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ABSTRACT For remote structures in military applications located in high mountains and outlying islands,
the configuration of isolated microgrids constructed in these locations is highly important. To denote oxygen
generation/seawater desalination devices and military battery packs in practical applications, shiftable
load models and mobile energy storage models are used. A multiobjective optimization model, including
the annual system cost, demand shortage rate, and the ratio of diesel energy supply, is constructed for
configuration design. This model is solved using the improved preference-incentive coevolution algorithm
(PICEA-ng) presented in this paper. Based on practical data and numerical simulation, the utilization strategy
in terms of lost time and output power for mobile energy storage, stationary energy storage, diesel generators,
and shiftable loads are generated and validated. Finally, the operational performance of the shiftable load
and mobile energy storage over the entire microgrid system is analyzed and discussed.

INDEX TERMS Microgrid, multiobjective optimization, mobile energy storage, shiftable load, power
allocation strategy.

I. INTRODUCTION
In remote regions, e.g., military bases built on high moun-
tains and outlying islands, isolated microgrids are one of
the most useful approaches to addressing electricity supply
requirements. On the one hand, because of the long distances
and complex geographical conditions, it is difficult to trans-
mit electricity from the main electric grid to these regions.
On the other hand, as types of renewable energy, the wind and
solar power in these regions are usually sufficient, providing
a strong possibility to establish microgrids. The optimiza-
tion of an isolated electric microgrid’s configuration is very
important in practice. Nevertheless, such optimization is not
worthwhile until several essential characteristics are con-
sidered: 1) the continuous improvement of electric military
equipment utilizing batteries must provide different types of
mobile and stationary energy storage devices; 2) regarded
as shiftable loads, seawater desalination and oxygen gener-
ation devices must be able to regulate the operation of the
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electric microgrids; and 3) optimization considering a single
objective is not sufficient to access various optimization goals
and directions. Therefore, based on multiobjective optimiza-
tion algorithms (namely, PICEA-ng), the optimization of the
configuration of isolated microgrids with shiftable loads and
mobile energy storage is explored in this paper.

Intelligent algorithms for the configuration optimization of
microgrids have recently become very popular. For selecting
optimization objectives, the research has evolved from tradi-
tional single-objective to multiobjective optimization focused
on algorithmic and structural innovation [1]–[3]. Many fac-
tors are considered and constructed using actual data to
achieve more realistic models [4]. For instance, the posi-
tion of the sun is considered to be an environmental condi-
tion, and the wind speed varies with respect to the height.
In addition, the installation angle of the photovoltaic panel
and the height of the wind turbine are further considered
as decision variables [5]. Reference [6] separately studied
the configurations of solar and wind energy storage sys-
tems and established a two-layer decision model based on
a dynamic programming method. In [7], a comprehensive
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cost is targeted, and the capacity optimization problem of
an off-grid complementary wind-solar microgrid system was
analyzed. Reference [8] discusses the influence of different
control strategies on the microgrid capacity optimization.
Due to this multienergy complementarity, the reliability of
a typical microgrid system consisting of photovoltaic and
wind power, energy storage, and diesel generators is satisfac-
tory; thus, such systems have been widely investigated, and
numerous research results on planning a whole system [9]
or individual components [10] have been reported. In Ref-
erences [12], [13], a composite energy storage device con-
sisting of a supercapacitor and battery is proposed to smooth
power fluctuations. Reference [14] optimized a system based
mainly on wind power and storage, especially considering the
pumped storage capacity. Although these studies introduced
new approaches to improve and expand the framework of
microgrid systems [12]–[16], there remain certain reliability
and financial issues to be addressed by research on the opti-
mization of microgrid configurations.

Because of their ability to store and discharge electricity at
any time, energy storage systems are a good fit for regulat-
ing the fluctuations of microgrid electricity supplies. Recent
research on the regulation capacity of mobile energy storage
has focused mainly on a microgrid connected to a main
grid [17], whereas off-grid system research has been lim-
ited. The relevant results have focused mainly on microgrid
operation scheduling [18], energy management, and charging
pile planning and operation [19], while only a small portion
of the literature has considered the impact of mobile energy
storage on other energy unit planning, and the energy storage
characteristics have usually not been considered in the design
process of the operating strategy, which results in the full use
of the energy storage being impossible [20] or the optimiza-
tion being conducted on capacity without operational consid-
erations [21]. In addition, the optimization of the microgrid
capacity in the above studies often selects a single economic
target [19]; however, the ability to make a comprehensive
trade-off is preferred for most users when making decisions,
and that makes multiobjective optimization more practical. In
contrast, the exploration of microgrid system regulation using
shiftable loads has been comparably extensive at this stage.

Reference [22] combined a power supply with several
possible combinations of other components of the microgrid
to establish a comprehensive system, and the practical value
of this method was illustrated with the goal of lowering
desalination costs. In [23], differential evolution algorithms
were used to solve a multiobjective microgrid programming
model including photovoltaic panels, wind generators, energy
storage, diesel generators, and seawater desalination loads.
Despite researchers having made numerous advances, some
improvements in absorbing residual power via a shiftable
load-shedding strategy remain necessary.

