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ABSTRACT: With increasing penetration of solar photovoltaic (PV) resources in distribution networks, voltage
regulation becomes an important issue. In addition, due to the growth in air conditioning load in summer days,
overloading management draws researchers’ attentions as well. This paper proposes a two-level consensus-driven
distributed control strategy to coordinate virtual energy storage systems (VESSs), i.e. residential households with
air conditioners, to avoid the violation of voltage and loading which are regarded as part of the main power quality
issues in future distribution network. In the lower level, the precise modelling of VESSs is firstly built, then
VESS:s are aggregated via aggregators for better participating in the control scheme. Once the violation occurs, a
consensus-driven control scheme in the upper level will be initiated to eliminate the error. Required active power
adjustment is shared among VESSs aggregators via sparse communication networks, without compromising end
users’ thermal comfort. Changes in the dynamic communication network topology are investigated in this paper
to demonstrate their impacts on system performance. Simulation results based on a practical system in New South
Wales, Australia is used to demonstrate the proposed control scheme, which can effectively manage voltage and

loading in a distribution network with scalability and robustness.
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1. Introduction

As an effective solution to future energy crisis, renewable energy resources are playing a vital role in current
power systems. Based on the electricity forecast of International Energy Agency (IEA), the share of renewable
energy in meeting global power demand would reach to almost 30% in 2023, up from 24% in 2017 [1]. During
this period, more than 70% of global electricity generation growth is met by renewables, led by solar PV. Solar PV
brings unprecedented environmental and technical benefits, such as low carbon emissions and congestion man-
agement. Nevertheless, the large-scale penetration of PV energy in distribution network causes many power
quality issues as well, such as harmonic pollution [2] and voltage rise [3]. According to [3], voltage rise is the

most significant one among the power quality issues in distribution network. Overvoltage problem usually occurs



at the time of high PV penetration periods and light load periods [4]. In contrast, undervoltage happens at the time

of low PV penetration periods and heavy load periods.
1.1. Related Work

Previous researchers have proposed a variety of techniques on regulating voltage in distribution networks,
such as installing voltage regulators [5], changing line impedances and conductor size [6], modulating the tap set
points of secondary transformer [7], applying reactive power compensation in PV inverters [8], and reducing solar
power generation amount [9], [10] and employing battery energy storage systems (BESSs) [4, 11]. Owing to the
randomness of PV energy and customer load, the former three methods require frequent changes of set point and
are not flexible for the utility side. By contrast, the latter three methods are based on end-user side and more
promising to regulate voltage. However, unavoidable shortcomings still exist here. For example: 1) the distribu-
tion network usually has high R/X ratio, therefore, reactive power compensation is not effective enough [3]; 2) in
terms of PV generation reduction, the energy efficiency is reduced via this method; 3) although the BESS cost has
dropped, customers still bear financial burden on installing large energy storage systems [12]-[14].

Except for voltage regulation, loading management is another important issue in distribution network due to
the increasing energy-hungry appliances [15]. Especially in recent years, air conditioners are rapidly making the
way to households because of summer heat and falling upfront cost. In line with an investigation led by Ausgrid
[16], air conditioners contribute more than half of the load in some of their substations in summer days. If such
demand comes up to certain ratio of feeder load, challenges would be imposed to system operation. Network in-
frastructure capacity needs to be upgraded by system operator to maintain reliable electricity supply. Conse-
quently, billions of dollars would be spent for network upgrading to deal with the short but sharp peak load period.
Nevertheless, the infrastructure upgrading is only used for short periods of the year to meet peak demand, which is
not cost-effective for system operators.

How to address the noted issues (i.e. voltage regulation and loading management) in a technically and
economically efficient manner needs to be considered by the researchers. With the popularity of demand response
(DR) technologies, an alternative way to address peak load is through DR programs by shaping the load curve for
optimal use of energy and improving asset investment overall efficiency [17]-[20]. In fact, the pressure on inte-
grating large-scale PV resources into distribution network can be alleviated as well with the help of DR programs.
Owing to rapid progress in control and communication techniques, thermostatically controlled loads (TCLs) in
end-user side can be equipped with control modules to be better involved in DR programs. Among various types
of TCLs, air conditioners receive researchers’ increasing attentions because they have relatively fast response
time with least end-user disruptions and mainly contribute the summer peak load. When air conditioners are
turned on/off, the room temperature can maintain within certain range by storing large amount of heat/cold air.
This phenomenon is referred as thermal inertia, which is defined as a thermal mass being capable to resist the
change on its temperature faced with the fluctuation of ambient temperature [21]. Consequently, a household can
shift its energy consumption over the planning horizon to help consume the peak PV generation amount or reduce
the peak load periods. The thermal buffering capacity in an air-conditioned household can imitate the energy
buffering characteristics of physical energy storage systems, such as batteries, and hence can be viewed as virtual
energy storage systems (VESSs). In fact, the air-conditioned household becomes a battery.

