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Abstract: The growing penetrations of rooftop photovoltaics (PVs) into low-voltage (LV) distribution
networks are challenging voltage regulation. Developing an effective volt-var (VV) control has been
the focus of many researchers with various approaches proposed so far. However, assuming a single
voltage level and balanced network model, widely adopted in existing literatures, tends to cause
inaccurate and even infeasible control solutions. Besides, existing distribution VV control studies are
usually based on the day-ahead predictions of PV generations and loads, introducing inevitable and
non-negligible errors. To address the challenges above, this paper proposes a VV co-optimization
across unbalanced medium-voltage (MV) and LV networks, by traditional and emerging techniques,
to ensure the network operation with the required power quality. Specifically, the operation of
MV delta-connected switched capacitors and LV distributed PV inverters is coordinated, under a
three-stage strategy that suits integrated and unbalanced radial distribution networks. The proposal
aims to simultaneously improve voltage magnitude and balance profiles while reducing network
power loss, at the least controlling cost. To effectively solve the proposed VV optimization problem,
a joint solver of the modified particle swarm optimization and the improved direct load flow is
employed. Finally, the proposal is evaluated by simulations on real Australian distribution networks
over 24 h.

Keywords: coordinated optimization; integrated distribution networks; volt-var control; unbalance

1. Introduction

The secure and economic operation of distribution networks can be realized by a suitable volt-var
(VV) control. On-load tap changers (OLTCs), switched capacitors (SCs) and voltage regulators (VRs)
are the traditional means of VV regulation [1]. However, these mechanical devices often have limited
lifetimes and operate on local measurements [2]. With the increasing penetrations of distributed
generations (DGs) such as photovoltaics (PVs), the VV control of distribution networks using the latent
capacity of DG inverters has attracted great attention worldwide [3]. Comparing with traditional
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VYV devices, DG inverters provide continuous capacitive and inductive reactive supports and have
superior transient performance, with no extra investment costs.

In the “smart grid” era, VV optimization by either traditional mechanical devices or emerging
DG inverters has proven inadequate. This is because the integration of highly intermittent DGs tends
to cause fast voltage fluctuations, leading to frequent operation of traditional devices with a serious
lifetime reduction and high maintenance costs [4]. Besides, traditional mechanical devices, which often
have a high capacity, can only operate discretely, and may cause local over/under-compensation.
In contrast, although DG inverters can provide reactive power continuously, their capacities are
constrained by the real power output [5]. Furthermore, most DGs have single-phase connections
and their penetrations in the three phases of low-voltage (LV) networks are not balanced. Therefore,
coordinated VV optimization by both traditional devices and DG inverters is necessary, considering
network unbalance caused by uneven loads and single-phase DGs [6].

So far, many studies have been carried out on distribution VV optimization by coordinating
traditional switching devices and DG inverters. Generally, existing schemes are presented in two
streams, i.e., decentralized and centralized. In the decentralized scheme, the VV devices are controlled
based on local measurements. For instance, a decentralized and adaptive zone-based approach was
proposed in [7] to coordinate DG inverters with OLTCs, VRs and SCs, based on the predefined control
hierarchies. Considering VV controlling devices, including DG inverters, have different response times,
a dual time-scale approach was proposed in [3], where the slow control guarantees the subsequent
fast control can maintain voltage security with uncertainties. An online voltage control strategy
was proposed in [9] to minimize the operational conflicts between DG inverters and OLTCs or VRs
while maximizing the voltage support by DG inverters. In [10], a multi-agent-based distributed
algorithm was presented where the optimal settings of VRs and SCs are determined to minimize
the network loss and the switching cost of SCs while maintaining nodal voltages within the limits.
Decentralized VV control with local variables requires less communication, but is inherently locally
optimal, due to the lack of complete system information. In contrast, in the centralized scheme,
the optimal settings of VV controlling devices are determined by solving a network-wide optimization
problem for the best performance. For example, based on the day-ahead forecasting of loads and DG
generations, the optimal dispatching schemes of SCs, DG reactive outputs and OLTC were proposed
in [5] and [11] to improve the voltage profile as well as reduce the network losses and the switching
costs. A coordinated control of OLTC, wind generators and static var compensators (SVCs) was
presented in [12] to regulate voltage and reduce power loss in networks of high wind penetrations.
To investigate the impacts of machine-based DGs, a coordination strategy of OLTCs, machine-based
DGs and SCs was presented in [13], for minimizing the network loss, voltage deviation and OLTC
operation cost. Considering the impacts of different control modes of DG inverters on VRs and
SCs, [14] developed a coordinated approach to maximize the overall energy savings by conservative
voltage reduction. In [15], a centralized approach was presented for managing voltage constraints in
active distribution networks where DG inverters, OLTCs, SCs and remotely controlled circuit breakers
are modelled and utilized. A model predictive control approach was proposed in [16], considering
load-voltage sensitivities, to determine the tap positions of OLTCs and switching statuses of SCs based
on the DG output predictions.

