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Abstract: The penetration of photovoltaic (PV) outputs brings great challenges to optimal operation
of active distribution networks (ADNs), especially leading to more serious overvoltage problems.
This study proposes a zonal voltage control scheme based on multiple spatiotemporal characteristics
for highly penetrated PVs in ADNs. In the spatial domain, a community detection algorithm using a
reactive/ active power quality function was introduced to partition an ADN into sub-networks. In the
time domain, short-term zonal scheduling (SZS) with 1 h granularity was drawn up based on a cluster.
The objective was to minimize the supported reactive power and the curtailed active power in reactive
and active power sub-networks. Additionally, a real-time zonal voltage control scheme (RZVC) with
1 min granularity was proposed to correct the SZS rapidly by choosing and controlling the key PV
inverter to regulate the supported reactive power and the curtailed active power of the inverters
to prevent the overvoltage in each sub-network. With the time domain cooperation, the proposed
method could achieve economic control and avoid overvoltage caused by errors in the forecast data
of the PVs. For the spatial domain, zonal scheduling and zonal voltage control were carried out in
each cluster, and the short-term scheduling and voltage controlling problem of the ADN could then
be decomposed into several sub-problems. This could simplify the optimization and control which
can reduce the computing time. Finally, an actual 10kV, 103-node network in Zhejiang Province of
China is employed to verify the effectiveness and feasibility of the proposed approach.

Keywords: photovoltaic generation; network partition; zonal scheduling; zonal voltage control

1. Introduction

In recent years, the high penetrated renewable energy source (RES)-based distributed generation
(DG) units has converted passive distribution networks into active distribution networks (ADNs) [1].
The operation of current ADNs is adversely influenced by highly penetrated PVs, which can lead to
overvoltage, flow reverses, and power quality issues. Among these issues, overvoltage is a high-profile
concern that challenges the stable operation of ADNs [2]. Therefore, the investigation of voltage control
strategies for ADNs with a high penetration of PVs is necessary to improve the economic efficiency of
PVs [3].

In ADNs, two major methods, that is, reactive power compensation (RPC) and active power
curtailment (APC), are commonly employed to address overvoltage issues. Reference [4] proposed
an APC-based method for PV inverters to avoid overvoltage or imminent violation of upper voltage
limit based on short-term PV power forecasts. In [5], an APC-based method for PV inverters was
developed to fairly share the required power curtailment among PV inverters during overvoltage
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periods. The efficiency and feasibility of RPC scheme for voltage regulation were demonstrated in [6,7].
PVs can operate as controllable units by the application of the reactive power compensation of smart
PV inverters, thus improving the penetration of PVs. However, due to economic considerations,
most of PVs inverters limited reactive power compensation. A better solution by reactive power
and active power combined regulation methods has been developed to realize high PV penetration
in ADNs. In [8,9], an optimal inverter dispatch (OID) scheme was proposed to find the critical PV
inverter, which had the most significant impact on distribution network operation. The optimal reactive
power compensation and active power curtailment of the critical inverters could then be dispatched
to minimize the economic cost. The OID-based method prevails over RPC-based and APC-based
methods [10], and the OID-based method has been commonly employed for dispatching PV inverters
in voltage regulation [11]. Nevertheless, the schemes are time-consuming in computation due to
they treat the distribution networks as a whole, which lead to that the schemes become difficult to be
applied in actual implementation if the network is large. It is worth noting that due to the dispersion
nature of PVs, network partition based zonal voltage control is another practical way to regulate the
voltage of a distribution network with the high penetrated PVs.

A handful of references [12–14] have reported electric power network partition and reconfiguration
methods. A k-means algorithm-based network partition method was proposed in [12] for ancillary
services in distribution networks. An agglomerative algorithm and power flow tracing based power
network partition method was developed in [13] for large power systems to carry out reactive power
control. Micro-grid formation method was proposed in [14], after a natural disaster, the distribution
network is partitioned so that the electricity for the critical loads in the system could be restored by
forming some micro-grids. From the structural point of view, the electrical connection was described
by defining the electrical coupling strength (ECS) as a composite-weight coefficient in [15], and the
partition quality was estimated by employing an electrical modularity. Rather than taking the topology
of electric power network into account, a partitioning scheme which took ownership and the energy
policy to be operational constraints was presented in [16]. These partitioning methods were based on
structure or state information, were only effective for special purposes, and were unsuitable for general
applications. Moreover, the impact of DGs on the partitioning solutions was not considered. In [17,18],
a community detection algorithm with the network structure information and the impact of PVs taken
into account was proposed. However, it could not restrict the size of the sub-networks, which might
result in unreasonable sub-networks and more voltage regulating cost. Therefore, determining how to
reasonably partition the distribution network considering the topology of the power grid, as well as
the impact of DGs and the size of the sub-networks, is the key to achieving zonal voltage control.

By dividing a complex large distribution network into some clusters or sub-networks, the regulation
of the voltage profiles in each sub-network can be conducted in a relatively independent way, and the
voltage regulation of the whole distribution network can be fast achieved. Compared with the
centralized voltage control of a non-partitioned network, zonal voltage control is carried out by a
parallel mode, the number of control dimensions and optimization variables can be significantly
reduced. In [19], the steady-state operation of a distribution network was modeled by a Jacobian-based
linear method, and the network is partitioned into several voltage regulation zones for reformulating
the centralized optimization as a quadratic programming of reduced dimension. A novel Laplacian
spectrum-based scheme was proposed in [20], bi-objective network dividing problems could be solved
in the scheme, and the resultant Pareto front of the voltage management solution can be obtained.
With the increasing penetration of PVs in ADNs, the ability to regulating voltage of PV inverters has
been greatly developed, and the control functions of PV inverters have been greatly enriched [17,18].
A combined day-ahead scheduling and real-time control strategy for optimizing the reactive power of
PV inverters in sub-networks was proposed in [17]. In the proposed strategy, the uncertainty of solar
forecasting could be quickly mitigated by employing zonal control. However, only the reactive power
compensation of PV inverters was optimized, the active power curtailment of PV inverters was not
taken into account. In [18], a particle swarm optimization algorithm was employed to optimize the
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reactive power and active power of the PV inverters in each sub-network. Hence, the node voltage
could be regulated within the secure operating range. However, this method optimized the reactive
power compensation and active power curtailment of PV inverters in the reactive power partitions,
which was unreasonable for the active power optimization and resulted more voltage regulating cost.
Therefore, after the partitioning of a distribution network, the determination of how to reasonably
establish an OID framework of PV inverters under the network partition to achieve zonal voltage
control is still in discussion and exploration.