Specifically considering a shiftable load andmobile energy
storage that have not been used in normal microgrid plan-
ning and operation studies before, this paper targets the
configuration of isolated microgrids for military applications

in remote areas. Furthermore, other components of micro-
grids, such as wind generators, photovoltaic panels, sta-
tionary energy storage, and diesel generators, have also
been considered in the configuration optimization process.
A power allocation strategy is established taking the com-
ponent characteristics into account, and a configuration opti-
mization model is established with multiple objectives. Then,
a simulation strategy is developed for mobile energy storage
management based on the unified use and management of
military battery packs, in which the satisfaction of themission
requirements for the mobile energy storage device itself is
fully considered. Finally, practical data are employed for a
performance illustration and validation.

Notably, the work of this article is based on a previ-
ous conference paper of mine [24]. Due to the limitations
on the length of the conference article, the previous work
reported only a simple experiment, describing a small part of
the research. In contrast, the complete model and sufficient
experiments are presented in this paper.

NOMENCLATURE [24]
ρ Air density
f Annual inflation rate
i Annual real interest rate
inom Nominal interest rate
t Number of hours that the microgrid has been

running
top Total operating time of the microgrid in one year
ηwg Performance parameter of the wind turbine
vwg Wind speed at the top of the wind turbine tower
vref Wind speed measured at the reference height
1t Simulation time step (1 hour in this paper)
T Sequence number of mission periods
M Mobile energy storage battery capacity
Gsft Hourly output of a single desalination/oxygen

generator
Srot Cross-sectional area of the wind turbine rotor
Lcom Life of a component
Isc,stc Short-circuit current of the photovoltaic panel

under standard test conditions (temperature:
25 ◦C, radiant energy: 1 kW/m2)

Rmin
sft Minimum water/oxygen reserves required to

address emergencies
Vbat Open-circuit voltage of a single battery
Voc,stc Open-circuit voltage of the photovoltaic panel

under standard test conditions (temperature:
25 ◦C, radiant energy: 1 kW/m2)

Hwg Height of wind turbine tower
Href Reference height
Cinv Initial investment cost of a component
Cbat Cost of single battery unit
Crepair Cost of microgrid operation and maintenance
Cfuel Cost of fuel consumed by the diesel engines
Creplace Cost of replacing the stationary energy storage

battery
Vci Cut-in wind speed
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Vrat Rated wind speed
Vco Cut-out wind speed
Nsft Total number of desalination/oxygen genera-

tor units
NT
op Total number of mission periods of mobile

energy storage in microgrid operation in one
year

NM
bat Number of mobile energy storage units

N S
bat Number of stationary energy storage units

Nreplace Number of times that the battery pack has been
replaced during the life cycle of the microgrid

Pdgr Rated output power of the diesel engine
Psftr Rated power of a single desalination/oxygen

generator
Pwgr Rated power of the wind turbine
Pmax
sbp,o Maximum discharge power of a single battery

pack
Pmax
sbp,i Maximum charge power of a single battery

pack
Pmin
dg Minimum output power of the diesel generator
Pmax
dg Maximumoutput power of the diesel generator
γ1, γ2 Fuel consumption coefficients
Ki, Kv Corresponding temperature coefficients
CAPbu Total usable capacity of the storage unit
CAPMbu Total available capacity of the mobile energy

storage
CAPSbu Total usable capacity of the stationary energy

storage
CAPMbat Total capacity of the mobile energy storage

devices
CAPSbat Capacity of the stationary energy storage unit
POWdg Annual power generation of the diesel

generators
POWgrid Annual electricity generation of the whole grid
POPmaxi Nominal maximum power input of a battery

pack calculated by the parameters given by its
manufacturer

POPmaxo Nominal maximum power output of a battery
pack calculated by the parameters given by its
manufacturer

SOCu SOC of the storage unit based on its usable
capacity

SOCS,max Upper limit of state of charge (SOC) of the
stationary energy storage unit

SOCS,min Lower limit of the SOC of the stationary
energy storage unit

NCOT Rated temperature given by the supplier at
which the photovoltaic panel will operate
normally

ttas (T ) Duration of the mission period T
tlac (T ) Time period when mission requirements are

not met
CAPM (T ) Total available capacity of the online mobile

energy storage

CAPMswi(T ) Total available capacity of the batteries
switched from the ongrid to offgrid state

SOCM (T ) SOC of the online mobile energy storage
Ta(t) Ambient temperature in the t th hour
Fcons(t) Fuel consumption in the t th hour
Eavail (t) Electrical energy of microgrid available to

all loads on the microgrid at the end of the
t th hour

Ereq (t) Electrical energy required by all loads on the
microgrid at the end of the t th hour

Rsft (t) Water/oxygen reserves at the end of the
t th hour

Rqu (t) Water/oxygen demand in the t th hour
Nmin
sft (t) Lower limit of desalination/oxygen genera-

tor
unit that can be turned on in the t th hour

Nmax
sft (t) Upper limit of desalination/oxygen genera-

tor unit that can be turned on in the t th hour
Pmax
bat,i(t) Upper limit of the charge power of the

energy storage
Pmin
bat,i(t) Lower limit of the charge power of the

energy storage
Pmax
bat,o(t) Upper limit of the discharge power of

the energy storage
Pmin
bat,o(t) Lower limit of the discharge power of the

energy storage
PMbat,i (t) Charge power of the mobile energy storage
PM ,max
bat,i (t) Upper limit of the charge power of the