While many studies on distribution VV control have been conducted, some technical challenges
still exist. Firstly, to limit the operating times of traditional devices for longer lifetime in networks of
high DG penetrations, current practices rely on load and generation forecasting. However, this tends
to cause reduced accuracy and even infeasible solutions, due to the inevitable forecasting errors for
highly intermittent DGs. Besides, few studies have considered unbalanced and integrated network
models simultaneously, causing unreasonable or even infeasible solutions. This is because: (1) Practical
distribution networks are unbalanced, as a result of missing line transposition and uneven load
allocation. This is of extra importance as most DGs in LV networks have single-phase and random
connections. (2) DG penetrations not only impact the LV networks where they are directly connected,
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but also affect the upstream medium-voltage (MV) networks. Any voltage regulation in either of these
networks affects the other. A more effective approach is a joint optimization of the VV controlling
devices in both networks.

To address the above technical challenges, the authors have done some preliminary studies.
Specifically, reference [17] proposed both reactive power control and real power curtailment as a
comprehensive inverter control strategy to improve the operation of three-phase four-wire distribution
networks. Based on the natural topology of distribution networks, [18] proposed a hierarchical
optimization strategy covering both MV and LV levels, to expand network load capacity and
accommodate more renewable connections. Reference [19] presented an online coordination strategy
of plugged-in electric vehicles (PEVs) real power charging and reactive power discharging to minimize
the network unbalance considering individual node voltage regulation. In [20], the impacts of DG on
the optimal power flow were investigated in unbalanced distribution networks. Based on the latent
reactive capability and real power curtailment of single-phase inverters, [21] proposed a comprehensive
PV operational optimization strategy to improve the performance of unbalanced LV distribution
networks with high residential PV penetrations.

Considering the existing technical challenges and based on our previous studies on distribution
voltage regulation, this paper proposes a joint optimization of unbalanced, integrated MV and LV
networks with high penetrations of single-phase PVs. The preliminary concept has been included
in our early conference paper [22], while this study is an extended version with significant and
comprehensive improvements in all sections. Specifically, the proposed approach aims to optimally
control and coordinate traditional MV three-phase SCs with emerging LV single-phase PV inverters.
The formulation looks to optimize the network operation in terms of network power loss, voltage
magnitude and balance profiles, under a multi-objective optimization framework. On this basis,
a three-stage coordinated control strategy, instead of load and generation forecasting, is presented
to limit the switching cost of SCs by employing the PV inverter’s latent capacities. The proposed
approach can be employed under a real-time framework discretely with typical intervals such as
15 min, depending on the utility preferences. Finally, the performance of the developed VV control
strategy is tested by extensive simulations on real Australian distribution networks over 24 h.

The proposed VV control of this study is compared with existing techniques and our previous
research, with the key features and differences summarized and compared in Table 1. From it, the main
contributions of this paper are:

e Proposing a joint VV control framework that covers unbalanced and integrated MV and LV
distribution networks.

e Presenting a three-stage strategy that effectively coordinates traditional MV three-phase SCs (high
capacity but discrete) and emerging LV single-phase PV inverters (low capacity but continuous).

e  Formulating a multi-objective optimization model that improves the network operation in terms
of voltage deviation, voltage unbalance and power loss, as well as the SC switching costs.
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Table 1. Comparison of existing volt-var (VV) optimization and coordination approaches and the proposed technique in this paper.

Control VE ltage Network Day-Ahead/Real-Time Considered Objectives
Ref. evel Balance
Centralized Decentralized MV LV Balanced Unbalanced A?\ZZ:i ReQa: aTSl;l e {-{sﬁt M\a];:?iede UZ](;Ltlaagnece PI_(,)(‘)'::r S“gt)cslgng

[5] v v v v v v v

[6] v v v v v

[7] v v v v v

[8] v v v v v v

[9] v v v v v v

[10] v v v v v v v

[11] v v v v v v v

[12] v v v v v v

[13] v v v v v v v

[14] v v v v v v

[15] v v v v v v

[16] v v v v v v

[17] v v v v v v v v

[18] v v v v v v v v v

[19] v v v v v v

[20] v v v v v v v v

[21] v v v v v v v v
This paper v v v v v v v v v
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2. The Proposal

The key proposal of this study is providing a coordinated and joint VV optimization of single-phase
rooftop PV inverters in residential LV networks, and three-phase SCs in MV networks, as illustrated
schematically in Figure 1. The SCs have a discrete reactive capability while the PV inverters provide a
continuous support. This section firstly introduces the formulated optimization model for the proposed
VV control, along with the considered technical constraints. Then, the proposed coordination strategy
of MV SCs with LV PV inverters is introduced. The required data computation and communication
technologies are also discussed at the end.