The concept of VESSs is not new. Researchers in [22, 23] have taken the flexible loads in power systems as
VESS:s. In [22], Meng et al. coordinated DR from domestic refrigerator to form the VESS, aiming to provide

frequency service for the system. In [23], the author employed virtual energy storage through distributed control



of flexible loads, which was believed to be innovative solutions for integrating renewables. VESSs can be inte-
grated with other energy resources to provide desired services for the system operator. Therefore, distribution
utilities are encountering new opportunities in the situation of growing number of air conditioners and increasing
penetration of PV resources at customer side. By coordinating VESSs, network voltage regulation and over-
loading issues can be solved in an efficient and economical way.

This work is inspired by the fact that air conditioners at end-user side are contributing summer peak loads in
distribution network and the voltage regulation is necessary with growing PV penetration in customer side. If
large number of air-conditioned households is coordinated by DR programs, they can be viewed as VESSs and
offer significant system support. Hence, the objective of this work is to put forward an innovative method to
regulate distribution network with the help of VESSs. Previous research mainly focused on the adoption of battery
storage for supporting stable operation of power systems, which is inferior in terms of economics and flexibility
[24, 25]. By utilizing virtual storage systems instead of practical battery storage systems, distribution system
operator would reduce the infrastructure investment to a large extent, as well as gain much more flexibility given

the fast growth of customer demand and renewable resources penetration.
1.2. Main Contributions

In this paper, a two-level dispatch strategy is proposed to share the required active power adjustment among
VESSs for voltage regulation and overloading management. Specifically, in the lower level, the more precise
VESS model is built to reflect the dynamic thermal process of air-conditioned households. Given a single VESS
has limited capacity to participate in DR program, a group of VESSs in a residential district are aggregated to an
aggregator for effective involvement in the control scheme. In the upper level, a consensus-driven distributed
control strategy is adopted to fairly regulate system voltage and loading. Compared with centralized control
scheme, distributed control shares information through a limited communication network, thus it is more robust
against communication failure and is more efficient in coordinating the available units in the system. Among the
various types of distributed control schemes, consensus control is a typical approach to achieve the common
objective by operating in the same manner via information exchange [26]. Consensus control has been widely
applied in microgrids and distribution systems, such as loading shedding [27], frequency regulation [28], and
power sharing [29]. In this paper, if the voltage and network loading violate certain limits, the consensus-driven
distributed control will coordinate the active power to support system voltage and loading. Compared with ex-
isting works in the literature, the contributions of this paper are detailed in two aspects:

(1) The first contribution is the application of VESS, i.e. air-conditioned households, on voltage regulation
and overloading management in distribution network. In contrast to conventional energy storage systems, VESSs
effectively support system operation with far less cost.

(2) The other contribution is applying a distributed consensus control on distribution network management
with high robustness and scalability. The influences of dynamic communication network topology changes on
system performance are investigated. Through exchanging information with neighbouring aggregators via sparse
communication networks, the active power support is fairly shared among participating aggregators.

The remaining parts of the paper are as follows. VESS modelling, aggregation and coordination strategy are
introduced in Section 2. Section 3 presents the proposed control approach, including overloading management
and voltage regulation strategies. In Section 4, case studies are carried out and simulation results are analysed to
demonstrate the performance of the proposed method scheme. Conclusions and future works are given in Section
5.



