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Abstract

In this paper, an efficient and robust power and energy management for large clusters
of plug-in electric vehicles (PEVs) and distribution networks is proposed. The method
aims to minimise the charging cost of large clusters of PEVs in real time while
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ensuring distribution network normal operation and satisfying a large number of
constraints from PEV level up to distribution network. The design of the method
ensures very low dependence on forecast errors of critical quantities such as electricity
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University Campus, Chania 73100, Greece. price while it can be easily integrated with conventional optimal power flow algo-

Fmall: Kancllos@ece s rithms. To this end, innovative virtual differential operation costs are assigned to
clusters of PEVs. Moreover, an innovative definition of the flexibility of a cluster of
PEVs to change its power is introduced while a simple idea based on the principle of
the selection of the fittest is used to achieve efficient power dispatch to the PEVs
with minimal computational requirements. The efficiency and the robustness of the
proposed method are proved by detailed simulations of several operation scenatios of

a realistic distribution network with large penetration of PEVs and renewable energy

sources.

1 | INTRODUCTION

Plug-in electric vehicles (PEVs) are expected to have a key role
in the reduction of greenhouse gas emissions in urban areas,
energy sustainability, smart energy management and the
development of the future electric power systems with large
scale integration of renewable energy sources (RES) [1-3]. In
this framework, a probabilistic approach for transmission
expansion planning considering the uncertainty caused by the
existence of PEVs is proposed in Ref. [1] while a method for
optimal coordination of variable RES and PEVs to increase
energy sustainability is proposed in Ref. [2]. In Ref. [3], the
optimal charging of PEVs is performed taking into account the
constraints of the electric power system.

Intense research has been done so far in smart power
management and operation scheduling techniques for large
fleets of PEVs aiming to help system operators to reduce
operation cost, increase the efficiency of distribution networks,
achieve large integration of RES and enhance electric power
system reliability and robustness [4, 5]. In this way, the benefits

from the use of PEVs are doubled as more renewable energy is
produced and used to charge PEVs minimising their carbon
footprint. For instance, power system restoration strategies are
examined in Ref. [4] under the presence of PEVs and wind
power to increase its reliability and robustness.

Most of the challenges related with power system
operation under large integration of PEVs are expected in
distribution networks. Low voltage operation, electrical line
overloading, increased or new demand peaks over the day
and higher power losses caused by non-coordinated charging
of PEVs should be avoided [6, 7]. In Ref. [6], the charging
of PEVs is scheduled considering demand response pro-
grams while real time control of PEVs for coordinated
voltage and thermal management of LV networks is pro-
posed in Ref. [7].

It is also noted that vehicle to grid (V2G) operation of
PEVs is possible as they are usually connected to the
network for enough long periods. In V2G operation, PEVs
inject energy to the electric grid in order to minimise
charging cost and provide demand response and ancillary
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services to the system such as peak-shaving or frequency
support [8—11]. In this context, a new flexibility index based
on the current stored energy and its respective upper and
lower bounds is proposed in Ref. [8] to assess the capability
of PEVs to change their power and exploited for active
power regulation and provision of ancillary services for
example, frequency support. A frequency regulation method
for multi-area power systems with PEVs is proposed in Ref.
[9] while the operation of distribution networks hosting
PEVs is optimised together with the application of demand
response programs in Ref. [10].

The coordinated charging of a fleet of PEVs should be
beneficial for all electricity market participants. The owners of
the PEVs should be provided with economic incentives, while
utilities will require the mitigation of the negative impacts from
the large scale integration of PEVs and netwotrk expansion
minimisation [12—15]. Hence, a highly complex problem that
requires the exploitation of advanced control strategies and the
deployment of extended information and communication
systems should be solved. In Ref. [12], PEVs connected to low
voltage distribution networks are optimally controlled taking
into consideration the increase of energy losses, dectease of
distribution transformer lifetime, lines and transformer over-
load issues, voltage drops and unbalances. In Ref. [13], a
decentralised charging control method is proposed for large
populations of PEVs while a collaborative multi-agent system
(MAS) is used in Ref. [14] in order to apply hierarchical energy
management to a power distribution network with PEV
integration.

MAS has been proved very efficient for such type of
complex control problems [8, 14, 16]. In Ref. [16], a MAS with
hierarchical structure is used to obtain optimal operation
scheduling of a large port electric power system comprising a
large number of refrigerated containers, PEVs, RES and ship
power supplies. The agents interact until finding an equilibrium
that satisfies their differentiated objectives and minimising the
daily operation cost.

Several research studies have appeared in coordinated
charging control of PEVs considering distribution network
constraints and their impacts on them [15, 17-22]. In Ref. [18],
the impact of PEVs on distribution transformers is assessed
using real data while a modelling approach for PEV loads is
proposed in Ref. [19]. In Ref. [20], aggregation models of
PEVs are used for optimal active distribution system man-
agement while a flexible charging optimisation method
considering distribution grid constraints is proposed in Ref.
[21]. Power quality problems caused by PEVs are also critical
for distribution networks. In Ref. [22], a single-phase on-board
bidirectional charger with the capability of power conditioning
is designed.

PEVs can be proved flexible prosumers as they would be
able to inject power to the grid and to home (V2H operation)
while their charging converters will be able to regulate the
reactive power. Hence, they are expected to be major com-
ponents of microgrids, smart grids and future smart homes
[23-25].