In the light of the abovementioned problems, this study proposes a multiple spatiotemporal
characteristics-based zonal voltage control scheme for highly penetrated PVs. The major contributions
are summarized as follows: (1) Based on community detection algorithm, a reactive/ active power
quality function for network partition is proposed to divide the network into sub-networks, and a
complicated optimization was decomposed into several sub- optimization which could be solved
in a decentralized way. (2) Based on the network partition, a short-term zonal scheduling with 1 h
granularity was drawn up, and the objective was to minimize supported reactive power and the
curtailed active power in the reactive and active power sub-networks. Additionally, a real-time zonal
voltage control scheme with 1 min granularity was proposed in order to rapidly correct the SZS by
choosing and controlling the key PV inverter to manage the reactive/active power of PV inverters and
to prevent the overvoltage in each sub-network. With the time domain cooperation, the proposed
method could achieve an economic control and avoid overvoltage caused by errors in the forecast data
of the PVs. With the spatial domain, parallel processing could reduce the computing time significantly
to simplify the optimization and improve the dynamic response of the voltage control.

The rest of the study is organized as follows: Section 2 introduces an optimal network partition
based on community detection algorithm. Section 3 proposes and discusses a multiple spatiotemporal
characteristics-based zonal voltage control scheme. The application of the proposed scheme for a real
distribution network via case studies is discussed in Section 4. The discussion and conclusion are
given in Section 5.

2. Optimal Network Partition Based on Reactive/Active Power Quality Function

As the penetration level of PVs increases in a distribution network, the number of controlled nodes
will grow significantly throughout the distribution network, which complicates the voltage regulation.
If voltage profiles are still controlled in a centralized way, the computing time for control will not be
satisfactory due to the extremely high dimension of the control variables. If a reasonable partition
algorithm is used to partition the ADN into several relatively independent clusters or sub-networks to
carry out the zonal voltage control, a parallel computation among the various partitions can be achieved.
Moreover, after the partition, the voltage management in a specific sub-network and the change of the
parameters of the sub-network will have the least influence on the other sub-networks, which facilitates
the independent control of the PV inverters in each sub-network. In this way, distributed PV can have
the ability to flexibly respond to the scheduling and controlling of power dispatching. Based on the
power–voltage sensitivity matrix, the reactive and active power partitions can be decoupled to achieve
a two-level partitioning of the reactive power and the active power.

2.1. Decoupling of the Active Power and Reactive Power Partition

The relationships between the changes in power injections and the changes in node voltages can
be represented by following well-known equation [21]:[

∆P
∆Q

]
=

[
APδ BPU

CQδ DQU

][
∆δ
∆U

]
, (1)

where ∆P and ∆Q represent the changes in the injections of the active power and the reactive power,
respectively. ∆δ represents the incremental change in the voltage phase angle and ∆U is the incremental
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change in the voltage magnitude. The Jacobian matrix consists of APδ, BPU, CQδ, and DQU. Inverting
the matrix form given in Equation (1), Equation (2) can be obtained:[

∆δ
∆U

]
=

[
SPδ SQδ
SPU SQU

][
∆P
∆Q

]
, (2)

where SPU and SQU represent the voltage magnitude sensitivities of the active power and the reactive
power, respectively. SPδ and SQδ represent the voltage angle sensitivities of the active power and the
reactive power, respectively:

∆U = SPU · ∆P + SQU · ∆Q, (3)

where ∆P = [∆P1, ∆P2, . . . , ∆PN]T, and ∆Q = [∆Q1, ∆Q2, . . . , ∆QN]T. Additionally, the regulation of
∆P and ∆Q will be limited by the power factor of PV inverters:

∆Q = f (Smax, ∆P, cosϕmax), (4)

where Smax represents the apparent capacity of a PV inverter and ϕmax is the maximum permissible
power factor angle of the PV inverter.

When NPV nodes are connected with PVs of different capacities, the voltage of node i is affected
by its own power and by the ∆Pj and ∆Qj of other nodes. The voltage of node i can be expressed as
follows:

Vi = V0
i +

NPV∑
j=1

Si j
PU∆P j +

NPV∑
j=1

Si j
QU∆Q j, (5)

where V0
i is the voltage of node i without management of PV inverters, Si j

PU and Si j
QU are the (i, j)-th

elements of the matrices SPU and SQU, respectively.
In Equations (3) and (5), the voltage magnitude sensitivities SPU and SQU represent the influence

of the active power and the reactive power on the nodal voltage. When the active power is constant
and the unit reactive power has been injected, the variation of the voltage amplitude is only related
to the reactive power-voltage sensitivity matrix. Similarity, when the reactive power is constant and
the unit active power has been injected, the variation of the voltage amplitude is only related to the
active power-voltage sensitivity matrix. Therefore, the decoupling for the reactive and active power
partitions is achieved by the decoupling.

2.2. Reactive/Active Power Partition Quality Function

Different community-based network partition methods have been proposed for solving complex
network partition problems. For example, a modularity function-based method was proposed by
Girvan and Newman for network partition [22]. These methods can automatically generate the
best partition number without prior setting, which is more reasonable for the adaptive partitioning
of complex networks [23]. Considering the influence of network topology and the output of PVs,
this study proposes a reactive/active power-based partition quality function to partition a complex
ADN with high penetrated PVs.

The reactive/active power partition quality function-based method considers the network topology
and groups the nodes with strong couplings of reactive/active power together. Moreover, this partition
scheme can keep each sub-network under a reasonable size, as well as prevent an uneven number
of PVs, insufficient adjustable power, or excess power in the sub-networks. The reactive/active
power partition function proposed in this study is mainly composed of the internal reactive/active
power sensitivity function, the external reactive/active power sensitivity function, and the reactive
power/active balance function.
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2.2.1. Internal Reactive Power Sensitivity Function

The internal reactive power sensitivity function QQ
internal is presented in this work as follows:

QQ
internal =

T∑
q=1

 ∑
i∈CQ

q

∑
j∈CQ

q

AQ
ij

 N∑
i=1

N∑
j=1

AQ
ij

•
√

T∑
q=1

∣∣∣∣NumQ
q

∣∣∣∣2
, (6)

where T represents the number of current reactive power sub-networks, CQ
q represents the q-th reactive

power sub-network, N represents the node number in the feeder, NumQ
q represents the node number in

the reactive power sub-network CQ
q , and Aq

i j represents the reactive power weights, which describe the
reactive power coupling among the nodes and which are determined by the reactive power-voltage
sensitivity matrix SQU:

AQ
ij =

Si j
QU + S ji

QU

2
. (7)

QQ
internal is mainly based on the network topology, which characterizes the reactive power voltage

sensitivity among nodes in the partition. QQ
internal takes a value in the range of (0,1). The reactive

power-voltage sensitivity among the nodes within a reactive power sub-network will become higher as
QQ

internal increases, which illustrates a higher reactive power coupling between nodes, and the partition

will be more reasonable. Additionally, QQ
internal can also restrict the node size within a reactive power

sub-network and prevent an excessive number of nodes within a reactive power sub-network due to
unreasonable results.

2.2.2. External Reactive Power Sensitivity Function

The external reactive power sensitivity function QQ
external in this work is defined as follows:

QQ
external =



T∑
q=1

 ∑
i∈CQ

q

∑
j∈CQ

q

AQ
ij

 N∑
i=1

N∑
j=1

AQ
ij

•
√

T∑
q=1

∣∣∣∣VQ
q

∣∣∣∣•∣∣∣∣N−NumQ
q

∣∣∣∣ VQ
q < N

0 VQ
q = N

. (8)

QQ
external mainly describes the reactive power voltage sensitivity of nodes among different

sub-networks, which has a range of (0,1). The smaller QQ
external is, the lower the reactive power

voltage sensitivity of the nodes among different sub-networks will be. In other words, a smaller
value of QQ

external indicates a lower reactive power coupling between nodes in different reactive power
sub-networks. Therefore, the partition will be more reasonable. Additionally, the external reactive
power sensitivity function can also limit the nodal number in a sub-network, preventing an excessively
large or a small nodal number within a reactive power sub-network.