mobile energy storage in the t th hour
PM ,max
bat,o (t) Upper limit of the discharge power of the

mobile energy storage in the t th hour
PMbat,o(t) Mobile energy storage discharge power in

the t th hour
PSbat,i (t) Charge power of the stationary energy stor-

age in the t th hour
PS,max
bat,i (t) Upper limit of the charge power of the sta-

tionary energy storage in the t th hour
PS,max
bat,o (t) Upper limit of the discharge power of the

stationary energy storage in the t th hour
PSbat,o(t) Stationary energy storage discharge power

in the t th hour
Pdg(t) Actual output power of the diesel engine in

the t th hour
Por (t) Ordinary load power at the end of the

t th hour
Pdifs,sft (t) Difference between the upper and lower

power limits of the shiftable load in the
t th hour

Ps,sft (t) Total load power of the desalination/oxygen
system at the t th hour

Sp(t, β) Effective component of solar radiation per-
pendicular to the inclined surface

Pm(t, β) Total output power of the photovoltaic panel
array
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FIGURE 1. The structure of the isolated microgrid with shiftable loads
and mobile energy storage.

II. COMPONENT MODELS
In this paper, the framework of the proposed isolated micro-
grid with a shiftable load unit and mobile energy stor-
age device is shown in Figure 1. The main components
are the photovoltaic generator, wind generator, stationary
energy storage system, mobile energy storage device, diesel
generator set, shiftable load, and conventional load. Before
establishing the configuration optimization model of the
microgrid, we must establish basic mathematical models of
its primary components, in which some abstract processing
and actual operational limitations of the system components
should be considered. The following subsections present
the detailed construction of the component models of the
distributed generator, load, and energy storage.

A. ENERGY STORAGE MODEL
Because of the two types of components (stationary and
mobile) in the energy storage system, CAPbu is used to indi-
cate the total usable capacity of the storage unit, and SOCu is
the SOC of the storage unit based on the usable capacity [24]
(0 ≤ SOCu ≤ 1). This approach is beneficial to addressing
the problem that the SOC state supervision is complicated
and may be overused due to the excessive number of energy
storage batteries in the microgrid. The calculation approaches
are given below.

1) TOTAL USABLE CAPACITY OF MOBILE
ENERGY STORAGE SYSTEM
The total available capacity of the mobile energy storage
system (CAPMbu) is calculated as follows [24]:

CAPMbu =
NM
bat∑
i=1

CAPi · (SOC
M ,max
i − SOCM ,min

i ); (1)

where CAP1 ∼ CAPNM
bat

is the capacity of every type of

mobile energy storage device and SOCM ,max
i and SOCM ,min

i
are the limits of their SOC .

2) TOTAL USABLE CAPACITY OF STATIONARY
ENERGY STORAGE SYSTEM
As a hypothesis, all the stationary energy storage devices
are of the same specifications and have the same

performance parameters. Thus, the total usable capacity of
the stationary energy storage in themicrogrid system (CAPSbu)
is calculated by the following formula:

CAPSbu = N S
batCAP

S
bat · (SOC

S
max − SOC

S
min) (2)

3) INPUT AND OUTPUT POWER LIMITS
When the energy storage battery is shipped from the factory,
based on the battery’s operating principle, materials and pro-
cess, there are already certain limits of its SOC to ensure
safe operation. Therefore, the maximum discharge limit and
charge limit of the energy storage battery are obtained as
follows:
When Discharging:

Pmin
bat,o(t) = 0; (3)

Pmaxbat,o(t) = min{POPmax
o , SOCu(t) · Vbat · CAPSbu/1t}; (4)

When Charging:

Pmin
bat,i(t) = 0; (5)

Pmax
bat,i(t) = min{POPmax

i , (1− SOCu(t)) · Vbat ·CAPSbu/1t};

(6)

where SOCu(t) ·Vbat ·CAPSbu/1t is the maximum discharge
power in a single simulation step (1 h) and (1 − SOCu(t)) ·
Vbat · CAPSbu/1t is the maximum charge power in a single
simulation step (1 h), and both are determined by the remain-
ing capacity of the given battery pack. For different types of
batteries, the calculation results of the input and output power
limits are different due to their different parameters in the
formula above.

B. MODEL OF DISTRIBUTED GENERATORS
In this paper, since the modeling techniques for distributed
generators are comparativelywell developed, advancedmath-
ematical models are used for further study, e.g., a wind tur-
bine model considering both the turbine and the tower [5];
a photovoltaic power generation system model considering
the solar intensity, ambient temperature [6], position of the
sun, and inclination β of the photovoltaic panel [5] and a
diesel generator system model [25].

1) WIND GENERATOR
In this paper, the wind generator system is divided into two
parts: the wind turbine and the wind turbine tower. The height
of the wind turbine tower can fall only in a certain range
and will result in cost changes for the system; this will also
affect the height of the wind turbine installed at the top of
the wind turbine tower. In general, wind turbines can achieve
higher wind speeds at higher altitudes to drive the generator
blades and generate more electrical energy under the same
wind conditions.

