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Abstract: The integration of Renewable Energy Sources (RESs) into distribution networks has in-
creased in recent years due to numerous advantages. However, the RESs are intermittent and
uncertain therefore may cause various limitations such as high lines loading and large voltage de-
viations, especially during high generation and low demand periods. Thus, this leads to an upper
limit for the integrated capacity of RESs into the network, entitled Hosting Capacity (HC). In this
paper, the complementarity of wind-PV along with the Demand Flexibility Program (DFP) are uti-
lized for alleviating the limitations and increasing the HC in a hybrid AC/DC network. Moreover,
an important feature of the AC/DC network, i.e., reactive control of Voltage Source Converters
(VSCs) is investigated for increasing the HC. Additionally, a tradeoff is made between two conflicting
objectives, i.e., HC and energy losses, which will be increased due to an excessive increase of the HC.
Generally speaking, the paper proposes a multi-objective, multi-source, and multi-period extended
optimal linear power flow model for simultaneously increasing the HC and decreasing the energy
losses, utilizing stochastic programming for managing uncertainties. The simulation results show the
accuracy and efficiency of the proposed formulation from various perspectives.

Keywords: AC/DC networks; Renewable Energy Sources (RESs); Hosting Capacity (HC); Demand
Flexibility Program (DFP); Voltage Source Converter (VSC)

1. Introduction
1.1. Motivation

Hosting Capacity (HC) is known as the capacity of a distribution network for accepting
the DG units, especially the renewable types such as Wind Turbine (WT) and solar PV,
without violating any network limitation. An increase in Renewable Energy Sources (RESs)
has some positive and negative effects on the Distribution Network Operator/Owner
(DNO) [1]. Reducing greenhouse gas emissions and postponing the need for network
reinforcement are some of the positive effects of using RESs. However, some obstacles may
hold back the penetration increase of these sources. For example, the intermittent nature of
RESs [2] and their dependency on environmental parameters such as wind speed, ambient
temperature, and solar radiation [3] are some of the negative features. Specifically speaking,
high generation of RESs in the distribution network, may lead to overvoltage and overflow
issues due to the reverse power flow phenomenon. Such issues and their effect on the HC
of the distribution networks are of great importance, especially for the arising concept of
hybrid AC/DC networks.

Besides this, both DNO and Distribution Generator Owners (DGOs) are interested in
an increase of Distributed Generations (DGs) capacity. However, this may intensify the
network energy loss, which is not favorable from the DNO’s perspective. Therefore, other
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objectives such as energy losses must be considered as well, when optimizing the HC. In
addition, the advent of Demand Response (DR) concepts [4] delivers flexibility for DNO
to achieve these contradictory goals. In addition, the reactive power control of Voltage
Source Converters (VSCs), connecting the AC and DC parts of the hybrid networks, can
be used for these purposes. Based on the above explanations, this paper proposes a linear
stochastic model for maximizing the combined PV-WT HC while minimizing the energy
losses for a hybrid AC/DC network using the potentials of the Demand Flexibility Program
(DFP) and the reactive power control of VSCs (QSVC) as an Active Network Management
(ANM) scheme.

1.2. Literature Review

Integrating the DGs into the network is one of the most important challenges of the
future power system. Since most of the distribution networks are radial, the presence
of DG units was not considered at their design stage [5]. However, incentivization and
simplification of the access to the network caused an increase in the penetration rate of
small DGs into the network. Nevertheless, several problems have been reported limiting
the DGs HC, such as overvoltage, thermal limits of lines [6], protection malfunction, and
power quality issues [7,8]. It should be noted that the limitation of various constraints such
as voltage rise and power flow through the lines usually occurs at the maximum generation
and minimum demand due to the highest reverse power flow and voltage increase in
these periods.

Many studies have focused on increasing the HC with different methods considering
some of the abovementioned limitations. For example, some studies have increased the HC
of dispatchable DGs using optimal sizing and sitting [9] and optimal network reconfigura-
tion [10] considering voltage and thermal limits. However, DGs based on RESs are mainly
non-dispatchable and this can make the HC problem more complicated. Nevertheless,
using this type of DG is constantly increasing due to environmental concerns and the need
for de-carbonization. Therefore, the variable and uncertain outputs of RESs-based DGs
should be considered in determining the HC.

Using various ANM schemes is one of the possible approaches for handling the
variability of RESs and increasing the HC. ANM schemes mainly organize the connection
between DGs and network equipment using various control mechanisms to facilitate
a larger output from the DGs [11]. Voltage control via Under-Load Tap Changer (ULTC)
transformers [12], voltage regulators [13], active management strategies such as DGs active
power curtailment [14], network reconfiguration [15,16], and energy storage [17] are some
of the ANM schemes used for the HC enhancement. Most of the studies either consider
one type of RESs or do not examine the effect of combining them for the HC improvement.
Additionally, reactive power control strategies are included as an ANM scheme, which is
applied in various studies for HC enhancement. Reactive power control of inverters in
DGs [6], smart inverters, i.e., STATCOM, considering both dynamic and static HC [18],
Volt/VAr control process of electric vehicles [19], and capacitor bank [20] are the HC
enhancement studies, which consider reactive power control strategies. However, the new
ANM potentials of hybrid AC/DC distribution networks, such as reactive power control of
the VSCs, are not utilized for HC purposes.

Another approach to ease meeting the limitations of RESs variability is to use the
complementarity between various RESs [21], i.e., two or more energy sources with com-
plementary availability periods such as PV and WT [11]. Many studies have reported
the merits of complementarity of various RESs in various countries such as Italy [22] and
Canada [23]. Even though Hybrid Renewable Energy Sources (HRESs) can be used to miti-
gate the RESs intermittency, it requires careful consideration for selecting the deployment
sites and the shares of RESs types in the designing stage [24].

According to the literature, few studies have been done on the HC assessment and
enhancement based on HRESs. In [25], a stochastic framework is developed to study the
hybrid PV-WT system HC. However, in this study, the potentials of DFP and ANM schemes
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for increasing the HC have not been considered, and the negative effect on the energy
losses is ignored. In [11], an optimal power flow method is developed to configure WT
and PV capacity for maximizing energy generation while obligating to the network limits.
In this study, the simultaneous effect of some ANM schemes and HRES is demonstrated
on the HC based on multiple location deployment. Nevertheless, the DFP potentials and
the effect of HC increase on the energy losses are not investigated. Besides the above-
mentioned limitations, almost all these studies are single locations, and there are few
works considering the network-wide influence of HRES in multiple locations. In addition,
an economic evaluation between single location and multiple locations deployment of RESs
in the hybrid AC/DC distribution network has been undertaken.

As mentioned earlier, an increase in the HC usually increases the energy losses. Most
of the studies examining the impact of RESs on the HC have neglected the energy losses
issue. DR programs, in the context of DFP, can reduce the reverse power flow of the lines
and overcomes the constraints imposed by RESs. Therefore, DFP causes a simultaneous
increase in the HC and a decrease in the energy losses. Reference [26] deals with the
effect of DFP on HC in terms of energy losses in the form of a multi-objective nonlinear
programming model. Reference [27] examines different ANM schemes on HC enhancement
considering DFP based on a mixed-integer second-order cone programming model in which
the optimization of energy losses is neglected. These studies only consider the WT or PV
(non-HRES) and the AC network (non-hybrid) and neglect the RESs uncertainty.

On the other hand, the capacity of the network may not be fully utilized due to the
variability of the RESs. Connecting two feeders and operating the AC network as a meshed
grid, can reduce the lines loading and improve the voltage profile, thereby, enhancing
the HC [28]. However, the AC distribution network operates radially and the creation of
a mesh in it leads to destructive circulating currents [29]. One solution is to use the concept
of hybrid AC/DC distribution networks and connect the two parts of the network by VSCs.
The various benefits of using DC power alongside the AC have been demonstrated in
numerous studies. Reference [30] has shown that the use of DC power in the distribution
network has enhanced the voltage profile and the power transfer of the network feeders.
In [31], the use of DC power has reduced the network losses compared to the fully AC
network. According to the literature review, as far as the authors are aware, all the studies
focusing on the HC issue have been developed for the AC distribution network, and the
potentials of the hybrid AC/DC networks are neglected.

This paper aims to address all of the above issues. Therefore, the effects of HRESs (PV-
WT) along with DFP are considered for increasing the HC and reducing the energy losses
at the same time. The proposed model is presented as multi-source, multi-objective, and
multi-period stochastic (considering the uncertainties) linear programming. Developing
the model for a hybrid AC/DC distribution network helps to increase the HC and decrease
the energy losses by combining the advantages of the two types of network and the reactive
power control of the VSCs as an ANM scheme. Table 1 reviews some recent studies
regarding the above-mentioned perspectives. This table also presents the novelties of the
current work compared to the most related studies in the field.