2. VESS modelling, aggregation, and coordination strategy

In this section, the thermal modelling of VESS is firstly introduced, followed by the aggregation method. In

the last subsection, the VESS coordination strategies are given.
2.1. VESS modelling

In order to capture the thermal behaviour of VESS, the fundamental part is to build a comprehensive thermal
model for air-conditioned household. Previous researchers have developed different complexities of thermal
models to represent the thermal process of TCLs. In [30] and [31], the authors proposed the first order differential
equation to build the individual TCL model. However, this method cannot reflect the actual thermal process of
heating, ventilating, and air-conditioning (HVAC) systems owing to the inherent large thermal mass temperature
dynamics. In this simplified model, as shown in Fig. 1(a), only ambient temperature, indoor air temperature and
thermal resistance are considering, but neglecting explicit model of building materials (especially walls). In fact,
indoor air temperature is not only subject to the difference between indoor and outdoor air, but also depends on the
thermal energy exchange with internal walls and participations. The thermal mass inside the building has sig-
nificant temperature variation influenced by external environment, hence could greatly impact the indoor air
temperature.

In this paper, a two-parameter thermal model is built to more precisely capture the thermal dynamics of an
air-conditioned building, as shown in Fig. 1(b). In this model, the building is divided into two inter-connected
parts. One is in-house part, and the other one is the additional thermal mass part with significant thermal capacity,
such as walls. The efficiency of a two-parameter thermal model has been proved by [32], where the authors
compared the impacts of different complexities of thermal model on indoor air calculation. Thermal dynamic

process of VESS can be depicted by:
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Fig. 1. Schematic of VESS models: (a). one-parameter model (b). two-parameter model.
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where, ¢refers to time; 7,,7,,, and T, are indoor air temperature, wall temperature, and ambient temperature,

respectively; M and M  are mass of indoor air and wall; Cp, and Cp, are the thermal capacity of indoor air and

wall; O, ,and Q. are the heat absorbed by indoor air from the ambient and heat absorbed by the wall from
the ambient; O, ,is the heat exchange between indoor air and the wall; @, is the cooling energy from air

conditioners; R, , R, ,and R are the equivalent thermal resistance of house envelope, the equivalent thermal

wa?
resistance between ambient and wall outer surface, and the equivalent thermal resistance between indoor air and

wall inner surface, respectively; 7is the air conditioner performance coefficient; P, is the air conditioner rated

power.

Equations (1)-(2) represent indoor air temperature and wall temperature change rate. Equations (3)-(6)
represent heat absorption rate between ambient and indoor air, heat exchange rate between wall and indoor air,
heat absorption rate between wall and indoor air, and air conditioner cooling rate respectively. To conveniently
calculate indoor air temperature and build a flexible operational planning scheme, the proposed dynamic thermal

model can be linearized as below [21]:
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where, N is the total time steps; S, is air conditioner operation status. 1 means air conditioner is ON, 0 means air

conditioner is OFF. The operation status of air conditioners is determined by a thermostatic switching law with the

predetermined temperature deadband:

0 ifS, (t-1)=1&T <™

S, ()={1  ifS, (1-1)=0&T >T™ 9)
S, (1-1) otherwise
min T, max T,
71 :Tsm_%; Tr :ﬂ-eﬂf% (10)

where, T™" , T™* refer to the lower and upper limits of indoor air temperature; 7 ,is customer preferred tem-
perature set point; 7, represents the temperature deadband scope. To guarantee the thermal comfort of end-users,

the indoor air temperature should be restricted as:

In addition, wall temperature should meet the lower and upper limits:

" <T,(0)<T™ (12)



2.2. VESS aggregation

Due to the limited thermostatically controlled load amount an individual VESS can provide, its contribution
volume usually cannot meet the minimum load requirement for participating demand response programs.
Therefore, it is a good practice to aggregate the individual VESS through an aggregator, so that the benefits of DR
programs can be effectively reaped. In this work, each residential community comprised of hundreds of

air-conditioned households is regulated by an aggregator. The aggregated energy consumption of VESSs is de-

noted as:
N 1
})VESSS (t) = Z l)ac,jSac,j (t)
=11 (13)
where, P, means the overall power consumption of aggregated VESSs; N, is the total air conditioner number

in the aggregator; j means the jth air conditioner.