Slngle phase
PV inverter

T\ T

. — . Smart meter
£ #
N =" sc
()

Distribution transformer

Controller |==

Information transmitter

Figure 1. Schematic illustration of the key concept of this research.
2.1. Proposed VV Optimization Formulation

The distribution VV optimization usually involves multiple mutually conflicting objectives.
For example, reactive compensation can improve network voltage profile, but overcompensation may
lead to more serious power loss. To ensure a reasonable solution, multiple objectives are defined and
discussed below:

Network Power Loss: To minimize network power loss, an objective J; is considered as:

3
i = ZPLossf 1)

where N is the total bus number of the integrated MV and LV networks while/ € {1, ..., N—-1} and
p € {A, B, C} are, respectively, the branch and phase numbers. As this study is based on an unbalanced
network model, both the branch number [ and the phase number p are needed to identify a node.
Accordingly, PLossf is the power loss in phase p of branch /, obtained from

PLoss* Raa” Rap’ Rac’ || I
PLOSS}3 = RBA/ RBBI RBC’ 1}32 (2)
PLOSSZC RCA/ RCB’ RCC/ ICZ

1

where R," and If are correspondingly the resistance of the branch and the current passing through.
Note that for a 3-phase 3-wire MV network, the off-diagonal elements of the resistance matrix are zero
while they are non-zero for a 3-phase 4-wire LV network due to the Kron reduction [23].
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Voltage Magnitude Profile: To ensure the voltage magnitude always remains within the utility
desired range of [V1oWer, VUPPer] a dead band-based objective of ] is defined as:

J2= Zil ZZ:] Asz ©)

where
Vlower _ VF" VI{’ < Vlower
i i
Avlf’ =10 ylower < /7 < y/upper
i
V¥ — yupper VP > yupper
i

1

andi€ {1, ..., N}is the bus number.
Voltage Unbalance Profile: To ensure network unbalance within an acceptable range, a dead
band-based objective of |3 is formulated as:

_ 2
]3 - ZieBus AVUFZ (4)

where

AVUE; =

VUF; — VUF"ppPer VUF; > VUFYPPer
otherwise

VUF; is the voltage unbalance factor at bus i and calculated from the IEEE recommended definition
of the magnitude ratio of the negative-sequence voltage versus its positive sequence [24]; VUF"PPe"
denotes the maximum allowed VUF in the network while Bus represents the set of all three-phase
buses of the integrated MV and LV networks.

For multi-objective optimization problems, a solution that minimizes all the objectives
simultaneously does not exist. Among existing techniques, the weighted sum method is widely
used to reflect decision makers’ preference [25] and hence is used in this study to form the overall

objective function OF as:
- 3 wmm
OF =) et sf ®)

where wy, is the weighting of objective J,. In practice, these weightings can be flexibly selected to meet
specific operation requirements while it is recommended that they are set such that Z;Zl wy =1and
Wy = 0[19]. The value of a weighting is significant not only relative to other weightings, but also to the
magnitude of its own objective. Thus, when using weightings to reflect the preferences, each objective
is divided by a scale factor sf;, = max(Ji;) so that they all have similar magnitudes and no objective
dominates [25].

2.2. Technical Constraints

The minimization of Equation (5) on an unbalanced and integrated distribution network is subject
to the technical constraints

P P P
Ppy; =P =Py; =0 (6)
P 4 4 po_
QPVi + QCi - QLi - QNi =0 @)
Vmin < Vf < Vmax (8)

and the boundaries on the decision variables

_ P 2_pP 2 P P 2_pP 2
\/SPVi Ppyi™ < Qpy; < \/SPVi Ppyi ©

0<Qf <Qf (10)

Cimax
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The equality constraints of Equations (6) and (7) denote the power balance at bus-,
where P?Vi(QZVi)’ PZ.(QZ.) and PZZ.(QZI.) are the active (reactive) power of the PV inverter, load and
the network while Qréi is the phase reactive injection by a SC, respectively. Besides, the inequality
constraint of Equation (8) depicts the voltage boundary limit set by network operators. Moreover,
the reactive capacities of PV inverters and SCs are given by Equations (9) and (10), in which S?V:‘ is the

rating of PV inverter while the per-phase SC reactive capacity is Q;éi .

