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Abstract: With the rapid development of AC/DC hybrid microgrids and the widespread use of
distributed power resources, planning strategies for microgrids with high-density distributed power
generation have become an urgent problem. Because current research on microgrid planning has
not considered line factors, this paper analyses the planning of an AC/DC hybrid microgrid based
on an AC microgrid. The capacity and siting of the distributed power resources are optimized,
taking into account the influence of the line investment cost and the interactive power upper limit
on the planning results. In the proposed model, the objective is aimed at minimizing the sum of
investment cost, load-loss economic cost, and system losses, taking into consideration power balance
constraints and feeder number constraints. The commercial solver CPLEX is applied to attain the
optimal distributed power capacity and site. The theoretical results are verified by an actual system.

Keywords: AC/DC hybrid microgrid; line factors; capacity and site; economic costs; optimization
planning

1. Introduction

Distributed renewable energy has been widely used in recent years because it improves
environmental protection, and has renewable characteristics. To increase the utilization rate of
renewable energy sources and reduce the energy loss of renewable energy sources integrated
into traditional power systems, AC/DC hybrid microgrids have been developed rapidly.
By accommodating distributed energy and meeting AC and DC load demands because of its two
components—an AC microgrid and a DC microgrid—the AC/DC hybrid microgrid has unique
advantages. Thus, hybrid microgrids have become a popular research topic in recent years [1–6].

For a distribution network system that includes an AC microgrid, expansion planning is required
as the loads increase. Large-capacity DC loads, such as electric vehicles, light emitting diode (LED)
lamps, and DC motors, are connected to the microgrid according to certain rules; the DC loads can
be connected to AC Bus or DC Bus. Thus, if the original AC microgrid can’t meet load requirements,
the original AC microgrid should be expanded, and the expansion planning for the original AC
microgrid system includes two options as shown in Figure 1. The new microgrid will have two
design method, which are the new AC microgrid and the new DC microgrid. Therefore, the new AC
or DC loads can be connected to AC bus or DC bus, making the microgrid system more abundant.
Compared with the original microgrid, the new microgrids have more operation modes, and they can
accommodate more distributed power resources.

Energies 2018, 11, 1930; doi:10.3390/en11081930 www.mdpi.com/journal/energies
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Figure 1. Expansion planning of microgrids.

As shown in Figure 1, the new AC microgrid system is connected to the original AC microgrid by
the AC bus in Option 1©; thus, the new distributed power, AC/DC load, etc. will be connected to the
new AC microgrid; in this manner, the new microgrid and the original microgrid form a larger-scale
AC microgrid cluster or system. Option 2© includes building a new DC microgrid system based on
the original AC microgrid by inserting the new DC load into the DC bus and connecting the new AC
load to the original AC microgrid, thereby simultaneously increasing the distributed power matching
capacity and access mode on the AC or DC bus side, and the AC microgrid and the DC microgrid are
then interconnected via a bi-directional AC/DC converter and form AC/DC hybrid microgrid system.
This article focuses on the latter.

The AC/DC hybrid microgrid consists of AC sub-microgrids and DC sub-microgrids. The power
capacity of an AC sub-microgrid and a DC sub-microgrid is relatively balanced with each respective
load; as a result, the power transmission between the AC and DC sub-microgrids is reduced, thereby
facilitating the control of the hybrid microgrid. Moreover, the AC or DC sub-microgrids can be
networked or operated independently, which increases the flexibility of the operation mode. In the
planning of an AC/DC hybrid microgrid, the principles of energy conservation, partition matching,
distributed energy complementarity, and guaranteed power quality should be followed; therefore,
these design principles must be considered in the expansion planning model and when devising the
constraints [4–6].

Figure 2 shows a typical grid structure of an AC/DC hybrid microgrid. The hybrid microgrid
system connects the AC and DC bus via a bi-directional AC/DC converter, forming AC and DC
sub-microgrids. Photovoltaics, wind turbines, energy storage and other power generation units as
well as AC and DC loads are connected to AC and DC buses through power electronic converters.
As shown in Figure 2, distribution network is connected to the AC Bus, so the power energy transmits
between distribution network and AC/DC hybrid microgrid. The point of common coupling (PCC)
of the AC/DC hybrid microgrid system and the distribution network is set on the side of the AC
sub-microgrid, and through the control of the PCC, the operation model of the AC/DC hybrid
microgrid can be changed between grid-connected mode and islanding mode. The AC/DC hybrid
microgrid has a simple structure and meets the access requirements of high-density distributed power
supply, making the structure suitable for most AC/DC hybrid microgrid systems.

