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A B S T R A C T   

This paper presents a two-layer energy management model (EMM) in the smart distribution network (SDN) 
considering flexi-renewable virtual power plants (FRVPPs) that participate in the day-ahead energy and reserve 
markets. The first layer of EMM is applied to the FRVPPs to maximize their profit in the proposed markets 
subjected to the constraints of renewable and flexible sources with considering coordination between these 
sources and VPP operator (VPPO). Also, the second layer of EMM creates coordination between VPPOs and the 
distribution system operator to manage the SDN based on minimizing the summation of network energy loss and 
voltage deviation function as a linear normalized objective function while it subjects to the linear format of AC 
optimal power flow equations. This model contains uncertainties of load, market price, maximum power of 
renewable energy sources and demand of flexible sources, where stochastic programming is used to model these 
uncertain parameters. The proposed model includes bi-level optimization model that is solved by the Benders 
decomposition approach to achieve an optimal solution at low calculation time. Finally, the capabilities of the 
proposed model have been investigated by implementing on the IEEE 69-bus distribution network.   

1. Introduction 

In future years, it is forecasted that the number of renewable energy 
sources (RESs) and electric vehicles (EVs) will increase in power system 
especially distribution networks to reduce environmental concerns 
[1-2]. But, the presence of RESs will decrease the system flexibility due 
to their uncertainty in the output generation power [3], so that the 
flexibility term defined as “the modification of generation and/or con-
sumption patterns in reaction to an external price or activation signal in order 
to provide a service within the electrical system” [4]. Hence, the smart 
distribution network (SDN) needs flexible sources (FSs) to improve its 
flexibility indices. Thus, the presence of demand response program 
(DRP) and EVs parking lot are suggested as suitable FSs due to their fast 
changing against generation and consumption power variations, and 
their constant presence in SDN [5-6]. In addition, the coordinated 
approach between different sources and active loads (ALs) such as 

energy hub and virtual power plant (VPP) can provide many advantages 
for these devices with respect to the uncoordinated management of these 
sources and ALs in SDN based on [7-8]. Therefore, it is predicted that the 
utilization of flexi-renewable VPP (FRVPP) in the SDN can bring suitable 
operational capabilities in this network while it is able to obtain high 
profit in the electricity markets. 

There are many researches about the SDN and VPP management, the 
authors of [9] have presented a power management method to a 
service-centric VPP including the photovoltaic (PV) and wind turbine 
(WT) in the SDN according to the VPP participation in the electricity 
markets. In [10], the model of the storage system integrated VPP is 
expressed to match the energy management model (EMM) and modify 
the generation adequacy in the distribution networks. Also, the gener-
ation adequacy improvement of active distribution network using the 
VPP frameworks is presented in [11]. Moreover, according to the ca-
pabilities of active commercial loads in demand response method, the 
authors of [12] uses an energy management scheme of active 
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distribution network based on the concept of VPP with considering AC 
optimal power flow (OPF) equations of the distribution system. The 
bidding strategy of VPP including distributed generations (VPP 
encompassing RES, ESS and demand response program) in the electricity 
markets is formulated in [13] ([14]). Furthermore, there are different 
researches in the field of network management according to improving 
system flexibility. In [15], the DRP is employed to improve the trans-
mission network flexibility in the presence of WT, and in [16], the 
battery energy storage system and DRP is used as FSs. Moreover, the 
deterministic and robust model of the distributed battery expansion 
planning in the distribution network including a high PV penetration 
rate is presented in [17] and [18], respectively. Also, the flexible energy 
management method in the distribution system containing PV and 
flexible sources such as EVs parking lot and the distributed battery is 
formulated in [19]. Finally, the taxonomy of recent research works is 
presented in Table 1 

There are three main research gaps about the SDN management 
based on the research literature and Table 1, where they are listed as 
follows:  

2- Many researchers have considered the DRP and battery energy 
storage system as FSs in the power system to improve the network 
flexibility in the presence of the RESs. Noted that EVs with managing 
their battery power can participate in improving flexibility index as a 
local FS like DRP, while by using EVs as FS, the batteries investment 
cost is removed. Therefore, EVs can improve network flexibility 
without imposing any investment cost. This statement has been 

considered in limited researches such as [19] that has used the 
flexibility concept in the power system expansion planning, and also, 
this case removes the static battery (storage technologies) in the 
network because of the EVs’ battery capabilities. 

2- In more researches, a single-layer or integrated EMM was imple-
mented on the distribution network. In this case, the distribution 
system operator (DSO) receives high data from local renewables and 
FSs due to considering integrated coordination between DSO and 
sources and ALs. Therefore, it is expected that the SDN management 
and DSO decision-making will be complex and time-consuming. But, 
if two-layer EMM is used for SDN, so that the first layer considers 
coordination between VPP operator (VPPO) and VPP devices, and 
the second layer makes coordination between DSO and VPPO, the 
volume of information in the DSO will reduce with respect to the 
integrated EMM model. Thus, it can provide simple and fast energy 
management strategy to SDN.  

2- Many researches considered only the energy market model for VPP, 
while VPP due to using different sources and ALs can participate in 
the ancillary services market such as reserve regulation to improve 
its economic situation; while, this case has expressed in limited 
works. 

