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Abstract—In order to optimally schedule electric vehicles
(EVs) energy charging and discharging demands, we propose in
this paper a multi-level fog (MLF) model architecture. EVs energy
demands in MLF are planned as charging and discharging
calendars to handle with EVs energy demands in smart grid
environment. Our work integrates a priority queuing model based
on markov chain analysis to schedule EVs energy calendars and
allocate computing resources. Furthermore, we use the distributed
feature of fog networks to cover micro grids. To this end, and to
ensure the efficiency of resources allocation, we further propose
two workload placement mechanisms for smart grid environment.
Extensive simulations are performed under accurate assumptions
and realistic environment based on real energy loads in the city of
Toronto. The obtained results indicate the efficiency of the
proposed MLF model in enhancing smart grid performance and
saving EVs energy.

Index Terms— Electric vehicles, smart grid, Fog computing,
multi-level architecture, priority queuing.

I. INTRODUCTION

HE huge penetration of Electric Vehicles (EVs) raises

significant challenges for electric utilities, especially for

the smart grid system. According to the U.S. Department
of Energy report [1], the demand and consumption of electricity
in the U.S. have increased by 2.5% annually over the last 20
years. Certainly, the charging of a large fleet of EVs may cause
a significant impact on the power grid. However, the charging
cost can be reduced if new scheduling schemes of EVs demands
are implemented using an appropriate communication
architecture.

The traditional communication architecture of power grids
is based on a centralized topology where the data generated from
various data sources are typically delivered to and analyzed at a
centralized control center [2]. We believe that the conventional
smart grid system with its passive distribution side cannot
satisfy the information requirements and scalability of the future
power grid for smart cities. The first limitation is that the
centralized controller can hardly manage the mass data
generated by devices as EVs energy demands [3]. Therefore,
there are pressing needs to redesign the traditional smart grid
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architecture to serve the electric devices demands with better

efficiency  and  scalability. = Decentralized  scalable
communication architectures may be considered as efficient
tools for handling the growing amounts of data and

communication nodes in smart grid environments [4]. To
achieve reliable, secure, and efficient smart grid services
responses on demand, fog computing which is a new
decentralized computing aspect of cloud computing, can deliver
distributed computing services closer to users and support low-
latency and location-aware services of EVs mobility for smart
grid system [5]. Since the distance between EVs and the cloud
is shortened, the network latency accessing cloud platforms
could be significantly reduced.

In the last few years, extensive research works have been
done in the area of scheduling EVs charging/discharging
demands using centralized scheduling architectures and
communication schemes. However, there are only few
contributions based on decentralized scheduling of EVs energy
service (e.g., [5], [6], [7], [8]). Due to space limitation, hereafter
we describe only a sample of contributions. The authors in [6]
focus on the procurement of a load shifting service by optimally
scheduling the charging and discharging of EVs in a
decentralized fashion. The optimal scheduling problem is then
formulated as a mixed discrete programming (MDP) problem.
The authors in [7] propose a distributed electric vehicle
coordination mechanism, which enables the management of the
charging/discharging operation of an EV fleet, offering vehicle-
to-grid regulation services to support system operations based
on a day-ahead scheduling profile generated by an EV
aggregator. A decentralized iterative algorithm is introduced to
manage EV charging/discharging schedule aiming to meet the
daily mobility energy requirement of costs in the smart grid EV
fleet. However, these schemes (i.e., [6] and [7]) assume in a
simplified way that the computing resources are unlimited to
optimize the energy consumption of plug-in EVs and ignore the
network latency and computational capacities delay of workload
executions. Our proposed scheduling scheme based on MLF
architecture introduces new features as optimizing the
communication and computational delays and maintaining the
demand supply curve stable in smart grid environment.
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In this paper, we address the aforementioned issues and
improve the efficiency of smart grid architecture by
implementing new interaction architecture with fog resources as
shown in Fig. 1. Hence, the fog servers are organized into multi-
levels deployment, instead of serving EVs demands for
charging/discharging directly.