In the development planning of the hybrid AC/DC microgrid, grid-connected distributed power
resources must be equipped with inverters, control devices, and reactive power compensation devices,
and the considerations of these investment costs are necessary in the planning strategy of AC/DC
hybrid microgrids. Therefore, the problem of determining the power capacity and the site of distributed
power resources should consider the additional costs for purchasing power electronic equipment.
Moreover, distributed power resources and electrical loads should be balanced to reduce network
losses; due to the transmission limit of the line, the local balance of “source-network-load” in the
microgrid can also improve the reliability of the system’s power supply.

At present, considerable research has been conducted on optimization planning for microgrids
and even hybrid AC/DC hybrid microgrids. The concept of an AC/DC hybrid microgrid has
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been comprehensively reviewed, and the advantages, characteristics, existing problems and
research directions of AC/DC hybrid microgrids have been identified [5–7]. For the planning
and control problems of AC/DC hybrid microgrids, some report in-depth analyses from different
perspectives [8–11]. In [8], authors proposed a control algorithm to achieve smooth power transfers
between AC and DC sub-microgrid links and stable system operations under various power generation
and load conditions. Using a MATLAB software simulation, the AC/DC hybrid microgrid system
was verified to remain stable under the coordinated control scheme. An AC/DC hybrid microgrid
contains energy storage and pulsed loads, and a comprehensive frequency and voltage control scheme
for an AC/DC hybrid microgrid is introduced consisting of a synchronous generator, a solar simulator,
and a bi-directional (AC/DC and DC/DC) converter [10].

Figure 2. AC/DC hybrid microgrid typical structure.

Methods of how the DC microgrid or AC/DC hybrid microgrid accesses the distribution network
have been discussed in [12–15]. A method in which certain AC lines are replaced with DC lines
was proposed to construct a DC network. Compared with the pre-retrofit project, the construction
of the DC microgrid significantly reduced the transmission costs of the AC/DC hybrid microgrids,
and further optimized the network loss and voltage stability indicators in [12]. A hybrid planning
model for determining distributed energy and power generation systems was proposed, and the type
of microgrids was chosen based on economic considerations [13]. The planning objectives mainly
included the investment and operating costs of distributed energy resources (DERs), the cost of
purchasing energy from the main grid, and the reliability cost. In [14], the optimal planning of a new
microgrid-provisional microgrid was studied, and this paper considers the robust optimization method,
physical and economic issues, after which a provisional microgrid system was digitally simulated to
explore its advantages. A new stochastic programming model for AC/DC hybrid power distribution
systems was proposed in [15], and the possibility of each line/bus being AC or DC is considered.
The AC/DC hybrid configuration of the bus/line in distribution systems (DSs) is optimized.

The current research focuses on the optimal configuration and cooperative control of an AC
microgrid. Scholars have begun to study the route planning of an AC/DC hybrid microgrid. A number
of methods in the above research have considered the issues of uncertain supply of distributed power
resources, AC/DC power grid interactions, etc. [16–20]. Studies also analyze AC/DC bus and line
planning among other issues. However, a method of integrating an AC/DC hybrid microgrid into
a distribution network has not been clarified, and few studies have focused on the power capacity
and siting of microgrids with high-density distributed power resources. Current research on AC/DC
hybrid microgrid planning has not properly considered line expansion and route planning for hybrid
microgrids [21,22]. However, the capacity and site of distributed power resources which represent
urgent problems haven’t been solved for AC/DC hybrid microgrid systems.
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Therefore, this article focuses on expansion planning of an AC/DC hybrid microgrid with
high-density distributed power resources. By employing the proposed method, the distributed power
supply for local consumption can be maximized, and the microgrid system’s economy, reliability, and
flexibility can be improved. This paper establishes the objective function aimed at minimizing the sum
of the investment cost, load-loss economic cost, and system loss cost. Besides, the certain constraints are
satisfied, including system power balance constraints, system feeder number constraints, distributed
power output constraints, etc. In the objective function, line investment costs are considered as a part
of microgrid investment costs. The effect of feeder parameters on the distributed power capacity and
site configuration results is also analyzed.

The remainder of this work is organized as follows: Section 2 introduces the optimization planning
mathematical model of the AC/DC hybrid microgrid. Section 3 presents the method for solving the
optimization model. Section 4 employs an actual example to analyze the optimal planning results.
Section 5 presents the conclusions.