To cope with these issues, this paper presents a linear model for two- 
layer EMM in the SDN including FRVPP that uses DRP and EVs parking 
lot as FSs to improve VPP flexibility in the presence of RESs. To modify 
the second issue, the first layer EMM makes coordination between VPP 
devices and VPPO to achieve the maximum VPP profit in the day-ahead 

Nomenclature 

Acronyms 
AL Active load 
BD Benders decomposition 
DA Day-ahead 
DRP Demand response program 
DSO Distribution system operator 
EMM Energy management model 
EV Electric vehicle 
FRVPP Flexi-renewable virtual power plant 
FS Flexibility source 
KKT Karush-Kuhn-Tucker 
MCS Mont Carlo simulation 
NEL Network energy loss 
OPF Optimal power flow 
PV Photovoltaic 
RES Renewable energy source 
SDN Smart distribution network 
SP Stochastic programming 
VDF Voltage deviation function 
VPP Virtual power plant 
VPPO Virtual power plant operator 
WT Wind turbine 

Indices and sets 
i, ΩVPP Index and set of FRVPP 
k, ΩK Index and set of linearization segment of circular plane 
l, ΩL Index and set of linearization segment of voltage term 
n, ΩN Index and set of bus 
t, ΩST Index and set of simulation time 
w, ΩS Index and set of scenario sample 

Variables 
EEV Stored energy in electric vehicles in the parking lot in per 

unit (p.u) 
PDR Active power of demand response program (p.u) 
PEV

dch,P
EV
ch Discharging and charging power of electric vehicles in the 

parking lot (p.u) 
PG, QG Active and reactive power of distribution station (p.u) 
PL, QL Active and reactive power flowing from distribution line 

(p.u) 
PRES Active power of renewable energy source (p.u) 
PVPP+, PVPP- Positive and negative terms of FRVPP active power (p. 

u) 
RRVPP Reserve active power of FRVPP (p.u) 
V, ΔV, θ Magnitude (p.u), deviation (p.u), angle (radiant) of voltage 
x Charging/discharging state of electric vehicles in parking 

lot, i.e. electric vehicles charge/discharge if x = 1/0 

Parameters 
AL Incidence matrix between distribution line and bus with 

considering current direction 
AVPP Incidence matrix between FRVPP and bus 
CR, DR.... Charge and discharge rate of electric vehicles in the 

parking lot (p.u) 
Eini, Efinal Electric vehicles stored energy at arrival and departure 

time (p.u) 
g, b Conductance and susceptance of a distribution line (p.u) 
PD, QD Active and reactive load (p.u) 
Pmax Maximum active power of renewable energy source (p.u) 
SGmax, SLmax Maximum capacity of distribution station and line (p.u) 
Vmin, Vmax Minimum and maximum voltage magnitude (p.u) 
Vref Voltage magnitude of slack bus 
γ Load participation percentage in the demand response 

program 
ηEV Efficiency of electric vehicles in the parking lot 
λE, λRR Day-ahead energy and reserve price in $/MWh 
π Probability occurrence  
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(DA) energy and reserve markets constrained to RES, DRP and EVs 
parking lot. Also, the second layer EMM coordinates the VPPOs with 
DSO to minimize the summation of network energy loss (NEL) and 
voltage deviation function (VDF) as linear normalized objective function 
with considering the linear model of AC optimal power flow (OPF) 
constraints. Moreover, the stochastic programming (SP) including 
hybrid method of the Monte Carlo Simulation (MCS) and Kantorovich 
approach is used in this paper to model the uncertainty of load, market 
price, RES generation power and EVs demand. In addition, the proposed 
model will be formulated as a bi-level optimization problem, where VPP 
power/deviation of system operation limits is obtained in the first 
(upper)/ second (lower) layer (level) problem. Therefore, the Benders 
decomposition (BD) approach is used in this paper to solve the proposed 
bi-level EMM and achieve the optimal solution at the lowest probable 
calculation time. 

Finally, the main contributions of this approach are summarized as 
follows:  

2- Modeling the flexi-renewable virtual power plant including highly 
accessible FSs such as DRP and EVs parking lot according to DA 
energy and reserve markets framework.  

2- Achieving a simple and fast decision-making/management to DSO/ 
SDN using the undirect coordination between VPPs’ devices and DSO 
by creating coordination between VPP devices with VPPO, and VPPO 
and DSO.  

2- Presenting two-layer EMM in the SDN containing FRVPP to manage 
VPP sources based on the electricity market framework with 
considering network constraints.  

2- Using the BD approach to solve the bi-level EMM problem to obtain 
an optimal solution at the lowest calculation time. 

The rest of the paper is organized as follows: Section 2 presents the 
stochastic two-layer EMM in the SDN in the presence of the FRVPP and 
Section 3 describes the proposed solution method based on the BD 
approach. Sections 4 and 5 address the numerical simulations and the 
main conclusions of the paper, respectively. 

2. Two-layer energy management model 

It should be noted that in many researches such as [9-19], the 
single-layer or integrated EMM model has been used in the SDN in the 
VPP, energy hub. Hence, DSO receives high data from the local sources 
and ALs, and as result, the management of SDN will be complex and 
time-consuming. For example, in [17-19], the distributed batteries and 
EVs parking lot are coordinated with DSO to improve the flexibility and 
operation situation of SDN. Since there is a high number of ALs in the 
large-scale SDN, thus, DSO decision-making is complex and 
time-consuming due to high data received from ALs in this operator. To 
cope with this issue, the two-layer EMM is implemented on the SDN 
including FRVPPs according to Fig. 1. In the first layer problem, the VPP 
sources and ALs, i.e. EVs parking lot and DRP, are coordinated with 
VPPO. Also, VPPO maximizes the FRVPP profit in the DA energy and 
reserves markets in this layer subjected to the RES, DRP, EVs parking lot, 
and the proposed markets model. Moreover, the DSO uses the OPF 
approach with minimizing the summation of NEL and VDF as a 
normalized objective function in the second layer problem that is 
considered the coordination between VPPOs and DSO. Therefore, the 
volume of information (data) in the DSO based on two-layer EMM will 
reduce with respect to integrated EMM. Because, DSO receives only data 
from FRVPPs including VPP power, and different sources and ALs are 
managed according to VPPO decision-making. Thus, this EMM can 
provide simple and fast energy management for SDN in comparison with 
the integrated EMM. Moreover, in this strategy, DSO (VPPO) 
decision-making is based on SDN (FRVPP) objectives, so that in this 
paper, DSO considers SDN operation indices as objective function while 
VPPO maximizes the FRVPPs profit in the electricity market. Finally, 
this explanation confirms the second and third contributions of Section 
1. 