To characterize a group of VESSs and further aggregate them, heterogeneous operating scenarios (i.e. dif-
ferent Tses, Tap, Praej, €tc.) are generated by Monte-Carlo simulation [33]. By generating multiple building model
cases within the intermittency range, the practical air-conditioned household scenarios are modelled. For example,
the parameters of an air-conditioned household model can be: house length is 13 m, house width is 12 m, house
height is 5 m, wall width is 0.25 m, set point of thermostat is 24.5 °C, number of windows is 4, and air conditioner
rated power is 4 kW.

After building the aggregation model, the maximum controllable capacity of each VESSs aggregator should
be estimated for the upper level control.

Objective:

Maximize P™ (¢)=) —(1-S,. (¢))P (14)

Nar
rate, j

=1 17;
where, P™ refers to the maximum controllable capacity in aggregator i. It is assumed that reactive power is fully
compensated in air conditioner side, hence P™ specifically means the maximum controllable active power in the
aggregator. It is worth noting that the decision variable in (14) is S, ; (t), and hundreds of VESSs are controlled

by the same aggregator.
The calculation of (14) should meet the following conditions:

Subject to:

0 ifS,(t-1)=1&T <™

S, (6)=41  if S, (t-1)=0&T, >T™ (15a)
S, (1-1) otherwise

L™ <T (<™ (15b)

" <T,()<T™ (15¢)

The maximum capacity estimation model in (14) is a nonlinear mix-integer programming problem, which is
difficult to be solved by conventional mathematical methods. Therefore, heuristic-based programming methods
are employed in this paper to solve the capacity estimation model. After getting the maximum controllable active
power in the aggregator, it can be further utilized in the upper level control for voltage regulation and loading

management.



2.3. VESS coordination strategies

In this part, the VESS coordination strategies are presented to demonstrate the VESS monitoring, commu-
nication and dispatching procedures. The detailed procedures are given below:

(1) Initialization. End users’ thermal comfort can be obtained via from collecting historical data based on
different weather scenarios or via the collection of household surveys regarding end users’ preferences on indoor
temperature, relative humidity, etc.

(2) Monitoring. Home energy management system (HEMS) in the air-conditioned household can monitor
the room temperature and air conditioner status in real-time, and interact with the smart meter wirelessly.

(3) Estimation. After receiving the relevant information, smart meters then send it to the aggregator for
estimating the maximum controllable active power at the current status through the heuristic approach. The es-
timated maximum controllable power information can be further transferred to the upper level for participating in
the distribution network management.

(4) Communication and Dispatch. In the upper level control scheme, the required active power support
information will be shared among interconnected aggregators through the communication network in an iterative
manner (the detailed control strategy will be illustrated in next section). Once an equilibrium point is achieved, the
aggregator would meet its power adjustment commitment to the utility by informing its HEMSs to selectively turn
ON/OFF air conditioners.

The proposed hierarchical coordination strategy of aggregated VESSs for distribution network is illustrated
in Fig. 2. In order to encourage the participation of end customers on DR programs, participants will receive fi-
nancial reimbursement from the utility, such as cash reward and reduced electricity price. Note that the frequent
motor starting has been recognized as a major cause of flicker, especially for large-scale motors connected to
distribution network. To keep the system dynamic stability, especially mitigate voltage fluctuations, reducing the
starting current of a motor is one effective measure. A series of starting techniques can be employed, such as using

power electronic soft starter and full inverter control of motors.
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Fig. 2. Proposed hierarchical coordination strategy of aggregated VESSs for distribution network.
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3. Proposed approach for network loading and voltage management by VESSs

In this section, through the coordination of aggregated VESSs, a new method to regulate distribution net-
work loading and voltage is proposed. By reducing the active power consumption in peak demand time, the
overloading is curtailed, as well as preventing the occurrence of undervoltage. For overvoltage regulation, VESS
helps increasing the active power consumption in peak PV generation periods, thus over generated solar power
can be consumed to eliminate voltage rise.

To guarantee the active participation in the control scheme, except for the financial incentives for VESSs, the
active power curtailment and consumption should be implemented fairly among participating VESSs. Therefore,
a consensus decision making method is needed to reach an agreement among all aggregators without a bidding

strategy [34, 35]. The detailed control schemes will be introduced in the following subsections.
3.1. Network loading management strategy

For a multi-agent system, the information exchange among agents can be denoted by a weighted graph G=(/V,
E, A). Introduction for graph theory is omitted here, which can be found in many previous research [15].