2. Optimization Planning Model of the AC/DC Hybrid Microgrid

2.1. Objective Function

In the planning of the AC/DC hybrid microgrid, the characteristics of the AC sub-microgrid and
the DC sub-microgrid must be considered simultaneously. Therefore, the objective function is different
from that of a traditional power system planning model. In this paper, the objective function is to
minimize the cost of the AC/DC hybrid microgrid, which includes the investment costs (Fm), load-loss
economic costs (Floss) and system loss cost:

minC = min(Fm + Floss + kwasteEwaste) (1)

where kwaste is unit loss cost (Dollar/kWh).

(1) Investment costs Fm.

Assume that the number of photovoltaic groups is Npv, group number of wind turbines is Nwind,
the number of energy storage points is Nes, AC feeder node number is Npoint−ac. DC feeder node
number is Npoint−dc. The mathematical expression of investment cost is:

Fm =
Npv

∑
i=1

Cpv × Ppv,i+
Nwind

∑
j=1

Cwind × Pwind,j +
Nes
∑

m=1
CBat × PBat,m

+
Npoint−ac

∑
nac=1

Cline−ac × Lline,nac +
Npoint−dc

∑
ndc=1

Cline−dc × Lline,ndc
+ CMG

(2)

where Cpv is the PV investment cost per MW; Ppv,i is the total capacity of PVs in group i; Cwind is the
wind power investment cost per MW, Pwind,j is the total capacity of wind turbines in the group j;
CBat is the energy storage investment cost per MW; PBat,m is the total capacity of energy storages
in group m; Cline−ac is the unit length AC line investment cost; Cline−dc is the unit length AC line
investment cost; Lline,nac and Lline,ndc

are the line length of the feeder. The microgrid auxiliary
equipment costs are denoted CMG = aSMG + b, where SMG is the microgrid capacity, including
the loads, DGs, and energy storages; a indicates the proportional coefficient between the construction
capacity and the construction cost and mainly includes the integrated unit cost of control equipment,
reactive power compensation equipment, and harmonic control equipment; b represents the fixed cost
of the microgrid construction.

(2) Load-loss economic costs Floss.

Some non-essential loads will be removed in the event of a fault or in some extreme cases. This
work uses value of load loss to represent the reliability costs of power supply:
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Floss =
T

∑
t

kacEloss
t−ac +

T

∑
t

kdcEloss
t−dc (3)

where kac is the loss of load penalty of the AC sub-microgrid, Eloss
t−ac is the loss of loads of the AC

sub-microgrid in time t, kdc is the loss of load penalty of the DC sub-microgrid, and Eloss
t−dc is the loss of

load of the DC sub-microgrid in time t.

(3) System loss Ewaste.

In AC/DC hybrid microgrid planning, high-capacity distributed energy resources will access
the hybrid system, and AC or DC sub-microgrids need to be directly supplied with AC load and
DC load. Therefore, a large number of converters are connected to the system to achieve energy
transfer, voltage conversion, and commutation. During the operation of the AC/DC hybrid microgrid,
the converter has a certain conversion efficiency (<100%), so the converter achieves a certain amount
of loss during system operation. When the number of inverters in the system increases, the converter
losses will become larger, so it is necessary to limit the loss of the inverter and optimize the analysis
of the configuration of the inverter, in order to reduce the operating cost of the system. The AC/DC
hybrid microgrid system includes AC bus/feeder and DC bus/feeder, so the lines consume a certain
amount of energy during energy transfer, which is added in the cost calculation:

Ewaste = ELwaste + Econ (4)

where ELwaste is the power losses of AC and DC lines, and Econ is the converter losses.

2.2. Constraints

According to the technical standards for power grid operation and planning, certain constraints
must be satisfied in network topology planning of AC/DC hybrid microgrids, such as system
power balance constraints, system feeder number constraints, distributed power output constraints,
node voltage deviation constraints, and power supply reliability constraints.

(1) System power balance constraints.

Pload + Ploss = Pwind + Ppv + Pbat + Pgrid (5)

where Pload is the system load power consumption, Ploss is the system loss, Pwind is the wind power,
Ppv is the PV power, Pbat is the energy storage battery power (if the energy storage battery stores
energy, then the value is negative, and Pgrid is the interactive power between AC/DC hybrid microgrid
systems and the distribution networks (if the grid transmits energy to the microgrid system, then the
value is positive, whereas if the microgrid system sends energy to the distribution network, then the
value is negative).

The microgrid system needs to meet the principle of partition matching, that is, DC sub-microgram
to meet the power balance constraints at the same time:

PDC−load + PDC−loss = PDC−wind + PDC−pv + PDC−bat + PAC−DC (6)

where PDC−load denotes the DC load power consumption, PDC−loss denotes the DC sub-microgram
system losses, PDC−wind denotes the wind power in DC side, PDC−pv denotes the PV power in DC side,
PDC−bat denotes the energy storage battery power in DC side, its value is negative if the energy storage
battery stores energy). PAC−DC Denotes the bi-directional AC-DC converter transmission power
(if the AC sub-microgrid transmits the power to the DC part, then the value is positive; otherwise,
it is negative).

