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Abstract- In this paper, a distributed method for reactive power management in a distribution system has been
presented. The proposed method focuses on the voltage rise where the distribution systems are equipped with a
considerable number of photovoltaic units. This paper proposes the alternating direction method of multipliers
(ADMMs) approach for solving the optimal voltage control problem in a distributed manner in a distribution system
with high penetration of PVs. Also, the proposed method uses a clustering approach to divide the network into
partitions based on the coupling degrees among different nodes. The optimal reactive power control strategy is
conducted in each partition and integrated using ADMM. The proposed method is tested on a 33 bus IEEE distribution
test system and a modified IEEE 123-node system. The result evidence that the proposed method has used the lower

reactive power if compared to the conventional method.
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1. INTRODUCTION

One of the important challenges in distribution systems
has been voltage drop, especially during peak load. Due
to the radial configuration and high length of the
distribution system, the voltage drop in far distances
may usually result in voltage go the allowable range out.
To overcome this challenge, the distribution system is
equipped with distributed generation units or capacitor
banks [1]. However, in the advanced distribution
system, the networks may face a new challenge due to
the high penetration of distributed energy resources [2-
3]. As the power injection of DGs leads to rising the
voltage in connection points, the voltage may go upper
limits while the generation level is high and the load
demand is low [4]. For example, photovoltaic (PV) units
deliver their maximum power during mid-day while the
system load demand is not at peak level. So, voltage and
reactive power control methods are expected to be
upgraded in accordance with the photovoltaic
penetration in distribution networks.

In Ref. [5], an upgrading voltage control method
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corresponding to photovoltaic penetration rate has been
presented in which moving the on-load tap changer
control method along with the additional installation of
the static Var compensator or step voltage regulator
have been considered. In Ref. [6], the effect of large
scale photovoltaic units integration on power
transmission systems has been investigated where one
of objective functions was voltage deviation reduction.
In Ref. [7], a voltage management method considering
the power factor droop parameters of PV inverters has
been presented in which serious voltage variations as
well as excessive step voltage regulators tap operations
have been successfully mitigated. In Ref. [8], a
probabilistic voltage regulation method in distribution
networks has been presented. The voltage management
in multiple low and medium voltage networks has been
carried out through the placement of on-load tap
changers and distribution static compensators as well as
considering the reactive capability of PV inverters.

Using a partitioning approach, large and complex
distribution networks can be divided into smaller sub-
networks. Then, the reactive power and voltage control
of the whole network can be reached by the voltage
control of each sub-network. As a result, the complexity
of the problem reduces and it can be solved in a fast
way [9-10]. Comparing with the non-partitioned
network, the zonal reactive power and voltage control
can be conducted in a parallel mode and, as a result, the
number of variables as well as control dimensions can
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be considerably reduced. In Ref. [11], an online voltage
regulation method based on particle swarm optimization
algorithm has been presented in which a distribution
network has been divided into several separate control
areas. In Ref. [12], a voltage control method by
implementing the voltage regulation capability of PV
inverters has been proposed. Also, a network partition
method based on a community detection algorithm has
been used to apply zonal voltage control. In Ref. [13], a
voltage control method based on the spectral clustering
algorithm has been presented for distribution networks
with high penetration of PVs.

In a smart distribution system, distributed energy
resources together with the distributed nature of data,
significantly increase the complexity of distribution
systems operation and motivate the needs for distributed
optimization. Recently, several types of research have
been carried out aiming at resolving power system
operation problems in a distributed manner. Lagrangian
Relaxation (LR) is known as this type of methods [14-
15]. In the LR method, coupling constraints among
various sub-networks are relaxed via Lagrangian
multipliers where the derived problem converts into
separable sub-problems. In Ref. [16], a decentralized
method based on Dantzig-Wolfe decomposition and
column generation to optimally coordinate distributed
generation resources has been presented. In Ref. [17], a
modified distributed gradient projection algorithm has
been used to optimally coordinate loads to provide
frequency control service to the grid. In Ref. [18], the
consensus-based  distributed  energy management
algorithm has been presented to help devices to estimate
system global information. Lately, the alternating
direction method of multipliers (ADMM) has taken
more into considerations, which is well-matched for
distributed convex optimization [19]-[24]. In Ref. [25],
a distributed voltage control method based on the
relationship of the active and reactive power outputs of
PV units has been presented. The method considered the
conventional voltage regulating devices along with the
PV smart inverter’s capability in providing reactive
power service. In Ref. [26], a decentralized reactive
power control method through a linear decision rule has
been presented where the reactive power from PV
inverter confirming standard characteristic curves in the
German grid code has been taken into account. In Ref.
[27], a rule-based approach for decentralized reactive
power control of PV inverters has been presented. The
method focused on reducing voltage violations which
may occur due to the fluctuations of PV real power in
the time interval between VVC set-point executions in