To the best of our knowledge, our paper is one of the first
contributions to design a multi-level fog architecture for smart
grid environment, and further improve its performance in
scheduling EVs charging/discharging demands based on
priority queuing theory. Our contributions can be summarized
as follows:

1) We design a decentralized multi-level architecture for smart
grid applications including two aggregation mechanisms of EVs
energy demands. The first is a load balancing over the same
level using an optimal priority queuing model. The second is an
offloading of peak loads across higher levels.

2) We propose a probabilistic model to compare the efficiency
of MLF resources utilization between one-level and multi-level
architectures, and we show using an analytical scheme that the
multi-level fog architecture has better efficiency handling the
EVs energy demands.

3) We introduce a scheduling approach based on priority
queuing theory, in order to schedule EVs demands represented
as energy calendars. Our objective is to optimize the energy and
reduce the impact of charging EVs during peak hours.

4) We develop an optimal EVs demands assignment algorithms
that adaptively place EVs demands among different servers of
one level, and offload the workloads over other levels of the
hierarchy. Our algorithms solve the proposed optimization
problem, by deciding how much the computational capacity is
provisioned to handle each program, instead to minimize the
average program execution delay.

The remainder of this paper is organized as follows. In
Section II, we briefly present the EVs energy planning model-
based calendar policy. Section III describes the probabilistic
model for MLF architecture. In Section IV, we introduce the
scheduling approach of EVs energy calendars planning based on
priority queuing theory. Section V presents the optimization
algorithms of EVs demands assignment. The evaluation of the
proposed fog design and algorithms are discussed in Section V1.
Finally, Section VII concludes the paper.

II. EVs ENERGY PLANNING

In this section, we formulate the charging/discharging
problem by defining different factors that contribute to this
process (e.g., EVs, users, and energy). Then, we define the
energy flow between EVs and each micro grid (i.e., G2V, V2G)
in order to characterize the demand-supply curve for each micro
grid.

A. EVs demands planning

We consider a city that contains a number n of EVs. The set
V of electric vehicles v;, which performs charging and
discharging, involves two sets: i) the charging-only set denoted
by Veharging - and ii) the discharging-only set denoted
by Vdischarging For better planning plug-in time and periods of
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Fig. 1. The proposed MLF architecture for EVs demands planning in
smart grid energy management.
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each electric vehicle v;, EV users may create several calendars
to express several charging/discharging demands. The calendars
for charging and discharging are represented, respectively, as
follows:

C charging
Vi

[vim' viposﬁ SOCEV CEgi' TPlug' prioritylevel] (1)
cfiiiiSCh [ViIDr Uiposf SOCéi:DEgvirTPlugin: prioritylevel] (2)

Each vehicle can generate several calendars, by indicating
its position ( Vi, os)» State of charge (S OC,fi), and the estimated
period to plug-in (Tpjygin). Moreover, it can indicate its
requested energy for charging ( CE},) or for discharging (DE¢,,).
To this end, users can send to the MLF server (i.e., the server
which covers its position) their calendars before the plug-in
phase. As results, we have for each micro grid covered by an
MLF, a number of charging/discharging calendars coming from
one user at time t.

B. EVs energy model for smart grid curve profiling

In order to study the impact of EVs charging/discharging
energy and characterize the smart grid energy curve, we define
the total energy demand E_dem' of n'charging EVs that
perform the charging process at one micro grid, including the
base load consumption denoted by BD?, is given by:

E_dem'= Y, CE; + BD* 3)

The total energy supply E_Supp‘ofn'’ discharging EVs that
perform the discharging process, including the base-load energy
supply denoted by BS®, is given by:

E_Supp® = ¥, DES, + BS* )

From Eq. (3) and Eq. (4) we characterize the demand-supply
curve for each micro grid. Thus, we calculate the difference D*



2018 IEEE 43rd Conference on Local Computer Networks (LCN)

and the ratio R? between the total energy demand E_dem! and
the total energy supply E_Supp®, as follows:

D' = E_dem' — E_Supp® (5)
¢ _ E_dem!
R = E_Supp? (6)

III. PROBABILISTIC MODEL OF MLF HIERARCHY

In this section, we formulate the probabilistic model of the
proposed fog architecture for smart grid communication. We
aim to prove the advantages of such hierarchical and
decentralized architecture on improving the efficiency of cloud
resources allocation and utilization when serving the peak load
of EVs energy demands in smart grid environment. We develop
a probabilistic analytic model for two levels of the hierarchy.
The two-level hierarchical fog computing consists on S servers
in the level-1 and one server in level-2. We denote by a; the
computational capacity of the level-1 servers, and f; is the
amount of received EVs energy workload (i.e., the workload of
scheduling EVs calendars) of the level-1 servers. @; and f; are
measured in units of CPU cycles.