2.2.3. Reactive Power Balance Function

The reactive power balance function γQ
q is established as follows:

γQ
q =

 1, Qsupplied ≥ Qneeded, or Qneeded = 0∣∣∣∣Qsupplied
Qneeded

∣∣∣∣, otherwise
, (9)
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where Qsupplied represents the total reactive power supported by PV inverters in sub-network CQ
q .

The minimum reactive power needed in CQ
q is given by the following equation:

Qneeded =
∑
i∈CQ

q

∆Vi

Sii
QU

, (10)

where ∆Vi is the incremental voltage change of node i. Sii
QU is the reactive-power-voltage sensitivity

of i-th PV inverter on the i-th node in sub-network CQ
q . It should be noted that a local node has the

highest reactive-power-voltage sensitivity to itself. Then, the PV inverters installed at a local node,
if any, can provide the minimum reactive power compensation to regulate the voltage. The value of γQ

q
falls within the range of (0,1), which characterizes the ability of the reactive power balance by PVs in
various sub-networks. The partition quality will be better as γQ

q increases.
According to Equations (6), (8) and (9), the overall reactive power partition quality function is

presented as follows:

QQ
quality =

1
3

QQ
intenal +

(
1−QQ

extenal

)
+

1
T

T∑
q=1

γQ
q

. (11)

To make the quality of reactive power partition grow as QQ
quality becomes higher, (1 − QQ

external) is
used in Equation (11). Similarly, the active power partition quality function can be obtained as follows:

QP
quality =

1
3

QP
intenal +

(
1−QP

extenal

)
+

1
W

W∑
p=1

γP
p

, (12)

where QP
internal represents the internal active power sensitivity function. QP

external is the external active

power sensitivity function. QP
size represents the active power scale balance function. γQ

q is the active
power balance function. The active power partition quality function also considers the network
topology and reflects the ability of the active power compensation of the PVs in the sub-networks.

2.3. Network Partition Algorithm

For a complex active distribution network, the network partition algorithm for is employed
to carry out the partition, which is summarized as follows (taking the reactive power partition as
an example):

Step 1: The forecasted PV outputs and load demand one hour ahead are obtained.
Step 2: The forecasted data of PV outputs and load demands are collected. To initialize the network

partition, each reactive power sub-network is set that each sub-network contains only one
node. The reactive power partition quality function QQ

quality of each sub-network is computed
using Equation (11).

Step 3: For each node i, a new reactive power sub-network is formed by selecting another node from

the remaining nodes. The reactive power partition quality function QQ′

quality of the new partition

is calculated. The partition quality function variation ∆QQ
quality = QQ′

quality − QQ
quality is measured

for each possible partition where a pair of nodes is merged. After the calculation of partition
quality function variation for all node pairs in the network, the two nodes with the highest
partition quality function variation are grouped into one sub-network, and the total value of
reactive power partition quality function is updated.

Step 4: The newly formed reactive power sub-networks are treated as individual nodes. And by
repeating Step 3, the network merge process is conducted, and newly reactive power
sub-networks network is updated to form the network.
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Step 5: When the nodes can no longer be merged into any reactive power sub-network and the
reactive power partition quality function does not increase, the process is stopped. The optimal
partition, as well as the associated reactive power partition quality function, is obtained.

Step 6: The forecasted PV outputs and load demand of the next hour period is obtained and the
reactive power partition is repeated.

In the existing researches, most of the distribution network partition is mainly determined by
state or structure information of the distribution network. However, it should be noticed that the
installation and outputs of PVs will also have an impact on the optimal partition. The proposed
network partition algorithm can not only consider the state or structure of network, but also provide a
reasonable node size in each partition. Furthermore, the algorithm is updated by time-varying PV
outputs, which belongs to a dynamic partition algorithm.

3. Multiple Spatiotemporal Characteristics-Based Zonal Voltage Control Scheme

Along with the scale of PVs continue expanding, the penetration of PVs is increasing steadily.
Because of the decentralized installation and large scale of PVs in active distribution networks,
the voltage management will be more complicated. Taking advantages of zonal voltage control,
a short-term zonal scheduling (SZS) was created based on a distribution network partition with 1 h
granularity to maintain the economic operation of ADNs in this work. Additionally, a real-time zonal
voltage control scheme (RZVC) with 1 min granularity was proposed to rapidly correct the SZS by
choosing and controlling the key PV inverter to dispatch the reactive power and the active power of
inverters to prevent the overvoltage in each sub-network. The flowchart of the proposed multiple
spatiotemporal characteristics-based zonal voltage control scheme for ADNs is shown in Figure 1.
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3.1. Short-Term Zonal Scheduling for Highly Penetrated PVs

It was assumed that an active distribution network had been divided into T reactive power
sub-networks and W active power sub-networks by the described network partition algorithm.
Because of the weak coupling among the sub-networks, the SZS of each sub-network could be
optimized independently.

For a reactive power sub-network, the voltage control is carried out mainly by PV inverters
through absorbing or releasing the reactive power. In reactive power sub-networks with c nodes and
nq PVs, when PV inverters perform the reactive power regulation, the objective functions of the SZS
for reactive power sub-network q and the corresponding constraints are considered, and they are
introduced as follows:

objQq = min

 nq∑
k=1

∆Qk

, (13)

s.t.



PPV,i − PD,i = Vi
c∑

j=1
V j

(
Gi j cosθi j + Bi j sinθi j

)
QPV,i −QD,i = Vi

c∑
j=1

V j
(
Gi j sinθi j − Bi j cosθi j

)
0.95p.u. ≤ Vi

q ≤ 1.05p.u.
0 ≤ ∆Qk ≤ Qabsorb

k k = 1, 2, . . . , nq

−a cos(0.9) ≤ ϕPV
k ≤ a cos(0.9)

, (14)

where PPV,i, QPV,i are the active power and reactive power generated by PVs. PDi and QDi are the active
power and reactive power of load demands, respectively. Vi and Vj are the voltage magnitudes of node
i and node j respectively. Bij and Gij are the susceptance and the conductance of the branch consisting
of nodes i and j. θij is the phase difference of node i and node j. Vi

q is the voltage magnitude of node i

in CQ
q . ∆Qk is the absorbed reactive power of k-th PV inverter. Qabsorbed

k is the maximum absorbed
reactive power of the k-th PV inverter. ΦPV

k is the power factor angle of the k-th PV inverter.
Similarly, for active power sub-networks, the voltage control is carried out mainly by PV inverters

through curtailing the active power. In active power sub-networks with w nodes and np PVs, when PV
inverters perform the active power regulation, the objective functions and the corresponding constraints
are given as follows:

objPp = min

 np∑
k=1

∆Pcur
k

 (15)

s.t.