2.1. FRVPP model (the first layer EMM formulation) 

The FRVPPs model including RES and FSs such as DRP and EVs 
parking lot is formulated in (1)-(14), so that the VPPO maximizes the 
expected FRVPP profit in the DA energy and reserve markets as Eq. (1) 
[20]. Also, VPP active power balance is expressed in (2), and RES model 
or its generation power limits is presented in (3). The DRP model ac-
cording to the energy price-based incentive method is explained in (4) 
and (5) [15-16], so that it can shift the customers’ consumption demand 
at high energy price period to low energy price hours to obtain high 
profit for FRVPPs. The DRP power bound is expressed in (4) where γ ∈
[0, 1] in this limitation explains the load participation percentage in the 
proposed DRP. Also, Eq. (5) guarantees that the total energy consump-
tion is constant before and after running the DR...., due to considering 
customers’ demand shifting. In addition, the EVs parking lot model is 
formulated in (6)-(10) [21-23] that are referred respectively to the 
charge and discharge rate of EVs batteries in the parking lot, stored 
energy in the EVs batteries, EVs batteries energy in the parking lot at 
arrival and departure time. Noted that CR, DR...., Eini and Efinal in these 
constraints at time t is equal to 

∑NPt
m=1crm, 

∑NPt
m=1drm, 

∑NIt
m=1SOCmBCm and 

∑NFt
m=1BCm, where cr, dr, SOC and BC are introducing the charge and 

discharge rate, state of charge and the capacity of EV battery. 
NPt/NIt/NFt is the total EVs number which is 
presented/plugged-in/plugged-out in/to/from VPP at time t. In con-
straints (11) and (12), the generation and consumption power limits of 
VPP (PVPP+ and PVPP− ) are expressed, where their maximum values 
depend on the RES and FSs capacities. Finally, the reserve model of VPP 
is formulated in (13) and (14), so that VPP reserve power is calculated by 
(13), and it is limited as (14). 

max Profit =
∑

i∈ΩVPP

∑

t∈ΩST

∑

w∈ΩS

πw

(
λE

t,w

(
PVPP+

i,t,w − PVPP−
i,t,w

)
+ λRR

t,wRRVPP
i,t,w

)
(1) 

Subject to: 

Table 1 
Taxonomy of recent research works.  

Ref. Flexibility source Coordination 
between 

EMM 
model 

Market 
DRP ESS EVs 

[9] No No No DSO and RESs Single- 
layer 

Energy 

[10] No Yes No DSO and sources and 
storage 

Single- 
layer 

Energy 

[11] No No No DSO and sources Single- 
layer 

Energy 

[12] Yes No No VPPO and DRP and 
sources 

Single- 
layer 

Energy 

[13] No No No VPPO and sources Single- 
layer 

Energy 

[14] Yes Yes No VPPO and ALs Single- 
layer 

Energy 

[15] Yes No No System operator and 
sources and ALs 

Single- 
layer 

Energy 

[16] Yes Yes No System operator and 
sources and ALs 

Single- 
layer 

Energy 

[17] No Yes No DSO and RES and 
storage 

Single- 
layer 

Energy 

[18] No Yes No DSO and RES and 
storage 

Single- 
layer 

Energy 

[19] No Yes Yes DSO and RES and ALs Single- 
layer 

Energy 

PM Yes No Yes First layer: VPPO 
and RES and ALs 

Two- 
layer 

Energy and 
reserve 

Second layer: DSO 
and VPPO 

PM: Proposed model. 
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PVPP+
i,t,w − PVPP−

i,t,w = PRES
i,t,w +

(
PEV

dch i,t,w − PEV
ch i,t,w

)
−
(

PD
i,t,w − PDR

i,t,w

)
∀i, t,w

(2)  

0 ≤ PRES
i,t,w ≤ Pmax

i,t,w ∀i, t,w (3)  

− γ.PD
i,t ≤ PDR

i,t,w ≤ γ.PD
i,t ∀i, t,w (4)  

∑

t∈ΩST

PDR
i,t,w = 0 ∀i,w (5)  

0 ≤ PEV
ch i,t,w ≤ CRi,t,wxi,t ∀i, t,w (6)  

0 ≤ PEV
dch i,t,w ≤ DRi,t,w

(
1 − xi,t

)
∀i, t,w (7)  

EEV
i,t,w = EEV

i,t− 1,w + ηEV PEV
ch i,t,w −

1
ηEV PEV

dch i,t,w ∀i, t,w (8)  

EEV
i,t,w = Eini

i,t,w ∀i, t = Arrival time,w (9)  

EEV
i,t,w = Efinal

i,t,w ∀i, t = Departure time,w (10)  

0 ≤ PVPP+
i,t,w ≤ Pmax

i,t,w + γ.PD
i,t + DRi,t,w

(
1 − xi,t

)
∀i, t,w (11)  

0 ≤ PVPP−
i,t,w ≤ PD

i,t,w + γ.PD
i,t + CRi,t,wxi,t ∀i, t,w (12)  