(2) System feeder number constraints.
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In the planning of the AC/DC hybrid microgram system, the access positions of different types of
distributed power must be designed, and the number of distributed power branches for the access
system must meet certain constraints: {

0 ≤ Nac ≤ Nmax
ac

0 ≤ Ndc ≤ Nmax
dc

(7)

(7) shows the system total feeders number constraints, Nac is the AC sub-microgrid total number of
nodes; Nmax

ac is the AC side microgrid maximum number of nodes; Ndc is the DC sub-microgrid total
number of nodes; Nmax

dc is the DC sub-microgrid maximum number of nodes.
The number of energy storage point constraints:

0 < Nes < Nmax
es (8)

(8) shows the number of energy storage point constraints, and Nes is the number of energy storage
points; Nmax

es is the maximum number of energy storage points.

(3) Distributed power output constraints

A large number of distributed power are connected in the AC/DC hybrid microgrid system,
including photovoltaic, wind, and energy storage. Therefore, the system must satisfy the power
output constraints.

Wind and PV output constraints:{
0 ≤ Ppv ≤ Ppv.max

0 ≤ Pwind ≤ Pwind.max
(9)

where Ppv.max is the maximum PV power; Pwind.max is the maximum wind power.
Energy storage output constraints:

SOCmin ≤ SOC ≤ SOCmax

0 ≤ Pchar.bat(t) ≤ Pchar.max
0 ≤ Pdischar.bat(t) ≤ Pdischar.max
SOC∆t = SOCt + ηCPchar−bat∆t/Rbat − Pdischar−bat∆t/ηDRbat

(10)

where SOCmin and SOCmax are the lower and upper limits of SOC, respectively; Pdischar.max and
Pchar.max are the maximum charging and discharging power of energy storage device, respectively;
ηC is the energy conversion efficiency during the charging process; ηD is the energy conversion
efficiency during the discharging process; Rbat is the energy storage capacity; and ∆t is the time step.

(4) Node voltage deviation constraint

The AC/DC hybrid microgrid contains an AC subsystem and a DC subsystem; thus, its voltage
sequence contains both AC and DC components. This paper adopts the AC/DC alternative solution
method to calculate the power flow of the AC/DC hybrid microgrid [23–26] and uses a certain control
strategy to maintain the AC bus voltage and DC bus voltage within a certain range:

Vmin
AC.i ≤ VAC.i ≤ Vmax

AC.i
Vmin

DC.j ≤ VDC.j ≤ Vmax
DC.j

(11)

where Vmin
AC.i and Vmax

AC.i are the AC voltage upper and lower limits of type i, respectively, and Vmin
DC.j and

Vmax
DC.j are the DC voltage upper and lower limits of class j, respectively.
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(5) Supply reliability constraints

This paper uses the probability of power shortage (LOEP) to characterize the power
supply reliability:

LOEP =
T

∑
t=1

Lloss
t /

T

∑
t=1

Lload
t ≤ Lmax (12)

where Lloss
t is the load loss at time t; Lload

t is load capacity at time t; Lmax is the maximum power
shortage probability allowed by the hybrid microgrid.

3. Optimization Planning Model Solution

3.1. Optimization Model Solving Method

In the distributed power optimization planning studied in this paper, the site and capacity of
different types of distributed power resources to the microgrid are optimized and solved. The variables
in the model include the distributed power type, distributed power access location, and distributed
power access capacity. The unified variable T is set here to analyze the type, access position, and access
capacity of the distributed power resources. The expression is as follows:

T = [Ln1, Pn1, Wn1, Ln2, Pn2, Wn2, · · · , Lnc, Pnc, Wnc, · · · , Lnk, Pnk, Wnk] (13)

where Lnc is the type variable, which indicates whether the distributed power is photovoltaic,
wind power, or energy storage; Pnc is the access location of DG; Wnc is the access capacity of the
distributed power; and k is the total number of PV, fans, and energy storage groups.

The variables include the distributed power type, the distributed power access location and the
distributed power access capacity The planning result Ln5 = 1, Pn5 = 10, Wn5 = 200 represents that,
in group five, the type of the distributed power resources is PV, its capacity is 200 kW, and the PV is
accessing to point ten.