PGi − PDi = Vi
w∑

j=1
V j

(
Gi j cosθi j + Bi j sinθi j

)
QGi −QDi = Vi

w∑
j=1

V j
(
Gi j sinθi j − Bi j cosθi j

)
0.95p.u. ≤ Vi

p ≤ 1.05p.u.
0 ≤ ∆Pcurt

k ≤ Pout
k k = 1, 2, . . . , np

−a cos(0.9) ≤ ϕPV
k ≤ a cos(0.9)

(16)

where ∆Pcurt
k is the curtailed active power of the k-th PVinverter, Vi

p is the voltage magnitude of node i
in CP

p , and Pout
k is the maximum curtailed active power of the k-th PV inverter.

To deal with the optimization of SZS, an improved particle swarm optimization algorithm
(IPSO) [24,25] was employed to conduct the SZS. The steps for the optimization are summarized
as follows:

Step 1: When the reactive power and active power network partition was done, the reactive power
partition was selected to conduct the reactive power voltage control process.
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Step 2: In each reactive power sub-network, the model of Equations (13) and (14) was solved by IPSO.
The absorbed reactive power of the PV inverters could be obtained using the expression ∆QPV
= [∆Qd]1×n. The IPSO method can be introduced as follows [24]:

vs+1 = c0 × vs + c1rs(s) × (ps − xs) +
n∑

i=1

c2,ir2.i(s) × (gi,s − xs), (17)

xs+1 = xs + vs+1, (18)

where vs+1 and vs are the velocities of particles at s+1-th and s-th generation, respectively.
xs+1 and xs are the positions of the particles at s+1-th and s-th generation, respectively. c0

is the inertia weight factor. c1 and c2 are the accelerating constants, respectively. gi,s is the
position of the particle i at iteration s. rs() represent a uniform random value, and rs() ranges
from 0 to 1. The gbest term was considered as a “social influence” term. When PSO was
removed this effect, the optimization showed an abysmal performance. Therefore, the social
interaction was an important factor to help improving the performance of PSO. IPSO modified
the velocity and particle position by utilizing some fittest-particle information to enhance the
social interactions. Specifically, according to objective values of the particles, the particles were
rearranged in descending order at the s-th iteration, and the last n particles were chosen to
modify the velocity and particle position. By using the gbest of the neighborhood particles and
the best particle solution achieved, each particle of IPSO could modify its velocity and position.
This was similar to that a group of leaders could make better decisions in social society. With
the usual result becoming the clustering of individuals in the optimal regions, Individuals
were drawn towards one another’s successes as the searching of particle swarm population
over time.

Step 3: After the reactive power voltage control process, if nodal voltages did not exceed the normal
range under the reactive power compensation, thus the PV inverters had sufficient reactive
power-voltage control capability. Then, curtailed real power curtailment is no more needed.
The SZS was obtained with the expression: ∆QPV = [∆Qk]1×n, ∆PPV = 0. Otherwise, Step 4
was performed next to carry out the active power control.

Step 4: Based on all absorbed reactive power of the PV inverters put into voltage control, the model
of Equations (15) and (16) in each active power sub-network was solved by using IPSO to
ensure that all the node voltages met the voltage regulation requirement. Then the SZS could
be obtained with the expression: ∆QPV = [∆Qk]1×n, ∆PPV = [∆Pcurt

k ]1×n.

3.2. Real-time Zonal Voltage Control Scheme for Highly Penetrated PVs

With high penetrated PVs, the fluctuation in PV generations will have significant impacts on
the operation of the ADNs. When only the SZS is relied on to management the operation of ADNs,
it will fail the voltage control due to forecast errors of PV generations. If a real-time voltage control
can be formulated to correct the SZS through modifications with real-time operation data, the real-time
voltage control can maintain the economic operation of ADNs, as well as reduce the negative influence
caused by forecast errors. In this work, a network partition based real-time zonal voltage control
scheme was formulated with respect to the 1 min granularity, and it is carried out by choosing and
controlling the key PV inverter to dispatch the reactive power and the active power of the inverters to
prevent the overvoltage in each sub-network. The RZVC scheme is described in detail as follows:

Phase 1: The sub-networks in the SZS were obtained, and the reactive power sub-networks were

denoted as {CQ
1 , CQ

2 , . . . , CQ
q , . . . , CQ

T }. The existence of overvoltage in all the reactive power
sub-networks was checked. If all the node voltage were qualified, the RZVC could be ended.
Otherwise, the reactive power sub-networks with overvoltage were denoted as the abnormal
voltage sub-networks set ZQ, the other reactive power sub-networks were denoted as the
normal voltage sub-networks set CQ, and Phase 2 was begun.
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Phase 2: In the abnormal voltage sub-networks set ZQ, the node with the highest voltage magnitude

was chosen and it was assumed that the node belonged to CQ
q . In CQ

q , a reactive power voltage
control was carried out in detail, as follows:

By carrying out power flow analyzes for distribution network, the PV control nodes set PVq,
the critical load nodes set Vcr

q , as well as the normal load nodes set Vnom
q , were first set in

CQ
q . It was assumed that CQ

q contains nq nodes, and all the nodal voltages were sorted in a
descending order. The nodes with overvoltage were recorded as the critical load nodes set
Vcr

q = {V1
q , V2

q . . . Vm
q }. The nodes with normal voltages was denoted as normal load nodes set

Vnom
q = {Vm+1

q , Vm+2
q . . . V

nq
q }. It was assumed that there were nq_PV nodes with controllable

PV inverters in the sub-network, which were denoted as the PV control nodes set PVq = {PV1
q ,

PV2
q . . . PV

nq_PV
q }. The three types of node set are shown in Figure 2. The reactive power

voltage sensitivity matrices SQU was calculated, and the current reactive power of each PV
inverter were gotten through the power flow analyzes. In the critical load nodes set, the load
node with the highest voltage magnitude was selected as the critical load node and it was
recorded as Vmax

q . The incremental voltage change that exceeded the upper limit of the node
voltage was recorded as ∆Vmax

q . According to the reactive power voltage sensitivity matrices
SQU, the PV node that had the highest reactive power voltage sensitivity to the critical load
node Vmax

q could be determined from PVq, the PV node was recorded as PVi
q and the highest

reactive power voltage sensitivity was recorded as Smax
QU . Then the needed reactive power

of the inverter in PVi
q for regulating Vmax

q to the normal range could be calculated by the
following equation:

Qi
need = ∆Vmax

q /Smax
QU . (19)

When the reactive power Qi
supplied supported by the inverter in PVi

q was more than Qi
need,

then the inverter in PVi
q absorbed the Qi

need reactive power to control the voltage of Vmax
q ,

and the critical load node Vmax
q was removed from the critical load nodes set and added to

the normal load nodes set. A power flow study was carried out to find the next critical load
node to repeat the above process. Otherwise, when the reactive power Qi

supplied supported by

the inverter in PVi
q was less than Qi

need, then the inverter in PVi
q absorbed the Qi

supplied reactive

power to regulate the voltage of Vmax
q , and the PVi

q was removed from the PV control nodes
set. Additionally, another PV node that had the highest reactive power voltage sensitivity to
the critical load node was found from PVq in order to repeat the above process. In the control
process, when all the node voltages in CQ

q were within the voltage limit range or when there
was not any reactive power of PV inverters to regulate the voltage, then the reactive power
voltage control ended.
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Phase 3: CQ
q was removed from the abnormal voltage sub-networks set ZQ and added to the normal

voltage sub-networks set CQ. A power flow study was carried out. If all the nodal voltages
were within the voltage limit range, the voltage control process ended. Otherwise, Phase 2 was
repeated until all the node voltages were within the voltage limit range or all the sub-networks
were added to the normal voltage sub-networks set CQ. When all the sub-networks were
added to the normal voltage sub-networks set C but there was still overvoltage, then Phase
4 began.