1.3. Contributions and Organization

According to the challenges and research gaps discussed earlier, this paper addresses
a multi-objective, multi-source, and multi-period stochastic optimal linear power flow-
based assessment approach for the optimal sizing and location of HRES in a hybrid AC/DC
distribution network in order to increase the HC and reduce the energy losses considering
the DFP and ANM.

Therefore, the contributions and features of this paper are as follows:

• Proposing a stochastic and linearized model for the HC problem of HRES (PV-WT)
(sizing in multi-candidate locations) in the hybrid AC/DC distribution network.

• Utilizing the reactive power control of VSCs (QSVC) as an ANM scheme for increasing
the HC and reducing the network energy losses.
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• Including the DFP in the proposed formulation in order to achieve the objectives of
the problem.

• Presenting a multi-objective, multi-source, and multi-period optimization framework
(increasing HC and reducing energy losses) based on ε-constraint and fuzzy
satisfying methods.

Table 1. Summary of existing studies and contribution of the present paper.

MILP
Model

Multi
Objectives
Framework

Hybrid
RESs

RESs
Uncertainty

Stochastic
Model

Hybrid
AC/DC

Network

Tools

DFP ANM
(QVSC)

ANM
(Others)

[6] 7 X 7 X X 7 7 7 X
[11] 7 7 X 7 7 7 7 7 X
[12] 7 7 7 X X 7 7 7 X
[13] X X 7 7 7 7 7 7 X
[14] 7 7 7 7 7 7 7 7 X
[15] 7 X 7 X 7 7 7 7 X
[16] X X 7 X X 7 7 7 X
[17] 7 X 7 7 7 7 7 7 X
[19] 7 7 7 7 7 7 7 7 X
[20] 7 7 7 7 7 7 7 7 X
[25] 7 7 X X 7 7 7 7 X
[26] 7 X 7 7 7 7 X 7 X
[27] 7 7 7 7 7 7 X 7 X

Current
paper X X X X X X X X X

X/7 denotes that the subject is/is not considered.

The rest of the paper is organized as follows. Section 2 describes the structure of the
AC/DC hybrid distribution network. In Section 3, uncertainty modeling is discussed. In
Section 4, the multi-objective stochastic optimization problem is formulated. Section 5
presents the simulation results. Finally, the paper is concluded in Section 6.

2. Structure of a Hybrid AC/DC Distribution Network

The future smart distribution network will include a variety of AC and DC loads
and DGs. Examples of DC DGs are solar PV and fuel cells. Modern elevators, electric
vehicles, and industrial loads are also examples of DC loads. For an optimal adaptation
of this type of loads and DGs, the current belief is that the distribution network should
be of a hybrid type [32] that includes AC/DC buses, lines, and converters, as depicted in
Figure 1. This figure shows the hybrid AC/DC distribution network buses and lines, as
well as the connection of loads, DGs, and storages [33] to the AC and DC buses. AC/DC
interface converters in the network are essential for (1) connecting DC loads and DC DGs
to the AC buses, (2) connecting AC loads and AC DGs to the DC buses, and (3) connecting
the DC and AC parts of the network together. In this paper, VSCs are used in the hybrid
distribution network in order to exchange active AC and DC powers and also control the
injected/received reactive power to the AC distribution network. It is worth noting that
in a smart hybrid AC/DC grid, a bi-directional communication system is also needed for
(1) collecting all the information and measurements from the network and transferring them
to the DNO, and (2) transferring optimal decisions of the DNO to the various equipment of
the network.
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3. Uncertainty Modeling
3.1. Modeling of RESs Uncertainty

The output power of RESs depends on the weather conditions and inherently has
many variabilities and uncertainty. This leads to an upper limit for these sources’ capacity to
integrate into the distribution network. Therefore, the uncertainty of these sources should
be considered in the HC problem. In this paper, due to the focus on the HRESs, there are
two main sources of uncertainty, PV and WT. The uncertainty of these RESs is considered
in the model and the problem is developed as a scenario-driven optimal stochastic model.
In such cases, where a set of scenarios needs to be handled, the main issue is to generate
a realistic list of scenarios for the random variables illustrating the possible properties of
the data properly. The initial set of scenarios is a large dataset generated by the Monte
Carlo simulation (MCS) method, representing the uncertainties. The MCS parameters are
Probability Distribution Functions (PDFs) of the forecast errors obtained from the historical
data. To consider the forecast error, a positive or negative term is added to the forecasted
value (X f orecast), as presented in (1) [34].

Xs(t) = X f orecast(t) + Xerror,s(t) ∀t, ∀s (1)

In this equation, the error term (Xerror, s) is a zero-mean noise with a standard devi-
ation (σ), and the values of parameters in various scenarios are presented by Xs. In this
paper, the forecast errors for all of the uncertain parameters are included based on the
normal PDFs.

Including all of the generated scenarios into the optimization, results in a large-scale
problem. Generally, there should be a trade-off between model accuracy and computation
speed. In this paper, a standard scenario reduction method developed in [34] is utilized
to overcome the problem of the high computational burden. The recommended scenario
reduction procedure has three algorithms with different accuracies, i.e., fast-backward
method, fast backward/forward method, and fast-backward/backward method. Choosing
the appropriate algorithm is subject to the size of the under-investigation problem and
the desired solution precision. In this paper, the fast-backward technique is selected to
achieve the best computational performance. This algorithm eliminates the low probability
scenarios and merges those that are close to each other. Subsequently, the solutions could
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be found more efficiently without downgrading the final accuracy by maintaining the most
important statistical characteristics of the original dataset.

3.2. Two-Stage Stochastic Optimization Modeling

The two-stage stochastic programming method is used for decision-making under the
uncertainties in this paper. Further details on the stochastic programming method can be
found in [35]. In this method, the decision variables are divided into two categories, i.e.,
“here and now” and “wait and see”. Since the “first stage” or “here and now” variables are
independent of the scenarios, their optimal values must be determined before the scenario’s
realization. On the other hand, the optimal value of the “second stage” or “wait and see”
variables must be determined when the scenarios are realized. This is because they may
have different values in different scenarios. The set of “here and now” (DHN) and “wait
and see” (DWS) variables are presented in (2) and (3), respectively.

DHN =


Cw,ac

i , i ∈ Ωac
w

Cpv,ac
i , i ∈ Ωac

pv

Cw,dc
id , id ∈ Ωdc

w

Cpv,dc
id , id ∈ Ωdc

pv

 (2)

DWS =
{

Vac
i,t,s, Vdc

id,t,s, θij,t,s, P(w,pv),ac
i,t,s , P(w,pv),dc

id,t,s , P(cw,cpv),ac
i,t,s , P(cw,cpv),dc

id,t,s , Psb
i,t,s, Pcvtac

i,t,s , Pcvtdc
id,t,s , Q(w,pv),ac

i,t,s , Q(w,pv),dc
id,t,s , Qsb

i,t,s, Qcvtac
i,t,s

}
(3)

The variables in (2) are related to the installed capacity of WT and PV sources in both
AC and DC distribution networks. These variables are independent of the scenarios. The
variables in (3) are related to the active/reactive power of RESs, RESs’ power curtailment,
the active/reactive power of VSCs, the active/reactive power of upstream grids, and AC
and DC distribution networks, voltages, which depend on the scenarios.

4. Problem Formulation

In this section, the proposed model is formulated as a stochastic Mixed Integer Linear
Programming (MILP) optimization problem. After describing the objective functions (HC
and energy losses), the constraints related to the power flow equations of AC and DC
distribution networks are introduced. Then, the model of DFP in both networks and the
VSCs model with its constraints are presented. After that, the linearization of the problem
is discussed. Additionally, the multi-objective optimization framework based on the
ε-constraint and fuzzy satisfying methods is explained. Finally, the solution procedure
is described.

4.1. Objective Functions

The objective functions of the problem are considered as presented in (4) and (5):
(∀i ∈

{
Ωac

w , Ωac
pv

}
, ∀id ∈

{
Ωdc

w , Ωdc
pv

}
, ∀i ∈ Ωac

cvt , ∀t ∈ ΩT , ∀s ∈ ΩS).

max{F1} = max

{
F1 = ∑

i
(Cw ,ac

i + Cpv ,ac
i ) + ∑

id
(Cw ,dc

i + Cpv ,dc
i )

}
(4)

min{F2} = min

{
F2 = (∑

t ,s
Plossac

t ,s + ∑
t ,s

Plossdc
t ,s + ∑

i
∑
t ,s

Plosscvt
i ,t ,s) ∗ πs ∗ τd

}
(5)

Equation (4) shows the HC of the hybrid AC/DC distribution network and (5) refers
to the energy losses. The first and second terms of (4) are related to the installed capacity of
WT and PV sources in AC and DC distribution networks, respectively. Total network energy
losses (F2) within a one-year time span are calculated based on the summation of the AC
and DC distribution network losses (details are presented in (6) and (27), respectively) and
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the VSC losses (details are presented in (52)) at all hours (t) and all scenarios (s) multiplied
by the probability of scenarios (πs) and the number of days in one season (τd).