PVPP+
i,t,w + RRVPP

i,t,w ≤ Pmax
i,t,w + γ.PD

i,t + DRi,t,w
(
1 − xi,t

)
∀i, t,w (13)  

0 ≤ RRVPP
i,t,w ≤ PVPP+

i,t,w ∀i, t,w (14)  

2.2. OPF model of SDN including FRVPPs (the second layer EMM 
formulation) 

The second layer of the EMM in this paper refers to the optimal 
operation of the SDN in the presence of the FRVPPs. It minimizes the 
summation of SDN technical indices such as energy loss, i.e. the differ-
ence between generation and demand energies, and VDF as is expressed 

in (15). Noted that in this equation, the coefficients of ω1 and ω2 are used 
to obtain a normalized objective function as (15). These coefficients are 
calculated according to the same changing range for two parts of this 
objective function [21]. In other words, ω2 is equal to the rate of dif-
ference between maximum and minimum values of NEL and VDF with 
considering ω1 = 1 [21]. In addition, this problem subjects to AC power 
flow equations and system operation limits that are presented in 
(16)-(20) and (21)-(23) [21-23], respectively. AC power flow equations 
include active and reactive power balance, (16) and (17), active and 
reactive power flow of distribution lines, (18) and (19), the value of 
voltage angle in the slack bus, (20). Also, the SDN operation limits refer 
respectively to the capacity limitation of distribution lines, (21), distri-
bution station capacity limit, (22), and allowed range of buses voltage, 
(23). 

Noted that the proposed problem considers bi-directionality in the 
energy flows. Because, the sources in the SDN are FRVPPs that are 
distributed as local sources, and the upstream network which sends 
power to the SDN loads through the distribution station. Hence, energy 
flow in distribution lines is bi-directional, where it is based on the bi- 
directionality energy flows concept. In addition, the proposed problem 
considers the FRVPP capacity limits based on constraints (11) and (12). 
In other words, the FRVPP capacity in this problem depends on the RES 
and FSs capacities. Also, the FRVPP model is linked to the OPF model by 
Eq. (16). Hence, the operation of FRVPP depends on system operation 
limits, i.e. distribution line and station capacity limits as well as voltage 
limit.   

Subject to: 

PG
n,t,w +

∑

i∈ΩVPP

AVPP
i,n

(
PVPP+

i,t,w − PVPP−
i,t,w

)
−
∑

j∈ΩN

AL
j,nPL

n,j,t,w = PD
n,t,w ∀n, t,w

(16)  

QG
n,t,w −

∑

j∈ΩN

AL
j,nQL

n,j,t,w = QD
n,t,w ∀n, t,w (17)  

Fig. 1. Proposed framework for two-layer EMM in the SDN including FRVPP.  

min ω1.
∑

t∈ΩST

∑

w∈ΩS

πw

(
∑

n∈ΩN

(
PG

n,t,w − PD
n,t,w

)
+
∑

i∈ΩVPP

(
PVPP+

i,t,w − PVPP−
i,t,w

)
)⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ ⏟⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ ⏞ NEL

+ ω2.
∑

n∈ΩN

∑

t∈ΩST

∑

w∈ΩS

πw
(
Vn,t,w − Vref

)2
⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ ⏟⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ ⏞ VDF

(15)   

S.A.F. Asl et al.                                                                                                                                                                                                                                  



Electric Power Systems Research 194 (2021) 107085

5

PL
n,j,t,w = gn,j

(
Vn,t,w

)2

− Vn,t,wVj,t,w
{

gn,jcos
(
θn,t,w − θj,t,w

)
+ bn,jsin

(
θn,t,w − θj,t,w

)}
∀n, j, t,w

(18)  

QL
n,j,t,w = − bn,j

(
Vn,t,w

)2

+ Vn,t,wVj,t,w
{

bn,jcos
(
θn,t,w − θj,t,w

)
− gn,jsin

(
θn,t,w − θj,t,w

)}
∀n, j, t,w

(19)  

θn,t,w = 0 ∀ n = Slack bus, t,w (20)  

(
PL

n,j,t,w

)2
+
(

QL
n,j,t,w

)2
≤
(

SLmax
n,j

)2
∀ n, j, t,w (21)  

(
PG

n,t,w

)2
+
(

QG
n,t,w

)2
≤
(
SGmax

n

)2
∀ n, t,w (22)  

Vmin ≤ Vn,t,w ≤ Vmax ∀ n, t,w (23) 

It should be noted that Eqs. (15)-(23) is a non-convex non-linear 
programming (NLP) due to VDF format, Eqs. (18)-(19) and inequalities 
(21)-(22), and it is non-convex due to constraints (18)-(19) [23]. Hence, 
this model obtains a locally optimal solution due to non-convex con-
straints at high calculation time, because of using iteration-based nu-
merical methods to solve this model [23]. Regarding this issue, this 
paper uses the linear programming (LP) format of the original formu-
lation of the second layer EMM using conventional linearization 
methods. In other words, the voltage angle difference across a line 
(between two busses) is generally less than 6◦ or 1.05 radians in the SDN 
according to the results of [23]. Therefore, terms of cos(θn,t,w − θj,t,w) and 
sin(θn,t,w − θj,t,w) can be approximated to 1 and (θn,t,w − θj,t,w), respec-
tively. Moreover, voltage magnitude can be written as Vmin +

∑

l∈ΩL

ΔVl 

based on the conventional piecewise linearization approach [23], hence, 
terms of V2 and VnVj is approximated respectively to (Vmin)

2 
+
∑

l∈ΩL

sllΔVl 

and (Vmin)
2
+ Vmin.