Phase 4: The active power sub-networks denoted as {CP
1 , CP

2 , . . . , CP
p , . . . , CP

W} were obtained. The active
power sub-networks with overvoltage were denoted as the abnormal voltage sub-networks
set ZP, the other active power sub-networks were denoted as the normal voltage sub-networks
set CP, and Phase 5 began.

Phase 5: In the abnormal voltage sub-networks set ZP, the node with the highest voltage magnitude
was chosen, and it was assumed that the node belonged to CP

p . In CP
p , an active power voltage

control was carried out.

In CP
p , the PV control nodes set PVp, the critical load nodes set Vcr

p , as well as the normal
load nodes set Vnom

p , were first set by analyzing power flow of the ADN. It was assumed
that CP

p contained np nodes, and all the nodal voltages were recorded in a descending order.
The nodes with overvoltage were recorded as the critical load nodes set Vcr

p = {V1
p, V2

p . . . Vg
p}.

The nodes with normal voltage were denoted as the normal load nodes set Vnom
p = {Vg+1

p , Vg+2
p

. . . V
np
p }. It was assumed that there were np_PV nodes with controllable PV inverters in the

sub-networks, which were grouped into the PV control nodes set PVp = {PV1
p, PV2

p . . . PV
np_PV
p }.

The active power voltage sensitivity matrices SPU were calculated, and by the power flow
analyzing, the current active power outputs of each PV inverter were gotten. In the critical
load nodes set, the load node with highest voltage magnitude was selected as the critical load
node, and it was recorded as Vmax

p . The incremental voltage change that exceeded the upper
limit of the node voltage was recorded as ∆Vmax

p . According to the active power voltage
sensitivity matrices SPU, the PV node that had the highest active power voltage sensitivity to
the critical load node Vmax

p could be found out from PVp, the PV node is recorded as PV j
p,

and the highest reactive power voltage sensitivity was recorded as Smax
PU . Then the active

power of the inverter in PVi
q that was needed to regulate Vmax

p to the normal range could be
calculated by the following equation:

Pi
need = ∆Vmax

p /Smax
PU . (20)

When the active power Pi
supplied supported by the inverter in PVi

q was greater than Pi
need,

then the inverter in PV j
p curtailed the Pi

need active power to regulate the voltage of Vmax
p ,

and the critical load node Vmax
p was removed from the critical load nodes set and added

to the normal load nodes set. A power flow study was carried out to find the next critical
load node to repeat the above process. Otherwise, when the curtailed active power Pi

supplied

supported by the inverter in PVi
p was less than Pi

need, then the inverter in PVi
q curtailed the

Pi
supplied active power to regulate the voltage of Vmax

q , and the PVi
p is removed from PV control

nodes set. Additionally, another PV node that had the highest active power voltage sensitivity
to the critical load node was found from PVp in order to repeat the above process. In the
control process, when all the node voltages in CQ

q were within the voltage limit range, then
the reactive power voltage control ended.

Phase 6: CP
q was removed from the abnormal voltage sub-networks set ZP and added to the normal

voltage sub-networks set CP. A power flow study was carried out. If all the node voltages
were within the voltage limit range, the control process ended. Otherwise, Phase 5 was
repeated until all the node voltages were within the voltage limit range.
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4. Case Study

4.1. Case Study System

To verify the effectiveness and feasibility of the proposed method, an actual three-phase balanced
10 kV radial active distribution network located in Zhejiang Province, China was employed.

As shown in Figure 3, there were 103 nodes with a total load of 22.8 MVA in the ADN. A total of
13.2 MWp PVs were added to the network. Figure 4 gave the location and capacity information of PVs.
The PVs was interfaced with the system through a step-up transformer.Energies 2020, 13, x FOR PEER REVIEW  12 of 21 
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Figure 4. The location and capacity information of PVs in the ADN.

From the details of this actual radial ADN, the simulation model was established using the
OpenDSS program. The results of this study are obtained on a computer with 8 GB of memory and a
2.33-GHz Intel® CoreTM i5–4590 CPU. The base voltage was set to 10 kV, and the base power were set
to 100 MVA. The permissible voltage range of the system was (0.95, 1.05) p.u. The day of 2018.7.16,
which has the strongest solar irradiance, was chosen to verify the effectiveness and feasibility of
the proposed scheme. The real-time data and the of forecasted data solar irradiance (with respect
to the reference irradiance of 1500 W/m2) of 2018.7.16, as well as the load demand, are shown in
Figure 5; Figure 6. In the simulation studies, the ambient temperature was set to 25◦C, the operational
power factor of PV inverters is in the range of [−0.95, 0.95]. In order to guarantee sufficient reactive
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power support, The PV inverter capacity was usually set a little larger than the DC capacity of the PV
panels [26,27]. Then, the inverter capacity was set to 105% of the PV installation capacity.Energies 2020, 13, x FOR PEER REVIEW  13 of 21 
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Figure 6. Forecasted and real-time load demand.

4.2. Result of Multiple Spatiotemporal Characteristics-Based Zonal Voltage Control Scheme

When the ADN integrated all the PVs, overvoltage occurred due to the large excess PV outputs.
The voltage profiles without any voltage regulation in one day were shown in Figure 7. The voltage of
some nodes exceeded the upper limit during 11:00–11:30 and 12:15–12:45. Therefore, a reasonable and
efficient voltage regulation strategy had to be adopted to preserve the economic and stable operation
of the ADNs.
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Figure 7. Voltage profiles without any voltage regulation in one day.