The assessment of the flexibility of PEVs to participate
in optimal power management programs is significant
[26-29]. The research performed in Ref. [27] focusses on
the flexibility assessment of commuter PEVs within a
microgrid. Flexibility indicators are formed using energy
capacity, power capacity, power ramp rate capacity, and en-
ergy consumption. In Ref. [28], PEV charging flexibility is
characterised locally, taking into account various factors,
including PEV parameters and travel needs while a game-
theoretic quality of service guaranteed flexibility harvesting
scheme for EVs is proposed in Ref. [29]. Several similar
research efforts have considered PEV flexibility indicators.
However, to the best of our knowledge there is a lack of
simple analytical multi-parameter flexibility quantification
indicators for PEVs and cluster of PEVs, which incorporate
all the information regarding the present and projected
operation state of the PEV that is necessary to optimally
maintain them within the allowable operation area and reach
the desired SoC level when disconnected from the network.
Another interesting topic is to ensure reliable measurements
and estimations needed for the optimisation of such sys-
tems. Usually, state estimation and forecasting techniques ate
exploited for this purpose [30].

Despite the intense research in PEV coordinated control
and management, there is a gap in the development of
methods exploiting simple models with guaranteed rapid
convergence and increased robustness on forecast errors of
major model variables for example, electricity price. The
proposed method leads to cost-effective solutions that do not
depend strongly on the accurate forecast of electricity price or
RES production that are characterised by large errors. More-
over, the method is able to achieve several control goals and
satisfy numerous constraints at all system levels without
requiring the execution of complex and time-consuming al-
gorithms. The proposed method is based on simple ideas such
as the selection of the fittest and the introduction of a simple
definition of the flexibility of the PEVs and clusters of PEVs
to change their power. Moreover it exploits the idea of
maintaining the state-of-charge of PEV battery within an area
bounded by time-varying limits converging to the final target
of the state-of-charge of PEV. In this way, the desired state-of-
charge is reached when the PEV is disconnected from the
network. A hierarchical MAS is exploited in order to deal with
the increased complexity of the controlled system and collect
the necessary information from several points of the network.
All agent types use simple models of very low computational
requirements. Some local agents perform very short-term
forecasts of local loads and RES generation for example, 1-
min ahead forecasting using simple ARX models [31]. The
proposed method can be applied in real-time as it requires
only one round of communications between the agents to find
the desired operation points of the clusters of PEVs and the
individual PEVs.

To the best of the authors' knowledge it is the first time
that the following features atre jointly applied in a coordinated
PEV charging method,
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— Suitable differential charging costs are assigned to the
clusters of PEVs in order to consider them as dispatchable
prosumers in optimal power flow (OPF) problems. The way
they are defined allows the method to be economically
efficient and very robust to electricity price forecast errors.

— Simple multi-parameter flexibility indicators are proposed
for both PEVs and clusters of PEVs. The modelling of
PEVs and charging power dispatch are simplified by using a
finite operation state model and the ‘selection of the fittest
principle, respectively.

— The proposed power management method can be applied in
real-time to distribution networks hosting large clusters of
PEVs while the required computation time does not prac-
tically depend on the number of PEVs.

The remainder of the paper is structured as in the
following. In Section 2, the structure of the proposed method
and MAS, the types of agents and their functions are described.
In Section 3, the models of the agents and the way they are
interfaced are described. In Section 4, the efficiency and the
robustness of the proposed method are proved by detailed
simulations. More specifically, the proposed method is applied
to the IEEE 33-bus radial distribution network with integrated
PEVs and RES considering several operation scenarios. Finally,
general conclusions are drawn in Section 5 and future pros-
pects are discussed.

Electric Power

2 | DESCRIPTION OF THE PROPOSED
METHOD AND MULTI-AGENT SYSTEM

In Figure 1, the real-world deployment of the proposed hier-
archical MAS is shown while the major functions of the agents
and the signals they exchange are shown in Figure 2. The
detailed description of all types of agents and their models is
provided in Section 3. The agents of PEV clusters collect the
data sent by the PEVs for example, the power they are
currently exchanging with the network, the upper and lower
limits of their power and stored energy, their offers for power
demand change and the respective flexibilities. The collected
data are aggregated while the offers of the PEVs to change
their charging power are sorted according to their flexibilities.
The data collected by the PEV cluster agent together with the
forecasted maximum/minimum electricity price (available by
the Electric Power System Operator) and the current electricity
price are used to estimate suitable differential charging costs
for the cluster of PEVs. The differential charging costs reflect
the current electricity price level with respect to its evolution
within the receding time horizon (a time horizon of 6 h is used
in this study but it can be adjusted according to application
requirements). Moreover, the flexibilities of the clusters of
PEVs are calculated and used together with the respective
differential costs to estimate the optimal powers of the clusters.
Then, the obtained optimal active powers of the clusters of

Physical Layer

FIGURE 1 Real-world deployment of the proposed hierarchical multi-agent system
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Distribution Cluster Agents Local Agents
Network Manager (P-PEV/As, CPEV/As) (PEXé As, L/As
Agent (DNM/A) 4 s)
Electric System

Operator

Min, Max Electricity price
forecast, Actual electricity price

PEV/As: Estimation of the offered PEV power
demand changes and respective flexibilities,
maximum and minimum power demand/SoC.
L/As: Very short-term forecast of local load
demand.
RES/As: Very short-term forecast of local RES
power generation
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I
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<
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The maximum, minimum and P-PEV/As
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respective flexibilities offered by the PEVs of
) the cluster,

. I I e Estimation of maximum and minimum power of
the cluster of PEVs.