2.3. Proposed Coordination Strategy

As discussed above, if the daily operation limit of SCs is not considered, the VV control becomes
impractical while the common practice of load and generation forecasting usually leads to inevitable
errors. To apply the proposed VV optimization model for practical scenarios, a coordination strategy is
proposed to constrain the SC’s daily operation times. As give in Figure 2, the three-stage strategy is
discussed below:

Fetch loads consumptions, PV’s

generation and SC’s statuses from
smart meters, sensors, SCADA, etc.

v

- Wait for
l System Analysis
At
Yes -
0= O {05 - G [ | Gntr o1
Stage-1 N PVt = QPVLE-1 {e]
Optimization of the reactive power|
output of PV inverters
Store Ctand
St 2 QpPvt = QPVopt Transmit Qpvt to the
2958 No local controllers of PV (H
inverters
Optimization of the reactive power
support by SCs and PV inverters Store Ctand
7 Qpvtfor t+1
Ct = Copt Transmit Ctto the local controllers
QpPvt = QPVopt| of SCs and Qrvtto the local
Stage-3 P controllers of PV inverters

Figure 2. Flowchart of the proposed coordination strategy.

Stage 1: The proposed strategy first assesses the integrated network’s status at any time ¢,
based on the measured data of loads and PV outputs, and the SCs setting from the previous time
t — 1. The present value of OF is determined from Equation (5), and then compared with a pre-set
threshold OF max. If OF < OFmax, the network operation is satisfactory with the inherited SCs settings,
which will be maintained and passed to the next moment t 4 1. As such, no other control is needed.
Otherwise, the network operation is found to be undesirable and the strategy proceeds to Stage 2.

Stage 2: If undesirable operation is detected at Stage 1, the proposed strategy then determines the
optimal reactive outputs of PV inverters to work with the inherited SCs settings. If the determined
OF becomes smaller than OFyax, the network operation is satisfactory. In this case, the inherited
SCs settings will be maintained and passed to t + 1 while the new settings of reactive support by
PV inverters are passed to local controllers for execution. However, if it fails, the proposed strategy
proceeds to Stage 3.

Stage 3: If undesirable operation is detected after Stage 2, the proposed strategy will determine the
optimal reactive outputs of PV inverters and the new settings of SCs simultaneously. The determined
values will then be maintained for ¢ 4+ 1 and passed to the local controllers for execution.

As power loss and voltage magnitude and unbalance deviations tend to be more serious at
the LV side, the introduced cost-effective PV inverter reactive control can significantly improve the
network operation while reducing the switching cost of SCs. This strategy guarantees the cost-effective
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operation of the system when the determined OF is less than the preset OF max. OF max can be flexibly
adjusted to balance the network operation and the control cost of SCs, demonstrated in Section 4.

2.4. Required Computation and Communication

The developed VV control can be realized on industrial-level processors and their associated
platforms (such as those from National InstrumentsTM (NI, Austin, TX, USA) [26], Intel® (Intel,
Santa Clara, CA, USA.) [27], and Analog DevicesTM (ADI, Norwood, MA, USA) [28]), which are
currently available in the market and can meet the required speed and complexity. Moreover,
the implementation of the introduced technique for real-time control of distribution networks
assumes the wide availability of bi-directional information and communication technology (ICT).
This assumption is credible as with the increasing connections of PVs, batteries and electric vehicles,
traditional distribution networks are gradually transformed into ‘smart grids’. Actually, at present
distribution network operation is already supported by various ICTs, e.g., supervisory control and
data acquisition systems, energy management systems, distribution management systems, advanced
metering infrastructures and phasor measurement units, which will be further upgraded and expanded
with the ongoing investments made by utilities and governments [29,30].

It is to be noted that the required measurements in this study include the outputs of PV inverters
and load, as well as the on/off switching statuses of SCs. These data will be based on digital
measurements (such as smart meters for loads and PVs, and sensors that denote the status of SCs) with
acceptable accuracies. It is expected that measurement errors for the proposed strategy to be negligible.
That said, if errors exist in data collection and communication, their impacts will be limited and still
acceptable. This is because, as described in Section 2.4, the execution of the proposed VV control is
based on the OF, which is comprehensively defined as the weighted sum of network loss J;, voltage
deviation J, and voltage unbalance [3. Additionally, the high-performance computing techniques
of [31] can be used to minimize the impacts, if applicable.

3. Problem Solution

The formulated OF of Equation (5) includes discrete decision variables for the reactive injections
of SCs, and continuous variables for the reactive outputs of PV inverters. Thus, solving Equation (5),
subject to constraints of Equations (6)—(10), is a typical mixed-integer nonlinear programming problem.
Many analytical and heuristic approaches have been proposed to solve such problems. In this
study, a combined solver of the modified particle swarm optimization (MPSO) method and the
direct load flow (DLF) algorithm is employed. Specifically, the MPSO method is an improvement
variant of PSO where the mutation of genetic algorithm is introduced with a predefined probability to
enhance the search exploration and exploitation [32]. The performance of MPSO has been proven for
complex and nonlinear optimization problems, e.g., long-term distribution network planning in [33].
Performance comparison of MPSO against the original PSO, genetic algorithm and simulated annealing
for distribution network planning in [34] shows a superior efficiency and robustness. In this paper,
MPSO is employed to optimally determine and update the settings of MV SCs and the reactive outputs
of LV PV inverters. Figure 3 illustrates the considered particle (i.e., the set of decision variables by
the MPSO), where Qc; denotes the reactive supply by SC i while superscripts A, B and C denote the
MYV phases.