Considering the disturbance in communication channels, link failures are likely to happen, thus the static
communication network is not appropriate to reflect its dynamics. Here a time varying coefficient matrix is given
to model the complete network topology between aggregators and disclose the dynamic change characteristic.

The communication matrix is defined as:



l//u(t) le(t) ‘//1m(t)

‘I—’(t)z V/le(t) ‘/’22:(t) V/er;(t) (16)

Vi (1) W (1) - (1)

where, y;(?) reflects the communication link between ith and jth aggregator at time ¢. y;=1 if there is directed
communication link between aggregator i and aggregator j, otherwise y;=0. Moreover, ;=1 for all aggregators.
Hence, for a given connected network, the dynamic network topology can be reflected in the adjacency matrix by
its values change with time. According to [35], the consensus state will converge to the same value if a spanning
tree exists in the communication graph, and the Laplace matrix of the communication graph has a simple zero
eigenvalue, and all the other eigenvalues with positive real parts.

In the proposed control scheme, a virtual leader is assigned to define the primal information state via the
measurement of critical point [34]. The power exchange between the substation and the main grid is continually
monitored by the virtual leader, which is further used as the input control signal of distributed controller for

network loading management. The distributed controller will be initiated once the apparent power constraint

S (t) < §™* s violated. The information state of the virtual leader is defined as:
(1) =K, m(t)+ K,y m(t)+K,[m(t)-m(t-1)] (17)
k=0

where, m(t) =5" -8 (t);no(t)is the virtual leader initial information state; KP,K[, and K, are the propor-
tional, integral and derivative gains respectively, whose values are given as K ,=0.66, K;=0.001, and K ,=31,

respectively by trial and error methods [4]. The adoption of virtual leader can greatly relieve the heavy compu-
tational burden in the control centre given that only virtual leader needs to communicate with the distribution
network management system. The information state from the virtual leader will be sent to the connected aggre-
gators at discrete time step.

By using the communication matrix in (16), a transition weight between aggregator i and aggregator j can be

defined as:

r, ()_ZW;/,() (18)

Jel;

', mathematically represents the communication relevance between i and j, and directly determines the con-

vergence speed.
In terms of followers, the consensus-based control scheme will be achieved iteratively. The information state
of follower aggregators will be decided based on the states of virtual leader and neighboring aggregators. Ac-

cording to consensus algorithm [3 7] the consensus state of follower aggregators is updated as:

(1 )+ 2T, (t=1)[ 7, (1=1)=n, (¢ -1)] (19)

Jel;
where, /,is the neighbors of aggregator i. With (19), each aggregator could update its consensus state to adjust the

active power commitment and finally converge to a unique equilibrium point, denoted as:

P P, P F
™R B L

where, Fis the required active power commitment for aggregator i; P™ is the maximum controllable active

power in aggregator 7, which is derived by the aggregation model in (14).

9



Therefore, the required active power commitment for network loading management for aggregator i is cal-

culated as:
P(0)=n(0)™ (1) @
3.2. Voltage regulation strategy

During normal hours, the bus voltage is kept within normal voltage range considering the constant balance
between electricity load and electricity generation. However, bus voltages are easily drifting out of the standard
voltage deviation ranges (i.e. normally 5%-10% deviation based on different national standards) at high PV
generation and light load periods. Therefore, the objective for voltage regulation is to control the local bus voltage
within the acceptable range:

<y (g) <y (22)
where, V, (t) is bus i voltage at time ¢, ™" and V'™ are the minimum and maximum acceptable voltage limits

respectively.

Once the voltage limitation occurs, the distributed control scheme will be initiated:
& (t) =8 [Vz (t)_Vimax]
& (t) =& [Vz (t)_Vimm:|

where, ¢,is the information state for aggregator i; g, is the weight for bus i. Note that the voltage limit violation is

(23)

a localized problem, not a network wide one. Therefore, the distributed control strategy is well suited [38].