PEVs can exchange with the
network

DNM/A: Estimation of, |
e The flexibilities of the clusters of |
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e The active, reactive power set- |
points of the clusters of PEVs that |
minimize operation cost and'
ensure satisfaction of all operation ,

constraints of the network. I
I

Set-points of the active, reactive
powers of the clusters of PEVs

Power demand changes offered by PEVs,
respective flexibilities, maximum and minimum
power demand of the PEVs/SoC.

P-PEV/As: Estimation of the next operation
states of the PEVs of the cluster.

Time

:
]
]
i
]
l
[}
l
Y Z

l
Operation states of the PEVs

PEV/As: Application of the new operation state.

7

FIGURE 2 Major functions and communication signals of the proposed multi-agent system

PEVs together with short-term forecasts of RES production
and local consumptions are used to solve the OPF problem of
the distribution network hosting the clusters of PEVs. The
obtained set-points of the active and reactive powers of the
clusters of PEVs estimated by the OPF are sent back to the
respective cluster agents. Finally, the active power set-points
are implemented by ordering the PEVs with the higher flexi-
bility to change their power demand. In this way, the proposed

real-time control method reduces the charging cost of the
hosted clusters of PEVs, maintains the voltage within the
acceptable limits at all network nodes, prevents line over-
loading and ensures that PEV operation constraints are
satisfied.

The agents used in the developed MAS can be categorised
into three major types: (a) local agents that are responsible for
the operation of a single component of the electric power
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system, (b) cluster agents that are responsible to send infor-
mation to a cluster of local agents and also collect and process
their responses and (c) the Distribution Nerwork Manager
Agent (DNM/A), which ensures the optimal operation of the
distribution network. The operation of each agent type is
briefly described in the remainder of the section. All types of
agents should be equipped with a bi-directional communica-
tion system and appropriate software, while the DNM/A
should be able to solve small scale OPF problems.

21 | Local agents

A local agent is assigned to each PEV, RES generator and bus
load of the distribution network. Plug-in Electric Vehicle
Agent (PEV/A), Renewable Energy Source Agent (RES/A)
and bus Load Agent (L/A) belong to this type of agents. Local
agents estimate critical quantities of the electric network
components that are assigned. For instance, PEV/A estimates
the flexibility of the supervised PEV to change its power de-
mand, RES/A and L/A perform very short-term forecasts of
the power generated or consumed by the components they are
assigned to, respectively. Afterwards, they forward the respec-
tive information and other useful data, such as PEV identifi-
cation numbers, to the cluster agent they belong and receive
orders from them.

2.2 | Cluster agents

The Parking lot of PEVs Agent (P-PEVs/A) or the Cluster of
PEVs Agent (CPEV/A) belongs to the type of cluster agents.
Usually, P-PEVs/A or CPEV/A is attached to a MV/LV
transformer, which exclusively supplies either a parking lot of
PEVs or a cluster of spatially distributed PEVs.

P-PEVs/A or CPEV/A aggregates the maximum (mini-
mum) power demand and stored energy of the PEVs it su-
petrvises. Also, it sorts PEVs' offers to change their power
according to their flexibility, calculates a flexibility index for the
cluster of PEVs and subsequently the optimal power demand
of the cluster. Finally, it creates two lists sorted in decreasing
flexibility; one for PEV active power increase and one for
active power reduction, respectively. The obtained estimations

are sent to DNM/A. Afterwards, each P-PEVs/A or CPEV/A
receives by the DNM/A the final set-points of the total active
and reactive power of the supervised cluster of PEVs. Finally,
P-PEVs/A or CPEV/A determines the active and reactive
power that each PEV should exchange with the network over
the next time interval.

23 |
agent

Distribution network management

The distribution netwotk management agent (DNM/A) is
responsible for maintaining the active powers of all PEV
clusters as close as possible to the optimal ones, estimating the
optimal reactive powers of the clusters of PEVs and ensuring
satisfaction of all operational and technical constraints of the
distribution network. DNM/A receives properly processed data
from all cluster agents and estimates the active and reactive
power set-points for each cluster of PEVs for the next time
interval by solving a suitably formulated OPF problem. The
proposed MAS guarantees convergence in only one round of
communications between the agents, if no communication
failures exist. Agent to agent communication latencies are ex-
pected in the order of few centiles of the sec. Assuming a typical
average latency of 0.15 s then according to the communication
sequence shown in Figure 2b, the average duration of one
round of communications will be 7= 40.15 s = 0.6 s [32].

3 | AGENT MODELLING

3.1 | Local agents

3.1.1 | PEV agent (PEV/A)

The PEVs are assumed to operate at N specific operation
states as shown in Figure 3. For the sake of symmetry, N is
selected to be an odd integer. The PEV can transit between
neighbour states or remain at the same state. In this way un-
necessary complexity resulting from a large number of possible
transitions is avoided. One state is assigned to zero charging
power while the rest are symmetrically assigned to G2V and
V2G modes of operation.