The above model is a mixed integer programming problem. The mathematical model is built as
a Java program, and CPLEX’s built-in branch cut plane algorithm is applied to solve the model [27,28].
Since the random failure of the microgrid equipment is considered in the model, the Monte Carlo
simulation method is used to simulate the microgrid equipment and line faults. The specific process is
shown in Figure 3.

The detailed flowchart of this solution method is as follows:

Step 1: Input data, including light intensity, wind speed, load throughout the year, and
microgrid equipment;

Step 2: Build AC/DC hybrid microgrid mathematical model.
Step 3: Using the Monte Carlo method to sample the failure rate, get convergence condition N;
Step 4: Use AC/DC substitution method to calculate load flow in the hybrid microgrid, and attain

node voltage value;
Step 5: Sample random equipment failure with Monte Carlo method;
Step 6: Establish optimization planning constraint functions; through load flow calculation and fault

sampling, let the system meet the constraint requirements;
Step 7: Use CPLEX to solve the mathematical model, in order to get planning cases;
Step 8: Check the termination condition. If the number of simulations is reached, go to Step 9;

otherwise go to Step 4 loop;
Step 9: Get Pareto optimization solution set, used as the original data of Section 3.2.
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Figure 3. Optimization solution flow chart.

3.2. Optimal Compromise Solution

In order to select the optimal solution from the Pareto optimal solution set, the fuzzy membership
function is used here. The degree of membership is used to reflect the degree of satisfaction of the
decision maker with respect to the optimization of the goal, and the fuzzy membership of each objective
function is integrated to find the optimal solution. Define the fuzzy membership function [29,30] as:

µi =


1 fimin < fi

fimax− fi
fimax− fimin

fimin ≤ fi ≤ fimax

0 fimax < fi

(14)

where fi is the value of the objective function i and fimin and fimax are the upper and lower limits of
the objective function value, respectively.

When µi = 0, the value of the objective function is the worst; when µi = 1, the objective function
value is the best. For each solution in the Pareto optimal solution set, its normalized satisfaction value
is obtained according to Equation (14), and the solution with the highest satisfaction value is the
optimal compromise solution:

µ =
1
m

m

∑
i=1

µi (15)

where µ is the standardized satisfaction value and m is the number of objective functions to
be optimized.

After the Pareto optimal solution set is calculated, the optimal solution should be selected to
provide an optimal planning plan. The fuzzy membership function expresses the satisfaction with
each objective function in the Pareto optimal set. The planners can comprehensively compare the
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satisfaction of each solution set by the fuzzy membership, and a most satisfactory planning result can
be obtained.

4. Example Verification and Discussion

4.1. Example System Description

Based on the abovementioned optimization planning model, this paper uses an actual AC
microgrid system as an example. In the original AC microgrid system, to meet the demand for
load growth, an expansion plan for the microgrid must be implemented, and then the newly
planned microgrid will be connected to the original microgrid to form a large microgrid system
and communicate with the distribution network. There are two types of expansion plans for the
original microgrid: the AC/DC hybrid microgrid expansion plan (Case I) and the pure AC microgrid
expansion plan (Case II). These plans are shown in Figure 4.

Figure 4. Schematic diagram of the microgrid extended grid structure in a certain area (a) Case I;
(b) Case II.

According to Figure 4a, a total of 15 distributed power access points are included in the extension
system that can be connected to different types of distributed power resources (PV, wind turbine,
energy storage) and seven load nodes with three AC load access points and four DC load access points
are observed. According to the local load development situation, the future load mostly consists of
DC loads, such as lighting load, DC motor, and electric vehicle charging pile. Therefore, the load is
accessed in the AC microgrid through the converter, and in the AC/DC hybrid microgrid, the load is
connected to the DC side. Here, the ratio of new DC load to the new total load is referred to as R:

R =
PDC−load
PT−load

(16)

where PDC−load is DC load capacity; PT−load is total load on the microgrid.
In this manner, the influence of the change in the proportion of DC load on the planning results will

be discussed. Based on the AC microgrid, this paper considers factors such as the local consumption of
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distributed energy, load development requirements, and route planning choices to perform microgrid
distributed power capacity and site optimization planning. The light intensity and wind speed year
data are shown in Figure 5; and the technical and economic parameters are shown in Table 1. All of the
nomenclatures will be explained in Appendix A.

Figure 5. The light intensity and wind speed year data (a) annual light intensity curve; (b) wind
speed curve.

Table 1. Technical and economic parameters.