The first objective function, which is related to increasing HC is the main goal of
DNO and DGO. But with increasing the HC, the energy losses also increase, which is
unsatisfactory for the DNO. The second objective function indicates that the network
energy losses should be minimized as well. In better words, the proposed model considers
the conflicting goals of DGO and DNO at the same time. In this paper, the ε-constraint and
fuzzy satisfaction methods are used to optimize the two contrary objective functions F1
and F2, as described in Section 4.4.

4.2. Constraints

In this section, the constraints related to AC and DC distribution networks, DFP, and
VSCs are presented.

4.2.1. Power Flow Equations of AC Distribution Network

Power flow equations of the AC network are presented in (6)–(12): (∀i ∈ Ωac
n , ∀t ∈ ΩT ,

∀s ∈ ΩS).
Plossac

t,s = ∑
i

Pnetac
i,t,s (6)

Pnetac
i,t,s = ∑

j∈Ωac
n

Pac
ij,t,s (7)

Q
netac
i, t, s

= ∑
j∈Ωac

n

Qac
ij,t,s (8)

Pac
ij,t,s = Υi,jVac

i,t,sV
ac
j,t,s cos(δac

i,t,s − δac
j,t,s − θij) (9)

Qac
ij,t,s = Υi,jVac

i,t,sV
ac
j,t,s sin(δac

i,t,s − δac
j,t,s − θij) (10)

Vac
min ≤ Vac

i,t,s ≤ Vac
max (11)

(Pac
ij,t,s)

2 + (Qac
ij,t,s)

2 ≤ (Smax
ij )2 (12)

Yij, θij are the magnitude and angle of the admittance connected between buses i
and j, respectively. Equation (6) shows the AC distribution network loss in time t and
scenario s. Equations (7) and (8) are the net active and reactive power injected to bus i in
the AC distribution network and (9) and (10) are related to the power flow through the line
connected between buses i and j. Equations (11) and (12) state the limits of voltage and
power passing through the line connected between buses i and j. vac

i,t,s, vac
max, vac

min in (11)
are magnitude, maximum, and minimum bus voltages, respectively. Pac

ij,t,s, Qac
ij,t,s, and Smax

ij
in (12) are the active and reactive power flow and the maximum allowable apparent flow
through a line connected between buses i and j. In addition, (13)–(26) apply to the location
of WT, PV, loads, and VSCs in the AC distribution network: (∀i ∈

{
Ωac

w , Ωac
pv

}
, ∀i ∈ Ωac

cvt ,
∀i ∈ Ωac

d , ∀i ∈ Ωsb, ∀t ∈ ΩT , ∀s ∈ ΩS).

Pnetac
i,t,s = Psb

i,t,s + Pw,ac
i,t,s + Ppv,ac

i,t,s + Pcvtac
i,t,s − Pcw,ac

i,t,s − Pcpv,ac
i,t,s − Pdac

i,t (13)

Qnetac
i,t,s = Qsb

i,t,s + Qw,ac
i,t,s + Qpv,ac

i,t,s + Qcvtac
i,t,s −Qdac

i,t (14)

Pw,ac
i,t,s = ςw

t,sCw,ac
i (15)

Ppv,ac
i,t,s = ς

pv
t,sCpv,ac

i (16)

Qw
i,min ≤ Qw

i,t,s ≤ Qw
i,max (17)

Qpv
i,min ≤ Qpv

i,t,s ≤ Qpv
i,max (18)

− tg(φi,t,s)Pw,ac
i,t,s ≤ Qw,ac

i,t,s ≤ tg(φi,t,s)Pw,ac
i,t,s (19)
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− tg(φi,t,s)Ppv,ac
i,t,s ≤ Qpv,ac

i,t,s ≤ tg(φi,t,s)Ppv,ac
i,t,s (20)

Pcw,ac
i,t,s ≤ Pw,ac

i,t,s (21)

Pcpv,ac
i,t,s ≤ Ppv,ac

i,t,s (22)

∑
t,s

Pcw,ac
i,t,s τtπs ≤ αac

i ∑
t,s

Pw,ac
i,t,s τtπs (23)

∑
t,s

Pcpv,ac
i,t,s τtπs ≤ αac

i ∑
t,s

Ppv,ac
i,t,s τtπs (24)

Psb
min ≤ Psb

i,t,s ≤ Psb
max (25)

Qsb
min ≤ Qsb

i,t,s ≤ Qsb
max (26)

Pw,ac
i,t,s , Ppv,ac

i,t,s , Qw,ac
i,t,s , and Qpv,ac

i,t,s in (13) and (14) are the active and reactive power
injected into the AC distribution network by WT and PV units. Pcw,ac

i,t,s and Pcpv,ac
i,t,s in (15)

and (16) are the WT and PV curtailed power in bus i at time t and scenario s, respectively.
Equations (17) to (20) refer to the WT and PV capability curves and represent the reactive
power control of WT and PV sources. The maximum acceptable curtailable powers are
bounded by the available WT and PV generation in the bus i at time t and scenario s,
as presented in (21) and (22). Furthermore, the total curtailable energy is restricted by
a predetermined fraction (αac

i ) of all generated energy at bus i, as presented in (23) and (24).
In addition, the maximum and minimum active and reactive powers of the upstream grid
are limited by (25) and (26).

4.2.2. Power Flow Equations of DC Distribution Network

The model for the power flow of DC lines depends on the number of its poles
Pd ∈ {1, 2}. For the monopolar lines, the total current is considered on one pole and
for symmetrical bipolar lines, the power flow is divided between the positive and negative
poles [36]. In this paper, without losing the generality of the problem, the monopolar model
is used (Pd = 1). Power flow equations of the DC distribution network are presented in
(27)–(31): (∀id ∈ Ωdc

n , ∀t ∈ ΩT , ∀s ∈ ΩS).

Plossdc
t,s = ∑

id
Pnetdc

id,t,s (27)

Pnetdc
id,t,s = pd ∗ ∑

jd∈Ωdc
n

Pdc
id.jd,t,s (28)

Pdc
id.jd,t,s = Gdc

id,jdVdc
id,t,s(V

dc
id,t,s −Vdc

jd,t,s) (29)

Vdc
min ≤ Vdc

id,t,s
≤ Vdc

max (30)

− Pmax
id.jd ≤ Pdc

id.jd,t,s ≤ Pmax
id.jd (31)

Equation (27) shows the DC distribution network loss in time t and scenario s.
Equation (28) indicates the net active power flow injected to bus id in the DC distribution
network, and (29) is related to the power flow through a line connected between buses
id and jd. vdc

id,t,s, vdc
max, vdc

min in (30) are the voltage magnitude, minimum, and maximum
operating limits for each bus, respectively. Gdc

id.jd is the magnitude of conductance con-

necting buses id and jd. Pdc
id.jd,t,s and Pmax

id.jd in (31) are the active power flow and maximum
allowable active flow through the line connected between buses id and jd. In addition,
(32)–(38) apply to the location of WT, PV, loads, and VSCs in the DC distribution network:
(∀id ∈

{
Ωdc

w , Ωdc
pv

}
, ∀id ∈ Ωdc

cvt , ∀id ∈ Ωdc
d , ∀t ∈ ΩT , ∀s ∈ ΩS).

Pnetdc
id,t,s = Ppv,dc

id,t,s + Pw,dc
id,t,s + Pcvtdc

id,t,s − Pcpv,dc
id,t,s − Pcw,dc

id,t,s − Pddc
id,t (32)
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Ppv,dc
id,t,s = ς

pv
t,sCpv,dc

id (33)

Pw,dc
id,t,s = ςw

t,sCw,dc
id (34)

Pcpv,dc
id,t,s ≤ Ppv,dc

id,t,s (35)

Pcw,dc
id,t,s ≤ Pw,dc

id,t,s (36)

∑
t,s

Pcpv,dc
id,t,s τtπs ≤ αdc

id ∑
t,s

Ppv,dc
id,t,s τtπs (37)

∑
t,s

Pcw,dc
id,t,s τtπs ≤ αdc

id ∑
t,s

Pw,dc
id,t,sτtπs (38)

Equation (32) shows the equality of power in each bus. Pw,dc
id,t,s and Ppv,dc

id,t,s in (33) and
(34) are the active power injected into the DC distribution network by WT and PV units,
respectively. Additionally, Pcw,dc

id,t,s and Pcpv,dc
id,t,s in (35) and (36) are the WT and PV curtailed

power in bus id at time t and scenario s, respectively. In these equations, the maximum
permissible curtailable power is bounded to the available WT and PV generation. In
addition, the total curtailable energy is limited by a predetermined portion (αdc

id ) of all
generated energy at bus id, as presented in (37) and (38).