Puin Pmin+AP

G2V

FIGURE 3 Plug-in electric vehicle (PEV)
operation states (generator convention) and
simplified layout of PEV electrical connection

-AP Ppry=0
| EVcharger |

|
| Electric
: Poev,Qeey>0  Network

® DC AC +=— , :l\/,
| Ppey,Qpev<0

Bige.) Tin | pev, Qpev
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Let us denote with S the operation state of the ith PEV and
£AP; the change of its charging power while passing from a
state to its neighbour. Then, according to Figure 3, the
maximum and minimum active powers (ppE\,f7i| ¢ I_’pEV7i| ¢
respectively), the ith PEV can exchange with the network over
the next time interval provided that it is at the Sth operation
state, are calculated in (1), (2).

PPE\ni|S:1mN_1 = PPEV,i|s:1...N—1 +AP;,

(1)

PPEV,i‘S:N = PPEV,i S=N

BPEW|S:2...N = PPEVJ‘S:ZH.N — AP, )

L)PEV,i|S:1 = PPEV,i‘Szl
with

_ Prey ’S:N - PPFVJ‘S:l

N

AP;

| ¢ is the active power the 2th PEV exchanges with

the electric network when it is at the Sth operation state.

Where, PPEV,i

It should be taken into consideration that the reactive
power of the ith PEV should not result to apparent
nominal. This

power bigger than the constraint  is

formulated in (3).

< 2
| QPEV,i | < \/SPEV,i _PPEV,i SZ (3)

Assuming generator convention, then the energy stored in
the battery of the ith PEV at the end of the next time interval,
Epgy.i(t + At), is estimated according to (4).

Epﬁv7i(t —+ At):
EPEV,i(t) — PPEV,i(t =+ At) * Meh * At, PPL—{V,i(t + AI) <0

_ Pepvi(t+Ar)

Epgv,i(t) n
dis

At, Popyvi(t+ Ar) >0
(4)

where, Eppy;(?) is the energy stored in the battery pack of the
ith PEV at time ¢ and 7 is the charging (discharging) ef-
ficiency factor of PEV charging system. In this study, it is
assumed that 7, = ng, = 0.93.

The area on the stored energy-time plane the PEV is
allowed to operate is shown in Figure 4. It is bounded by
dynamic upper (Epgv_nigh) and lower (Eppy jow) bounds
converging to the target of the stored energy (Eppy,) at the
scheduled disconnection time ¢z Fach boundary consists of
four line segments. For instance, the upper boundary of the
PEV stored energy comprises:

— The segment (O—A1) which begins from the point O cor-
responding to the energy stored in PEV battery when it is
plugged to the network and extends to point Al where the
maximum stored energy Eppy is reached given that it is
charged using its maximum charging power.

— The segment (A1-B1) where the PEV has the maximum
allowed energy stored in its battery.

— The segment (B1-C1) where the PEV discharges with the
maximum allowed discharging power until it slightly exceeds
the target of the stored energy ((1 + a)-Epgry,). The
parameter « is defined by the user and it is usually a small
number in the range [0.01 0.025].

— The segment (C1-D1) which exists only if the EV driver
changes the initial schedule and decides to unplug the PEV

?Stored Energy
= 2 (1+a)x Epgy;
 Bpgyyicieiin B o FRESEE PR Bl :
OQQ’ 7 - 'lﬁ/b‘ C1 e =k _Izl
[EpEv,e ____ o e VilseN PETT vy
/c2 T 1))
o\"b (1-a)xEpey
% /
EPEl' high,i /

|
\
I
|
!
|
]
]
|
e |
- Wl <z'>\' :
—— & :
Pogy | R |
T | S=1 o |
1 L i i
0 St | & :
I
< Epevlto) Ly ; o i
N\ ; ! ' X | i
. Frm v 7 ! < : |
E N\ / | ! | i
S AL —— | | ' -' i
A2 B2 ! 1 ! firme FIGURE 4 Dynamic upper/lower bounds of
f It; } Zy> plug-in electric vehicle stored energy and ‘Smart’
0 l S s and ‘Dump’ charging trajectories
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at time ¢’ after the initially scheduled time tr. In this case,
the maximum allowed stored energy remains constant and
equal to (1 + @) X Epgy,.

The respective segments (O—A2), (A2-B2), (B2-C2) and
(C2-D2) constitute the lower bound of the stored energy.

The flexibility of the ith PEV to transit to the Sth state
over the next time interval is estimated in (5). According to this
approach, the flexibility of a PEV to absorb or inject power is
reduced when Eppy, high Of Eppyjow curve is approached,
respectively. The proposed flexibility index is taking into ac-
count the major characteristics of PEVs' batteries and there-
fore ensures fair estimation of the flexibility for different types
of PEVs.

flex;(t) =t (¢t) —t=
E) /i t) — E P ioh.i tl'l
pEV;i(2) PEV_high,i ( )7 P <0
s (5)
Eppvi(t) — Epev jow,i ()

Pogy i ’S-

PP]:'Vj

) PPEV,i|9 >0

Each PEV sends the data calculated above to the super-
vising cluster agent (P-PEVs/A or CPEV/A), where they are
aggregated, and the operation of the cluster of PEVs is opti-
mised in real time.

3.1.2 | RES agent (RES/A) and load agent (L./A)
The main tasks of RES/A and L/A are to perform very
short-term forecasts of the RES generator power production
and load power consumption, respectively. In this study,
one-minute ahead forecasting is adopted. Classical autore-
gressive models have been proved very efficient for such
type of applications while they can be implemented very
easily [31].

The models implemented for RES/A and L/A ate given in
©6)~0).