The network performance needs to be evaluated for each MPSO particle, which can be realized
by load flow. In this paper, the DLF algorithm has been employed, which is an improved variant of
the popular backward/forward sweep method for load flow analysis of integrated and unbalanced
distribution networks [35]. The DLF supports the MPSO by determining the fitness, i.e., power loss and
voltage magnitude and unbalance deviations for all MPSO particles. Figure 4 illustrates the solution
flowchart of the employed joint solver of MPSO and DLF.
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of PV inverters
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Reactive power injection Reactive power injection
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Figure 3. Considered particle of decision variables to be determined by MPSO in: (a) Stage 2; (b) Stage 3.

Randomly generate feasible quantities for the particles of Fig. 3;
Initialize velocities; Set the MPSO iteration j = 0

—>| Evaluate the particle by running the improved DLF

j=j+1 Evaluate the fitness function of each particle;
A and Define ad store Pbesti and Gbest

No Y
Converge?

Figure 4. Solution flowchart of modified particle swarm optimization (MPSO) and direct load flow
(DLF) based Dynamic optimal power flow (DOPF) solver.

Update position and
velocity of each particle

4. Performance Evaluation

This section evaluates the performance of the proposed VV control of integrated and unbalanced
distribution networks, by coordinating MV SCs and LV PV inverters.

4.1. Test Network

A real Australian distribution network (Perth Solar City [36]) is analysed in this paper, over a
typical 24 h period. Figure 5a illustrates the 22 kV MV feeder that supplies five LV feeders by
22 kV/415 V Dynl11 distribution transformers at buses 5, 10, 15, 16 and 20, with a total of 145 buses.
The MV feeder is unevenly loaded with the peak load of 0.94, 1.39 and 1.56 MW for phase A, B and C,
respectively. Two 250 kvar delta connected SCs, with tap sizes of 50 kvar, are installed at MV buses 6
and 12. Figure 5b illustrates the unbalanced LV feeder connected to MV bus-20, as an example. As can
be seen, the LV feeder is supplied by a 200 kVA transformer and includes 25 buses and 19 consumers.
Among them, 15 consumers have single-phase PV connections with typical sizes of 4.77, 5.64 and
6.3 kW. PV generations and the statuses of SCs, are collected every 15 min, with the support of SCADA
and smart meters, across the integrated networks.
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Figure 5. Considered 145-bus Australian distribution network: (a) Medium-voltage (MV) feeder;
(b) unbalanced low-voltage (LV) feeder supplied from bus-20 of the MV feeder.

4.2. Simulation Parameters and Cases

The weightings of w1, wp and w3 in Equation (5) are set, respectively, as 0.5, 0.3 and 0.2, giving the
highest priority to loss reduction, followed by voltage magnitude and voltage unbalance. It is worth
noting that those weightings are not fixed, network operators can set according to their preferences.
Moreover, the deadband limits of VYPPeT and V!OWer are set as +6% while VUFUPP®’ set as 2% to be in
line with the IEC standard [23]. Moreover, OF max is set as 0.284; thus, the proposed multi-stage strategy
will be triggered if OF > 0.284 in Stages 1 and 2. In addition, to ensure MPSO’s search exploration and
exploitation, the particle size, iteration number and inertia weight are set as 10,000, 50 and [0.9—0.4],
respectively, with the mutation probability of 0.7.

As for the simulation cases, the proposed VV control consists of three stages, which are triggered
sequentially. A reference case, referred to as ‘Original’, is also simulated, based on the considered
network status assuming no reactive support from SCs and PV inverters. These four cases form
the vertical simulation setting of this study. While the proposed VV control demonstrates different
response in different moments with various operation status, simulations over 24 h are also performed
in this study, which forms the horizontal simulation setting.

4.3. Simulation Results and Analyses

As illustrated in Figure 6a,b and Table 2, the network operation is originally poor and prone to
serious losses, voltage deviation and unbalance, especially during the peak load period (i.e., 17:00-22:00)
and the peak PV generation period (i.e., 10:00-15:00), as is evident from the large values of J;, /> and J3
in those periods. Now, let us put the developed optimal VV control in operation. At the starting hour
(i.e., 00:00), the network operation is found to be poor with the OF of 0.297, exceeding OF max of 0.284.
As such, Stage 2 of the developed strategy is activated to determine the optimal reactive support by PV
inverters. As seen from Figure 6b and Table 2, the network operation improves with the decrease of
OF to 0.285, which however is still higher than the given threshold. Thus, Stage 3 is then triggered
which helps settling of OF at 0.264, below the threshold. The determined optimal setting for SCs is
then passed to the next hour (i.e., 01:00), as the inherited setting.