To ensure safety, the wind turbine output is limited by
the cut-in and cut-out wind speeds set by the factory. Here,
an exponential law is used to convert the wind speed mea-
sured at a reference height at a particular moment into the
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wind speed required at that moment in the model. As a simple
model for the vertical wind speed distribution, the calculation
method is [5]

vwg = vref

(
Hwg
Href

) 1
7

(7)

The height range of the wind turbine tower is set to
[Hlow, Hhigh]. When the wind speed vwg corresponding to a
certain height of the wind turbine tower is obtained, the wind
turbine output can be calculated by the formula:

Pwg(vwg)


0, if vwg < Vci;
1
2
Srotηwgρv3wg, if Vci ≤ vwg ≤ Vrat ;

Pwgr , if Vrat ≤ vwg ≤ Vco;
0, if vwg ≥ Vco;

(8)

where the performance parameter ηwg is defined as the ratio
of the actual power output to the maximum power output.

2) PHOTOVOLTAIC POWER GENERATION SYSTEM
Photovoltaic panels have always suffered from a low power
production per unit area; if advanced follow-up methods are
applied, the vertical incidence of the sunlight can always be
ensured, thereby increasing the power generation per unit
area compared to that of fixed-type photovoltaic panels. How-
ever, at this stage, although the plane of the photovoltaic panel
can always be completely pointed normal to the sun, the rela-
tively complicated follow-up structure adds additional main-
tenance costs and reduces the reliability of the photovoltaic
power generation system. Therefore, although fixed photo-
voltaic panels have certain disadvantages, they still represent
the mainstream of the photovoltaic power plants in operation.
In this paper, the optimization of the installation angle of the
photovoltaic panels is still considered. Here, using themethod
proposed in [5], the position of the sun and the inclination
of the photovoltaic panel are further considered based on the
light intensity and the ambient temperature.

First, we calculate the photovoltaic panel temperature at
time t,

Tc(t) = Ta(t)+
NCOT − 20

800
Sp(t, β); (9)

where Sp is the effective component of the solar radiation per-
pendicular to the inclined surface; the method for calculating
Sp is described in [5].

The short-circuit current Isc and open-circuit voltage Voc of
the photovoltaic element at time t are calculated as follows:

Isc(t) = [Isc,stc + Ki(Tc(t)− 25)]
Sp(t, β)
1000

(10)

Voc(t) = Voc,stc − Kv · Tc(t) (11)

The maximum output power of the photovoltaic panel
considering the ambient temperature effect at time t can be
determined by the formula [28]

Pm(t, β) = Ns · Np · Voc(t) · Isc(t, β) · FF(t); (12)

where Pm(t, β) is the total output power of the photovoltaic
panel array, which consists ofNs photovoltaic panels in series
and Np photovoltaic panels in parallel, and the fill factor
FF(t) is equal to the maximum power output of the photo-
voltaic cell divided by the product of the open-circuit voltage
and the short-circuit current of the photovoltaic panel.

3) DIESEL GENERATOR
Diesel engines are typically used in microgrid systems to fill
in the renewable energy output valleys and smooth the energy
supply. The fuel consumption of the diesel generator during
the t th hour can be calculated by the formula [29]

Fcons(t) = γ1 · Pdgr ·1t + γ2 · Pdg(t) ·1t (13)

where γ1 is 0.08145 l/kWh and γ2 is 0.246 l/kWh. Accessory
devices in the system, such as rectifiers, inverters and control
switches, have little impact on the system economy and relia-
bility due to their low cost and simple nature; thus, this paper
simplifies these components.

Diesel generators are similar to traditional coal-fired gener-
ators in terms of their consumption characteristics, subject to
the above function model. From practical engineering, diesel
generators have a high fuel consumption per kilowatt at low
power outputs. Therefore, to ensure satisfactory efficiency,
the minimum output power Pmindg and maximum output power
Pmaxdg of the diesel generator are limited.

C. MICROGRID LOAD
1) SHIFTABLE LOAD
In this paper, because the studied isolated microgrid is used
mainly on high mountains and remote islands, we consider
mainly two types of shiftable loads: a seawater desalina-
tion system and a plateau oxygen generation system. Since
the functions of these two types of components resemble
each other from the overall system perspective, they are
abstracted by identical models [23]. Composed of multiple
desalination/oxygen generators and reservoirs/storage tanks,
the shiftable load system can be switched on and off based
on load conditions as well as the power output of the power
sources in the microgrid at a given time. The total power
requirement of the shiftable load system at the t th hour
(Ps,sft (t)) satisfies 0≤ Ps,sft (t) ≤ NsftP

sft
r [24].

2) OTHER LOADS
Other than the shiftable loads, the remaining loads con-
sist mainly of residential electricity consumption on the
microgrid.

III. MICROGRID PLANNING AND DESIGN MODEL
A. OPTIMIZATION OBJECTIVES
To be economically profitable, ensure a stable and reli-
able power supply, and minimize the abandonment of solar
power and wind power, the diesel energy supply rate (DER),
the annual cost of the system (ACS), and the ratio of demand
lack (RDL) are determined as the optimization targets in this
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paper and can be expressed as [24]

MinFobj = (DER,ACS,RDL) (14)

where Fobj is a function of these three targets. The detailed
formulations of these three optimization goals are as follows.