The relationship between bus voltage change and power change can be represented by Jacobian matrix:

{AP}:—JI JZ]_AH} (24)
AQ| |Js I ) (A

il sl lale el
AVl] |J, J,] [aQ] |C DJAQ

Given that reactive power is fully compensated in this paper and active power considerably affects the voltage

where

magnitude in distribution networks, the approximate sensitivity of bus voltage to power can be given by:
ov
= _C 26
Py (26)
With the proposed communication structure, the aggregator is only aware of C ;i corresponding to their
neighbors. Hence, the sensitivity matrix is defined as:

_ |¢ ie{r Ul
Cji = (27)
0 ie{r,Uj}
where, 1, is the neighbors of aggregator j, with which j can communicate with. The transition weight in voltage

regulation is given by:

0y ()= (28)

10



The control actions for the aggregator are determined subject to local voltage and its neighbors’ information

state. The information state of each aggregator is updated at discrete time step as:

gi(t) = Fii(t)gi(t)+;Fz/ (t)gj (t_l)

Finally, the required active power commitment for voltage regulation for aggregator i is defined as:

Pl)=c ()2 ()

(29)

(30)

Comparing the active power commitment in (30) with the active power in (21), the larger value should be

chosen in the control scheme in case that undervoltage violation and network overloading occur simultaneously.

By choosing a larger value, both violations can be refrained and system normal operation can be guaranteed. To

better understand the operation conditions for network loading management and voltage regulation, Fig. 3 has

been given here.

The control flowchart for network loading management and voltage regulation is further shown in Fig. 4.

The solid blue line means the aggregated maximum controllable VESSs power is transferred from lower level to

upper level. In contrast, the dotted blue line means the control signal from upper level is transferred to lower level

for selectively charging/discharging VESSs. It should be noted that the consensus algorithm convergence time

depends on system size and communication networks. The updating interval in this work is much more than

enough for the proposed algorithm to achieve equilibrium.

Fig. 3. Operating conditions for network loading management and voltage regulation.
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Fig. 4. Flowchart of proposed control scheme for network loading management and voltage regulation.

4. Case studies

One 11 kV nine-node feeder, which approximately supplies 1000 residential and commercial customers in
New South Wales, Australia [39], is used in this case study to demonstrate the performance of proposed control
scheme. It is estimated that more than 75% of households along the feeder have at least one air-conditioner in-
stalled. The one-line diagram of nine-node test feeder is shown in Fig. 5, with connected PV systems and ag-
gregators in the network.

There is one virtual leader and five aggregators, with 150 air conditioners regulated by each aggregator,
distributed across the system. The heterogeneous VESS models are generated by Monte-Carlo simulation method,

with parameters sampling ranges provided in Table 1. In this work, the thermal resistance of VESS includes glass

12



windows and walls, which is calculated as a lump-sum resistance. The thermal capacitance of walls is considered

as well.
@p)  p
@)
! Ve
l_. / |J \ /
/1 M T v
Substation ¢ / | (PV)
e ©
Leader |~ I
@- e
~ —
< — — » Communication flow @ Aggregator Solar Power
Fig. 5. One-line diagram of nine-node test feeder.
Table 1 VESS parameters sampling ranges for Monte-Carlo simulation.
House Length/m House Width/m House Height/m
8-22 10-20 3-9
Wall Width/m Set Point of Thermostat/ °C No. of Windows
0.2-0.4 23-26 3-8
Air Conditioners Rated Power/kW
1-7

Differential evolution (DE) algorithm is employed in this paper to solve the maximum active power esti-
mation model in (14). The maximum iteration time and population size are both fixed as 100 in DE algorithm. The
detailed DE algorithm process is omitted here, which can be found in a similar work in [40]. Different temperature
deadband scopes are given for the aggregators to simulate different households thermal comfort preferences. In
this work, the temperature deadband scopes for five aggregators are 1 °C, 2 °C, 3 °C, 4 °C and 5 °C. By solving the
model in (14), the maximum controllable capacity of each VESSs aggregator in one day is denoted in Fig. 6. In
actual situations, a variety of factors influences the capacity of VESSs, such as building parameters (e.g. building
material characteristics and room volume), meteorological parameters (e.g. indoor temperature and ambient
temperature), and human parameters (e.g. temperature deadband scopes and ideal temperature set points). As
observed from Fig. 6, the larger temperature deadband scopes are, the more maximum controllable capacity each

VESSs aggregator has.