In the following hours between 01:00 and 08:00, OF is maintained below the threshold of OF nax by
the inherited settings of SCs, without engaging the other two stages. During this period, the network
operation deteriorates at some points (denoted by red background in Table 2) but still remains
acceptable, as the setting of SCs inherited from 00:00 causes overcompensation with the load decreasing.
Then, between 09:00 and 10:00, as the load starts to increase, the reactive support by the inherited
SC settings fails to meet the network operation requirements, leading to the activation of Stage 2 of
LV PV inverters regulation. This reduces the OF at these hours from 0.308 and 0.288 to 0.266 and



Energies 2020, 13, 4877 11 of 19

0.248, respectively. Over the following hours 11:00-23:00, the network operation deteriorates with the
OF above the threshold OFnax, as a result of high PV generations around noon and heavy evening
demand. Thus, all the three stages of the developed control technique are activated sequentially
to improve the network operation. Figure 7 shows the optimal reactive injection by the MV SCs
and the LV PV inverters, after applying the proposed strategy over 24 h. For example, peak PV
generation and moderate load at 12:00 causes reverse load flow and poor operation, with the OF of
0.458. The developed three-stage technique reduces the OF to 0.417, 0.354 and 0.324, respectively,
as seen from Table 2. Another example is at 20:00 when the network observes the peak demand but
no PV generations (see Figure 6a). By the MV SCs and LV PV inverters reactive power, as the PV
inverters have higher reactive capacity at this time, more reactive power can be used to alleviate the
poor network operation. As seen from Table 2, the OF decreases from 0.882 to 0.825, 0.778 and 0.718,
respectively, after each stage control.

] 09— i T T ; . ,
— Original
. 0.8 —Stage-1
5 3 —Stage-2
; Capacitor reactive injection 0.7+ Stage-3
§ Load real power p I
=3 2K Load re'active power 06
s ! S 05
)
ooqh
X 0.4+
o | TTm=mm=s N 2 -
g Tt 0.3
z0
0.2
PV real power PV reactive power 01
1 1 L 1 1 L L 1 L 1 1 . L L L 1 L I L L 1
0 2 4 6 8 10 12 14 16 18 20 22 24 0 2 4 6 8 10 12 14 16 18 20 22 24
Time(hr) Time (hr)
(a) (b)

Figure 6. (a) Active and reactive power profiles of load, photovoltaic (PV) inverters and switched
capacitors (SCs); (b) objective functions after control over 24 h.
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Table 2. Network operation compared over a 24-h period before and after applying the developed optimal VV control.

12 of 19

Time

Before Applying the Proposed Technique

After Applying the Proposed Multi-Stage Technique

(h) Original Case Stage 1 Stage 2 Stage 3
J1 J2 JE OF  OFOFux |1 J2 JE OF  OFOFuu; |1 J2 JE! OF  OFOFys; |1 J2 J3 OF