∑

l∈ΩL

(ΔVn,l + ΔVj,l), where sl is line slop. Therefore, the 

linear format of constraints (18) and (19) can be written as follows: 

PL
n,j,t,w = gn,j

(
∑

l∈ΩL

(
sll − Vmin)ΔVn,t,w,l − VminΔVj,t,w,l

)

−
(
Vmin)2bn,j

(
θn,t,w − θj,t,w

)
∀n, j, t,w (24)  

QL
n,j,t,w = − bn,j

(
∑

l∈ΩL

(
sll − Vmin)ΔVn,t,w,l − VminΔVj,t,w,l

)

−
(
Vmin)2gn,j

(
θn,t,w − θj,t,w

)
∀n, j, t,w (25) 

Also, VDF and voltage limit according to this linearization method is 
expressed as follows: 

VDF =
∑

n∈ΩN

∑

t∈ΩST

∑

w∈ΩS

πw

(
(
Vref − Vmin)2

+
∑

l∈ΩL

(
sll − 2Vref

)
ΔVn,t,w,l

)

(26)  

0 ≤ ΔVn,t,w,l ≤ ΔVmax ∀n, t,w, l (27) 

Where ΔVmax is the allowed voltage deviation that is equal to (Vmax – 
Vmin)/nl, and nl refers to the total number of voltage term linearization 
segments. In addition, constraints (21) and (22) as a circular plane, i.e. 
P2 + Q2 ≤ S2, can be approximated to a polygon plane [23]. Noted that 
each polygon edge is a straight line and their equations are obtained 
from the tangents of a circle at different points as P × cos(k × Δα)+ Q ×
sin(k × Δα) = Sin PQ plane and radius of S [23]. Therefore, the linear 
equation of P2 + Q2 ≤ S2is expressed asP× cos(k × Δα)+ Q × sin(k ×

Δα) ≤ S, where Δα = 2π/nk is angle deviation and nk is the total number 
of the straight lines in a polygon. Finally, the linear format of constraints 
(21)-(22) will be formulated as follows: 

PL
n,j,t,wcos(k.Δα) + QL

n,j,t,wsin(k.Δα) ≤ SLmax
n,j ∀ n, j, t,w, k ∈ ΩK (28)  

PG
n,t,wcos(k.Δα) + QG

n,t,wsin(k.Δα) ≤ SGmax
n ∀ n, t,w, k ∈ ΩK (29) 

Therefore, the LP model of the first layer EMM is written as follows: 

min ω1

∑

t∈ΩST

∑

w∈ΩS

πw

(
∑

n∈ΩN

(
PG

n,t,w − PD
n,t,w

)
+
∑

i∈ΩVPP

(
PVPP+

i,t,w − PVPP−
i,t,w

)
)

+

ω2

∑

n∈ΩN

∑

t∈ΩST

∑

w∈ΩS

πw

(
(
Vref − Vmin)2

+
∑

l∈ΩL

(
sll − 2Vref

)
ΔVn,t,w,l

)

(30) 

Subject to: 

Constraints (16), (17), (20), (24), (25), (27) − (29) (31) 

It is noted that according to [23], the calculation error of power and 
voltage in the linearization of AC OPF is respectively about 2.5% and 
0.5% relative to the original AC OPF model. Also, considering the large 
number of linearization segments of voltage term and circular plane, it 
can reach negligible calculation error. 

2.3. Stochastic method 

In the proposed EMM, (1)-(14) and (30)-(31), the parameters of 
active and reactive load, PD and QD, energy and reserve prices, λE and 
λRR, maximum RES active power, Pmax, EVs batteries charging and dis-
charging rate, CR and DR...., EVs batteries energy at arrival and depar-
ture time, Eini and Efinal are uncertain. Hence, the stochastic 
programming (SP) based on the hybrid method of Mont Carlo Simula-
tion (MCS) and Kantorovich method is used to model these uncertain 
parameters [8]. The MCS generates a lot of scenario samples according 
to normal, beta/Weibull and Rayleigh probability distribution function 
to model the uncertainty of load and price, RES power, and EVs demand, 
respectively [7]. Then, the Kantorovich method is used as a scenario 
reduction approach to decrease scenarios’ number based on the highest 
occurrence probability [8]. 

3. Solution method 

The proposed bi-level optimization EMM, (1)-(14) and (30)-(31), its 
upper level according to Fig. 2 sends the results of the first layer, PVPP+

and PVPP− , to the lower level problem (the second layer). In this level, 
the network constraints, (31), are checked so that Eq. (30) is minimized. 
Hence, the lower level problem sends the deviation of the system 
operation limits, (27)-(29), to the upper-level model to manage the 
FRVPP based on the network constraints in the two-layer EMM. There-
fore, the proposed model can be written as follows in the format of a bi- 
level approach: 

Fig. 2. Bi-level scheme of the proposed EMM in the SDN.  
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max c1
T y +

⎛

⎜
⎜
⎝

min c2
T z

s.t:

a1z + a2y ≤ a3 : μ
b1z ≤ b2 : ρ

⎞

⎟
⎟
⎠

⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ ⏟⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ ⏞
Lower level/Second stage EMM

(32) 

Subject to: 

d1y ≤ d2 (33) 

In the above method, y refers to the vector of the first layer variables, 
[PVPP+ PVPP− RRVPP PRES PDR PEV EEV x], and the vector of the second 
layer variables, [PG QG PL QL ΔV θ], is expressed in z. Also, constraint 
(32)/(33) is related to the second/first stage or lower/upper level of 
EMM, and μ and ρ are dual variables of the lower level problem. In other 
words, the first term of Eq. (32), i.e. max c1

Ty, and constraints (33) refers 
to the FRVPP model. Also, the second term of Eq. (32), i.e. minΘ(z) c2

Tz,
∀Θ(z) Δ

=
{z|a1z + a2y ≤ a3 : μ, b1z ≤ b2 : ρ}, is related to the linear 

formulation of the SDN OPF model. To solve this problem, it is firstly 
needed to obtain the dual model of the lower level problem according to 
[24]. Noted that the value of y/(μ, ρ) is constant in lower/upper-level 
problem according to Fig. 2, hence, the dual model of lower level as 
Eq. (34) obtains a function of y, R(y) [24]. 