First, the partitioning was carried out for the feeder. The distribution network was partitioned by
the forecasted PV outputs and the load demands, to as a basis of the SZS and RZVC. The whole day
forecasted value of 2018.7.16 was chosen as a reference in this study to carry out the network partition
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by the proposed partitioning strategy. The actual ADN at 12:30 on 2018.7.16 was selected to analyze the
performance of the proposed partitioning strategy. By carrying out the partitioning strategy proposed
in Section 2, the value of the reactive power partition quality function QQ

quality and the active power

partition quality function QP
quality versus the number of sub-networks for the actual ADN ware shown

in Figure 8. The reactive power partition quality function reached the maximum value QQ
quality = 0.412

when the ADN was divided into nine reactive power sub-networks. Thus, the optimal number of
reactive power sub-networks was nine. In Figure 3, the red dashed frame was employed to show
the final optimal partitions, which are denoted as {CQ

1 , CQ
2 , CQ

3 , CQ
4 , CQ

5 , CQ
6 , CQ

7 , CQ
8 , CQ

9 }. Likewise,
the active power partition quality function reached its maximum value of QP

quality = 0.4266 when the

ADN was divided into eight active power sub-networks, which are denoted as {CP
1 , CP

2 , CP
3 , CP

4 , CP
5 , CP

6 ,
CP

7 , CP
8 } and enclosed by the blue frame in Figure 3. It can be seen from the partition, the geographic

attributes of nodes had a significant impact on the partition of the AND. This is because that the
impedance between nodes reflected the reactive/active power-voltage sensitivity, and the impedance
between nodes was directly related to the geographical attributes.
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Figure 8. Value of the reactive/active power partition quality function versus the number
of sub-networks.

After partitioning the actual radial ADN, the multiple spatiotemporal characteristics-based zonal
voltage control scheme was applied to regulate the network operation (taking the most serious
overvoltage at 12:30 as an example). The SZS at 11:30 was drawn up, and the absorbed reactive power
of the PV inverters, as well as the curtailed active power, was shown in Figures 9 and 10, respectively.
As shown in Figures 3 and 7, the voltages of the nodes in the reactive power sub-networks {CQ

1 , CQ
4 ,

CQ
5 , CQ

6 , CQ
7 } were within the normal range, while the reactive power sub-networks {CQ

2 , CQ
3 , CQ

8 , CQ
9 }

had overvoltage issues. Then the PV inverters in {CQ
2 , CQ

3 , CQ
8 , CQ

9 } absorbed the reactive power to
manage the voltage. After the reactive power voltage control, there was still overvoltage in the active
power sub-networks {CP

2 , CP
3 , CP

7 , CP
8 }. Then active power voltage control was carried out by curtailing

the active power of the PVs in {CP
2 , CP

3 , CP
7 , CP

8 }, which can be seen in Figure 10. It should be noted

that no overvoltage occurred in the reactive power sub-networks {CQ
1 , CQ

4 , CQ
5 , CQ

6 , CQ
7 } and the active

power sub-networks {CP
1 , CP

4 , CP
5 , CP

6 }, so the PV inverters in these sub-networks did not participate
in the voltage control. To prove that the IPSO in the SZS can give a globally optimal result, Genetic
Algorithm (GA) was employed as a comparison to optimize the absorbed reactive power of the PV
inverters in SZS, as well as the curtailed active power. The results of the two optimization algorithms
were shown in Table 1.
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Figure 9. Absorbed reactive power of PV inverters under SZS and RZVC.

Energies 2020, 13, x FOR PEER REVIEW  15 of 21 

 

 

Figure 9. Absorbed reactive power of PV inverters under SZS and RZVC. 

 

Figure 10. Curtailed active power of PV inverters under SZS and RZVC. 

Table 1. Comparison of the IPSO and GA. 

Solution Methods Reactive Power Supports Active Power Curtailments Optimality of Result 

IPSO 1900.4 kVar 312.8 kW globally optimal result 

GA 1900.4 kVar 312.8 kW globally optimal result 

From Table 1 it can be seen that the absorbed reactive power and the curtailed active power of 
the PV inverters optimized by IPSO is same with the results optimized by GA, which prove that the 
IPSO in the proposed scheme can give a globally optimal result. The real-time voltage profile under 
the SZS is shown in Figure 11. The SZS could not regulate all the nodal voltage within the normal 
range. This was because the real-time solar irradiance at 12:30 were more than the forecasted data, 
the PV generations in real-time was more than that based on the forecasted data. Thus the overvoltage 
in real-time was more serious than the forecasted voltage. If PV inverters controlled the voltage by 
the SZS, the voltage could not be regulated to a safe operating range. To eliminate the problems 
caused by forecast errors, the RZVC was carried out to correct the SZS. 

For the reactive power sub-networks {CQ 
2 , CQ 

3 , CQ 
8 , CQ 

9 }, the proposed RZVC was first employed 
to control the voltages for the reactive power sub-networks CQ 

3 . Then the nodal voltages in the reactive 
power sub-networks CQ 

9 , CQ 
2 , and CQ 

8  were recalculated for further voltage control. After the reactive 
power control correction, the overvoltage still could not be solved. Then the active power curtailing 
of the PVs is corrected by the RZVC in the order of CP 

8 , CP 
2 , CP 

3 , and CP 
7 . When all the overvoltage 

problems were eliminated, the absorbed reactive power was shown in Figure 9 and the curtailed 

10 11 12 21 23 24 28 30 32 33 34 45 48 53 59 60 68 69 81 83 90 91 100 102 103  
0

50

100

150

200

250

300

node number

A
bs

or
be

d 
re

ac
tiv

e 
po

w
er

  
of

 P
V

 in
ve

rt
er

s/
kV

ar

 

 

SZS RZVC

 10 11 12 21 23 24 28 30 32 33 34 45 48 53 59 60 68 69 81 83 90 91 100 102 103  
0

10

20

30

40

50

60

70

80

node number

C
ur

ta
ile

d 
ac

tiv
e 

po
w

er
 o

f P
V

s/
kW

 

 

SZS RZVC

Figure 10. Curtailed active power of PV inverters under SZS and RZVC.

Table 1. Comparison of the IPSO and GA.

Solution Methods Reactive Power Supports Active Power Curtailments Optimality of Result

IPSO 1900.4 kVar 312.8 kW globally optimal result

GA 1900.4 kVar 312.8 kW globally optimal result

From Table 1 it can be seen that the absorbed reactive power and the curtailed active power of the
PV inverters optimized by IPSO is same with the results optimized by GA, which prove that the IPSO
in the proposed scheme can give a globally optimal result. The real-time voltage profile under the
SZS is shown in Figure 11. The SZS could not regulate all the nodal voltage within the normal range.
This was because the real-time solar irradiance at 12:30 were more than the forecasted data, the PV
generations in real-time was more than that based on the forecasted data. Thus the overvoltage in
real-time was more serious than the forecasted voltage. If PV inverters controlled the voltage by the
SZS, the voltage could not be regulated to a safe operating range. To eliminate the problems caused by
forecast errors, the RZVC was carried out to correct the SZS.

For the reactive power sub-networks {CQ
2 , CQ

3 , CQ
8 , CQ

9 }, the proposed RZVC was first employed to

control the voltages for the reactive power sub-networks CQ
3 . Then the nodal voltages in the reactive

power sub-networks CQ
9 , CQ

2 , and CQ
8 were recalculated for further voltage control. After the reactive

power control correction, the overvoltage still could not be solved. Then the active power curtailing of
the PVs is corrected by the RZVC in the order of CP

8 , CP
2 , CP

3 , and CP
7 . When all the overvoltage problems

were eliminated, the absorbed reactive power was shown in Figure 9 and the curtailed active power
was shown in Figure 10. It can be seen that compare to the SZS, the RZVC reduced the absorbed reactive
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power of the PV inverters, and increased the curtailed active power of the PV inverters. Because the
real-time PV generations were more than forecasted PV generations, and the absorbed reactive power
of PV inverters in real-time could not reach the value given by the SZS, the absorbed reactive power of
PV inverters was reduced, and the curtailed active power of PV inverters was increased in the RZVC.
Moreover, it could be seen that not all the PV inverters participated the voltage control. Some PVs
still operated without any reactive power or active power control. After the correction of the RZVC,
the voltage profile was as shown in Figure 11. It is shown that the proposed scheme could effectively
control the voltages to the permissible voltage range.
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Figure 11. Active power curtailed by the PV inverters under SZS and RZVC.