4.2.3. DFP Equations

The DFP equations of AC and DC distribution networks are presented in this section.
The equations of the DFP in the AC network are presented in (39)–(44):

(∀i ∈ Ωac
DF , ∀t ∈ ΩT).

Pdac
i,t = Pdaco

i,t ∗ γac
i,t (39)

Qdac
i,t = Qdaco

i,t ∗ γac
i,t (40)

γac
i,t
≤ (1 + γmax

i λac
i ) (41)

γac
i,t ≤ (1− γmin

i λac
i ) (42)

∑
t∈ΩT

dt ∗ Pdac
i,t = ∑

t∈ΩT

dt ∗ Pdaco
i,t (43)

∑
t∈ΩT

dt ∗ Pdac
i,t = ∑

t∈ΩT

dt ∗Qdaco
i,t (44)

Pdaco
i.t and Qdaco

i.t in (39) and (40) show the amount of active and reactive demand of bus
i in the AC distribution network without DFP and γac

i,t indicates the decision variable for
demand pattern variation. The demand flexibilities are modeled by (41) and (42), where
γmax

i and γmin
i identify the maximum potentials of growth and reduction for the demand

in each hour. Moreover, λac
i is a binary variable, i.e., bus i does not contribute to the DFP

if λac
i = 0. Although the load consumption pattern is variable, the energy consumption

during the study period should remain constant, according to (43) and (44).
In addition, the DFP equations in the DC distribution network are presented in

(45)–(48): (∀id ∈ Ωdc
DF , ∀t ∈ ΩT).

Pddc
id,t = Pddco

id,t ∗ γdc
id,t (45)

γdc
id,t ≤ (1 + γmax

id λdc
id ) (46)

γdc
id,t ≤ (1 + γmin

id λdc
id ) (47)

∑
t∈ΩT

dt ∗ Pddc
id,t = ∑

t∈ΩT

dt ∗ Pddco
id,t (48)
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where, Pddco
id.t in (45) shows the amount of active demand of bus id in the DC distribution

network without DFP and γdc
id,t indicates the decision variable for the demand pattern

variation. The demand flexibilities are modeled by (46) and (47), where γmax
id and γmin

id
identify the maximum potentials of growth and reduction for the demand in each hour,
which has the same value as the AC network. Moreover, λdc

id is a binary parameter, i.e., if
λdc

id = 0 then the bus i does not contribute to the DFP. Equation (48) indicates that the total
energy consumption of the DC distribution network should remain constant.

4.2.4. Modeling of VSC

In this paper, VSCs are installed to convert the AC-DC powers in the distribution
network. The DC side of the VSC converters is a monopolar circuit and its model is depicted
in Figure 2. The impedance Zc of the converter includes the connecting elements between
the AC network (bus n) and the AC side of the converter (bus i). These elements include
transformers, phase reactors, and/or low-pass filters. The relationship between AC base
voltage and DC base voltage is in the form of (49) [37].

Vac
base = KvscVdc

base (49)
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The value of the constant in (49) (Kvsc) depends on the type of VSC and the Pulse
Width Modulation (PWM) strategy. In this paper, Kvsc is considered to be

√
3/
(

2
√

2
)

.
Therefore, the base voltage level of AC and DC distribution networks are equal to 11 kV
and 17.96 kV, respectively. The relationship between the AC and DC sides’ voltages of the
converter is presented in (50), where M is the PWM’s amplitude modulation index.

Vac
i.p.u = Mi.idVdc

id.p.u (50)

VSC constraints are presented in (51)–(54): (∀i ∈ Ωac
cvt , ∀id ∈ Ωdc

cvt , ∀t ∈ ΩT, ∀s ∈ ΩS).

Pcvtdc
id,t,s + Pcvtac

i,t,s + Plosscvt
i,t,s = 0 (51)

Plosscvt
i,t,s = 0.02∗

∣∣Pcvtac
i,t,s

∣∣ (52)

(Pcvtac
i,t,s )

2
+ (Qcvtac

i,t,s )
2 ≤ S2

i,max (53)

Qcvtac
i,t,s = Pcvtac

i,t,s tan(Ψi) (54)

The power connection between the AC and DC distribution networks is defined as
(51). Plosscvt

i,t,s expresses the VSC losses due to power exchange between AC/DC networks.
According to [33], the losses can be considered to be 2% of the power supply to the AC
distribution network, which is mentioned in (52). Normal VSC performance is limited by
the maximum apparent power specified in (53). VSC reactive power can be controlled by
a direct set point according to (53) or as a function of the converter power factor tan(Ψi)
according to (54). In this paper, in order to show the effect of reactive power control of
VSCs on increasing the HC and reducing energy losses, first, the power factor is considered
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to be equal to 1, so that VSCs exchange only active power. Then, (54) is used to control the
reactive power of VSCs and investigate its effect on the objective functions.

4.3. Linearization

The equations presented in the previous sections are linearized by the following hypotheses:

(1) The typical power flow equations in AC and DC distribution networks that are
illustrated in (9), (10), and (29), are nonlinear and non-convex. Reasonably, utilizing
these power flow terms in the optimization problems is difficult. Therefore, they
are linearized by taking into consideration two practical assumptions. The first one
is regarding the bus voltage magnitudes, in an AC and DC distribution system, to
be close to the nominal value Vnom The second assumption is that the voltage angle
difference θij through the AC line is tiny, leading to the trigonometric estimates, i.e.,
sin(θij) = θij and cos(θij) = 1 [37]. In addition, the voltage magnitude at bus i and id
can be represented as the summation of the nominal voltage and a minor deviation
∆Vi/id, i.e., Vi/id = Vnom + ∆Vi/id.

(2) The modulation index (M) of each VSC should be limited in order to prevent over-
modulation and excessive harmonics. The upper limit of M can be selected as Mmax = 1
and the lower limit as Mmin = Vmin

ac,pu/Vmax
dc,pu, which is usually the upper and lower

voltage limits, i.e., 0.95 p.u and 1.05 p.u, respectively. By defining the variable H = M−1,
the upper and lower limits of H are considered equal to 1.1 and 1. Additionally, by
defining (H = 1 + dH + ∆H) and dH equal to 0.05, the value of the new variable, i.e.,
∆H, is limited to ± 0.05. So, we have M = H−1 [37].

(3) The variables ∆H, ∆V, and θ have small values and therefore their multiplication can
be considered to be zero [37].

Therefore, according to the above hypotheses, (9), (10), and (29) become linear and
convex as presented in (55) to (57): (∀id ∈ Ωdc

n , ∀i ∈ Ωac
n , ∀t ∈ ΩT , ∀s ∈ ΩS).

Pac
ij,t,s = Vnom(∆Vac

i,t,s − ∆Vac
j,t,s)gij −V2

nombijθij,t,s (55)

Qac
ij,t,s = −Vnom(∆Vac

i,t,s − ∆Vac
j,t,s)bij −V2

nomgijθij,t,s (56)

Pdc
id.jd,t,s = Vnom(∆Vdc

id,t,s − ∆Vdc
jd,t,s)G

dc
id,jd (57)

Equations (55) and (56) present the AC lines’ active and reactive power flows and
(57) shows the DC lines active power flow. However, the linearized relationship between
AC-DC sides voltage of VSC that is described in Section 4.2.4 is presented in (58).

∆Vdc
id,t,s = ∆Vac

i,t,s(1 + dH) + ∆Hi.id,t,s + dH − ∆Vdc
id,t,s (58)

The active and reactive losses of the AC distribution network and active losses of the
DC distribution network are presented in (59) to (61): (∀id ∈ Ωdc

n , ∀i ∈ Ωac
n , ∀t ∈ ΩT ,

∀s ∈ ΩS).