1) ANNUALIZED COST OF SYSTEM
Acquired by converting expenses across the whole lifecycle
to a cost per year according to the assumed life of the system,
the annualized cost of the system (ACS) is calculated based on
the annual interest ratio, inflation rate, and other parameters
and can effectively reveal the annual financial benefits of the
microgrid system. The calculation of ACS is as follows:

ACS = Cinitial + Creplace + Crepair + Cfuel (15)

In equation (15), Cinitial refers to the initial investment cost
of the system [5], which includes the purchase, transporta-
tion, and installation expenditures of the microgrid devices,
in addition to the shiftable load and mobile energy stor-
age; Crepair (k) is the operation and maintenance costs in the
k th year. The cost of the energy storage components includes
only the costs of the stationary energy storage system and the
cost of necessary facilities for accessing the mobile energy
storage devices; the initial investment, component replace-
ment and operation and maintenance costs of the mobile
energy storage system are not included. In calculating the
annualized cost of themicrogrid, the nominal interest rate and
the annual inflation rate are taken as 3.75% and 1.5%, respec-
tively. The calculation method of each item in equation (15)
is as follows:

Cinitial =
∑

Ccinv ·
i · (1+ i)Lcom

(1+ i)Lcom − 1
, i =

inom − f
1+ f

;

Creplace = Cbat · N S
bat · Nreplace;

Crepair (k) = Crepair (1) · (1+ f )k ;

Cfuel =
top∑
t=1

Fcons(t). (16)

2) RATIO OF DEMAND LACK
The RDL is defined as the proportion of time during micro-
grid operation during which the electricity supply is not able
to meet the demands of the mobile energy storage system or
loads. The calculation method is as follows:

RDL =

top∑
t=1

Bl (t)+
NT
op∑

T=1
tlac (T )

2top
(17)

The formula used to calculate tlac (T ) is described in
Section III-B. As a Boolean value, Bl (t) is calculated by
equation (18) [25]:

Bl (t) =

{
0, if Eavail (t) > Ereq (t) ;
1, if Eavail (t) < Ereq (t) .

(18)

The value of RDL is between 0 and 1, where 0 means that
the load demand can always be satisfied during the cycle.
Here, the time-series method is used to calculate the missing
demand.

3) RATIO OF DIESEL ENERGY
This goal, illustrated by equation (19), is to minimize the con-
sumption of nonrenewable energy during the full lifecycle of
the designed microgrid; this goal is equivalent to maximizing
the proportion of renewable energy in the system’s energy
supply.

DER =
POWdg

POWgrid
× 100% (19)

B. TASK SIMULATION OF MOBILE ENERGY
STORAGE COMPONENT
Being defined by the specified operational simulation,
themobile energy storage system has its ownmission require-
ments in this paper; here, the power-absorbing ability of the
system is limited.

The 24-hour operating time of the mobile energy stor-
age devices, whose total capacity is CAPMbat , is divided into
3 parts: the interval of 07:00-13:00 is mission period 1 (6 h);
the interval of 13:00-19:00 is mission period 2 (6 h), and
the interval of 19:00-07:00 (the next day) is mission period
3 (12 h). During each mission period, the discharge/charge
state is invariant. For example, the state of being offline or
online is switched at the transition point of each time interval
based on the task schedule.

Switching occurs at 07:00 (transition point 1), 13:00 (tran-
sition point 2) and 19:00 (transition point 3) based on the
definitions of the mission periods. The ongrid and offgrid
probabilities at each conversion point of the mobile energy
storage devices vary based on the characteristics of the sub-
sequent mission period. When conducting this transition,
the state of each battery is initially monitored. Then, all the
battery capacities are summed to obtain the overall capacity
and total SOC [24]. In this paper, the simulation step size is
1 hour. Hence, T + 1 in equations (20) and (21) indicate the
transition to the nextmission period. The initial SOC is 100%.

The conversion rules for transition point 1 are given
in Table 1.

The calculation method for the total available capacity of
the ongrid mobile energy storage devices in Table 1 is as
follows:

CAPM (T + 1) = CAPM (T )+ n1 · CAPMbat − m1 · CAPMbat ;

(20)

whereCAPM in the next mission period is obtained by adding
the total capacities of the batteries that switch to the online
state in the current mission period to CAPM in the last mis-
sion period and subtracting the capacity of the newly offline
batteries. The meanings of n1 and m1 are shown in Table 1.
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TABLE 1. Conversion rules.

The SOC is

SOCM (T+1) = SOCM (T )+0.2n1 ·CAPMbat−m1 ·CAPMbat ;

(21)

where SOCM in the next mission period is calculated by
adding the residual energy of the batteries that switch to the
online state in the current mission period to the SOCM in
the last mission period and subtracting the residual energy
of the newly offline batteries.

The conversion rules of transition points 2 and 3 (see
Table 6) resemble those of transition point 1, except for
the switching probability between every state. In the simu-
lation, the offgrid mobile storage units have a 50% proba-
bility of switching to the ongrid state at transition point 2,
while the remaining units continue executing their tasks. The
ongrid mobile storage units have a 50% probability of being
switched to the offgrid state, and the remaining units remain
in the ongrid state. At conversion point 3, the offgrid units
are all switched to the ongrid state, where the ongrid devices
switch to the offgrid state with a 20% probability.