00 0.245 0.402 0270  0.297 X 0.245 0.402 027 0297 X 0239 0380 0.252 0.285 X 0233 0324 0251 0.264
01 0.146 0.344 0242 0.224 v 0139 0312 0249 0213 - - - - - - - - -
02 0.113 0.325 0226  0.199 v 0.111 0295 0.232  0.190 v - - - - - - - - -
03 0.118 0.330 0.241  0.206 4 0112 0299 0.249 0.196 v - - - - - - - - -
04 0.118 0.334 0.233  0.206 4 0.114 0303 0.242 0.197 4 - - - - - - - - -
05 0.088 0.315 0239 0.186 4 0.096 0.288 0.247 0.184 v - - - - - - - - -
06 0.091 0.312 0262  0.192 4 0.103 0.286 0.272  0.192 v - - - - - - - - -
07 0.084 0.302 0326  0.198 4 0.094 0284 0339 0.200 4 - - - - - - - - -
08 0.099 0.312 0.457  0.241 4 0.106 0311 0473 0235 v - - - - - - - - -
09 0.164 0.355 0.635 0.313 X 0.158 0339 0.654 0.308 X 0.151 0323 0437 0.266 4 - - - -
10 0.171 0.364 0.54 0.303 X 0.167 0336 0.556  0.288 X 0.152 0305 0.367 0.248 4 - - - -
11 0.249 0.394 0.898 0.418 X 0222 0371 0876  0.402 X 0221 0350 0528 0.321 X 0209 0352 0467 0304
12 0.276 0.402 1 0.458 X 0256 0384 0911 0417 X 0239 0363 0585 0.354 X 0240 0362 0475 0324
13 0.271 0.395 0.795 0413 X 0252 0366 0.733 0.375 X 0236 0366 0.527 0.341 X 0231 035 0452 0313
14 0.260 0.382 0.714  0.388 X 0236 0354 0.681 0.356 X 0.227 0357 0.538 0.333 X 0219 0343 0406 0.293
15 0.366 0.491 0.557  0.441 X 0.345 0.445 0.54 0.403 X 0322 0372 0387 0.361 X 0316 0392 0311 0.338
16 0.423 0.562 0.58 0.496 X 0.411  0.516 057  0.462 X 0.386 0474 0.292  0.406 X 0.397 0414 0.288 0.380
17 0.577 0.711 0.406  0.576 X 0563 0.638 0.397 0.536 X 0531 0549 0312 0516 X 0529 0499 0279 0470
18 0.881 0.898 0377 0.781 X 0873 0792 0357 0.727 X 0836 0.683 0.284 0.702 X 0852 0.608 0271 0.663
19 0.927 0.882 0356  0.799 X 0914 0.757 0.348 0.741 X 0889 0.649 0.282 0.708 X 0.888 0.606 0.264 0.678
20 1.000 1.000 0.412  0.882 X 0993 0.888 0434 0.825 X 0944 0749 0287 0.778 X 0944 0.643 0267 0718
21 0.835 0.847 0.422  0.756 X 0.821  0.738 0.41 0.697 X 0.788 0.643 0.306  0.665 X 0.808 0.590 0.268 0.634
22 0.556 0.618 0368  0.528 X 0.539 0.556 0.372  0.496 X 0.510  0.488 0.27 0.479 X 0.535 0465 0269 0461
23 0.304 0.421 0.265 0.327 X 029 0386 0.282 0.313 X 0283 0370 0237 0311 X 0302 0340 0246 0302
24 0.191 0.368 0.268  0.260 v 0.178 0.338 0.267 0.244 v - - - - - - - - -
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Figure 7. Optimal reactive injections after the proposed multi-stage technique over a 24-h period from
(a) MV SCs, and (b) LV PV inverters.

In this study, it is set that w1 > w2 > w3. As such, the highest priority is given to loss reduction,
which is evident by comparing the network loss ( J1) in Table 2 before and after applying control.
In contrast, objectives with lower priority (i.e., voltage magnitude and balance profiles) may be
sacrificed at some points (highlighted in red in Table 2), to ensure the minimization of network loss
and the OF. Besides, in Section 2 the deadband-based objectives of J, and J3 are defined to constrain
the voltage magnitude and unbalance profiles within the desirable limits. Figures 8 and 9 illustrate the
voltage magnitude and unbalance profiles for both MV and LV buses across the considered network,
over 24 h, before and after the proposed control. Due to space limit, only the results on phase-C of
the LV feeder, which has the most PV and load connections, and the corresponding phase-BC of the
MYV feeder are presented. As seen from Figure 8, the minima of the MV phase-BC voltage and the
LV phase-C voltage are both improved from the original 21.67 kV (-1.68%) and 223.04 V (-7.07%) to
21.81 kV (-0.86%) and 227.94 V (-5.03%), respectively, both within the specified deadband of +6%.
Figure 9 also shows that the voltage unbalance profiles for both MV and LV networks improve from
the maxima VUF of 0.22% and 2.44% to 0.17% and 1.65%, respectively, both within the limit of 2%.
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Figure 8. Voltage magnitude profile before and after the proposed control: (a) Line-BC voltage on the
MV feeder; (b) phase-C voltage on the LV feeder.
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Figure 9. Voltage unbalance profile before and after the proposed control: (a) MV feeder; (b) LV feeder.
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4.4. Sensitivity Analysis on Crtical Parameters

As described in Section 2, the pre-set threshold OF ax has a critical impact on the proposed VV
control strategy. By controlling it, the network operation and the switching cost of SCs can be actively
managed. The switching frequency of SCs in Section 4 is relatively high, as seen from Figure 8a,
because of a relatively low pre-set threshold for OFmax. In practice, OF max can be flexibly determined
based on the expectations of network operators. To investigate the impact of the threshold OF nax on
the proposed VV optimization strategy, a sensitivity analysis of SC operation times versus OFmay is
conducted. Figure 10 illustrates the sensitivity of SCs operating frequency versus OFmax. It can be seen
that with the increasing OF nax, the operating frequency of SCs is significantly reduced.

SC operating times

Figure 10. Sensitivity of the SC operation frequency versus OF max.