PLac
ij ,t ,s = rij((Pac

ij ,t ,s)
2 + (Qac

ij ,t ,s)
2)/V2

nom (59)

QLac
ij ,t ,s = xij((Pac

ij ,t ,s)
2 + (Qac

ij ,t ,s)
2)/V2

nom (60)

PLdc
id.jd,t,s = rdc

id,jd(pdc
id.jd,t,s)

2
/V2

nom (61)

Equations (53), (59)–(61) contain quadratic variables, which can be linearized using
the piecewise method. Also, (52) includes the absolute function that can be linearized
by two piecewise functions:Plosscvt

i,t,s = 0.02 ∗ Pcvtac
i,t,s i f Pcvtac

i,t,s ≥ 0 and −Plosscvt
i,t,s = 0.02 ∗

Pcvtac
i,t,s i f Pcvtac

i,t,s ≤ 0.
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Finally, the transformed version of (7), (8), and (28) are presented in (62) to (64):
(∀id ∈ Ωdc

n , ∀i ∈ Ωac
n , ∀t ∈ ΩT , ∀s ∈ ΩS).

Pnetac
i,t,s = ∑

j ∈ Ωac
n

i 6= j

(Pac
ij,t,s + 0.5PLac

ij,t,s) (62)

Qnetac
i,t,s = ∑

j ∈ Ωac
n

i 6= j

(Qac
ij,t,s + 0.5QLac

ij,t,s) (63)

Pnetdc
id,t,s = ∑

jd ∈ Ωdc
n

id 6= jd

(Pdc
id.jd,t,s + 0.5PLdc

id.jd,t,s) (64)

4.4. Multi-Objective Optimization

Objective functions F1 and F2, discussed in Section 4.1, are two opposing objective
functions and must be optimized simultaneously. In this paper, the ε-constraint method [6]
is used to consider these contradictory objective functions. In this method, a function is
considered as the main objective and the other one as an inequality constraint by consider-
ing the appropriate value of a particular parameter, called ε. Therefore, the multi-objective
problem becomes single-objective and can be solved for different values of ε. In this paper,
the function F1 (HC) is selected as the main objective, and F2 (energy losses) is considered
as the inequality constraint. The model should be solved (calculating the F1 value) for the
different amounts of ε.

To choose the best compromise solution between the available solutions from the
ε-constraint method, the fuzzy satisfying approach [6] is utilized in this paper. In this
method, after calculating different objectives, fuzzy membership functions (F1,2) are used.
These functions (depicted in Figure 3) can be derived according to (65) and (66).

F1 =


0 , F1 ≤ Fmin

1
F1−Fmin

1
Fmax

1 −Fmin
1

, Fmin
1 ≤ F1 ≤ Fmax

1

1 , F1 ≥ Fmax
1

(65)

F2 =


1 , F2 ≤ Fmin

2
Fmax

2 −F2
Fmax

2 −Fmin
2

, Fmin
2 ≤ F2 ≤ Fmax

2

0 , F2 ≥ Fmax
2
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After normalizing different objectives, the best compromise solution candidate can be
obtained using Distance Metric Method [38], as presented in (67).

Min ∑
K=1,2

∣∣µk − Fk
∣∣p (67)

In (67), µK is the satisfaction level of the target functions from the policymaker’s
point of view, which has values between (0–1). The final solution will be a compromise
between the objective functions according to the membership amount of each function. It
is noteworthy that K is the total number of objective functions and p is often equal to 2.

4.5. Solution Procedure

To clarify the proposed mathematical model, a summary of the solution procedure is
presented in the flowchart depicted in Figure 4.
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5. Simulation Results

The proposed model is implemented in GAMS [39] environment and is solved using
Gurobi solver, running on an Intel® Core™ i7-4790k CPU @ 4.00GHz PC with 16 GB RAM.

5.1. Input Data

The proposed model is applied on a hybrid AC/DC distribution network consisting
of 69 AC and 7 DC buses, as depicted in Figure 5. The total loads of AC and DC distri-
bution networks are 4.56 MW and 5.1 MW, respectively. The base voltages of AC and
DC distribution networks are 11 kV and 17.96 kV, respectively, and buses 1 of AC and
DC distribution networks are considered as slack buses. The capacity of VSC1 is equal to
7 MVA, and the capacities of the rest of the VSCs are equal to 1 MVA. One year (8760 h)
is considered as the planning horizon. To decrease the computation load, this 8760 h has
been reduced to 96 h. In better words, one day of each season is selected as a sample, i.e.,
four days in total. WT/PV generation and AC/DC load data are given in [40]. Figure 6
shows the historical WT and PV generations and the AC and DC load consumptions. As
described in Section 3.1, first, quite a few scenarios were generated for generation sources
with the MCs, and then they are reduced to 4 scenarios with the fast-backward method.
Candidate buses for installing WT and PV consist of buses 4, 13, 17, 29, 32, 38, 46, and
55 in the AC distribution network and buses 3 and 6 in the DC distribution network. The
power factor limit of each WT and PV is considered to be 0.95 (lag/lead). The maximum
percentage energy curtailment allowed for WT and PV is assumed to be 10%. Moreover,
all buses in the AC and DC distribution networks could participate in the DFP (λac

i = 1 ,
∀i ∈ Ωac

n , λdc
id = 1, ∀id ∈ Ωdc

n ). Furthermore, the maximum demand flexibility of AC and
DC distribution networks is assumed to be 20% for all buses.
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5.2. Case Studies

To evaluate the effects of DFP and ANM on the HRES HC and energy losses,
four different case studies are investigated as described in Table 2.

Table 2. Specifications of case studies based on the types of RESs, objectives, and tools used in
each case.

Case
Study

Stochastic
(Uncertainties)

RESs Objectives Tools

WT Only PV Only Hybrid
PV-WT Max HC Min

Losses DFP ANM
(QVSC)

1 X X X X X 7 7 X7

2 X X X X X 7 X X7

3 X X X X 7 X X7 X7

4 X 7 7 X X X X X

X/7 denotes that the subject is/is not considered.

As can be seen, cases 1 and 2 are related to the HC enhancement, case 3 is focused
on energy loss minimization, and case 4 considers the simultaneous (multi-objective)
optimization of HC and energy losses. In the first three cases, the evaluation of the objective
function is performed based on WT-only, PV-only, and hybrid PV-WT modes. Cases 1 and 2
are mainly focused on the DFP effect and the ANM influence, i.e., reactive power control
of VSC (QVSC), is also investigated. Case 3 is focused on the losses minimization and the
results are presented with/without DFP and QSVC. Case 4 investigates the multi-objective
framework. So, only the results of hybrid mode (PV-WT) with the presence of DFP and
QSVC are demonstrated and discussed.

5.3. Case Study 1: Maximizing Hybrid PV-WT HC without DFP and with/without QVSC

In this case, the optimal capacity of WT and PV for maximizing the HC without
DFP and with QVSC is derived during the study period. The results of this case are
presented in Table 3. As shown, the HC of PV-only mode is 31.5% higher than WT-only
mode, still, the total energy generation of PV is equal to 59% of the energy generated by
WT sources. The difference is due to the fact that WTs could track the demand variation
better than PV in this network. So, WTs reach the network limits with less integrated
capacity. The maximum energy curtailment is considered equal to 10% of the total energy
generation by sources, which is at its maximum level as expected. When WT and PV gener-
ations are considered together, the amount of increase in energy generation of sources is
14% compared to WT-only mode and 93% compared to PV-only mode. The enhancement
of HC in hybrid mode is 28% compared to PV-only mode in which the WT capacity has
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increased by 8.21 MW and the PV capacity has decreased only by 3.78 MW. Comparing the
hybrid mode with the WT-only mode, the increase of HC is 37% in which the WTs capacity
has decreased by 3.68 MW and the PVs capacity has increased by 11.85 MW. The amount
of power exchanged between the two distribution networks by VSC in the PV-only mode is
less than that in the other two modes due to less generation of PV than WT. Additionally,
the large number of energy losses are due to zero generation of sources in the DC network
as shown in Figure 7, which increases the energy losses by generating power in the AC
network and transferring it to the DC network.

Table 3. HC, energy of sources, curtailment, losses, and energy exchange by VSC without DFP and
with QVSC.

RESs
WT

Capacity
(MW)

PV
Capacity

(MW)

Total
HC (MW)

Energy
of Sources

(GWh)

Energy
Curtailment

(GWh)

Energy
Losses
(GWh)

Energy
Exchange by
VSC (GWh)

WT-only 11.89 - 11.89 46.35 4.63 5.45 35.50
PV-only - 15.63 15.63 27.48 2.74 4.52 29.15

Hybrid PV-WT 8.21 11.85 20.06 52.89 5.27 5.51 34.78
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Figure 7. Capacity of RESs in different locations of the network without DFP and with QVSC;
(a) WT-only and PV-only, (b) hybrid PV-WT.