R(y) = max
Ξ(μ,ρ)

(a3 − a2y)T μ

+ b2
T ρ ∀Ξ(μ, ρ) Δ

=
{(μ, ρ)|a1μ+ b1ρ( ≤=≥ )c2, μ, ρ

≥ 0} (34) 

Where the situation of ≤/=/≥ in the set of Ξ(μ, ρ) is selected if the 
type of z is positive/free/negative. Therefore, the new model of (32)- 
(33) can be written as follows [24]: 

max
Λ(y)

c1
T y + R(y) ∀Λ(y)

Δ
=
{y|d1y ≤ d2} (35) 

Where Eq. (35) is able to obtain y so that the function of R achieves 
from (34). Hence, this paper uses the BD approach to solve the problem 
(34)-(35), where the steps of this method are summarized as follows 
[24]: 

Initialization: Select a feasible value for y that is displayed by y0, 
and thus, R(y0) is solved by (34) to obtain μ1 and ρ1. Also, the set of 
lower/upper level bound zlower/zupper to -∞/+∞ and the number of 
iteration is m = 1. 

For iteration m ≥ 1: 
Step 1: Solve the master problem of BD the approach, where it is 

modeled as follows: 

max c1
T y + β

s.t : d1y ≤ d2

β ≤ μT
n (a3 − a2y) + ρT

n b2 ∀n ≤ m
(36) 

The above problem achieves the optimum value of ym and βm, thus, 
set zlower = c1

Tym + βm 
Step 2: Solve the sub-problem of the BD approach to obtain the op-

timum situation of R(ym) and μm + 1 and ρm + 1, where it is modeled as 
(34). Then, set zupper = c1

Tym + R(ym). 
Step 3: Check BD convergence condition, so that Eqs. (32)-(33) in-

cludes the optimal solution if zupper – zlower ≤ ε, where ε > 0 is the BD 
tolerance. Otherwise, let m = m + 1, and go to step 1. 

According to this approach and Eqs. (1)-(14) and (30)-(31), the value 
of PVPP+ and PVPP− is firstly selected zero. Then, the dual model of the 
linear OPF formulation, (30)-(31), is solved to obtain the value of dual 
variables of constraint (31). In the next step, the BD cut as 
β ≤ μT

n (a3 − a2y) + ρT
nb2 is added to the FRVPP model in the next itera-

tion as (36), where this constraint for the proposed problem is equal to 
(dual variable of Eq.(16))×

∑

i∈ΩVPP

AVPP
i,n (PVPP+

i,t,w − PVPP−
i,t,w )+

∑

dual variable of Eqs.(17), (20), (24), (25), (27) − (29). In this condition, 
new values are obtained for PVPP+ and PVPP− , then, the dual model of the 
linear OPF formulation is solved based on the value of PVPP+ and PVPP− . 
Finally, this process is repeated until the convergence condition is ob-
tained based on Step 3. 

Finally, it should be noted that in many researches such as [15, 
25-28], the bi-level optimization problem is solved based on the 
Karush-Kuhn-Tucker (KKT) method. This method needs that the lower 
level problem has a convex model. Hence, the OPF model used in the 
lower level formulation should be converted to a linear model [15] to 
obtain a convex format. But, this limit does not need to be considered if 
the bi-level problem is solved by the BD approach (32)-(36). In other 
words, the BD approach can be implemented on the non-convex and 
non-linear problem, but, this case may result in significant duality gaps 
and it needs to use complementarity (equilibrium) constraints in the 
problem [21], accordingly, solving the proposed problem needs to sig-
nificant calculation time. However, this issue can be solved in the linear 
bi-level problem based on the BD approach, and the optimization pro-
cess is accelerated [24]. Therefore, this statement confirms the last 
contribution in Section 1. 

4. Numerical results and discussion 

4.1. System data 

This section investigates the capability of the proposed EMM on the 
69-bus SDN [29] including FRVPPs as shown in Fig. 3. Network equip-
ment characteristics and peak load data are expressed in [29], and the 
daily power rate curve of load is based on the data of Rafsanjan city in 
Iran which is plotted in Fig. 4 [30]. This system includes base power and 
voltage of 1 MVA and 12.66 kV, and the maximum/minimum allowed 
voltage is considered to 1.05/0.9 p.u [29]. In addition, the proposed 
SDN contains seven FRVPPs, where their location and characteristics are 
presented in Fig. 3 and Table 2, respectively. The FRVPP considers two 
types of RES, i.e. PV and WT, in this paper, where the capacity of these 
RESs is reported in Table 2, and their daily power rate curve according to 
data of Rafsanjan city in Iran is depicted in Fig. 4 [30]. The data of each 
EV such as SOC, BC, cr, dr, etc. are expressed in [21-23]. Also, the EVs 
number in each FRVPP and the value of γ is explained in Table 2. Finally, 
the SP generates 2000 scenarios for the uncertainty of load, market 
price, RES generation power and EVs demand using MCS, and subse-
quently, it reduces this number to 20 scenario samples with high prob-
ability occurrence using scenario reduction approach based on 
Kantorovich method. Also, the start time for the simulation studies is 
10:00 A.M due to constraint (8) and the data of arrival and departure 
time for EVs. 