?
Prsa(t + At) = Zﬂi “Presja(t—i- At) + epps/a(t)
=0
(6)
~ \/ pFRES/AA
qt+A)=Fr—n P r+ At 7
QRI:S/A( ) PFRES/A RES/A( ) ( )
N q
Pria(t+At) =3 bi-Pralt—i-At) +ePpalt) (8)
=0
QL/A (t+ A1) = Zfz Quat—i-At) +eQp () (9)

where, T’RES /4 and QRES /4 are the very short-term forecasts of
the active and reactive power produced by the RES supervised
by the RES/A, PFyes, 4 is the power factor of the RES, Py 4
and Q 1/4 are the very short-term forecasts of the active and
reactive power of the load supervised by the L/A, a;, b;, and c;
are the parameters of the autoregressive models and egps,/4,
ePr /4, and eQy /4 ate the respective model errors.

The above models can be continuously trained using
updated datasets allowing model parameters to be adjusted in
real time and ensure high forecast accuracy [31, 33].

3.2 | PEVs parking lot (or cluster of PEVs)
agent-(P-PEVs/A)

P-PEVs/A collects their offers from the supervised PEV/As
to change their power demands over the next time interval and
the respective flexibilities to apply them. P-PEVs/A sorts them
in the descending order of flexibility and the data are registered
into two matrices SL, and SL_, which cotrespond to the
positive and negative power demand changes offered by the
PEVs, respectively. Each matrix contains three columns: (1)
The PEV power demand (injection) offer for the next time
interval, (2) PEV flexibility, and (3) PEV identification number.
After the sorting process, the elements of matrices SL, and
SL_ satisfy the following equations and conditions.

SLy)(i,1) =

SL+(—) (/7 2)

Popy it (o) (¢ + A1),

=flex; () (t), SLy)(,3)=i  (10)

with,

SLo(7,2)2SLy(j+1,2) Vj, 1<7<Nppy — 1
whete, ¢ denotes the ith PEV of the cluster and j the jth row of
SL .y, Npgy is the number of the PEVs of the cluster, and
flexy—y (i,t) denotes the flexibility of the ith PEV at time ¢ to
increase (decrease) its active power to Pppyy(-)(,t + At) at
time ¢ + At.

Furthermore, P-PEVs/A determines the fittest set of PEVs
that should change their operation state in order to ensure
accurate tracking of the active power set-point of the cluster of
PEVs received by the DNM/A. The problem is reduced to
locate the mth row of SL, ), such as if the PEVs registered at
the rows above it change operation state then the active power
set-point of the cluster is accurately followed. This procedure is
synopsised into the pseudocode tabulated in Table 1. P, used
in Table 1, is the active power set-point for the cluster of PEVS
that is estimated by the DNM/A and will be described in
paragraph 3.3.3.

Let us assume that < is t he optimal subset of the PEVs
within the cluster that should change their operation state. The
ith PEV belongs to S if the following conditions are valid.

i=SL.,(,3) €S Vj<m (11)
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TABLE 1 Pseudocode for the determination of the PEVs that should
change state of operation

P, = SL+(_)(1.1);
Py (2) = SLy(y(1,1) + SL,(4(2,1); m = 2;
While (P5 = B, (m)) - (P5 = B, (m— 1)) >0
Do
By(m+1) =Py (k) +SLyy(m+ 1,1);

m=m+1;

End

The total reactive power the cluster of PEVs exchanges
with the network is proportionally dispatched to each PEV of
the cluster according to (12).

QPEV,i(t + Ar) = ngvﬁi(t + A?)
+p- (Qpﬂv,i(t + At) — QPEV,j(t + At))
(12)

with,

_ Qult+At) = 32, Qerv (i, t + At)
> Qery (i 2+ A1) = 37, Qeiy (i, £ + Ar)

p

where, Q; is the set-point of the reactive power of the cluster
received by DNM/A, Qpry; is the estimated reactive power of
the ith PEV, and GPEVJ» and Qppy,; are the maximum and the
minimum reactive powérs of the ith PEV, respectively.

The minimum and maximum values of the energy stored
by the cluster of PEVs are calculated according to (13)—(14).

Ey(t)= ZEPEV.i(t)v Eq(t) = ZEPE\/J(I) (13)
P(r) = ZI_’PEV,i(t), Py(t) = ZﬁPEV,i(t) (14)

_ Finally, the P-PE Vs/A sends the calculated values of E,,
E,, Py and P to the DNM/A.

3.3 | Distribution network manager agent
(DNM/A)

DNM/A is responsible for the calculation of the set-points of
the active and reactive powers absorbed or injected by the
clusters of PEVs. These set-points are derived according to
the maximum and minimum forecasted electricity price over
the receding time horizon and satisfy all distribution network
constraints. In order to achieve the above, the DNM/A solves
an OPF problem [34], where the clusters of PEVs are

considered as prosumer entities and handled as virtual gener-
ators, which are able to produce and consume active and
reactive power. In order to set-up the OPF problem, the
following assumptions were done:

— A virtual operation cost, Cy(t), is assigned to the kth
cluster of PEVs at time t. It is approximated by a second
order polynomial function of the active power, Py (t), the
kth cluster exchanges with the network at time . Therefore
the respective differential charging costs will be linearly
proportional to the active powers of the clusters. This
approach is consistent with the classical set-up of OPF
problems.