13



=

é O.SW“__\“{ Aggregator 1 =

5 O r r r r r r r r r r r . e alowy ! r r r r

© 01 2 3 45 6 7 8 910111213 141516 17 18 1920 21 22 23 24

i‘;’ 1 T T T L L T T |5 L L T T L L L T T L L L T T L

(o))

Bl P Y VORUUR _u\{\ Aggreg%

“6 o r r r r r r r r r r r r r ) 1 r r r r r

= 01 2 3 45 6 7 8 91011 1213 141516 17 18 1920 21 22 23 24

% 1 L T T L L T T T L L T T L T L

S 0.5 { AggregatorS{

3 5L

% 0 r r r r r r r r r r r r r r r L r r r r r r r

®© 01 2 3 45 6 7 8 910111213 141516 17 18 19 20 21 22 23 24

§ 1 L T T L L T T L L L T T ‘ Aggl’egatOI’4 [—L—L—ﬁl—f

c

8 0.5 ad l N I [ TN Mnaalieand w—

E o r r r r r r r r r r r r r r r r r r r r r r r

E 01 2 3 45 6 7 8 910111213 141516 17 18 1920 21 22 23 24

% 1 T T T [ T T T [ T T " Aggregator5 TﬁﬁL—ﬁ*

= 0-5;“” N VTN " UPIURTIN e NIV o [ O
0 r

r r L L r r r L L r r L L r r r L L r r r L
01 2 3 45 6 7 8 910111213 141516 17 18 19 20 21 22 23 24
Time (Hour)

Fig. 6. VESSs aggregator maximum controllable capacity in one day.

The substation contains one transformer with summer rating being 3.3 MVA and the secondary transformer
voltage at local nodes is 230 V, which is regarded as 1.0 p.u. (per unit). The maximum voltage limit is set as 1.05
p.u. and the minimum voltage limit is set as 0.96 p.u. Therefore, to guarantee the system normal operation, the
system voltage should be controlled between the minimum and the maximum limits, and the network loading
should be no larger than 3.3 MVA. The rated PV capacity in each node is denoted in Table 2, where one-minute
solar radiance resolution data is derived based on a typical summer data in UQ Solar Photovoltaic Centre to get
the daily PV power profile [41]. The system load is predicted based on the classical residential load demand in
[42].

Table 2 Rated capacity in each node of the system.

Node 2 4 5 7 8
PV Capacity 0.36 0.45 0.52 0.54 0.48
(MW)
4.1. Casel

In this case study, the performance of proposed control scheme is verified. The simulation program is
conducted in MATLAB on a 4 core, 64-bit DELL Desktop with Intel Core i5-3570S CPU and 8 giga-byte RAM.

Fig. 7(a) demonstrates the system node voltage change in one day under high PV power penetration and peak
residential electricity demand. It can be found that the voltage in local nodes keeps rising because of PV pene-
tration into the system, and crosses the maximal voltage limit during 8:30-14:30. Compared with overvoltage,
undervoltage occurs during 19:00-21:00 because of the high residential electricity demand. Once the voltage vi-
olation happens, the proposed control scheme is initiated to regulate system voltage by the smart coordination of

aggregated VESSs.
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Observing the grey line in Fig. 8, it can be clearly seen that system apparent power crosses summer rating

value from 18:30 to 21:30. This is caused by the peak electricity demand in hot summer days when residents are

back to home from work, especially caused by turning on the large amount of air conditioners. Similar to voltage

regulation, once overloading occurs, the proposed control strategy is implemented to manage system loading.
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(a) voltage profile before control.
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(b) voltage profile after adopting proposed control scheme.

Fig. 7. Voltage profile in one day (a) voltage profile before control. (b) voltage profile after adopting proposed control scheme.
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Fig. 8. Network loading change in one day without and with control.

Fig. 7(b) demonstrates the voltage control performance by the proposed strategy. With the proposed control
scheme, the nodes voltage is maintained within the desirable range during the day. Specifically, from 8:30-14:30,
voltage rise is mitigated and is controlled to be no more than 1.05 p.u.. This control effect is achieved by the extra
consumption of PV generation by turning on VESSs, hence the reverse power from PV inverters into distribution
network are reduced. From 19:00 to 21:00, voltage drop is eliminated as well and kept larger than the minimal
voltage limit, i.e. 0.96 p.u.. During these periods, VESSs are turned off to help reducing electricity demand.