4.2. Results 

The proposed EMM is simulated in the GAMS software and CPLEX 
solver is used to solve this problem [31]. It is noted that the number of 
linearization segment for voltage term and circular plane according to 
[23] is considered 5 and 45, respectively.  

1) Analyzing the proposed solution results: The objective function in the 
second layer EMM, (30), is formulated as a normalized function 
using the weight coefficients of ω1 and ω2. According to Section 2.2, 
the value of these coefficients is determined based on the same 
changing range for NEL and VDF in Eq. (30). The changing range of 
each function is equal to the difference between its maximum and 
minimum value, so that the maximum/minimum value of NEL and 
VDF obtains in case of power flow analysis/no-load condition. The 
results of this section are expressed in Table 3, accordingly, the 
changing range of NEL and VDF is 2.3 MWh and 1.017 p.u. Hence, ω2 
will be equaled to 2.26 (2.3/1.017) while ω1 = 1, and thus, the 
optimal value of NEL and VDF is 1.596 MWh and 0.72 p.u based on 
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the proposed BD approach results. It is noted that the BD tolerance 
(ε) is assumed 1 in this paper, hence, the optimal solution of the 
proposed method is achieved in iteration 5 according to the BD 
convergence curve that is plotted in Fig. 5. In this iteration, the 
optimal value of the objective function, (32), or zupper is equal to 
1958.8232 based on Fig. 5, where it is equal to the summation of 

((ω1 × NEL = 1.596) + (ω2 × VDF = 1.6272)), and FRVPP profit, 
1955.6 $ (1958.8232 – 1.596 – 1.6272). In addition, Table 4 presents 
the capabilities of the proposed solution, i.e. BD-based linear format 
of the proposed problem, with respect to the BD-based non-linear 
and KKT-based linear formats that are respectively taken from [21] 
and [15]. Accordingly, the proposed solution (BD-based linear 
format) can obtain the optimal point at the lowest calculation time 
compared with other formats. Also, BD- and KKT-based linear model 
finds the optimal solution that includes low calculation error for the 
power and voltage variables in comparison with BD-based non-linear 
model, so that these errors will reduce if the total number of line-
arization parts of voltage term (nl) and circular plan (nk) increases.  

2) Assessment of the coordinated EMM capability in FRVPP framework: The 
results of the coordinated and uncoordinated EMM in the FRVPP 
scheme are expressed in Table 5. In case of uncoordinated EMM, the 
proposed two-layer EMM is implemented on the SDN considering the 
separate performance of RES, DRP and EVs parking lot. Accordingly, 
the first layer problem of this approach with considering only RES 
includes objective function (1), and constraints (3), (13) and (14) so 
that PRES and Pmax are substituted by PVPP+ and the right side of Eq. 
(13), respectively. This rule is similar to the uncoordinated EMM by 
considering only DRP or EVs parking lot. Noted that the coordinated 
EMM includes the model of (32)-(33), and the second layer problem 
is similar for two methods. As is presented in Table 5, the total profit 
of FRVPP renewable and flexible sources in the DA energy market 
based on uncoordinated/coordinated EMM is equal to 1066.1 (732.3 
– 165.7 + 499.5)/1292.1 $, and it is about 560.9 (312.4 + 52.7 +
195.8)/663.5 $ in the DA reserve market. Finally, the FRVPP-based 
coordinated EMM by applying proper management can increase 
FRVPP devices’ profit around 21.2% and 18.3% in the DA energy and 

Fig. 3. IEEE 69-bus SDN containing FRVPP [29].  

Fig. 4. Daily power rate curve of load and RES according to the data of Raf-
sanjan city in Iran [30]. 

Table 2 
FRVPP data.  

FRVPP PV size 
(MW) 

WT size 
(MW) 

EVs 
number 

γ in DRP 
(%) 

Peak value of PD/ 
QD (kW/kVAr) 

1 0.3 0.3 150 50 128/90 
2 0.3 0.3 150 50 120/80 
3 0.5 0.5 200 50 146/100 
4 0.5 0.5 200 50 146/100 
5 0.5 0.5 200 50 120/80 
6 0.3 0.3 150 50 123.6/75 
7 0.3 0.3 150 50 152/110  

Table 3 
Values of weight coefficients and objective function parts in the second layer of 
EMM.  

Case NEL (MWh) VDF (p.u) 

Maximum value (power flow analysis) 2.3 1.017 
Minimum value (no-load condition) 0 0 
Changing range (Maximum – Minimum) 2.3 1.017 
Weight coefficient ω1 = 1 ω2 = 2.26 
Optimal value of objective function 1.596 0.72  

Fig. 5. BD convergence curve.  
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reserve markets, respectively, concerning the uncoordinated 
approach. 

Fig. 6 illustrates the daily power and profit curve of FRVPP in the DA 
energy and reserve markets. According to Fig. 6(a), FRVPPs can inject 
high active power into the SDN at the periods of 10:00–19:00 and 
8:00–9:00 of the next day due to the high generation of RES according to 
Fig. 4. But, they are not able to send high active power to SDN at hours 
1:00–7:00 of the next day arising from charging operation of EVs and the 
consumption mode of DRP to minimize their operation cost based on (1). 
Noted that EVs and DRP consumption power are supplied by RES at this 
period, because, the active power of FRVPP is not negative according to 
Fig. 6(a). At the other hours, i.e. 20:00–24:00, the active power level of 
FRVPPs is between power level at the periods (10:00–19:00 and 
8:00–9:00 next day) and (1:00–7:00 next day), because, RESs, DRP and 
EVs cannot inject high active power into SDN while FRVPPs load level is 
high at this period based on Fig. 4. Additionally, the FRVPPs reserve 
power at all simulation hours is lower than their active power based on 
Fig. 6(a) due to high FRVPPs capacity which has been used to generate 
active power to improve the SDN indices such as voltage profile, 
network loss, etc. As can be seen in Fig. 6(a) the FRVPPs peak value is 
obtained at 15:00. Also, due to the low generation of RESs, and high 
demand of FRVPPs, VPPOs cannot participate in the DA reserve market 
at hours 20:00–24:00 and 1:00–7:00 of the next day. 