4.3. Comparison of the Partition Performance

To illustrate the fact that the proposed improved modularity function could partition the ADNs
well with high penetration of PVs, the modularity function [22] was utilized to partition the ADNs
(taking the reactive power network partition as an example). The results with proposed strategy
and with the modularity function were compared in Table 2, which showed the practicability of the
proposed strategy.

Table 2 shows the reactive power network partition and the active power network partition for
the ADN with the modularity function. As shown, the feeder was divided into 15 reactive power
sub-networks and 13 active power sub-networks. The smallest reactive power sub-network (reactive
power sub-network 1) contained five nodes, while the largest (reactive power sub-network 9) contained
12 nodes. There was a large difference in the size of the sub-networks with the modularity function.
However, the feeder was divided into nine sub-networks with the proposed method. The smallest
sub-network (reactive power sub-network 9) contained nine nodes, while the largest (reactive power
sub-network 1, 4, and 7) contained 14 nodes. Compared with the modularity function, the difference
in the size of the reactive power sub-networks was much smaller. This was because the internal
reactive power sensitivity function and the reactive power sensitivity function in the proposed method
could restrict the node size within a sub-network and prevent an excessive nodal number within a
sub-network. Then the size of the sub-networks with the proposed strategy was more reasonable.
Similarity, it can be seen from Table 2, the node size of the active power sub-networks with the proposed
method was much better than that with the modularity function.
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Table 2. Comparison of the Partition Solutions.

Compared Contents
Proposed Method Partition Method in [18]

Reactive Power
Subnet-Work

Active Power
Subnet-Work

Reactive Power
Subnet-Work

Active Power
Subnet-Work

Numbered sub-networks
(nodes included)

1 (1–14) 1 (1–11) 1 (1–5) 1 (1–11)
2 (15–24) 2 (12–24) 2 (6–11) 2 (12–16)
3 (25–34) 3 (25–34) 3 (12–16) 3 (17–24)
4 (35–48) 4 (35–48) 4 (17–24) 4 (25–30)
5 (49–60) 5 (61–69) 5 (25–30) 5 (31–34)
6 (61–69) 6 (70–83) 6 (31–34) 6 (35–40)
7 (70–83) 7 (84–94) 7 (35–40) 7 (41–48)
8 (84–94) 8 (95–103) 8 (41–48) 8 (49–63)
9 (95–103) - 9 (49–60) 9 (64–69)

- - 10 (61–69) 10 (70–83)
- - 11 (70–75) 11 (84–91)
- - 12 (76–83) 12 (92–98)
- - 13 (84–91) 13 (99–103)
- - 14 (92–98) -
- - 15 (99–103)

Total absorbed reactive
power/curtailed active power 1533.93/kVar 430.19/kW 1564.61/kVar 441.38/kW

In addition to the difference in the size of the sub-networks, reactive power sub-networks 1, 7,
11, and 14 and active power sub-networks 6 and 12 did not have PVs with the modularity function.
However, with the proposed method, each reactive power and active power sub-network contained
PVs, and adjustable reactive power and active power existed in every sub-network. Therefore,
the partition results were more reasonable than the modularity function. The main reason for the
difference was the existence of the reactive/active power balance function in the proposed method.
The function could evaluate the degree to which the adjustable reactive or active power of PV inverters
met the reactive/active power demand in each sub-network. Moreover, the reactive/active power
balance function could improve the reactive/active power balance ability of the PV inverters within a
sub-network. Then each reactive power cluster contained PVs with the proposed method.

To further illustrate the effectiveness of this proposed strategy, the proposed multiple
spatiotemporal characteristics-based zonal voltage control scheme was carried out for the two partition
method. The total absorbed reactive power and the curtailed active power of the PV inverters are
shown in Table 2. It was shown that the total absorbed reactive power and the curtailed active power
of PV inverters with the partition attained by the proposed function were smaller than those attained
by the modularity function, which proved that the proposed function could result in a more reasonable
partition and produce a more economical voltage control.

From the above analysis, it can be concluded that the proposed partition strategy was more
practical than the modularity function in terms of the power balance ability by the PV inverters within
a sub-network, the size of the sub-networks, and the economy of the voltage control. This indicated
that the proposed method was more suitable for ADNs with high penetration PVs.

4.4. Comparison with a Centralized Control Scheme

To further analyze the advantages of the proposed scheme, a centralized control scheme was
compared with the proposed control scheme to provide a comparative assessment. In the centralized
method, all the nodes of the feeder were treated as a complete reactive power sub-network and a
complete active power sub-network. The multiple spatiotemporal characteristics-based zonal voltage
control scheme was conducted based on one reactive power sub-network and one active power
sub-network. Under the two control schemes, the voltage profile is shown in Figure 12.
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Figure 12. Voltage profiles under the centralized control scheme and the proposed scheme.

As shown of the voltage profile, both of zonal control and centralized control could manage the
voltage to acceptable range. Figure 13 shows the absorbed reactive power and the curtailed active
power of the PV inverters under centralized control scheme. It is shown that all the PV inverters
participated in voltage control. For nodes 35–69 in particular, no overvoltage occurred among these
nodes, but the PV inverters in nodes 45, 48, 53, 59, and 60 absorbed the reactive power for the voltage
support. The main reason for this was that under the centralized control, all of the nodes belonged to
one sub-network, and all of the PV inverters were involved in the optimization together to regulate the
voltage, which was a global optimizing process. However, the proposed scheme involved independent
optimizing processes versus sub-networks, and the PV inverters provided voltage support only in
sub-networks with overvoltage. Thus, under the proposed scheme, the PV inverters in nodes 45, 48,
53, 59, and 60 did not participate in voltage control.

Energies 2020, 13, x FOR PEER REVIEW  18 of 21 

 

As shown of the voltage profile, both of zonal control and centralized control could manage the 
voltage to acceptable range. Figure 13 shows the absorbed reactive power and the curtailed active 
power of the PV inverters under centralized control scheme. It is shown that all the PV inverters 
participated in voltage control. For nodes 35–69 in particular, no overvoltage occurred among these 
nodes, but the PV inverters in nodes 45, 48, 53, 59, and 60 absorbed the reactive power for the voltage 
support. The main reason for this was that under the centralized control, all of the nodes belonged to 
one sub-network, and all of the PV inverters were involved in the optimization together to regulate 
the voltage, which was a global optimizing process. However, the proposed scheme involved 
independent optimizing processes versus sub-networks, and the PV inverters provided voltage 
support only in sub-networks with overvoltage. Thus, under the proposed scheme, the PV inverters 
in nodes 45, 48, 53, 59, and 60 did not participate in voltage control. 