Parameter Name Value Parameter Name Value

CBat
20.3/(Million
Dollar/MW) Cline−ac

18.8/(Million
Dollar/km)

Cpv
15.6/(Million
Dollar/MW) Cline−dc

23.5/(Million
Dollar/km)

Cwind
15.6/(Million
Dollar/MW)

Nmax
pv 6

a 7.2/(Million
Dollar/MW) Nmax

wind 5

b 0.78/Million Dollar Nmax
es 4

4.2. Case I Distributed Power Capacity and Site Optimization Planning

In Case I, the microgrid system is an AC/DC hybrid microgrid, including an AC sub-microgrid
and a DC sub-microgrid. The new DC load is directly connected to the DC bus, and a part of the
distributed power will be connected to the DC sub-microgrid. Figure 6 shows the economic analysis
results of AC/DC hybrid expansion planning.

Figure 6. Trend analysis of the distributed power planning economic scenario in Case I.
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It can be seen from Figure 6:

(1) The economic factors associated with expansion planning for the AC/DC hybrid microgrid
system are mainly determined by the investment costs, which account for approximately 90% of
the total costs; therefore, the rational planning of distributed power access is the key to reducing
planning costs.

(2) As the proportion of DC load increases, the investment costs gradually increase, but the growth
rate slows down. As the scale of the DC microgrid increases, the proportion of investment costs
in the DC portion of the system decreases and the cost growth rate decreases.

(3) Load-loss economic costs and system losses increase first and then decrease as R increases.
Thus, the access to DC loads increases, the use of converters decreases, the system reliability
increases, and the energy conversion rate increases.

Table 2 shows the optimal planning results of the AC/DC hybrid microgrid distributed power
resources supply under Case I. In the table, each cell represents type and capacity of distributed power;
for example, when R = 0.5, the distributed power connected to node 5 is PV, and the capacity of PV is
223 kW. With the change of R, the optimal configuration results are different. The following results are
outlined in the table.

(1) In the distributed power source selection, the investment costs of photovoltaic power are low
and solar energy resources at the project location are superior to wind energy. Thus, PV power
dominates in the optimized configuration.

(2) When R increases and the load demand of the AC microgrid decreases, the configuration of wind
power will be reduced first. Then, the energy storage will be reduced, and ultimately the PV
configuration will be reduced. Because the wind output is small and highly random, the wind
power configuration should be reduced first, and because the cost of energy storage is greater
than the cost of PV, energy storage should also be reduced in the configuration first.

(3) When R ≥ 0.8 and the distributed power accesses the maximum capacity of the line in the DC
sub-microgrid, certain energy that cannot meet the DC load demand must be obtained from the
AC sub-microgrid; thus, the energy balance of the DC sub-microgrid is achieved by increasing
the interactive power of the bi-directional AC-DC converters.

Table 2. Case I distributed power capacity and site optimization planning (type (capacity)).

NODE
R

0.2 0.5 0.8 1

2 PV (223 kW) PV (221 kW) PV (210 kW) –
4 Bat (50 kW) Bat (50 kW) Bat (25 kW) –
5 PV (231 kW) PV (223 kW) – PV (236 kW)
6 Wind (50 kW) Wind (50 kW) Wind (20 kW) –
7 Wind (24 kW) – – –

11 – PV (40 kW) PV (248 kW) PV (250 kW)
12 PV (233 kW) PV (242 kW) PV (245 kW) PV (250 kW)
13 Bat (12 kW) Bat (24 kW) Bat (50 kW) Bat (60 kW)
14 – PV (239 kW) PV (242 kW) PV (250 kW)
15 – Wind (20 kW) Wind (50 kW) Wind (60 kW)

4.3. Comparison of the Distributed Power Capacity and Site Planning Results between Case I and Case II

Under the condition of different R values, the results of the expansion planning for the AC
microgrid and the AC/DC hybrid microgrid are analyzed and the economic costs of different types of
microgrid planning are obtained. According to Table 3, for the same proportion of DC load conditions,
the AC microgrid expansion planning and the AC/DC hybrid microgrid expansion planning results
are quite different.

The optimization planning results for the two expansion plans are shown in Table 3.
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(1) From the perspective of investment costs, as the proportion of DC load increases, the investment
costs of both options increase; however, the growth rate of the AC/DC hybrid microgrid is lower
than that of the AC microgrid. In the initial construction of an AC/DC hybrid microgrid, the
scale is small and the investment is high; in addition, when the scale of the DC sub-microgrid
increases, the investment cost growth decreases.

(2) In terms of load-loss economic costs, the cost of Case II is higher because a large number of
converters are required when the DC load is connected to the AC microgrid and the reliability of
the load power supply is reduced.