— Slack bus is handled as a virtual generator with its differ-
ential charging cost being equal to the actual electricity price
I1(2). _

— The forecasted maximum and minimum electricity prices, I
and ﬁ, within the receding time horizon (the next 6 h are
used in this study) are considered known.

— The maximum (minimum) power of each cluster of PEVs
is matched with the forecasted maximum (minimum) value
of the electricity price over the receding period, I and 11,
respectively. Next, the optimal active power of the cluster of
PEVs corresponding to the actual electricity is estimated. It is
noted that the upper and lower limits of the active powers of
the clusters of PEVs and the electricity price vary with time.

— Very short-term forecasts of the power productions by the
RES generators connected to the network are estimated by
the respective local agents for example, 1 min ahead
forecast.

— Likewise the case of RES generators, very short-term
forecasts of the active/reactive power demands of the MV
network bus loads are estimated by the respective local
agents.

3.3.1 | Estimation of PEV cluster virtual
differential charging cost

According to economic power dispatch problem [34, 35], the
variable operation cost of a power production system is
minimised when the differential charging costs of all power
generation units become equal. Therefore, the operation points
of the clusters of PEVs are the intersections of their differ-
ential costs and the differential cost of the slack bus (electric
power system). Indicative differential charging costs of three
PEV clusters and the slack bus are shown in Figure 5
(generator convention is used).

Let us consider that the differential charging cost of the kth
cluster of PEVs is given by the following equation

dCyp (Pu(t))

dP . =ag(t) - Pyp(t) + be(2) (15)
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FIGURE 5 Graphic representation of dCy/dPy (m.u./kWh)
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Moreover, the kth cluster of PEVs is required to produce
maximum (minimum) power when the forecasted electricity
price is maximum (minimum). Hence,

T1() = aw(2) - Pura(t) + bi(0)

T0(2) = ag(2) - P p(t) + by (2)

with,

=]

(t) = max{I1(t), max{I1(t) } }, t€[t, t+ T7]

\:[)

(t) = min{I1(¢), min{I1()} }, t€[t, t+ Tf]

where, deenotes the receding time horizon, where maximum
and minimum values of the electricity price are forecasted. It is
easily derived from (16), (17) that

(18)

According to the previous analysis, the optimal power that
should be exchanged by the kth cluster of PEVs and the
network is calculated by (19).

T1() = bk(2)
a(t)

(19)

k() =

332 |
set-point

Estimation of PEV cluster active power

The DNM/A calculates the energy stored by the kth cluster
of PEVs at the end of the next time interval as in the
following,

Eqp(t) = Pyg(t) - ng - At, Py ,(t) <0

Pyt )
s

~

Ed’k([ + At) =
Ecl./e(t) -

(20)

The flexibility of a cluster of PEVs to change its active
power is calculated in a similar way with the flexibility of a
single PEV. In (21), the energy stored by the cluster of PEVs,
the maximum/minimum stored energy and the maximum/
minimum power the cluster of PEVs can exchange with the
electric network are exploited to calculate the flexibility of the
cluster of PEVs.

ﬂexcl’k(t) = tk/ —t

(21)

with z satisfying the following conditions,

0< Ecl,k(tk/) - Ecl,k(t) + Z Bcl,k(t) SAr< £,

ALty

for P:l,/e(t) <0

0 <Ear(t) = > Pag(t) - At = Bqulte) <e,

t:Ar:t!
for PG (t) 20

where, ¢ is a small positive number.

Finally, in addition to the optimal active power estimated in
(19), the flexibility of the kth cluster of PEVs is taken into
account in order to derive its active power set-point, Pcl,/e': as
shown in (22).
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Py (),
" —

F-Pyu(t) = (1=F) - Py,lt),

flex (1) <A and leik(t) <0 (22)

F-Pyu(t) = (1=F)-P,(1),
flex. (1) <A and P:Z,k(t) >0

flexg(t) > A4

Py (t) =

with,
flexgp(t) = dE £ (2)
=4 fa=-—g—

(1) = _dEcdz,lte(t) .

F

Tk

The parameter A denotes the flexibility threshold, which is
decided by the operator of the system. In this work, it was
considered that A equals to the 10% of the maximum value of
the flexibility of the kth cluster at time ¢ that is,
A=01 'Ecl,k(t)- Equation (22) ensures that when the
flexibility of the cluster of PEVs becomes smaller than a
specific threshold A, then its active power set-point is suitably
adjusted in a way that the upper and lower bounds of the
energy stored by the cluster of PEVs are never violated.

3.3.3 | Distribution network optimal power flow
Another task of DNM/A is to solve the OPF problem that
ensures the satisfaction of all distribution network operation
constraints while maintaining the active powers of the clusters
of PEVs that are very close to their set-points as they were
calculated in (22). The OPF problem was solved using Mat-
Power [34]. MatPower uses a sum of polynomial functions of
the generator active powers as the objective function. Hence,
the objective function given in (23), which uses second order
polynomials of the active powers of the clusters of PEVs and
ensures convergence to their set-points, was used in this study.
It is noted that the used OPF algorithm is also able to regulate
the reactive powers of the clusters of PEVSs in order to support
the voltage at their connection points.

J= min {Z (Piz,/ez — 2P, - Pyy+ P éz,kz)} (23)
clk

e &

The objective function is subject to the satisfaction several
constraints. More specifically, voltage amplitude, branch cur-
rents, PEV clusters' active and reactive powers are maintained
within their limits. The aforementioned constraints are suitably
defined in MatPower software.