 

Figure 12. Voltage profiles under the centralized control scheme and the proposed scheme. 

 

Figure 13. Absorbed reactive power and curtailed active power of PV inverters under the centralized 
control scheme. 

The total reactive power supports, the active power curtailments, and the network losses for the 
two schemes are given in Table 3. Under the centralized control scheme, the absorbed total reactive 
power by the PV inverters was 2677.28 kVar, the curtailed active power was 315.78 kW, and the 
network losses were 312.41 kW. However, the total absorbed reactive power by the PV inverters 
under the zonal control method was 1533.92 kVar, the curtailed active power was 430.19 kW and the 
network losses were 434.72 kW. In comparison, the centralized control method curtailed less active 

10 20 30 40 50 60 70 80 90  103

1.0455

1.046

1.0465

1.047

1.0475

1.048

1.0485

1.049

1.0495

1.05

1.0505

node number

N
od

e 
vo

lta
ge

 m
ag

ni
tu

de
/p

.u
.

 

 

Centralized control scheme Proposed control scheme 1.05 p.u.

 10 11 12 21 23 24 28 30 32 33 34 45 48 53 59 60 68 69 81 83 90 91 100 102 103  
0

50

100

150

200

250

node number

A
bs

or
be

d 
re

ac
tiv

e 
po

w
er

/k
V

ar
 a

nd
C

ur
ta

ile
d 

ac
tiv

e 
po

w
er

/k
W

 

 

Absorbed reactive power Curtailed active power

Figure 13. Absorbed reactive power and curtailed active power of PV inverters under the centralized
control scheme.

The total reactive power supports, the active power curtailments, and the network losses for the
two schemes are given in Table 3. Under the centralized control scheme, the absorbed total reactive
power by the PV inverters was 2677.28 kVar, the curtailed active power was 315.78 kW, and the network
losses were 312.41 kW. However, the total absorbed reactive power by the PV inverters under the
zonal control method was 1533.92 kVar, the curtailed active power was 430.19 kW and the network
losses were 434.72 kW. In comparison, the centralized control method curtailed less active power and
generated less network losses than the proposed method, but it needed much more reactive power
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for the voltage regulation. It can be seen from Figures 12 and 13 that under the centralized control
scheme, the absorbed reactive power in nodes 45, 48, 53, 59, and 60 only apparently reduced the
voltage magnitude among nodes 35–69, but it provided very small contributions to the nodes with
overvoltage. This was because the PV inverters in nodes 45, 48, 53, 59, and 60 had strong reactive
power-voltage sensitivity with the nodes in {CQ

4 , CQ
5 , CQ

6 }, but for the nodes in other sub-networks,
the reactive power-voltage sensitivity was weekly. Then the absorbed reactive power in nodes 45, 48,
53, 59, and 60 had very little effect on the overvoltage, which could be regarded as a waste of the reactive
power. However, with the proposed method, the nodes belonging to the same sub-network had strong
power-voltage sensitivity to each other. Additionally, the PV inverters regulated the voltage of nodes
with strong voltage sensitivity, so the absorbed reactive power, as well as the curtailed active power
by PV inverters could be efficiently utilized to solve the overvoltage within the same sub-network,
which produced less power waste than the centralized control scheme. Therefore, the proposed scheme
is acceptable for practical applications.

An important index, which is used to evaluate the quality of the voltage control, is the magnitude
of the voltage. However, the number of PVs has increased rapidly in ADNs, and the penetration of
PVs has increased. Considering the requirements of voltage control, the computing time of a control
scheme is another important index for evaluating the quality of voltage control, especially for real-time
voltage control. Table 3 shows the computing time for the two schemes, and the computing time that
was gotten by the MATLAB simulation.

Table 3. Comparison of the Two Schemes.

Case Reactive Power Supports Active Power Curtailments Network Losses Time

Centralized control 2677.28 kVar 315.78 kW 312.41 kW 67.62 s

Proposed method 1533.92 kVar 430.19 kW 434.72 kW 10.41 s

Table 3 shows the computing time under the two schemes. Under the centralized control scheme,
the computing time was 67.62 s. However, the computing time under the proposed scheme was 10.41 s.
Compared to the centralized control scheme, the computing time of the proposed scheme was greatly
reduced. The main reason for this was that, when the overvoltage was managed by the centralized
control scheme, all PV inverters were involved in the optimization, and optimization complexity was
greatly increased. By contrast, the network partition could divide the ADN into several sub-networks
under the proposed scheme. The optimization scale for the PV inverters could be reduced from the
whole ADN to the selected sub-networks. And when the voltage control was carried out, the only the
selected sub-networks achieved optimization or control of their PV inverters. And the impact of other
sub-networks was no need to be considered. Consequently, under the proposed method, the number
of control nodes could be greatly reduced and the optimization process can be simplified. Promising
over the computing time, the proposed scheme will show more advantages compared with centralized
control scheme as the penetration of PVs increasing. Thus, the proposed method will be more suitable
for voltage control in the ADNs with the high penetrated PVs.

The analysis revealed that, the proposed multiple spatiotemporal characteristics-based zonal
voltage control scheme could increase the utilization of the PV inverters in voltage regulation, simplify
the optimization by reducing controlled nodes, and manage the voltage of the ADN rapidly. Therefore,
the proposed multiple spatiotemporal characteristics-based zonal voltage control scheme could satisfy
the actual voltage control requirements, and the scheme could be applied to the actual ADN with a
high penetrated PVs.

5. Conclusions

As the penetration of PVs increases, the overvoltage in ADNs will become more serious.
Additionally, the scale and capacity of PVs will grow significantly. The traditional centralized
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voltage control methods will not satisfy the computing time requirements of voltage control. To solve
the overvoltage, this study proposes a zonal voltage control scheme based on multiple spatiotemporal
characteristics. In the spatial domain, a reactive/active power quality function based community
detection algorithm was introduced in order to partition the ADN into reactive/active power
sub-networks. In the time domain, a short-term zonal scheduling with 1 h granularity was drawn up
based on the cluster. The objective was to minimize the supported reactive power and the curtailed
active power of PV inverters in reactive and active power sub-networks. A real-time zonal voltage
control scheme with 1 min granularity was proposed in order to rapidly correct the SZS by choosing
and controlling the key PV inverter to dispatch the reactive power and active power of PV inverters to
correct the SZS in each sub-network. Simulation studies were carried out on an actual 10 kV, 103-node
network in Zhejiang Province of China to verify effectiveness and feasibility. The analyses show that
the proposed method could give a more reasonable partition result for the zonal control. In addition,
the proposed scheme could simplify the optimization by reducing the controlled nodes, and manage
the voltage of the ADN rapidly. On the basis of this work, to further improve the PV hosting capacity
in future AND, the uncertainty of PV outputs in the partition of ADNs, as well as the uncertainty of
PV outputs in zonal voltage control, will be further addressed in future work, thereby promoting a
sustainable development of PVs.
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