A. Probabilistic model of level-1

We denote by ]P’(,B i< w) the probability that the j-th level-
1 server can successfully serve its received EVs energy
workload f; where w is its computational capacity. The
probability that all level-1 servers can schedule their received
EVs calendars is:

]P)(,Bl < aq, ,32 < as, ---;ﬁs < as) = §=1 ]P)(ﬁ] = (IJ) (7)
We consider two cases in our study as follows:

i) If(B; > a;), the workload amount, denoted by 0;, is
offloaded on the level-2 server of the fog hierarchy, and it is
given by:

0= Bi—q (®)
ii) If( B; < «a;), the offloaded workload is null (i.e., 0; = 0).

As results, we define the cumulative distribution function
(CDF) of the offloaded calendars as follows:

— p(0. _(PB<w+a)ifw=0
]Foj(w) P(OJS “) {O ] j otherwise ®

B.  Probabilistic model of level-2

First, we define the total workload W that the level-2 server

can handle as follows:
s
w=>0,
j=1

In order to calculate the probability that one server in the
level-2 of the proposed architecture can serve W, we divide the
S level-1 servers into two sets $;and S, where the set §; includes

(10)

servers from 1 to S — 1, and S, has one server. To this end, we
study two cases as follows:

i) First, we suppose that there is no EVs workload offloaded
by S,, so all the workloads come from S;, then the probability
that level-2 servers can handle its received workload W is:

S—-1
P, (W) = ]P(Z 0, <w).P(0s=0)  (11)
=1
Where, P(0; = 0) = Fs_4(w) * S (0) (12)

ii) Second, we suppose that there is a workload of amount 6,
where 6 > 0, offloaded by S,. So the workloads offloaded by
S, cannot exceed (C — @), where C is the computational
capacity of the level-2 servers. When 6 is fixed, the probability
that the level-2 server can serve it offloaded EVs workload W
is given as follows:

S5-1
Ps,(W) = P(0; = 0). IP’(Z 0, <C-6) (13)
=
Subsequently, when (0 < 8 < (), this probability is:
C s-1
P, (W) = f ]P’(Z 0; < C - 8)d P(0; < 6) (14)
ot j=1

From Egs. (11), (12), (13) and (14), we can define the formula
of the cumulative distribution function for level-2 workload
probabilistic model. Let F,(C) = P(W <€) and S,(C) =
P(0; < (), we have:

Fo(C) = Fo_y(C) * S5(0) + [, Fs_1(C — 6) x dS,(6)  (15)

Thus, Fs(C) = Pg, (C) + Pg, (C) (16)

C. Analytic comparison between hierarchical and flat
architectures:

In this subsection, we define the difference between one-
level and multi-level architectures of fog server’s deployment.
First, we use algebra of groups to define two groups of
offloading workloads as follows:

{ Gy ={(0,,0,)|0, + 0, < &} (17)
Gy ={(01,02)|01 < 1,0, < a3}

It is clear that for any element {6,,0,} € G,, we also
have {0,,0,} € G;, so G, S G;. So, for any af,a; € [0,d],
ai + a; = &, so we have:

PO+ 0, < @) = PO, £ a7).P(0, £ a3) (18)

Now, we generalize the concept for all MLF servers. We
extend Eq. (15) and Eq. (18), we have:
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For anya; € [0,&] (Vj=12,..,5) and X5 af =& we
have:
s

N
11»( 0,5&)2 H]P(ojs )
j=1

j=1

(19)

Eq. (19) can be demonstrated recursively as follows:

s s—1 s-1
11»( | 0j3a>zp<zl JE aj).ﬂv(o < a)
Jj=1 j=1 j=1
s—2 s—1
> ]P’(Z 0 sz a;> PO, < ai)). PO, < a2)
j=1 j=1
S

> > H]P(o. < aj)

j=1

(20)

From Eq. (19), we can deduce that when using a fixed
amount of processing capacity, the multi-level fog computing
always has a higher chance to successfully serve the peak load
of EVs demands.