The transition rules above regard all mobile energy storage
devices as a whole system, the SOC and capacity of which
change randomly according to the attribute values of each
battery at the conversion time. In addition, SOCM (T ) may
take on a negative value. Thus, when SOCM (T ) < 0, it is
included in the calculation of the RDL. The lack time of the
mission demand tlac (T ) (hour) is given by

tlac (T ) =

∣∣SOCM (T )
∣∣

CAPMswi(T )
× ttas (T ) ; (22)

where CAPMswi(T ) is the total available capacity of the batter-
ies that switched from the ongrid to offgrid state at the time
at which SOCM (T ) < 0.

C. OPERATIONAL STRATEGIES CONSIDERING LOAD
POWER REGULATION AND MOBILE ENERGY
STORAGE CHARACTERISTICS
1) POWER REGULATION LIMITS OF SHIFTABLE LOAD
At each moment, the upper and lower power limits of the
shiftable load in the power control process of the microgrid
system should be determined first; these limits reflect the
adjustment ability of these loads at a given time. Here, the

upper and lower power limits of the shiftable load in each
hour are obtained based on the oxygen storage tank or reser-
voir capacities, the amount of oxygen or desalinated seawater
being generated and the oxygen or water demands of the
residents.

a: CALCULATION OF LOWER POWER LIMIT
For a given time, the upper and lower power limits of the
oxygen generation/seawater desalination devices are calcu-
lated based on the demands by residents and the current water
storage/oxygen reserves. The calculation of the lower power
limit of the shiftable load (Pmin

s,sft (t)) at the t th hour is as
follows:

Pmin
s,sft (t) = Nmin

sft (t) · P
sft
r (23)

When Rsft (t − 1)−Rmin
sft ≥ Rqu (t), the oxygen/water stor-

age level is sufficient. Under this condition, all the shiftable
loads can be cut off from the microgrid system, which means
that Nmin

sft = 0. When Rsft (t − 1) − Rmin
sft < Rqu (t), the

oxygen/water storage level is not sufficient. Hence, the min-
imum amount of oxygen generation/seawater desalination
generation to be started should be calculated based on the dif-
ference between the oxygen/water storage levels at this time
and the minimum water/oxygen reserve levels for ensuring
the coverage of the residents’ emergency demands. Hence,
we have

Nmin
sft (t) = dRqu (t)−

(
Rsft (t − 1)− Rmin

sft

)/
Gsfte (24)

Because the water/oxygen emergency reserves must be
ensured, the minimum number of devices that need to be
turned on should be rounded up.

The calculation of the lower power limit is also involved
in the power allocation strategy of Reference [23]. In that
study, the oxygen/water storage being sufficient or not at
time t depended on whether the difference between the
oxygen/water reserve and the maximum capacity of the
oxygen/water storage tank could satisfy the water/oxygen
demand at the t th hour.

In the calculation method of this paper, the maximum
capacity of the oxygen/water storage tank in the determina-
tion method above is changed to the minimum oxygen/water
storage capacity (Rmin

sft ) for the emergency demand; therefore,

95254 VOLUME 7, 2019



Y. Song et al.: Multi-Objective Configuration Optimization for Isolated Microgrid

the lower power limit of the shiftable devices can be reduced
as much as possible in the condition that the emergency
reserve and daily demands for oxygen/water are guaranteed.
Because of its ability to increase the power control range,
this method is beneficial to the power regulation of the
microgrid.

b: CALCULATION OF THE UPPER POWER LIMIT
The upper power limit of shiftable devices is identified by tak-
ing the residents’ oxygen/water demands, the total capacity
of the reservoirs/tanks, and the current oxygen/water reserve
into the calculation.

Pmax
s,sft (t) = Nmax

sft (t) · Psftr (25)

When Rsft (t − 1) + NsftGsft − Rqu (t) ≤ Rmax
sft , the

oxygen/water reserve is relatively low, whichmeans that even
if all the devices are operating, reaching the maximum total
capacity of the reservoirs/tanks in one hour is impossible.
In this situation, Nmax

sft (t) = Nsft .
When Rsft (t − 1) + NsftGsft − Rqu (t) > Rmax

sft , the
oxygen/water reserve is sufficient. When all the shiftable
devices are started to satisfy the oxygen/water demand,
the upper capacity limit of the tank/reservoir is reached
within 1 hour. Under this condition, devices need to be
started as required, namely, Nmax

sft (t) = dRmax
sft + Rqu (t) −

Rsft (t − 1)
/
Gsfte. To clarify the peak-smoothing effect of

the shiftable load units on the renewable energy power output,
the number of devices that should be started is rounded
up to the next integer. Moreover, the water/oxygen storage
exceeding the upper limit of the total capacity is discarded.

2) MICROGRID SYSTEM OPERATION STRATEGY
In a hybrid energy system, all the components are linked by an
energy flow; thus, their system model can be described using
the power consumption of each component [26]. In this paper,
the power consumption of the shiftable load, the power of the
energy storage module, and the electric power generated
by the diesel generator in the microgrid are all adjustable.
In addition, because of the nature of themobile energy storage
devices, in this paper, this type of component has a priority
of charging first and then discharging to achieve low charge-
discharge switching times and a high charge state.

When the microgrid system is operational, renewable
energy sources should be preferentially utilized to satisfy the
loads. Therefore, the net power of the microgrid, Pnet (t),
is introduced here to denote the power difference between the
renewable energy output and the user loads at the t th hour.