the field. The rule-based method has been added to the
traditional volt/var control due to the growing
integration of PV capacity in distribution networks.

To sum up, the main objective of the voltage control
problem is maintaining the quality of voltage magnitude
in distribution networks when increasing hosting
capacity of current distribution network for installing
more PV units. So, the problem arises where the
distribution network cannot still operate without
violating its operational constraints due to high
penetration of PV units [28]. The conventional
centralized voltage control approaches can solve the
problem but the complexity and computation time of the
problem are introduced as a challenge. Now, reducing
total computational effort during the voltage control
optimization process can be taken into account as an
objective.

In this paper, a distributed voltage control based on
clustering distribution networks into partitions is
proposed. The voltage regulation is carried out by
reactive power management of PV inverters. To
coordinate the voltage control in all partitions, the
ADMM approach is adapted to the proposed method. In
comparison to centralized methods, the advantage of the
proposed method is to reduce the computational burden
and eliminate the need for all network information. The
contributions of this paper are highlighted as follows:

1) A partitioning approach base on voltage sensitivity
matrix analysis has been presented to divide a large
complex distribution network into multiple smaller
subnetwork.

2) A distributed voltage control based on ADMM is
presented.

The rest of this paper is organized as follows. In
Section Il, the formulation of the network partitioning
approach and the proposed distributed voltage control
approach has been presented. Results of numerical case
studies are presented in Section Ill. Finally, Section IV
summarizes conclusions.

2. VOLTAGE CONTROL FORMULATION
In this section, the optimal reactive power management
method aiming at controlling network voltage has been
described. The proposed method is divided into three
parts listed as follows.

Firstly, the distribution network is divided into some
partitions based on the voltage sensitivity analysis
among nodes. So, the nodes, which have the most
voltage impact on each other, have been clustered in the
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same partition. In the next step, optimal active and
reactive power control is carried out in each partition
where the voltage control strategy is coordinated by
ADMM in a distributed manner.

To implement the proposed method in a real
distribution network, the smart grid communication
infrastructure is required. The future distribution
network includes a cyber-physical system containing
three layers [29]: a physical layer, a communication
layer and a control layer. The communication data is
processed within the control layer (such as running the
distributed  algorithm).  Respect to  distributed
algorithms, a distributed controller can be set in each
bus or a part of the whole network. A middleware exists
between the physical network and communication
network where it is able to process the collected data
and conducts the distributed algorithm.

In this paper, the physical and communication layers
shown in Fig. 1 are supposed. First of all, the
distribution network is divided into some sections.
Then, a distributed controller is assigned to each
section. All distributed controllers are connected to a
central controller via the communication layer. The
central controller is located in a distribution
management system under supervision of distribution
system operators. The distributed controllers obtain
measurements from and issue commands to the PV units
inverters installed at their sections. It runs voltage
control program by its data as well as estimating the
value of bus voltage magnitude and angles
corresponding to neighbouring sections. After that, all
distributed controllers send their calculated values to the
central controller. Then, a mean value is calculated
using the voltage magnitude and phase values in each
section and the corresponding ones estimated by
adjacent sections. Finally, after some iteration, the
optimal solution is found.

Central controller

Sub-network 2

’ PV units
—<  Electrical network

Distributed Controller

---#  Communication Link

Fig. 1. Data flow of the proposed distributed voltage control

The details of the proposed voltage control strategy
have been described as follows.

2.1 Network clustering
By increasing the penetration of PV units, a distribution

system operation and control are faced by challenges.
On the other hand, due to increasing the size of
distribution operation problems, it is difficult to handle
the problem in a centralized manner. On the basis that
the voltage coupling degrees among different nodes are
not the same, some problems such as voltage control
can be individually applied to a part of the distribution
system.