Besides, preferences can also be flexibly managed by adjusting the weightings of objective function
defined in (5). Again, in practice these weightings can be determined based on the expectations of
network operators. To verify the effect of weightings adjustment on the network operation, three
different groups of weightings w1, w2 and w3 are set in the forms of (0.9, 0.05, 0.05), (0.05, 0.9, 0.05)
and (0.05, 0.05, 0.9). They are applied for the optimization of the simulated network of Figure 5 at the
peak hour 20:00. As shown in Table 3, the objectives with the largest weighting always generate the
best optimization, i.e., value reduction, indicating that network operation can be actively managed by
adjusting the weightings.

Table 3. Sensitivity analysis of objectives versus weightings.

Group Group 1 Group 2 Group 3
Case Before After Reduction Before After Reduction Before After Reduction
Control Control (%) Control Control (%) Control Control (%)
it 1.000 0.667 333 1.000 0.978 22 1.000 0.977 2.3
2 1.000 0.933 6.7 1.000 0.646 354 1.000 0.858 14.2
I3 0.412 0.311 245 0412 0.393 4.6 0.412 0.257 37.6

5. Performance Evaluation on Large Network

The performance of the proposed VV is evaluated on a larger-scale and more complex distribution
network. Let us consider Figure 11 of a larger and real distribution network, consisting of a 22 kV MV
feeder and its five 451 V LV feeders, with a total of 565 buses. The LV feeders are supplied by
22 kV/415 V distribution transformers, at MV buses 5, 25, 41, 46 and 60 while two delta-connected SCs
are placed at MV buses 39 and 57, with capacities of 450 and 1050 kvar, respectively. The LV feeder
originated from MV bus 41 is supplied by a 200 kV distribution transformer and includes 101 buses
and 77 consumers (see Figure 11b). Of these, 51 consumers are single-phase, and 34 consumers have
single-phase rooftop PV inverters.
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Figure 11. Considered 565-bus Australian distribution network.

As demonstrated by Figure 12, the operation performance of the complex 565-bus distribution
network of Figure 11 is significantly improved when operating under the proposed technique.
As detailed control performance analysis has been carried out in Section 4, this section will only
focus on the real-time performance evaluation. This study is performed by MATLAB® on a personal
computer with a 3.2 GHz processor of Intel® Core i5 and a memory of 4 GB. As given in Table 4, for the
test network of Figure 5 with total 145 buses and 77 controllable units (i.e., two MV SCs and 75 LV PV
inverters), the average computational time for Stages 1, 2 and 3 are, respectively, 0.03, 4.56 and 10.21 s.
In contrast, for the complex network of Figure 11, with a total of 565 buses and 172 controllable units
(i.e., two MV SCs and 170 LV PV inverters), the average computational time increases, respectively,
to 0.2, 78.04 and 147.16 s. This is because both the joint solver of MPSO and DLF needs more time to
perform load flow and operation optimization with more decision variables.
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16 0.9 | —stage-1
0.8 - Stage-2
= 14 Stage-3
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Figure 12. Comparison of the (a) power profiles; (b) Optimization objectives, for the considered
network of Figure 11, over 24 h.

It is to be noted that, as mentioned earlier in this study, the proposed technique operates iteratively
every 15 minutes to be compatible with typical ICT infrastructures, such as smart meters and SCADA,
across the test network. As such, the system data including loads, PV generations and the SC statuses
is collected every 15 mins. Considering the computational time for each stage by the proposed strategy
on both networks at maximum 147.16 s, far less than 15 mins, proving the suitability of the proposed
VV control for real-time applications.
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Table 4. Computational performance evaluation by comparison.

Performance Network of Figure 5 Network of Figure 11
Number of buses 145 565
Number of controllable units 77 172
Average Stage 1 0.03 0.20
computational Stage 2 4.56 78.04
time (s) Stage 3 10.21 147.16

6. Conclusions and Future Work

Based on the reactive capabilities of MV delta-connected SCs and LV distributed PV inverters, a
multi-objective, multi-stage joint VV optimization model and coordination strategy is proposed for
integrated and unbalanced radial distribution networks. The proposed technique improves the network
operation in terms of power loss, as well as voltage magnitude and balance profiles, while reducing the
switching cost of SCs. The proposed strategy coordinates the reactive support of MV SCs with LV PV
inverters in a three-stage manner. It actively regulates the network operation and the daily switching
cost of SCs, avoiding forecasting of low accuracy. Simulations and analyses on two real Australian
distribution networks demonstrate that the proposed VV control technique is feasible and effective in
improving the operation of integrated and unbalanced radial distribution networks, as well as limiting
the switching cost of SCs, with superior computational performance for real-time applications.

The pre-set threshold of OF pax is assumed constant in this study. Future research could be focused
on developing a time-varying threshold OFmax to further control the network operation performance
and the daily switching cost of SCs. Besides, the proposal can also be further expanded to coordinate
OLTCs, VRs and battery inverters for a more comprehensive VV control in future distribution networks
assuming a high presence of VV controlling devices in various forms.
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