IV. EVs ENERGY PLANNING BASED PRIORITY
QUEUING MODEL

In order to adapt our architecture to smart grid design, we
consider one fog data center for each micro grid. This later
handles the scheduling process of EVs calendars for charging
and discharging. As results, two classes of energy requests are
implemented, i.e., EVs charging requests and discharging
requests; thus, the requests are assigned either low or high
priority. These requests arrive to the level-1 following
independent Poisson process at rates A; (for low priority) and
Ay (for high priority) and have service times with densities p,
and p,, respectively. The queue discipline proposed for our
scheduling model is a preemptive resume and first come, first
served (FIFO). In the preemptive case, a displaced energy
request with low priority returns to the head of the queues of its
class and waits until the newly arrived request with high priority
is served. Each server is equipped with a number of processors,
each operating with an exponential service rate p. The workload
parameters are defined as follows:

AL

A
pu="lpu="tandp=py+p

1)

As a stochastic model, the queuing process is represented
using Markov chains by incorporating information in the state
description. We consider that each state in the Markov chain
corresponds to the number of EVs calendars in the two queues,
and the state transitions occur when a new EV calendar arrives
or an EV calendar is scheduled. The stationary condition related
to our Markov chain model is given by the following formula:

(22)

T*xM=0

Where 7 = [my, mq,...,Ty] is the vector of stationary
distribution and N is the state number. To solve this Markov
chain, we have to solve the stability equations at each state,

where considering the total probability to solve the initial
condition 7.

The model considers two cases: the first is when the number
of waiting calendars, denoted by r, in the two queues is inferior
to the number of CPUs in each server denoted by u, (i.e., each
calendar needs one CPU to be scheduled); the overall The
second case is when the number of waiting requests is superior
to the number of CPUs. We can obtain the general stationary
distribution state using recursive demonstrations to distinguish
two cases according to whether p, depends on r or not, as
follows:

r—1ALtAH _ (lLHH)T 1
0

sifr<um,=my]]iz =
f T 0 HL—O (i+1)u n 7!

_1 AL+ _1 AL+ A+ 1
o Else: m, = mwy [[ 1o L [hL 222 =T[0(—L H)

=0 (j+1)p j=u up n ulu™n

The expression 1, can be easily derived as follows:

-1

o= (32O e 3 BT RAE) e

Thus, using the probability condition:

u-1
ou+p)" (ou+p )" 1
Ty = Tl +
r=1 ’

-1

u! ulu™n (24)

Finally, we define the mean waiting time (low E (T;)) and (high
E(Ty)) in the two queues as follows [9]:

AL+1H
E(T)= ———*—— 2
1) = oma-sirm (23)
AL+AH
_ n
E(Ty) = r— (26)

V. OPTIMAL EVs DEMANDS ASSIGNMENT AND
RESSOURCE ALLOCATION

In this section, we focus on determining which fog levels
EVs calendars are placed on to be scheduled. In addition, we
define how much the computation capacity is allocated to
execute each EVs energy request, in order to optimize the
scheduling performance of charging and discharging demands.

A. EVs calendar assignment and resource allocation problem

As seen in the probabilistic model, the multi-level
architecture has significant advantages compared with the flat
(one level) architecture; however, it greedily consumes the
resources of low-level servers without appropriately placing the
EVs energy workloads in other levels of the fog architecture.
We first consider a scenario which has only one server at each
level of the fog data center. Then, we aggregate the decisions of
workload offloading at different levels.