(3) Regarding the total cost, when R = 0.5, the two cases are basically the same; and when R > 0.5,
the cost of AC/DC hybrid microgrid is lower. Thus, the solution in Case I has a higher advantage
than that in Case II.

Table 3. Comparison of the two planning schemes under different R conditions.

R Total Cost/$ Investment Costs/$ Load-loss Economic Costs/$ System Loss/kWh

0.2
234,292.89 214,385.55 2021.87 868.72
218,447.06 196,623.48 2231.75 880.51

0.5
248,219.61 225,425.99 1911.36 874.17
247,897.22 225,991.36 2231.75 879.36

0.8
250,545.07 230,888.87 1889.37 882.03
255,815.41 234,250.79 2238.03 887.15

1
254,435.09 232,601.25 1862.67 873.52
263,438.58 240,597.61 2253.74 892.81

Note: Light Blue background is Case I, White background is Case II.

4.4. Effect of Line Parameters on the Distributed Power Capacity and Site Configuration Result

This paper considers the influence of line factors on the distributed power optimal configuration
of the AC/DC hybrid microgrid. From the perspective of the DC feeder and the DC bus, the effects of
the factors on the optimal planning results are analyzed:

(1) Effect of DC Feeder on the optimized configuration results

Under the conditions of Case I and R = 0.5, the DC load node 4© is selected as the research object.
By changing the length parameters of feeder 11 and feeder 12, the optimal configuration result of
the distributed power is analyzed. By changing the standard values of the lengths of feeders 11 and
12, the planning model is used for the optimal planning of the distributed power. The results of the
configuration of feeder 11 accessing the photovoltaic capacity are shown in Figure 7.

Figure 7 shows that when the length of a certain feeder increases, the power supply capacity of
the feeder is reduced to decrease the feeder loss. In addition, when feeder 11 and feeder 12 are changed
by the same ratio, the power capacity configured in feeder 11 is found to change little because for
the two feeders, the feeder 12 node and the load point 4 have smaller bus lengths that dominate the
power configuration.

(2) Effect of DC bus on optimized configuration results

Under the conditions of Case I and R = 0.5, the DC load node 4© is selected as the research object.
By changing the DC bus length parameters between the feeder 11 node and the DC load node 4©,
the changes of the distributed power optimized configuration results are analyzed. By changing the
unit length of the DC bus, the results of the configuration of feeder 11 accessing the photovoltaic
capacity are shown in Figure 8.
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Figure 7. Optimized configuration results for different feeder parameters.

Figure 8. Optimized configuration results for different DC bus parameters.

Figure 8 shows that:

(1) When the feeder length is fixed, the distributed power capacity decreases as the bus
length increases.

(2) When puDC−Bus > 1 and pu f eeder11 < 0.7, photovoltaic capacity of access feeder 11 is greatly
reduced. When puDC−Bus < 1 and the length of the DC bus decreases, the increase in access
PV capacity is less, limited by feeder capacity and load requirements. When puDC−Bus > 1,
the bus length has a greater impact on the economic cost, and the distributed power configuration
capacity is reduced rapidly.

(3) When pu f eeder11 > 0.7, the influence of the feeder length on the optimized configuration result
increases, and the DC bus factor plays a minor role.
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4.5. Effect of Interactive Power Cap on the Configuration Result

Under the Case I network architecture, for the same R values, different interaction power caps
between the microgrid and the distribution network will also have an impact on optimizing the
configuration results. Table 4 shows the optimal configuration results for different interactive power
cap (IPC) conditions when R = 0.5.

As the interaction power caps increase between the microgrid and the distribution network,
the maximum interactive power also increases and the power flow between the AC/DC hybrid
microgrid and the distribution network becomes frequent. An analysis of the optimal configuration
of the distributed power easily shows that as the interaction power caps gradually increases,
the distributed power capacity configured in the DC sub-microgrid increases. Moreover, due to
the low configuration cost of the DC microgrid, the distributed power resources connected to the DC
sub-microgrid can increase by increasing interactive power upper limit with the distribution network.

Table 4. Optimization planning results under different interactive power caps.

IPC/kW
AC Sub-Microgrid DC Sub-Microgrid

Max Interactive Power/kW
PV/kW Wind/kW Bat PV/kW Wind/kW Bat

100 462 50 50 485 20 24 99.6
105 446 50 50 478 20 24 104.3
110 314 40 24 582 30 50 109.5
115 295 25 12 593 50 50 114.1
120 254 15 12 637 50 55 119.8

5. Conclusions

Due to the variety, intermittency of DGs, and complexity of distribution network structures,
it’s hard to meet the planning requirements for a microgrid to access a distribution network by simply
considering the characteristics of a distributed power supply. This paper describes the addition of the
lines investment into the optimal planning model of an AC/DC hybrid microgrid to determine the
optimal access scheme of distributed power.

