding to the lowest rate, that is ε = 0.21. Hence, the long-term 
techno-economic analysis is required to select the optimal value for 

Fig. 11. Curtailed energy percentages of the PV inverters during voltage rise conditions in Method 3 with various ε values. Each index from 8 to 39 represents the 
corresponding individual PV unit, while the last index, i.e., Sum, represents the total amount. 

Fig. 12. Iteration number of the consensus algorithm applied in PV index no. 
23 over two consecutive days. The zoomed-in figure in the middle shows the 
iteration number, i.e., the height of the bar represented in y-axis, for a time 
duration (hh:mm), i.e., the width of the bar represented in x-axis. 

Fig. 13. Identifying ε value. The x-axis depicts two consecutive ε values. The 
left y-axis represents the percentage decrease in the number of bi-directional 
communication links (BCL) associated with two successive ε values, while the 
right y-axis represents the percentage decrease in the consensus iteration 
(CI) numbers. 

Table 4 
Summarized results of applying Method 3 with various ε values.  

Properties ε = 0.21  ε = 0.32  ε = 0.34  ε = 0.37  ε = 0.44  ε = 0.84  

Number of control areas 7 9 10 12 16 22 
Number of bi-directional communication links 26 24 23 22 14 12 
Total consensus iteration number 2253 1653 1243 798 469 468 
Maximum network voltage level (p.u.) 1.0740 1.0739 1.0741 1.0741 1.0743 1.0743 
Total energy supplied from PV systems (kWh) 2854.50 2853.00 2850.90 2849.50 2850.46 2850.54 
Total curtailed energy of PV systems (%) 0.234 0.287 0.360 0.409 0.375 0.373 
Total energy losses in the network (kWh) 69.13 68.60 68.26 67.95 67.99 68.00  
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the epsilon decomposition. As the epsilon decomposition will define the 
size of the communication infrastructure and the curtailed PV energy 
rate, the long-term techno-economic involves balancing the investment 
in the communication infrastructure with the decrease in the losses of 
PV owners’ revenue by reducing their curtailed power. 

6. Conclusion 

This paper presented an adaptive sequential droop control strategy 
for PV inverters to mitigate voltage rise problems in PV-rich LV distri-
bution networks in a combination with the ε-decomposition technique. 
The ε-decomposition technique is employed to decouple the network 
into multiple control areas, where the proposed control strategy can be 
effectively implemented. The proposed control strategy includes the 
sequential Q − V and P − V droop control scheme used as the local 
control of PV inverters. A consensus-based distributed control mecha-
nism is used to implement the coordination control among PV inverters, 
in charge of periodically adapting the parameters of both Q − V and P − V 
droop control scheme. The obtained results prove that the proposed 
control strategy adequately prevents voltage rise problems while 
significantly reducing the amount of total PV generation curtailment by 
approximately 35.6% and 76.2% when compared with the static 
sequential droop control and the static Q − V droop control and adaptive 
P − V droop control, respectively. Simultaneously, the effective contri-
bution of all PV systems towards voltage rise mitigation is guaranteed. 
The performance of the proposed control strategy is further evaluated 
with multiple ε values. Larger ε values result in the fairness of PV gen-
eration curtailment, decline in system energy losses, and faster conver-
gence for the consensus-based distributed control in the control areas, 
but in some cases increased volume of total curtailed energy of the PV 
systems. Selecting the optimal ε value should be based on the long-term 
techno-economic analysis, which thoroughly assesses the investment in 
the communication infrastructure and the impact of reduced PV power 
curtailment on PV owners’ revenue. Future research should involve 
investigating the potential impact of communication delays and failure 
on the consensus-based coordination control, as well as the voltage 
oscillation due to the interaction of multiple local droop controllers. 

CRediT authorship contribution statement 

Tam T. Mai: Conceptualization, Methodology, Software, Validation, 
Writing - original draft. Abu Niyam M.M. Haque: Resources, Writing - 
review & editing. Pedro P. Vergara: Writing - review & editing. 
Phuong H. Nguyen: Resources, Writing - review & editing, Project 
administration, Funding acquisition. Guus Pemen: Writing - review & 
editing, Funding acquisition. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgements 

This research have been funded by the ERA-Net Smart Grid Plus 
(m2M-GRID) project, http://m2m-grid.eu/. 

References 

[1] C. Long, L.F. Ochoa, Voltage control of PV-rich LV networks: OLTC-fitted 
transformer and capacitor banks, IEEE Trans. Power Syst 31 (5) (2016) 4016–4025, 
https://doi.org/10.1109/TPWRS.2015.2494627. 

[2] P. Jahangiri, D.C. Aliprantis, Distributed volt / VAr control by PV inverters, IEEE 
Trans. Power Syst. 28 (3) (2013) 3429–3439, https://doi.org/10.1109/ 
TPWRS.2013.2256375. 

[3] V. Klonari, J.F. Toubeau, T.L. Vandoorn, B. Meersman, Z. De Grève, J. Lobry, 
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