The major points of the developed method are briefly
summarised in the following. The information is exchanged
by MAS agents in a bottom-up and up-bottom direction to
implement the power set-points in one round of

communications. Local agents are responsible to implement
the power set-points assigned to them by the cluster agents.
The objective of PEV cluster agents is to apply the set-
points received by the DNM/A (which solves the respec-
tive OPF problem) by selecting the PEVs having the bigger
flexibility. The objectives of PEV agents ate to implement
the set-points assigned to them by the respective PEV
cluster agents, maintain the energy stored in their batteries
within the allowable limits and ensure that the SoC target is
reached when they disconnect from the network. The above
objectives are ensuted by appropriate dynamical upper and
lower limits applied to PEV SoC and the way PEV flexi-
bility is defined. It is noted that the active power set-points
of PEV clusters are estimated in a way to ensutre reduction
of their charging cost.

4 | CASE STUDY

The IEEE 33-node radial distribution feeder was appropriately
modified for the purposes of this study. The examined distri-
bution network is shown in Figure 6. The nominal voltage of
the network is 20 kV and three parking lots (PLs) comprising
250, 100, and 90 charging points are connected to it. In this
case study, five operation states have been considered for each
PEV that is, N = 5 in (1) and (2).

The PLs are connected to nodes 14, 27 and 31. Also, the
examined network comprises three photovoltaic systems (PVs)
connected to the nodes 7, 19 and 29, and one group of small
wind turbines (WTs) connected to node 18. In this study, PVs
and WTs are assumed to operate with unit power factor, while
the loads of the distribution network operate with inductive
power factor equal to 0.9.

24 h time series of the total active power consumed by the
distribution network loads and total active power generation of
the PVs and WTs were produced for the simulation of the
examined system. Three hundred different trajectories were
randomly produced for each of the aforementioned quantities
to address their stochastic nature. The trajectories used next
for demonstration purposes and the respective variation areas
are shown in Figure 7. Similarly, 300 different trajectories of
the actual electricity price were randomly produced. The tra-
jectory of the actual electricity price used next for demon-
stration purposes, the electricity price forecast with the
respective error and the variation area of the electricity price
are shown in Figure 8. The electricity price is considered to
change every 15 min. The abbreviation m.u. denotes the
monetary unit.

The examined 24 h period was divided into 1 min time
intervals. Hence, the DNM/A receives data from the local
agents and calculates the new set-points for the clusters of
PEVs every 1 min.

Four types of PEVs with V2G capability ate considered in
this study. Their major technical characteristics are tabulated in
Table 2.

The PLs of the examined distribution network are assumed
to host PEVs whose drivers are doing different types of
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activities. More specifically, the chargers of the first PL. (PL1)
supply PEVs whose drivers are at home, the chargers of the
second one (PL2) supply PEVs of citizens being at work and
the half chargers of the third one (PL3) supply PEVs of

citizens being at work while the remaining chargers supply
PEV:s of citizens doing social activities. The probability density
functions used in this paper for the dwell and arrival times of
the PEVs for each type of activity were extracted using the
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database provided in Ref. [36] and they are shown in Figure 9.
In this way, the stochastic behaviour of the EV drivers was
simulated for all examined cases of system operation.

Three operation scenarios, as tabulated in Table 3, are
considered in the following analysis. In SC1, the proposed
smart charging method is applied. It requires only short-term
forecasts of the minimum and maximum values of the elec-
tricity price. In SC2, classical multi-petiod charging optimisa-
tion is applied at PL level with its major target being the
minimisation of PEVs' charging cost. It requires an accurate
electricity price forecast and it is sensitive to the respective
forecast errors. Moreover, it does not support distribution
network voltage support and it does not consider distribution
network constraints.

The optimisation problem solved in SC2 for each PL ot
cluster of PEVs is given in (24)—(29).

96
C = min Py(n-At)-Ti(n- At) (24)
d n=1
subject to,
Pcl(n ' At) 2 Bcl(n ' At) Vn (25)

TABLE 3 Distribution network operation scenarios

Operation scenatio

SC1 SC2 SC3
TABLE 2 Plug-in electric vehicle parameters Proposed smart charging method v - -
PEV type Electricity price forecast - \/ -
1 2 3 4 Max/min electricity price forecast v
Eorv /Evey (kWH)  15/3 19/3 25/4 30/5 Dumb charging - - v
Pory /Py (kW) 10/—-10 12/-12 16/-16 20/-20 Classical charging optimisation - \/ -
Serv (KVA) 10 12 16 20 Voltage support v - -
Network constraints \/ - -
Abbreviation: PEV, plug-in electric vehicle.
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FIGURE 9 (a) PDF of plug-in electric vehicles' dwell time and (b) PDF of PEVs' arrival time
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Py(n-At) <Py(n-At) Vn (26)
Eq(n-At) 2 Ey(n-At) Vn (27)
Ey(n-At) <Eg(n-At) Vn (28)

Eq(T) = Eq, (29)

E, is the desired stored energy of the cluster of PEVs at
the end of the optimisation period. For a fair comparison of
the examined scenarios, £, was set equal to the energy stored
by the PLs at t = T in SC1.

In SC3, ‘dumb’ charging is applied to the PEVs of all PLs.
In this scenario, all PEVs draw the constant amounts of power
required to reach their targets of stored energy when they are
disconnected from the network. Electricity price variations,
network loading network voltage limits etc. are not considered
in §C3.