Finally, the daily profit curve of FRVPPs in the mentioned markets is 
plotted in Fig. 6(b). Noted that the FRVPP profit in the DA energy/ 
reserve market depends on the market price (expressed in Section 4.1) 
and active/reserve power (shown in Fig. 6(a)), according to Eq. (1). 
Hence, the hourly changing format for FRVPPs’ profit in the DA energy/ 
reserve market roughly equals to FRVPPs’ active/reserve power.  

1) Evaluation of the SDN indices: This section investigates two cases that 
are referred to the power flow analysis (network without renewable 
and flexible sources) and the proposed model in Cases I and II, 
respectively. Fig. 7 shows the daily apparent power curve of the 
distribution station and voltage profile at peak load time, 20:00. As is 
illustrated in Fig. 7(a), the apparent power curve of the SDN station 
in Case II shifts down with respect to Case I, due to injecting FRVPPs 
power into the SDN. Also, total SDN apparent power at peak load 
time in Case II (3.345 p.u) is reduced by 31.6% ((4.894 – 3.345)/ 
4.894) in comparison with Case I (4.894 p.u). Moreover, the pro-
posed EMM because of supplying load using local FRVPPs in the SDN 

Table 4 
The capabilities of the proposed solution process.  

Case BD 
iteration 

Calculation time 
(s) 

Maximum calculation error for station 
power 

Maximum calculation error 
voltage 

BD-based non-linear model of the proposed scheme 
[21] 

21 353.4 – – 

BD-based linear model of the proposed 
scheme 

(nl, nk) = (4, 
30) 

3 16.1 2.43% 0.55% 

(nl, nk) = (5, 
45) 

3 18.8 2.12% 0.44% 

(nl, nk) = (6, 
60) 

4 22.1 1.95% 0.36% 

(nl, nk) = (7, 
75) 

4 23.9 1.84% 0.31% 

(nl, nk) = (8, 
90) 

5 25.3 1.88% 0.29% 

Proposed scheme based on KKT 
method [15] 

(nl, nk) = (4, 
30) 

– 56.2 2.42% 0.55% 

(nl, nk) = (5, 
45) 

– 60.7 2.12% 0.43% 

(nl, nk) = (6, 
60) 

– 63.7 1.94% 0.35% 

(nl, nk) = (7, 
75) 

– 66.3 1.83% 0.31% 

(nl, nk) = (8, 
90) 

– 68.2 1.88% 0.28%  

Table 5 
VPP devices profit ($) in uncoordinated and coordinated EMM.  

Approach DA energy 
market 

DA reserve 
market 

Uncoordinated 
EMM 

RES 732.3 312.4 
EVs parking 
lot 

− 165.7 52.7 

DRP 499.5 195.8 
Sum 1066.1 560.9 

Coordinated EMM 1292.1 663.5 
Gain (%) 21.2 18.3  

Fig. 6. Daily curve of a) power, b) profit of FRVPP in the DA energy and 
reserve markets. 
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can provide a flat voltage profile based on Fig. 7(b) in Case II 
compared with Case I. Hence, the voltage of bus 65 as the lowest 
voltage bus among the other busses in Case II increases to 0.945 p.u, 
while it equals to 0.909 p.u in Case I. 

Table 6 enumerates the value of NEL, maximum voltage deviation 
and the number of overloading distribution lines. It should be mentioned 
that the proposed model provides zero overloading distribution lines in 
Case II contrary to Case I which 22 distribution lines are overloaded. 
Also, two-layer EMM in SDN including FRVPPs is able to reduce NEL and 
maximum voltage deviation around 31% ((2.3 – 1.596)/2.3) and 40% 
((0.091 – 0.055)/0.091) in Case II comparing Case I. 

5. Conclusions 

This paper presents a two-layer EMM on the SDN considering 
FRVPPs’ participation in the DA energy and reserve markets. The first 
layer of the proposed problem maximizes the FRVPPs profit in these 
markets subjected to RES, DRP, EVs parking lot and market models, 
while the second layer of the problem minimizes the summation of NEL 
and VDF as linear normalized objective function constrained to the 
linear format of AC OPF equations. Moreover, the SP according to the 
hybrid model of MCS and Kantorovich approach is used in this paper to 
model the uncertainty of load, market price, RES generation power, and 
demand of EVs parking lot. Also, the proposed approach includes a bi- 
level optimization problem that is solved based on the BD algorithm. 
According to the simulation results, the proposed EMM based on the 
coordinated scheme between RES, DRP and EVs parking lot as FRVPP 
devices can reach a high profit from DA energy and reserve markets for 

these sources and active loads with regard to the uncoordinated EMM. 
Last but not least, FRVPPs according to the coordinated two-layer EMM 
is able to improve the network operation indices such as voltage profile, 
network power losses and the number of overloading distribution lines. 
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Table 6 
Results of network indices.  

Case NEL Maximum voltage 
deviation (p.u) 

Number of overloading 
distribution lines 

I 2.3 0.091 22 
II 1.596 0.055 0  
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