Pnet (t) = Pwg (t)+ Ppv (t)− Por (t)− Pmin
s,sft (t) (26)

The net power situation can be divided into the following
three categories:

(1) Pnet (t) = 0. The renewable energy output is able to
satisfy all the grid loads, which means that the energy storage
units in the microgrid are not used under this condition.
The oxygen/water storage at a certain time is determined

by the oxygen/water consumption of the residents and the
productivity of the shiftable load devices.
(2) Pnet (t) > 0. In this scenario, the generated electricity

is greater than the electricity demand by the residents. Here,
the residual power is preferentially absorbed by the energy
storage devices and shiftable units in the microgrid system.

Compare Pnet (t) with Pdifs,sft (t), where Pdifs,sft (t) is
defined as

Pdifs,sft (t) = Pmax
s,sft (t)− P

min
s,sft (t) (27)

(i) When Pdifs,sft (t) > Pnet (t) > 0, the number of shiftable
units that need to be started is

n1 = bPnet (t)
/
Psftc + Nmin

sft (t) (28)

In this circumstance, Ps,sft (t) = n1 · P
sft
r .

(ii) When Pdifs,sft (t) ≤ Pnet (t) ≤ PM ,max
bat,i (t) + Pdifs,sft (t),

i.e.,
(
Pnet (t)− P

dif
s,sft (t)

)
≤ PM ,max

bat,i (t), the shiftable units
operate at the upper power limit: Ps,sft (t) = Pmax

s,sft (t). There-
fore, themobile energy storage system should be charged first
at this time using the remaining power. Hence, we have

PMbat,i (t) = Pnet (t)− P
dif
s,sft (t) (29)

(iii) Finally, when Pnet (t) > PM ,max
bat,i (t) + Pdifs,sft (t),

i.e.,
(
Pnet (t)− P

dif
s,sft (t)

)
> PM ,max

bat,i (t), the mobile energy
storage system reaches the upper power absorption limit;
however, electric power remains in the microgrid. Therefore,
the stationary energy storage devices need to absorb the
remaining electrical energy at this time.

PFbat,i (t) = Pnet (t)− P
dif
s,sft (t)− P

M ,max
bat,i (t) (30)

If power remains when the stationary energy storage sys-
tem reaches its power-absorbing upper limit, this part of the
power output is discarded. In this circumstance, PFbat,i (t) =
PF,max
bat,i (t).
(3) Pnet (t) < 0. The power generation of the renewable

energy devices cannot satisfy the full load demand when the
shiftable units operate at their lower electric power limit.
In this situation, the stationary energy storage devices dis-
charge first to overcome the shortage of electricity in the
microgrid.
(i) If PF,max

bat,o (t) > Pmin
dg > |Pnet (t)|, the electric energy

deficit is filled completely by the discharging power of the
stationary energy storage devices: PFbat,o(t) = |Pnet (t)|. Con-
sidering the desire to minimize the losses in their operational
lifetimes, the mobile energy storage devices do not discharge
under this condition.

(ii) If Pmax
dg ≥ |Pnet (t)| ≥ Pmin

dg , the stationary energy
storage devices stops discharging; simultaneously, the diesel
generators are turned on. In this circumstance, Pdg (t) =
|Pnet (t)|.

(iii) When
(
PF,max
bat,o (t)+ Pmax

dg

)
≥ |Pnet (t)| > Pmax

dg ,
the stationary energy storage devices discharge and the
diesel generators provide their full-power output, together
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compensating for the electricity shortage in the microgrid.
Therefore,

Pdg (t) = Pmax
dg (31)

PFbat,o(t) = |Pnet (t)| − P
max
dg (32)

(iv)When
(
PF,max
bat,o (t)+ Pmax

dg + P
M ,max
bat,o (t)

)
≥ |Pnet (t)| >(

PF,max
bat,o (t)+ Pmax

dg

)
, even if the stationary energy storage

devices and diesel generators provide their full-power output
together, the load requirements at this time still cannot be
satisfied. In this situation, the mobile energy storage devices
need to discharge to compensate the electric power shortage
in the microgrid. Therefore,

Pdg (t) = Pmax
dg (33)

PMbat,o(t) = |Pnet (t)| − P
max
dg − P

F,max
bat,o (t) (34)

(v) When |Pnet (t)| ≥
(
PF,max
bat,o (t)+ Pmax

dg + P
M ,max
bat,o (t)

)
,

this circumstance is considered in the RDL calculation as a
period of insufficient power supply.

IV. SOLUTION METHODOLOGY
The solution of the optimization model proposed in this paper
is obtained by solving a nonlinear multiobjective problem
with multiple decision variables, including the number of
photovoltaic panels (Npv), the installation angle of the pho-
tovoltaic panels (β), the number of wind generators (Nwg),
the installation height of the wind generators (Hwg), the
number of stationary energy storage components (N S

bat ),
the number of diesel generators (Ndg), and the number of
oxygen/water storage tanks (Nwst ).
The improved preference-inspired coevolution algorithm

(PICEA-ng) [27], which achieves excellent performance in
solving this type of problem, is used as the solution algorithm.
By introducing a set of preferences and coevolving with the
candidate solution population to simultaneously provide mul-
tiple hypothetical preference sets, the algorithm searches for
and obtains a better representative of the entire Pareto front.
In this algorithm, the coevolutionary preference is called the
target vector. However, these preferences are not the true
preferences of the decision makers but rather represent a
method for comparing the advantages and disadvantages of
the different solutions for posterior optimization [5]. The
algorithm has a strong search ability and excellent perfor-
mance in solving high-dimensional (three or more) problems.
The performance of the improved PICEA-g on the WFG test
problem set has been proven to exceed that of four advanced
multiobjective evolutionary algorithms: NSGA-II, MOEA,
Hype, and MOEA/D [30]. The fitness allocation method as
well as the performance of the improved algorithm based on
this method (PICEA-ng) have been further improved [27].