Fig. 8 shows the network loading control performance. It can be observed that the system overloading is well
controlled below the summer rating value from 18:30 to 21:30, which is achieved by the reduced electricity
consumption via selectively turning off VESSs. Given that VESSs are required to turn off during both un-
dervoltage periods and overloading periods, a larger active power control value should be executed during these
two periods, which can guarantee the overall system control performance.

The contribution amount of each VESSs aggregator is denoted in Fig. 9. The VESSs work in charging mode,
i.e. VESSs are turned on, during high PV penetration periods to help lower nodal voltage. During 18:30-21:30,
VESSs work in discharging mode, i.e. VESSs are turned off, to compensate voltage drop and network overloading.
It should be noted that by considering indoor air temperature restrictions (shown in (11)), the thermal comfort in

residential household is not compromised during the whole control period.
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Fig. 9. VESSs aggregator active power contribution.

4.2. Case?2

Given the communication channel disturbance in Equation (16), different communication topology networks
can be formed among aggregators, which could cause impacts on the algorithm convergence. Therefore, the in-
fluence of dynamic communication topology on system performance is investigated in this part to demonstrate the
robustness of proposed control scheme.

The common adopted communication topologies for the aggregators are line shape, star shape, ring shape,
and complete shape. Figs. 10-12 separately present the star topology, complete topology and ring topology, to-
gether with the voltage control performances. For network loading effects under different topologies, these three
topologies have similar control results to line topology shown in Fig. 8. Therefore, only the network loading
management performance under ring topology is given here for reference. The control results under line shape
topology have been given in Case 1. Four different communication network topologies all demonstrate satisfying
system control performances, which verify the control scheme robustness in terms of dynamic network topologies.
The control scheme calculation speed and system performance of these four communication network topologies
are summarized in Table 3.

It is worth noting that complete network topology shows the fastest calculation speed, owing to faster con-
sensus algorithm convergence speed compared with the other three topologies. On the other hand, complete to-
pology has the most sophisticated communication channels, which also increase the communication cost dra-
matically. It can also be observed that ring topology and complete topology are robust to communication failures.
When one communication link is removed among aggregators, the system control performance will not be af-
fected. Combining calculation speed and communication costs, the ring topology is more ideal from the system

operator’s perspective, with relatively fast computation speed and less communication line investment.
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Fig. 10 Voltage performance under Star shape topology (a) Star shape topology. (b) Voltage regulation performance under Star

shape topology.
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Fig. 12. Voltage regulation performance and network loading management performance under Ring shape topology (a) Ring shape
topology (b) Voltage regulation performance under Ring shape topology (c) Network loading management performance under Ring
shape topology.

Table 3 Calculation speed and system performance for different network topologies.

Network Calculation Voltage Network load- Robust to
topology speed regulation ing manage- communication
(seconds) effectiveness ment effec- failure
tiveness

Line 29.02 Yes Yes No

Star 23.24 Yes Yes No

Ring 17.95 Yes Yes Yes
Complete 15.74 Yes Yes Yes

5. Conclusions and Future Work

A smart coordination strategy is proposed in this paper to coordinate aggregated VESSs for distribution
network voltage regulation and loading management. Through the lower level control, the VESS model is built
and the aggregated amount of maximum controllable active power is calculated. Through the upper level control
strategy, a consensus-driven distributed control strategy is employed to fairly share the active power commitment
among aggregators for distribution network management. The simulation results on a nine-node test feeder in
New South Wales prove the effectiveness of proposed control scheme, as well as demonstrate the robustness in
case of dynamic communication network topologies and communication failure. The proposed method is superior
over other methods in terms of, 1) utilizing the thermal buffering capacity of air-conditioned households to form
VESSs, with far less cost than hard energy storage techniques; 2) reaping demand response programs benefits via
aggregators, with end-users’ thermal comfort guaranteed; 3) adapting to dynamic communication network to-
pologies, in the meanwhile ensuring the equilibrium point is reached among participating aggregators. With the

increasing penetration of renewable resources and deployment of smart household energy management systems,
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the proposed method is believed to be a promising method on managing practical distribution networks in a
techno-economic manner.

Future work will focus on improving the thermal modelling of virtual energy storage system by considering
other important factors, including solar irradiance and window area. In addition, the VESSs control in large-scale

systems with complex communication network will be investigated.
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