In the proposed method, the spectral clustering [30,
31] combining to K-means method [32] is used to
divide a complex distribution network into partitions.
Regarding graph theory, a distribution network can be
defined by an undirected weighted graph G(Z,M),
where Z = {Z,,Z,, ..., Zy} and M are, respectively, the
set of nodes and the set of all nodes and branches in the
distribution network. A symmetric weight matrix is
defined by an average edge weight as a set of edge
weights:

W = W(i.j);rW(j.i) (1)
Next, a diagonal degree matrix D is made as:

dl = ;'1=1 VVU, D = diag(dl, dz, ey dN) (2)

Then, the normalized Laplacian matrix is constructed
as:

L=D"2 (D —-w)D/? (3)

After that, eigenvectors and eigenvalues of the
normalized Laplacian matrix are computed. k,
eigenvalues are selected, and their related eigenvectors
are normalized to construct a N X k, feature matrix ©.
Each row of @ corresponds to a spectral data point and
mapped to the related node in the power distribution
network. The dimensionality of the problem is
effectively reduced by implementing the Laplacian
treatment. To yield network partitioning, then, the
classical K-means method is implemented to manage the
cluster spectral data points. The edge weight and
clustering fitness are defined as follows.

In this paper, the active power-voltage (P-V) or
reactive power-voltage (Q-V) sensitivity matrix is used
to determine the edge weight w of a distribution system.
The sensitivity matrix which shows the relationship
between the voltages and the changes in the power
injections are defined as follows:

oA R P [ @
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where, AP, AQ, AV and Aé represent the incremental
change in active power, reactive power, voltage
magnitude and phase angle, respectively; T'sp, Isq, Ip
and I, are the voltage angle and the voltage magnitude
sensitivity relating to active and reactive power,
respectively. An average edge weight (lPl.';Q) is defined
as an index to show the coupling degree of two nodes;
that is,

ij Ji
gre = vo'lve ®)

ij 2
2.2 Reactive power control by PV
It is assumed the PV system is equipped with a
controllable inverter which is able to provide sufficient
reactive power. The objective function OF aims at
minimizing the total reactive power injection provided
by PV units.
OF = min(ZN-; AQ,) (6)
where, AQ,, is the reactive power absorbed by the n-

th PV unit. The constraints of the problem are given as
follows:

N .

PGi_PDi = VLZ]:;(V}(G,_] COS&,:j‘l‘Bij Sln5l-j) (7)
N .

Qi — Qpi = ViZ,-:f V(G sin&;; — By cos 6;;)  (8)

0.95 p.u. < V{, < 1.05p.u. 9)

0 < AQn < QlebSOTb n= 1,2, ,N (10)

—c0s71(0.95) < @py, < cos™'(0.95) (11)

where, N¢, is cluster number Cy; Pg;, Qg; represent
the active power and reactive power generated by
generators (conventional and PV units), respectively;
Pp;, Qp; represent the active and reactive power load
demand, respectively; V; and V; represents the voltage
magnitudes of the node i and node j, respectively; B;;
and G;; are the susceptance and conductance of line
between nodes i and j, respectively; &;; the angle
difference of node : and node ;; Vcik represents the
voltage magnitude at node i in the cluster C,; AQ,, is
reactive power amount absorbed from the n-th PV
system where its maximum value shown by Qlycorp;
and @py, is the power factor angle of n-th inverter.

The optimal reactive power considering the voltage
between allowable ranges is determined based on the
objective function in Eq. (6).

To encourage private PV owners to participate in the
voltage control program, there are two ways. The first is
a mandatory law for participating in ancillary service
program in a defined power factor range [33-35]. The
second one is to provide an incentive by valuing or
pricing reactive power services. In this way, the reactive

power absorbed by PV units is paid [36-37]. The
reactive power pricing can be carried out by two
methodologies: a) pricing based on the active power
loss opportunity cost, b) the equivalent cost of voltage
control process if it is carried out by other equipment
such as reactors, demand response program or FACTs
devises. In this paper, it is assumed that each PV owners
will be paid based on the reactive power price as an
incentive program if they participate in voltage control
program.