We formulate the workload assignment problem as a mixed
nonlinear integer programming (MNIP) problem of fog levels
considering only one server, with integer variables used to
indicate the locations of EVs demands being placed and non-
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integer variables to indicate the capacity allocated to execute
each energy demand. We assume that there are x computing
tasks with a number of computations {w;, w,, ..., w, }, the data
size of program states {D,, D,, ..., D}, and S servers at the fog
layer with capacity {c;, ¢, ..., ¢} (i.e., CPU cycles per second).
The MNIP problem is given as follows:

X

min F = Z —(yl 1+ +E(10,) 27)
— 3’1 g' y
i=1 3
Subject to Zleset e =1j=12..S

Where, y; indicates the server that task i is placed on, siy ! is the
percentage of serversy;’s computational capacity being
allocated for task i, and set; denotes the set of computing tasks

placed at servers j. The rate B— (y; —1) measures the
communication delay of transmittmg task i states to server y;,
which is determined by the network bandwidth By,,. On the other
hand, the value of (

“—) measures the computatlonal delay of
i Cyi

task i’s execution, and E ( L. H)) measures the waiting time of

task i in each y; server’s according to its priority level queue
(low or high).

Problem transformation: To solve the MNIP problem in Eq.
(27), we first study the optimization problem when y; is known
to each task i, this is because the value of s ! depends on the
corresponding y;. When each server y; is ﬁxed the optimization
problem in Eq. (27) is a convex optimization problem.

From the transformation problem, we further extend the
MNIP to Theorem 1 as follows:

Theorem 1: When each y; is fixed, the optimal value of F is
computed as follows:

Fontn = z [Zlesef] A= (Zzem] Jw)?

Vi C]

DI
Leset] (LH) l

Proof: we define the Lagrangian of [F based on the convexity of
the MNIP problem in (27). According to [10], the corresponding
Lagrangian is:

(28)

X

D; w;
LA, p) = E - +————+E(T
=1 By, ! s'yl'cyi ( (LH))

ZMZM <D

(29)

Finally, we can obtain the optimal solution & (i =
1,2, ...,5) and the corresponding optimal value F,,;, by solving
the condition of (28) asin [11].

Corollary: when the placement for each EVs energy demands
is fixed, the corresponding capacity provisioning problem for
scheduling calendars is deterministic and can become a
combinatorial optimization problem using the transformation
problem in Eq. (29). Hence, for each possible assignment, we
can solve the problem based on Eq. (28) and Theorem 1.

B. Priority assignment and load balancing algorithms

First, we describe the priority assignment algorithm (PAA)
of EVs calendars according to the supply-demand curve (i.e.,
calculated in Eq. (5)) as a constraint. When EVs calendars arrive
at the first fog level servers, they will be scheduled in order to
assign two priority levels.

Second, after assigning the priority levels of each calendar
using PAA, the calendars are balanced over the MLF servers

according to the waiting time E (T ) at each server queue.

(LH)
This assignment technique is implemented over a load balancing
algorithms (LBA) in order to minimize the response time and to
avoid the overloading inside the Fog servers of each level.

As seen earlier, we have x computing tasks and s servers, so
the complexity for searching the solution space is O (s*). Hence,
this complexity should be decreased. To do this, we propose to
adopt the branch-and-bound (B&B) approach as in [12]. The
basic idea of the branch-and-bound approach is to partition a
given problem into a number of sub-problems; these sub-
problems are easier to solve than the original problem because
of their smaller size. The sub-problems usually constitute a
search tree, where the non-leaf nodes represent sub-problems,
the leaves indicate the end of each branch and the edges
represent decisions we made in each sub-problem. Due to space
limitations we cannot include more details about the (B&B)
approach.