Three hundred operation cases were simulated for the
operation scenatios SC1, SC2, and SC3 using the randomly
reproduced load, RES production and electricity price time
series in order to assess the robustness and effectiveness of the
proposed method. The indicative results presented next
correspond to the respective trajectories shown in Figures 7
and 8.

The active powers the PLs exchange with the network are
shown in Figure 10 for each operation scenario. In SC1 and
SC2, PLs absorb large amounts of active power duting low
electricity price periods in order to minimise their charging
cost. In some cases, they also inject power to the electric
network when the electricity price is high. The same conclu-
sions can be drawn by the trajectories of the stored energy of
the PLs depicted in Figure 11 for SC1 and SC2. The qualitative
characteristics of the trajectories are similar for both scenarios.
However, there are differences as the optimal charging
scheduling method proposed in this article approaches the
problem in a very different way than the conventional multi-
period charging optimisation method.

The flexibility of the PLs and the flexibility of the EVs
connected to a charging point of PL1 together with the
respective stored energy and its limits are shown in Figure 12a,b
for SC1. It can be seen from these figures that the flexibilities of
the PLs and the PEVs vary according to the distance of the
current SoC from the respective technical limit.

In SC1, the PEVs regulate theit reactive powers in order to
maintain the voltage at the electric distribution network busses
within the acceptable limits. In SC2 and SC3, the PEVs
operate with unity power factor. All bus voltages of the
examined distribution netwotk obtained in SC1 are shown in
Figure 13. In this study, upper and lower voltage limits were set
to 1.1 pu. and 0.9 pu., respectively. It is verified by the
simulation results that all bus voltages are maintained between
upper and lower voltage limits in SC1. It is also verified by the
obtained results that all PEVs manage to reach their SoC tar-
gets in SC1.
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FIGURE 10 (a), (b), (c) Active power exchanged by the PLs 1,2 and 3
and the network (load convention) and(d) Total active power exchanged by
all parking lots (PLs) and the network (load convention)

The average total charging cost of the 300 operation cases
under the operation scenatios SC1-SC3 amounted to 746, 814
and 1012 m.u./day, respectively. The proposed method (SC1)
leads to an average 26.28% charging cost reduction with regard
to the ‘dumb’ charging scenario (SC3) while the classical
charging optimisation method (SC2) leads to a respective
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charging cost reduction of 19.57%. It can be concluded from
the obtained results that the proposed method leads to a sig-
nificant charging cost reduction, ensures satisfaction of all
applied constraints for all examined operation cases and hence,
it is more robust to forecast errors.
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FIGURE 12 (a) Parking lots' flexibilities and (b) upper and lower
limits of plug-in electric vehicles connected to a charging point of PL1 and
the respective flexibilities

It should be noted that a bigger number of PEV operation
states was also used to test the performance of the method.
More specifically, nine PEV operation states were considered
instead of five. The obtained results were almost identical to
those obtained by the five state PEV model, leading to the safe
conclusion that a bigger number of PEV operation states is not
necessary as it only increases the complexity of the model
without affecting the efficiency of the method.

The average calculation time per round of communications
required by the agents was 0.86 s. Assuming a typical average
latency of 0.15 s for communications, then according to the
communication sequence shown in Figure 2b the average
duration of one round of communications will be
T = 40.15s + 0.86 s = 1.46 s, which is much more smaller
than the used 1-min time intervals used for the real-time
application of the method [32].

5 | CONCLUSION

An innovative method for efficient and robust power and
energy management of large clusters of PEVs and distribution
networks is proposed in this paper. The major innovative
points of the method are the introduction of virtual operation
costs for clusters of PEVs, the simple definition of the flexi-
bility of PEVs and cluster of PEVs to change their power and
the exploitation of the selection of the fittest principle in order
to achieve an effective power dispatch to the PEVs in real time
according to their flexibility. Moreover, the way the virtual
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FIGURE 13 Bus voltages (p.u.) obtained in 1.02
SC1
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operation cost of a cluster of PEVs is defined ensures the
robustness of the method to electricity price forecast errors.
The above are jointly exploited to formulate a conventional
OPF problem and apply it to real world distribution networks
with high penetration of PEVs. The application of the method
requires the deployment of a hierarchical MAS comprising
three levels of hierarchy and several types of agents. The
proposed method is based on the exploitation of models with
low computation requirements while the way it is designed
ensures low execution time regardless PEV population. It was
proven that the average duration of one round of communi-
cations between the agents including the required computation
time is approximately 1.5 s, which is much smaller than the
typical requirements for real time applications in distribution
networks. The proposed method was tested using a large set of
different operation cases and it was shown that it leads to a
significant charging cost reduction with regard to conventional
multi-period optimisation methods.

Some technical challenges in real world applications will
probably arise from the inaccurate or partial knowledge of
distribution network model parameters and the unavailability
of some of the required network measurements. In this regard,
the exploitation of parameter and state estimation techniques
could constitute possible future work. Other possible future
expansions of this work could be as follows:

— An effort to define PEV and cluster of PEVs’ flexibilities in
a way that PEV battery early ageing from successive
chatging/discharging cycles will be limited.

— The development of an algorithm for the fair dispatch of
the economic profits of PEV aggregators to the PEVs they
control.

— The exploitation of the method by PEV aggregators for
optimal ancillary services to the network for example, fre-
quency support.
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