2.3 ADMM
ADMM is known as a distributed algorithm that uses

both the decomposability of dual ascent as well as the
superior convergence properties of the method of
multipliers [38]. This method reforms problems
formulation as given in (10):

min Ly (4, €,4) = SN-alCoGea) + 4. (T =

fn) + (P/Z) ”fn - {n”%]

where, L, (.) is the augmented Lagrangian function;
C,(x,) is the objective function of subsystem n; x,, are
variables of subsystem n which comprise local variables
X, and coupling variables %,,; &, are global variables
corresponding to subsystem n ; A, are Lagrangian
multipliers; p > 0 is a predefined parameter; and ||. ||3
represents the [,-norm of a vector.

(12)

ADMM involves the iterative procedure among
equations (13) - (16):

i+1

xi*1 = arg xrr?ei)r(ln (Cn(xn) + AT x, +
(13)
(8). 1% — &il12) ¥ne N
1= Zia(ng)(ff)w WVgEZ (14)
AFL = 2 4 p (R — £y wn e N (15)
&=06""+6,+6.2)/3 (16)

where i represents the index of ADMM iterations.
Decision variables & and x are individually optimized in
equations (13) and (14). For the distributed reactive
power management problem, the objective of the entire
system Eq. (6) can be represented as the summation of
objectives for individual subsystems Egq. (12), x,
satisfies constraints (13) - (16) in subsystem n. The term
((%, — &,) = 0) warranties that the same variables
stated in different subsystems are equal to each other.
Eq. (14) means that ¢, (the global variable) equals to
the average of all (%,,),, which correspond to z,. (%),
is the wt" variable of %,,. g = G(n,w) represents the
mapping from duplicated coupling variables %, onto &,
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as the global variable. That is, (X,),, is related to the
global variable ;.

The convergence index of ADMM is determined
based on the primal residual Eqg. (17) and the dual
residual Eqg. (18), which & and &, are predefined
thresholds [38]. Also, the primal residual r is calculated
by means of primal variables x and &. The stop criterion
is achieved while primal and dual residuals are
sufficiently small in each subsystem n.

2] = = 2 <, )

st = o leir - &ll; < e (18)

3. CASE STUDY

In this section, we conduct some case studies in the
IEEE 33-bus test feeder shown in Fig. 2, and the
network parameters can be found in Ref. [39]. The PV
model for the simulation studies is taken from [40].
Each inverter can be operated in a power factor range of
(-0.95, 0.95). Also, the parameters of the GA algorithm
are in Table 1. Regarding ADMM parameters, p is set as
20, and &; and ¢, are 0.0001 for all case studies.

According to the proposed method, the network
should firstly be sectionalized in partitions. The optimal
partition process has been carried out based on the
coupling degrees among different nodes which was
proposed in Section 2.1. As a result, the final partitions
are illustrated in Fig. 3 where the partitions are indicated
as {P1, P2, P3, P4, P5}. Two ways have been
implemented to validate the generality and applicability
of the presented clustering approach in the voltage
control problem. To certify the clustering results,
another clustering method has also been implemented to
divide the same distribution test network into multiple
smaller sub-networks [41]. The results showed the
clusters are practically similar in both approaches. As
the second validation approach, the voltage control
problem has also run using the conventional centralized
method without carrying out the partitioning process.
The comparison evidenced that the proposed method
provides better results. It shows that the proposed
clustering approach has efficiently and properly divided
the complex network in the case of voltage control
problem.

To show the effect of integration of large scale
photovoltaic units in the distribution network, three
cases have been defined as follows. The first case,
namely the base case, corresponds to the system before
installing PV units. Cases 2 and 3 are related to the
distribution network including future planned PV units

with and without the proposed voltage control scheme.
The node voltage profiles of the three cases are shown
in Fig. 4. As shown, the proposed method is able to
regulate the voltages within the acceptable range.

Table 1. GA Parameters

Parameter Value

Number of Population 50

Population Type Double vector

Selection Operators Stochastic uniform

Mutation Operators Gaussian

Percent of Mutation 20%

In order to prove the feasibility of the proposed
voltage control method, the simulation results of a
conventional centralized voltage control strategy [42-
43] are given as a comparison where optimal reactive
power management is optimized by the GA algorithm.
Using the centralized scheme, the absorbed reactive
power for each PV unit is given in Table 2. The total
reactive power compensation in centralized method is
2005 kVar where the one in the proposed method is
1125 kVar. It can be found that the centralized method
results in a higher amount of reactive power absorption
if compared to the one in ADMM.