C. Optimal result aggregation over fog high levels

The idea is to allocate the computational capacity of high-
level Fog servers on demand, when they receive EVs energy
demands from multiple low-level servers. To do this, let z
denotes the capacity allocation vector of a higher-level server to
its children in the edge hierarchy; a direct solution is a numerical
iteration. We adopt the Annealing Iteration Algorithm (AIA) to
find out the optimal allocation using numerical iterations. We
describe the Annealing Iterations in Algorithm 3. The idea is to
generate a new iteration state z,.,, from the previous state z,;4.
T is the iteration temperature, at the beginning T equals to T,
and decreases at each iteration by a cooling parameter ¢ (0 <
¢ < 1). Then, we calculate the difference of total delay, denoted
as Ad, by solving the optimization problem in (29). If (Ad < 0),
Znew Will be accepted; otherwise, we calculate the probability

Ad
prob = e to accept zpe,,. The iterations terminate when

T = Tmin'
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Algorithm 1: Priority Assignment Algorithm (PAA)

Input: EVs charging/discharging calendars, E_dem®, E_Supp®;

. pcharging disch
Olltpllt. cprioritylevel ’ Cpriority]eve] 4

For (each received EVs calendar) do
Calculate(E_dem") and (E_Supp") as in Eq. (3) and Eq. (4);
if (E_dem® < (E_Supp") then
charging
priority;qye
C’gr‘f(fr}}ty]eve] « L; //low priority level

1

2

3

4 <« H; //high priority level

5.

6. |else //(E_dem' > (E_Suppt)

7 charging
priority;qye
disch

8 cprlisocrity]evel

9

1

« low priority;

<+ high priority;
.| end
0. end

Algorithm 2: Calendars Load Balancing Algorithm (LBA)

. charging disch j .
Input. cprioritylevel’ Cprioritylevel’ E (T(LvH))’

Output: The optimal server y; to schedule calendars Cy,;

1. For (j = 1to S)do //All servers at each Fog level
2. | Calculate E (T]H) ,E (T]L);

3. | For (each C prioritylevel) do //charging/discharging calendars
4. if (Cprioritylevel = H) then

5. Select server y; according to min E (T]H);
6. Assign C priority,,, o 1O SETVer ¥i;

7. Update E(Ty) of server yj;

8. end

9. if (cpriority]evel = L) then

10. Select server y; according to min E (T]L);
11. Assign C priority,, O SEIVer ¥i;

12. Update E(Ty) of server y; ;

13. end

14. lend

15. end

Algorithm 3: The Annealing Iteration's Algorithm (AIA)

Input: initial solution zZy4;
Output: Optimal allocation solution;

1. Randomly generate an initial solution zgq;

2. T « Tyay; //initialization of the annealing temperature
3. While T > T,,;, do
4. Generate a new solution Zey;
5. Ad = F(zpew) — F(Zo1q) ; /by solving the problem in (28)
6. If Ad < 0 then
7. Zold & Znew: !/ Znew accepted as optimal solution
8. end
Ad
9. prob = e ; //calculate the probability to accept Zpews;
10. | else if rand(0,1) < p then
11. -|_Zold & Znews
12. | end
13. | T « T.g;//cooling parameter (0 < ¢ < 1);

14. end

800 - 16
= Charging energy

700|= = = Discharging energy

600

500

400

= Low priority Queue
= = High priority Queue

300

Energy load (kW)

200

Queues waiting time (S)
=
=

100

Evening peak hours Workload rate ( Calendars per 10 second)

Fig. 2. EVs energy over peak hours  Fig. 3. Waiting time comparison

35

= Charging calendars
= = Discharging calendars

Charging Calendars

P il Discharging Calendars

Energy demand > Energy supply

Waiting time (S)

gl bl ik

W R
u‘wn ." J(I'l.N LR wﬁ

0.5 (RN M
% 17 18 19 20 21 2 2B
Evening peak hours

(a) Queues waiting time

Evening peak hours

(b) Completion time

Fig. 4. Evaluation of Priority Assignment Algorithm (PAA) and Load
Balancing Algorithm (LBA) during evening peak hours

VI. PERFORMANCE EVALUATION

In this section, we implement extensive simulations to
evaluate the efficiency of the proposed hierarchical MLF for
scheduling EVs charging/discharging demands in smart grid
environment, considering real energy loads in the city of
Toronto, and compare it (i.c., hierarchical architecture) with the
flat (one-level) MLF architecture.