This work proposes a planning model, taking the line factors for the distributed power capacity
and the site of the AC/DC hybrid microgrid into account. The proposed model integrates a number
of factors, such as power investment costs, line expansion, and load reliability. The proposed model
includes AC/DC bus access points in the planning area as well as the planned capacity and site of
high-density distributed power access to the microgrid to both reduce the cost of the entire microgrid
system and improve the reliability. In practical engineering examples, this paper used the CPLEX
solver to optimize the model and comparatively analyses the AC microgrid and AC/DC hybrid
microgrid. The influences of the line length and the different IPCs on the optimization configuration
results are analyzed.

The main contribution of this paper is that, in the AC/DC hybrid microgrid planning, the factors
such as line cost and access point of the distribution network are taken into account. The optimal
distributed power resources capacity and site planning can be obtained under different line expansion
scenarios in order to realize local consumption. Therefore, the proposed model can be applied to
actual projects.

Author Contributions: H.P. and M.D. conceived and designed the experiments; H.P. performed the experiments;
H.P. analyzed the data; R.B. and A.C. provided the experimental environment; and H.P., L.S. and S.S. wrote the
paper. All authors have contributed to the editing and proofreading of this paper.

Funding: This work is supported by grants from the National 863 Program of China (2015AA050104).

Conflicts of Interest: The authors declare that they have no conflicts of interest.



Energies 2018, 11, 1930 15 of 18

Appendix A

Nomenclature will be explained in this Table A1.

Table A1. Nomenclature.

Name Meaning Unit Name Meaning Unit

Fm investment costs Dollar Floss load-loss economic costs Dollar

Ewaste system losses kWh kwaste the loss cost of the unit charge Dollar/kWh

Npv the number of PV groups / Nwind group number of wind /

Nes the number of energy storage points / Npoint feeder node number /

Npoint−ac AC feeder node number / Npoint−dc DC feeder node number /

i PV group number / j wind group number /

m energy storage group number / n feeder number /

Ppv,i the total capacity of PVs in group i kW Pwind,j the total capacity of wind turbines in the group j kW

PBat,m the total capacity of energy storages in group m kW Lline,n the line length of the feeder n km

SMG microgrid capacity kW a the proportional coefficient /

b the fixed cost of the microgrid construction Dollar t operation hours minute

kac the loss of load penalty of the AC sub-microgrid Dollar/kWh Eloss
t−ac the loss of loads of the AC sub-microgrid in time t kW

kdc the loss of load penalty of the DC sub-microgrid Dollar/kWh Eloss
t−dc the loss of load of the DC sub-microgrid in time t kW

ELwaste the power losses of AC and DC lines kWh Econ the converter losses kWh

Pload system load power consumption kW Ploss system loss kW

Pwind wind power kW Ppv PV power kW

Pbat energy storage battery power kW Pgrid interactive power between AC/DC hybrid microgrid systems and the distribution networks kW

PDC−load the DC load power consumption kW PDC−loss the DC sub-microgram system losses kW

PDC−wind wind power in DC side kW PDC−pv PV power in DC side kW

PDC−bat energy storage battery power in DC side kW PAC−DC the bi-directional AC-DC converter transmission power kW

Nac AC sub-microgrid total number of nodes / Nmax
ac AC side microgrid maximum number of nodes /

Ndc DC sub-microgrid total number of nodes / Nmax
dc DC sub-microgrid maximum number of nodes /
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Table A1. Cont.

Name Meaning Unit Name Meaning Unit

Nmax
es the maximum number of energy storage points / Ppv.max the maximum PV power kW

Pwind.max the maximum wind power kW SOC State of charge %

SOCmin the lower limits of SOC % SOCmax the upper limits of SOC %

PDischar.max maximum discharging power of energy storage device kWh Pchar.max maximum charging power of energy storage device kWh

ηC the energy conversion efficiency during the charging process % ηD the energy conversion efficiency during the discharging process %

Rbat energy storage capacity kW ∆t the time step minute

Vmin
AC.i the AC voltage lower limits of type i kV Vmax

AC.i the AC voltage upper limits of type i kV

Vmin
DC.j the DC voltage lower limits of type i kV Vmax

DC.j the DC voltage lower limits of type i kV

LOEP the probability of power shortage % Lloss
t the load loss in time t kW

Lload
t load capacity in time t kW Lmax the maximum power shortage probability kW
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