Figure 7 shows the optimal installed capacity of DGs in the candidate buses in three
different modes without DFP and with QVSC. As can be seen, the installed capacity of
DGs in the DC distribution network is zero in this case. In the hybrid mode, the installed
capacity of DG in buses ac32 and ac46 is zero. In bus ac38, the WT capacity is 94% and in
buses ac17 and ac55, the PV capacity is 100% of the total RESs installed capacity. In all of
the other buses, the share of WT and PV capacity is almost equal. The difference between
the share of WT and PV in various buses mainly depends on the specific spatial constraints,
such as voltage and lines flow limits. As shown, the DG capacity of buses close to the
upstream substation has a lower capacity than farther buses, mainly due to the voltage
limitations. This is because of the fact that the farther buses from the upstream grid have
a higher voltage drop and a larger amount of DG can be installed in these buses without
causing any overvoltage issue.

Figure 8a shows the highest voltage of the network (at any location) vs. time period
without DFP and with QVSC in scenario s1. For the WT-only mode, high voltages level
and voltage violations during the spring are more than in other seasons due to the high
generation of WT. For PV-only, the high voltages level similarly tracks its source pattern,
but the case is not as extreme as WT-only. In other words, despite the higher capacity of
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PV compared with the WT, the high voltages level in the PV-only mode is lower than in
the WT-only mode and the voltage violations in the WT-only mode are more severe. This
is due to the fact that WT sources generate noticeable power most of the time, leading
to more effective utilization of the network capacity. However, the voltages level and
violation of the hybrid PV-WT mode are more severe than the individual WT and PV
modes, representing that the network HC is enhanced significantly.
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Figure 8. (a) Highest voltage of the network (at any location), (b) Difference between high lines
loading (any line in the network) and its maximum allowable power flow; vs. time period in scenario
s1 without DFP and with QVSC.

Figure 8b shows the difference between the highest line loading in the network (at
any line) and its maximum allowable power flow through the lines (Sij − Smax

ij ) vs. time
period without DFP and with QVSC in scenario s1. The high lines loading in PV-only
mode follows its source pattern. The high lines loading and the line capacity violations in
WT-only mode are more than in the PV-only mode. In addition, the case is more severe in
the spring season. This is due to the same reason explained for the voltage levels. Besides
this, the high lines loading and the lines capacity violation in hybrid PV-WT mode are more
than individual WT and PV modes, which is due to the increased HC of the system.

Additionally, it is shown that how VSCs help to prevent the voltage drop and the high
line loading with QVSC is to increase HC. For this purpose, active/reactive power of VSC
connected between buses ac62 and dc4, power flow between bus ac1 to ac51, and reactive
power of PV connected to bus ac55 of the hybrid mode are depicted in Figure 9 without
DFP and with QVSC in the spring and for different scenarios (s).

In this area of the network, PV connected to bus ac55 has a 4.54 MW capacity producing
active power and injecting/receiving reactive power. As shown in Figure 9a, most of the
time, the active power of VSC is transferred from the AC network to the DC network
due to 3 main reasons: (1) the power generation of sources in other buses, (2) the lack of
installed capacity of sources in the DC network, and (3) the transferred power to this part
of the network via the line between bus ac1 and ac51. As shown in Figure 9b,c, when
active power is injected from the upstream grid to this part of the network, due to a lack
of reactive power from the PV (depicted in Figure 9d) most of the time, the VSC tries to
prevent voltage drop of the buses by injecting reactive power. In addition, when the PV
starts generating active power (t9–t15) in this area, the active power flows in reverse to the
upstream grid and VSC helps to control the voltage of the buses by absorbing the reactive
power. This is one of the advantages of VSC, i.e., controlling the voltage of the distribution
network by injecting/receiving reactive power leading to the HC enhancement.

The HCs, with and without QVSC in the hybrid mode without DFP are 20.06 MW
and 19.6 MW and the energy losses are 5.51 GWh and 4.23 GWh. Therefore, VSCs can
increase the HC and decrease the losses by injecting or absorbing reactive power into the
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AC distribution network. This is in addition to VSCs’ main role, i.e., the flexible transfer of
active power between AC and DC lines.
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Figure 9. (a) Active power of VSC connected between buss ac62 and dc4 (hybrid mode), (b) Reactive
power of VSC connected between buses ac62 and dc4 (hybrid mode), (c) Active power flow from
bus ac1 to bus ac51 (hybrid mode), (d) Reactive power of PV connected to bus ac55 (hybrid mode);
without DFP and with QVSC.

5.4. Case 2: Maximizing Hybrid PV-WT HC with DFP and with/without QVSC

In this case, the optimal capacity of WT and PV for maximizing the HC with DFP
and QVSC is derived, and the results are presented in Table 4. Comparing the second
case study with the first one, the HC is increased by 16.7% (2.62 MW) for PV-only mode,
7% (0.94 MW) for WT-only, and 21% (4.33 MW) for the hybrid PV-WT mode. It means that
the DFP has a greater impact on the capacity of PV sources compared to the WT sources.
This is because of the fact that PV generation is more concentrated on specific hours of the
day causing more issues from the network perspective. Additionally, the energy losses in
WT-only, PV-only, and hybrid PV-WT have increased with DFP. In other words, in this case
(considering the DFP), the network is used more efficiently, and the flows of the lines are
increased due to the enhanced HC, which has led to an increase in energy losses.

The installed capacities of WT and PV in various modes are demonstrated in Figure 10.
Contrary to the first case study (without DFP), a part of WT installed capacity is located
in the DC distribution network (for the WT-only mode). This is due to the application
of DFP and providing the network relief for using the potentials of the DC network.
However, in the hybrid and PV-only modes, the installed capacity of the sources in the
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DC distribution network is zero. Therefore, the power is generated in the AC network
and should be transmitted to the DC network via VSC. This can increase the transmission
capacity through VSC compared to the first case study.

Table 4. HC, energy of sources, curtailment, losses, and energy exchange by VSC with DFP and
with QVSC.

RESs
WT

Capacity
(MW)

PV
Capacity

(MW)

Total
HC (MW)

Energy
of Sources

(GWh)

Energy
Curtailment

(GWh)

Energy
Losses
(GWh)

Energy
Exchange by
VSC (GWh)

WT-only 12.83 - 12.83 50.01 5.00 6.08 30.81
PV-only - 18.25 18.25 32.08 3.20 4.79 32.64

Hybrid PV-WT 8.69 15.69 24.39 61.47 6.14 7.55 44.46
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Figure 10. Capacity of RESs in different locations of the network with DFP and QVSC; (a) WT-only
and PV-only, (b) hybrid PV-WT.

Figure 11 shows the percentage of the hours that the voltages and lines loadings (any
location in the network) have reached the allowed limits in different scenarios for different
modes (PV-only, WT-only, and hybrid PV-WT) with/without DFP. Generally speaking,
the voltage and line capacity violations of the WT-only mode are more than in the PV-
only mode, which means that the WTs can utilize the network capacities more efficiently.
Nevertheless, the hybrid PV-WT mode shows even a higher percentage of voltages and
line loading limitations in comparison with the singular WT and PV modes. In addition,
with the DFP, the occurrence of parameters reaching the allowed upper limits has increased.
This means that the DFP can facilitate the efficient utilization of the network, similar to the
hybrid RES’s consideration. Besides this, the voltage magnitude of the network has reached
the allowed upper limits more frequently in comparison with the lines flows, which means
that it is a more restricting parameter for the HC.

The scheduled DFP is a time and bus-dependent action. Therefore, the average DFP
action for all buses in AC and DC distribution network is presented in Figure 12 for the
PV-only, WT-only, and hybrid PV-WT modes. The average load actions in the PV-only
and WT-only modes are more obvious during the hours that these sources generate their
maximum output. Nevertheless, the average load action in the hybrid PV-WT mode is
clearer when the PV has its maximum output. This means that the DFP has a more intense
impact on the PV capacity installation, as mentioned earlier.

The HCs of PV-WT mode considering the DFP (case 2) with and without QVSC is
24.39 MW and 23.37 MW with the associated energy losses of 7.55 GWh and 5.78 GWh,
respectively. A simple comparison with case 1 indicates that the HC is increased more
when the QSVS is considered (comparing 0.46 MW and 1.02 MW enhancement of HC due
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to DFP). In other words, the DFP can facilitate the utilization of the network more efficiently
when the QSVC is considered. Using the DFP and QSVC together leads to a network where
almost all of the buses’ voltages and lines’ loadings reach their maximum allowable values.
This means utilizing all of the potentials to increase the HC of the network.
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Figure 11. Percentage of the hours that the parameters have reached the allowed limits in different
scenarios with/without DFP and with QVC; (a) voltages issue, (b) lines loading issue.
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5.5. Case Study 3: Minimization of Losses for Hybrid PV-WT with/without DFP and QVSC

The discussed case in this section demonstrates the impact of HRES with DFP and
QVSC on the energy loss reduction of the network. Therefore, it has been tried to determine
the optimal capacity of single RESs (PV-only and WT-only) and HRES (hybrid PV-WT)
in order to reduce the energy losses of the network. In this case, the HC is ignored as
an objective function and both DFP and QVSC are used to only reduce the energy losses.
Table 5 shows the minimized energy losses and the associated HC in three modes: PV-only,
WT-only, and hybrid PV-WT with/without DFP and with QVSC.