A. System settings

We use virtual machines (VM) as fog servers, and each VM
(i.e., server) has a CPU capacity of 1.45 GHz and 2 GB RAM.
We use NS-2 to implement our three network topologies (i.e.,
1-level, 2-level, 3-level and 4-level MLF). We conduct our
experiments over various topologies of hierarchical MLF and
different computational capacities being provisioned. Every two
servers in the same fog data center are connected via 10Mbps
network line. A total amount of 20 GHz computational capacity
(in terms of the amount of CPU cycles per second) is
provisioned. Thus, if we have a computing task of 2 giga-cycle
is offloaded to a level-1 server, then its execution time will be
of 2/1.45 seconds. In other topologies with less numbers of fog
levels, we increase the capacity of level-1 servers accordingly.
On the other hand, we use MATLAB to execute the proposed
algorithms (i.e., PAA, LBA and AIA).

For EVs mobility modeling, we use Veins-SUMO [13-15],
where we consider a scenario of 10 roads that allow access to a
city having an area of 10 km x 10 km where charging stations
are placed randomly. All vehicles are traveling with speed that
cannot exceed 60 km/h.
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B. Performance metrics

We evaluate the performance of each topology by using the
following metrics:

e Queues waiting time: We use this metric to inspect the
proposed queuing model and study the performance of the
PAA and LBA algorithms.

®  Response time: This is the time it takes for the first demand
response to come after processing of a dataset.

e Delay incurred: This is the time it takes to carry the total
number of datasets from the source (EVs) to the destination
(different level servers).

e FEnergy saving: This metric is used to inspect the impact of
our proposed MLF architecture and algorithms on the smart
grid stability (stabilization of the demand-supply curve),
especially during peak hours.

C. Experimentation results and discussion

Various sets of experimentations are conducted. In order to
study the impact of charging EVs at peak hours, we run
simulations at evening peak hours. Usually, EVs users are
expected to charge their batteries at evening hours, which may
cause serious peak energy demands. As we can see in Fig. 2, the
charging energy starts increasing at evening peak hours from
[19:30 pm to 22:00 pm].

In this regards, our contribution is mainly to maintain the
stability of smart grid energy loads and reduce the impact of
charging EVs by making benefits from the discharging
technology of EVs.

First, we examine the effectiveness of the proposed queueing
model on planning the charging/discharging of EVs using
calendars reservations. We compare in Fig. 3 the mean waiting
time in each queue (high priority queue and low priority queue).
We compare the waiting in high and low priority queues over
different amounts of workloads. We can see that for all
workload rates (i.e., EVs demands contain a random number of
charging/discharging calendars), the waiting time for high
priority calendars is less than that for low priority ones.

Fig. 4 illustrates the evaluation of the proposed PAA
algorithm during evening peak hours. We can see in Fig. 4(a)
that at non-peak hours from [16:00 pm to 18:00 pm], the waiting
time for serving charging requests is not high compared to that
of discharging requests. This is because the demand supply
curve is stable at this moment. However, at evening peak hours
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Fig. 6. Delay incurred comparison over different topologies

from [18:00 pm to 21:30 pm], the demand supply curve is not
stable; as a result, the low priority level is assigned to charging
requests and high priority level to discharging requests based on
PAA. This is why we see a high variance in waiting time
between charging and discharging calendars. The waiting time
for charging energy at peak hours is high aiming to delay the
scheduling of charging requests and then accelerate the
scheduling of discharging requests.

Now, we study the performance of the proposed LBA and
PAA algorithms during peak hours over the completion time of
EVs calendars. We can observe in Fig. 4(b) two situations. The
first one is when the demand supply curve is stable from [16:00
pm to 19:30 pm], the completion time for charging calendars is
less than of discharging ones. The second situation is when the
demand supply curve is not stable (i.e., after 19:00 pm). We
observe that the completion time of charging calendars begins
to increase at 19:30 pm and for the discharging once it begins to
decrease until it becomes less compared to the completion time
of charging requests. Nevertheless, the completion time of
charging calendars begins to mine at 23:00 pm because the
number of charging requests decreases and the demand supply
curve becomes more stable.