It should be noted that the centralized voltage control
scheme requires a whole optimization procedure for all
the PV inverters when the operation condition varies.
So, without considering the regulation sensitivity of
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each inverter, the setpoints of active and reactive power

for all inverters are the variants that should be

optimized. Therefore, it shows a poor dynamic response i

to sudden transients like a transient weather condition 1045 i
caused by passing cloud shadows. The most important 102 /

advantage of the distributed voltage regulation is that it 100

only requires to regulate local inverters in order to

Voltage Magnitude (pu)

169

---=- without PV
- - —with PV without Control
<3 [T——with PV with Control

[}

1
|
1
[}
1

0.98 \
control voltage for the partitions. Also, the inverters in - '\,_
other partitions can still conserve their operation i
strategies. In this manner, a complex problem is et N
separated into several relatively simple sub-problems b
that can be solved fast and easily. Additionally, if only 080 +——————

limited communication links are existing between PVs,
the proposed method based on partitions can still
achieve the voltage regulation aim.

Fig. 5 shows the regu

voltage control method,
method.
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Fig. 4. Voltage profiles of the network in three cases
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for the two methods, namely the proposed distributed
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Table 3. Comparison of com

Bus Number

Fig.5. Voltage profiles of the network in two methods

putation time in two schemes

Voltage regulation scheme Time (s)
The proposed method 11.25
Centralized method 182.12

Fig. 3. The five partitions of the test system

Table 2. The absorbed reactive power in two methods

Q of PV (kvar)
PV No Bus No
Centralized The proposed

1 2 0 0
2 24 339 0
3 27 50 0
4 32 280 2
5 6 339 0
6 20 339 0
7 8 339 106
8 10 0 339
9 15 0 339
10 18 319 339

Total 2005 1125

Fig. 6. The IEEE 123-bus test system diagram
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Table 4. PV systems capacity and location on the 123-node system

Location Capacity (kW) Location Capacity (kW) |
25 400 85 400
31 200 93 400
45 200 101 400
50 400 111 400
68 400 114 400
79 400 121 200

Table 5. Comparison of computation time in two schemes

Voltage regulation scheme |Time (s)
The proposed method 13.65

The centralized method 229.37

The average computation time for each voltage
regulation scheme is listed in Table 3. Regarding the
fact that the proposed method divides the complex
network into smaller sub-networks, a shorter time is
required than the centralized control scheme.

To evaluate the generality and practicality of the
proposed method, a large test system named IEEE 123-
node distribution test feeder has been also selected [44].
The partitioning approach has been applied to this test
system and the result has been illustrated in Fig. 6. It
should be noted that the voltage control ability by PV
units inverters has been only taken into account where
the tap position of transformer has been kept constant
during the regulation process. As shown by triangular-
shaped in Fig. 6, 12 PV units have been installed in the
test system and the capacity and location of PV units are

given in Table 4.
171

== == Without regulation
—ir— With the poposed method

EN

0 10 20 30 40 50 60 70 80 90 100 110 120
Bus number

Fig. 7. The voltage profiles of IEEE 123-bus test system

The voltage profiles under the proposed method and
without any regulation have been depicted in Fig. 7. As
shown, the proposed method has effectively regulated
the voltage within its acceptable range. To compare the
response time of the proposed voltage control method,
Table 5 provides the computation times for the proposed
method and the conventional centralized voltage control
method in the same simulation study condition. The
results evidenced that the proposed method provides a
much shorter computation time if compared to the one
in non-partition centralized method where the results are
nearly the same.

4. CONCLUSIONS

Due to the sudden change in PV unit output, the need
for an online solution to manage and regulate the
voltage of distribution networks is felt. In this paper, a
distributed voltage control scheme base on ADMM
approach has been presented to optimally regulate the
voltage of distribution networks in the situation of high
PV unit penetration. Also, a comparison between the
conventional centralized voltage control method and the
proposed distributed method has been carried out. The
results evidenced that the proposed method takes
advantage of less amount of reactive power
compensation and lower computation time. Also, the
proposed method resulted in a much less number of PV
inverters which have been involved for voltage control
than those of the centralized method. So, the proposed
method introduces an applicable real-time voltage
control in distribution networks which largely equipped
with PV systems.
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