Table 5. Energy losses in three modes: PV-only, WT-only, and Hybrid PV-WT with/without DFP and
with QVSC.

RESs
Without DFP With DFP

HC (MW) Energy Losses (MWh) HC (MW) Energy Losses (MWh)

WT-only 9.35 649.23 10.43 574.10
PV-only 12.99 984.50 15.61 854.23
Hybrid PV-WT 16.16 475.97 20.05 405.00

It is clear that the energy losses are a lot lower compared with cases 1 and 2, where the
HC was the objective function. In addition, the losses of the PV-only mode are larger than
the other two modes. Besides this, in the hybrid PV-WT mode, the energy losses are less
than in the single RESs modes. This is because in the case of HRES, the higher generated
power causes less injected power from the upstream grid and the local consumption of the
power leads to less power flowing through the network. In addition, DFP shifts the load
from the minimum generation and maximum demand periods to the maximum generation
and minimum demand periods. This causes the power to be consumed more locally and
reduces the reverse power flow, which consequently reduces the energy losses.

Figure 13 shows the installed capacity of sources in different locations for three modes:
PV-only, WT-only, and hybrid PV-WT with/without DFP and with QVSC. As can be seen,
compared to the HC enhancement strategy (cases 1 and 2), all sources have installed
capacity in both AC and DC networks. In fact, due to low losses of the DC lines, the
capacity of sources in the DC network is increased compared with the previous cases.
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Figure 13. Capacity of WT-only, PV-only, and hybrid PV-WT in different locations; (a) without DFP
and with QVSC, (b) with DFP and with QVSC.

As shown, when the DFP is used, the energy losses and HC with QVSC are equal to
405 MWh and 20.05 MW, respectively. Without QVSC, these values are 501.8 MWh and
19.43 MW, respectively. With QVSC, the energy losses have decreased by 96.8 MWh and
the HC has increased by 0.62 MW, which shows the beneficial effect of QVSC on increasing
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the HC and reducing the energy losses. In fact, due to local VSC reactive power support,
the tension on the AC lines is reduced alleviating the energy losses.

5.6. Case Study 4: Optimization of Hybrid PV-WT HC and Losses with the DFP and QVSC

Enhancing the HC increases the energy losses, which is contrary to the goals of
DNO. Therefore, in this case study, an attempt has been made to trade off between these
two objectives. As mentioned in case 2, the maximum HC is 24.39 MW with the associated
energy losses of 7.55 GWh. Additionally, case 3 has demonstrated that the minimum energy
loss is 405 MWh, and its associated HC is 20.05 MW.

As described in Section 4.4, this paper uses the ε-constraint method for calculating
the Pareto front of two objectives, i.e., the minimum energy losses and the maximum HC.
This method varies the values of ε for energy losses to optimally calculate the HC. In
other words, the ε is increased from Fmin

2 to Fmax
2 smoothly and F1 is maximized while

the decision variables reach their optimal values. Setting the problem for minimization
of the energy losses, Fmin

2 can be calculated by solving the formulation with the objective
function presented in (2). In addition, by solving the problem with the objective function
presented in (1), the HC will be maximized and Fmax

2 is the associated energy losses of this
case. Figure 14 illustrates the Pareto optimal front considering energy losses and HC as
the objective functions. It is obvious that the energy losses are increased when the HC is
enhanced, showing the conflict between these objectives.
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Figure 14. The Pareto front of optimal solutions considering energy losses and HC as objectives.

All of the points of the Pareto front are optimal from the DNO’s perspective. The
decision-maker should choose the final optimal solution in accordance with the network
requirements and the importance of each function for the policymakers. For example, if
the HC is more important, its maximum value can be selected to be 24.39 MW with the
energy losses being on its maximum value, i.e., 7.55 GWh. On the other hand, if the energy
losses are more important, their value can be minimized up to 0.405 GWh with a minimum
associated HC, i.e., 20.05 MW. In other words, the best HC is associated with the worst
energy losses and vice versa, and the DNO must decide to stand between these two extreme
cases according to the importance of objectives. Using the fuzzy satisfaction criterion and
distance metric methods, described in Section 4.4, and selection of equal importance for the
objectives (µ1 = 1 , µ2 = 1), the final trade-off solution is specified with the red point in
Figure 14. At this point, the HC is 22.79 MW, and the energy losses are 3.63 GWh. If the HC
is more important from the DNO’s point of view, they can choose a smaller threshold for
the energy losses. For example, if µ1 = 1 and µ2 = 0.9, the optimal HC and energy losses
are equal to 23.12 MW and 4.09 GWh, respectively.

It is noteworthy that when the QVSC is considered without the DFP (case 1), the
maximum HC is 20.06 MW with the energy losses being equal to 5.51 GWh. However,
with the DFP, according to the presented Pareto front, when the HC value is 20.05 MW,
the energy loss is approximately equal to 0.405 GWh. This shows the significant impact of
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the DFP on reducing the energy losses as well as increasing the HC. Additionally, when
the DFP is considered without the QVSC (case 2), the maximum HC value was 23.37 MW
with the energy loss being equal to 5.78 GWh. However, with the QVSC, according to
the presented Pareto front, when the HC is equal to 23.37 MW, the energy loss is around
4.44 GWh. This shows the impact of the QVSC on reducing energy loss while enhancing
the HC.

The variation in the importance of these objectives can change the installed capacity
of WT and PV throughout the network. Figure 15 shows the changes in installed PV and
WT capacities at the selected buses vs. the HC, considering both DFP and QVSC. At low
values of HC, the WT and PV sources are installed on all of the candidate buses having
more or less the same capacity. However, with the increase of HC, the installed capacity of
PV and WT sources in some buses has been reduced (even to zero) and in some other buses,
there is an increase in the RESs installed capacity. For example, the installed capacity of
PV sources in dc3, dc6, and ac32 buses has been reduced to zero and the installed capacity
of WT sources has decreased in dc3, dc6, ac32, ac46, and ac55 buses. In other words, with
the increase of HC, the installed capacity of PV and WT sources has been focused on a few
specific buses.
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Figure 15. The capacity of (a) PV and (b) WT at the selected buses vs. the HC considering DFP
and QVSC.

Generally speaking, the difference in the installed capacity of different buses can lead
to an increase in the energy losses, due to the high values of active and reactive power
flows of the network lines. Nevertheless, in the lower levels of HC, the RESs-based DGs
supply the local consumers causing lower energy losses. As can be seen, with the increase
of the HC from 23.28 MW onwards, the capacity of PV sources has been almost constant,
and the capacity of WT sources has increased. Therefore, increasing in energy losses is
mainly due to the increase in the installed capacity of WT sources.

5.7. Economic Analysis

Some basic economic analyses regarding the connection of RESs to the AC/DC net-
works are presented in this section. This paper investigates the effect of HRES along with
DFP and QVSC on the HC enhancement in three modes: PV-only, WT-only, and hybrid
PV-WT. Without DFP and in PV-only and hybrid PV-WT modes, the PV units are installed
in the AC network. In addition, with DFP and in the WT-only mode, WT has a non-zero
installed capacity in the DC network.

These cases, generally PV in the AC network and WT in the DC network, require more
AC-DC and DC-AC converters. Therefore, connecting them to the associated networks
comes at a cost. Table 6 shows the HC and the total investment cost of converters to connect
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RESs to the distribution network in various cases. The investment cost of AC-DC and
DC-AC converters is considered to be 4200 $/MW and 6500 $/MW [41].

Table 6. Total investment cost of converters and HC in three modes with/without DFP and
with QVSC.