Hereafter, we conduct simulation experiments over three
topologies of hierarchical MLF architecture (i.e., flat MLF, 2-
level MLF and 3-level MLF). We evaluate the performance of
each topology using the response time as shown in Fig. 5. We
randomly generate different data size that contains a random
number of EVs charging/discharging calendars. Then, we vary
the amount of computations and data sets. First, we evaluate the
response time (computation delay) over different amounts of
computation tasks. As shown in Fig. 5(a), the 3-level MLF
hierarchy can reduce the response time by about 35% compared
to that of the one-level architecture. Moreover, the 2-level MLF
hierarchy reduction is around 20%, this is due to its incapability
of aggregating enough peak loads from lower levels. Second,
Fig. 5(b) shows the performance on the response time over
different amounts of data size (MB). We observe that the
response time is affected by the amount of data sizes: the 3-level
and 2-level topologies are able to efficiently offload the EVs
peaks loads from all lower levels servers, and these latter utilize
the allocated capacity by solving the provisioning problem in
Eq. (28) to schedule different EVs calendars and take the
optimal decisions of workload placement for both users and
smart grid utilities.
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In Fig. 6, we evaluate the communication delay of the
proposed architecture over different data sets sizes and number
of EVs calendars. First, we study the delay incurred over
different data size of EVs calendars. As known, larger data sizes
increase the communication delay for transmitting workloads to
high levels; however, our proposed scheduling scheme can still
optimize the offloading of EVs demands by reducing the total
delay by 30% with different data sizes (see Fig. 6(a)). Mainly,
the 3-level hierarchy can also outperform other topologies,
because of its efficient iterative aggregations of the peak loads
using LBA and AIA algorithms.

Fig. 7 evaluates the performance of the proposed algorithms
(i.e., PAA, LBA and AIA) over 2-level and 4-level MLF
hierarchy. We increase the number of EVs calendars from 250
to 1000 where each data set has the same size amount (2 MB).
As shown in the figure, with the increase in the number of
calendars, the delay increases for the two topologies. However,
it is smaller when we balance calendars over each level of the
hierarchy based on PAA and LBA, and we offload workloads
over 4-levels than over 2-levels using the aggregation of the
optimal results based on AIA. This is mainly because the 4-level
hierarchy provides more computational capacity on the higher
levels servers and less capacity on the first and second levels.

Finally, in Fig. 7 we evaluate the capacity of the proposed
model (algorithms) on saving energy and enhancing smart grid
utilities. Fig. 7(a) shows a demand-supply curve comparison
(i.e., as calculated in Eq. (5)) for three scenarios: flat
architecture, 3-level MLF with PAA implementation and 3-level
MLF without PAA implementation. We aim to explain by this
experimentation the positive impact of planning EVs charging
and discharging demands using calendar policy and the priority
queueing model. As we can observe in Fig. 7(a), with PAA, the
3-level MLF gives a significant stabilization of the demand-
supply energy curve compared with 3-level MLF without PAA,
especially at evening peak hours.

Fig. 7(b) shows the amounts of energy saving when we
implement the proposed algorithms over 4-level MLF, and
compare it with flat MLF (i.e., one-level). We can observe that
we have an important energy saving (300 kW/h) at evening peak
hours when we use 4-level MLF hierarchy compared with one-
level architecture. We can explain this important energy saving
by the effectiveness of the proposed algorithms over
hierarchical multi-level fog computing, especially when we
augment the number of levels where the scheduling time of EVs

calendars can be significantly reduced, as seen in Fig. 5 and Fig.
6, and optimally scheduled by taking the optimal decision for
both EVs users and smart grid utilities during peak hours.

VIL CONCLUSION

In this paper, we propose an efficient fog computing
architecture for smart grid energy saving, and introduce a
scheduling model of charging/discharging demands of EVs. The
proposed design is based on hierarchical architecture at the fog
layer in order to efficiently and punctually satisfy the peak loads
of EVs demands. The advantage of the proposed architecture is
proved over different performance metrics and through formal
analysis using optimization algorithms. We also develop a
scheduling scheme based on planning EVs charging/discharging
demands using calendars policy, where we conduct a priority
discipline to serve each calendar according to the demand
supply curve state.
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