DFP RESs Additional Cost of
Converters ($) HC (MW)

Without
DFP

WT-only 0 11.89
PV-only 101,595 15.63
PV and WT in AC and DC network
(multi-location/ hybrid mode) 77,025 20.06

PV in DC network and WT in AC
network (single-location/ hybrid mode) 0 19.37

With
DFP

WT-only 4830 12.83
PV-only 118,625 18.25
PV and WT in AC and DC network
(multi-location/ hybrid mode) 101,985 24.39

PV in DC network and WT in AC
network (single-location/ hybrid mode) 0 21.81

According to the table, the additional investment cost of converters in hybrid PV-WT
mode is lower than in PV-only mode with and without DFP. It shows that when WT and
PV are installed together in multi-locations (hybrid mode), they reduce the additional
investment cost of converters in addition to enhancing the HC. Moreover, when WT and PV
are installed in single-location (PV and WT in DC and AC networks, respectively), the total
investment cost of converters becomes zero. Obviously, this comes at the cost of lowering
the HC compared with the case of HRES in multi-locations. However, the HC is still larger
than the HC of individual RESs modes. Therefore, it can be said that if it is chosen to place
HRES in a single location of the proper network, the total investment cost of converters is
reduced, and at the same time the HC increases compared to WT-only and PV-only modes.
This shows the advantages of using hybrid AC/DC distribution networks and considering
the HRES (hybrid PV-WT) at the same time.

5.8. Discussion

The proposed model in this paper is a multi-objective framework for increasing the
HC and decreasing the energy losses. This model considers the hybrid RESs deployment
mathematical model that can incorporate any kind of DGs considering their uncertain-
ties using scenario-based stochastic programming. In this model, both DSM and ANM
schemes have been considered simultaneously, which makes the proposed model more
comprehensive. ANM schemes are DGs curtailment, DGs reactive power control, and VSCs
reactive power control. Nevertheless, without loss of generality, other ANM schemes such
as OLTC transformer, storage, and network reconfiguration are not considered, which can
be straightforwardly added to the model.

In general, for HC studies, 8760 h of the year should be considered to demonstrate the
accurate performance of the proposed model. However, due to the computation burden,
one specific day of each season (totally, 96 h) is chosen to consider the frequent variability
of RESs throughout the year. In addition, in order to be more realistic, the uncertainty
of RESs output, which may occur at any specific time, is modeled via scenario-based
stochastic programming.

The developed model was originally formulated as NonLinear Programming (NLP).
Therefore, due to the noticeable size of the investigated test network, the nonlinearity and
complexity of the accurate power flow equations, and the absolute expressions, the solution
time was about 29 h. So, in order to reduce this computational burden, the proposed NLP
model has been converted to a Mixed Integer Linear Programming (MILP) model. After
providing a MILP model, the solution time has decreased considerably to 11 h, which



Sustainability 2022, 14, 7558 25 of 28

shows the efficiency of the proposed model. It should be noted that the HC studies are
conducted for planning purposes and consequently, this solution time can be considered
acceptable. However, it is worth noting that the conversion process of the NLP to MILP is
based on some hypothesis, which makes the proposed model non-accurate. However, the
simulation studies have demonstrated that both MILP and NLP models have reached the
same results.

6. Conclusions

This paper proposes a multi-objective, multi-source, and multi-period stochastic
optimal linear power flow-based assessment framework to simultaneously optimize the
hybrid PV-WT HC and energy losses via the ε-constraint method in a hybrid AC/DC
distribution network considering all technical limitations and uncertainty of RESs. The
main included technical limitations are the power flow equations of the AC and DC
networks. The proposed model considers the common ANM schemes such as reactive
power control and power curtailment of RESs. Additionally, the reactive power control
of VSC is investigated as a new scheme of ANM in the HC studies. Moreover, one of the
most significant DSM programs, i.e., DFP, is considered in the problem formulation. The
simulation results show that one of the ways to reduce the effects of RESs variability is to
use RESs in a complementary way, which makes them utilize the network’s capacity more
efficiently, consequently increasing the HC and reducing the energy losses. Additionally, if
DFP is used with HRES, the utilization of a network’s capacity becomes even more efficient,
and the HC and energy losses become more optimized. In addition, one of the potentials
of a hybrid AC/DC distribution network is the presence of VSC and its capabilities. It
has been shown that in addition to the flexible transfer of active power between the
two networks, it can increase the HC and reduce the energy losses by controlling its
reactive power. The proposed method can lead to the optimal utilization of a hybrid
AC/DC distribution network in order to increase HC and reduce the energy losses based
on the proposed stochastic MILP model. The results elicited from the presented model can
be used to offer incentives for DGOs. Therefore, each fraction of DNO revenues achieved by
energy loss reduction is given to DGO in a way that decision of DGO would be compatible
with the DNO requirements. These encouragements can also be taken into account in the
connection costs. Such studies can be investigated in future works.
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Nomenclature

Indices
i: j Indices of the AC buses.
id, jd Indices of the DC buses.
t Index of the hours.
s Index of the scenarios.
l Index of the feeders.
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Sets
Ωsb Set of substation buses in the network.
Ωs Set of scenarios in the operation period.
ΩT Set of hours in the operation period.
Ωac/dc

pv Set of candidate AC/DC buses for installing PV.
Ωac/dc

w Set of candidate AC/DC buses for installing WT.
Ωac/dc

cvt Set of candidate AC/DC buses for installing the VSC.
Ωac/dc

n Set of AC/DC distribution buses.
Ωac/dc

d Set of demand buses in AC/DC network.
Ωac/dc

DF Set of distribution buses participating in the DFP in AC/DC network.
Variables

C(w/pv),ac
i WT/PV installed capacity in the bus i of the AC network (MW).

C(w/pv),dc
id WT/PV installed capacity in bus id of the DC network (MW).

(P, Q)
(w/pv),ac
i,t,s Active/reactive power of WT/PV in the bus i at time t and scenario s in

AC network (MW/MVAR).

P(w/pv),dc
id,t,s Active power of WT/PV in bus id at time t and scenario s in DC network (MW).

P(cw/cpv),ac
i,t,s Curtailed power of WT/PV in the bus i at time t and scenario s in AC network (MW).

P(cw/cpv),dc
id,t,s Curtailed power of WT/PV in the bus id at time t and scenario s in DC network (MW).

(P, Q)dac
i,t Active/reactive demand of bus i considering DFP at time t in AC network

(MW/MVAR).
Pddc

i,t Active power demand in the bus id considering DFP at time t in DC network (MW).
γac/dc

i/id,t DFP in the bus i/id of AC/DC network at time t.
(P, Q)netac

i,t,s Net active/reactive power injection to the bus i at time t and scenario s (MW/MVAR).
Pnetdc

id,t,s Net active power injection to the bus id at time t and scenario s (MW).
(P, Q)cvtac

i,t,s Active/reactive power of VSC connected to bus i at time t and scenario s
(MW/MVAR).

Plosscvt
i,t,s Active power losses of VSC connected to bus i at time t and scenario s (MW).

Pcvtdc
id,t,s Active power of VSC connected to bus id at time t and scenario s in DC network (MW).

(P, Q)ac
ij,t,s Active/reactive power flowing line ij in AC network at time t and scenario s (MW).

Pdc
id.jd,t,s Active power flowing line id.jd in DC network at time t and scenario s (MW).

(PL, QL)ac
ij,t,s Active/reactive losses of AC lines connected between i and j at time t and scenario

s (MW/MVAR).
PLdc

id.jd,t,s Active losses of DC lines connected between id and jd at time t and scenario s (MW).

Plossac/dc
t,s Active power losses of AC/DC network at time t and scenario s (MW).

(v, δ)ac
i,t,s Voltage magnitude/angle of bus i at time t and scenario s in AC network.

vdc
id,t,s Voltage magnitude of bus id at time t and scenario s in DC network.

∆Hi.id,t,s Variable used in the linearization process for the DC network.
∆Vi/id,t,s Deviation of Voltage magnitude at bus i and id in AC/DC network.
Parameters
Yij, θij Magnitude/angle of the element ij of the admittance matrix of AC network.
gij/bij/Smax

ij Conductance/susceptance/ MVA rating of the line connecting bus i and j.
Gdc

id.jd/Pmax
id.jd Conductance/ MW rating of the line connecting between bus id and jd in DC network.

Psb
min/max Min/ Max active power imported from the upstream grid (MW).

Qsb
min/max Min/ Max reactive power imported from the upstream grid (MVAR).

ς
w/pv
t,s WT/PV power generation at time t and scenario s (percentage of the full capacity).

Qw/pv
i,min/max Minimum/Maximum reactive power generation by WT/PV sources in the bus

i (MVAR).
cos(φ)i,t,s Power factor of WT and PV located in the bus i at time t and scenario s.
αac/dc

i/id The upper limit for acceptable generation energy curtailment at bus i/id in
AC/DC network.
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λac/dc
i/id A binary parameter that indicates the participation of bus i/id in DFP in the

AC/DC network.
Pddco

id.t Base (without DFP) active power in the bus id for time t in DC network (MW).
(P, Q)daco

i.t Base (without DFP) active/reactive power in the bus i at time t (MW/MVAR).
γmax/min

i/id Upper/lower boundary of DFP at bus i/id in AC/DC network.
Ψi Power factor angle of VSC connected to bus i in AC network.
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