The algorithm flowchart is shown in Figure 2.
In the solution process, the maximum iteration number

is 100, and the population of the target vectors and the number
of individuals in the population of the decision variables are

set to 50. This algorithm uses polynomial mutation (PM)
genetic operators and simulated binary crossover (SBX),
along with the recombination probability Pm and crossover
probability Pc. The distribution index is shown in Table 2,
where nvar is the number of decision variables [24].

Real code technology is employed for chromosome coding
because the genetic operator includes SBX and PM . There-
fore, the chromosome consists of [Npv|Nwg|N S

bat |Ndg|Nwst | β|
Hwg], which contains seven decision variables. Thus,
the chromosome has a 1/7 mutation probability in the polyno-
mial mutation. Considering its practical application, the first
five variables are rounded in the calculation.

During the solution process, the numbers of photovoltaic
panels, wind generators, and diesel generators should be
restricted within an appropriate range of values to reduce the
search space of the algorithm according to the given load
power demand scenario or the constraints of the occupied
area. The SOC of each energy storage component varies
within a specified range.

V. NUMERICAL EXPERIMENTS
A. EXPERIMENTAL DATA
Based on the average meteorological data [5] in a specified
area from the past several decades, the annual horizontal solar
radiation, hourly average wind speed measured at an altitude
of 10 m, and average ambient temperature per hour are gen-
erated for the case study. In this paper, water consumption
data from Reference [23] are used for the system capacity
planning and calculation. The seawater desalination system
has eight independent seawater desalination devices, whose
rated power is 250 W , and the water production of each
device is 1 t/d . The distributions of the solar radiation, wind
speed and temperature utilized in this case study are shown
in Figure 3 - Figure 5, respectively, and the load and water
demands are illustrated in Figs. 6 (a) and (b). In the following
calculation examples, for the parameters of the wind turbines,
stationary energy storage units, photovoltaic panels and diesel
generators, we adopted the settings from Reference [8].

B. ANALYSIS OF OPTIMIZATION RESULTS
In Figure. 7, the last generation of the results is shown as the
resulting Pareto front.

In Figure 7, there is a significant negative correlation
between the three objectives. From the ACS-RDL subgraph
and the ACS-DER subgraph of the 3D Pareto frontier, it is
obvious that reducing the demand miss rate will result in an
obvious increase in the annual system cost. A reduction in the
proportion of diesel generators in the total energy supply will
also lead to cost increases. Specifically, tomake themicrogrid
system more capable of satisfying the energy demands and
lower the dependence on diesel generators, an increase in
costs is inevitable. Therefore, the optimal solution is not
unique, and it is better to comprehensively consider various
factors and fully exploit the information contained in the
Pareto frontier to facilitate scientific decision making.
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FIGURE 2. Algorithm flowchart of PICEA-ng.

TABLE 2. Algorithm parameters.

FIGURE 3. Solar radiation distribution.

The 50 nondominated candidate solutions obtained after
100 iterations are of the same quality. The decision makers
only need to select the most satisfactory solution based on
their posterior preference information. Because of the mili-
tary requirements of the microgrid system, the objectiveDER
is set to less than 20%. When the objective RDL is less than

FIGURE 4. Wind speed distribution.

FIGURE 5. Temperature distribution.

0.1%, 0.5%, and 1%, a corresponding solution is selected
from the 3D Pareto front [24]. The three consequently
obtained capacity configurations are shown in Table 3.
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TABLE 3. Selected capacity configuration.

FIGURE 6. Load and water data distributions.

FIGURE 7. Final optimization results shown in the three-dimensional
coordinate system.

When the DER or RDL is reduced to 0%, that is, when the
microgrid system is completely powered by renewable energy
or fully satisfies the loads, a large increase in the annualized
cost (ACS) will occur, consistent with the conclusions drawn
from the overall trend of the curve shown in Figure 7.

C. MODEL VALIDITY VERIFICATION
Five one-year (8760 hours) time-series simulations were per-
formed with the capacity configuration of result 2 in Table 3.
To compare with the original results, the target values of each
simulation are listed in Table 4.
The comparison in Table 4 shows that the nonrenewable

energy supply ratio is very stable and shows almost no fluc-
tuations. However, there are certain changes in the demand
shortage rate and the annualized cost, and the fluctuation
of the demand deficiency rate is relatively large. This is
because the demand shortage rate includes both the power
supply demand and the mission demand for mobile energy
storage. The demand for mobile energy storage tasks presents
a certain randomness, which leads to fluctuations in the

TABLE 4. Simulation results.

demand-missing rate. This randomness also causes differ-
ences in the start-stop behavior of the diesel engines in each
simulation, which causes changes in the fuel consumption
and consequently small fluctuations in the annualized costs.
Therefore, the simulation results in the table are reasonable.

Next, we observe the operational behaviors of each com-
ponent in the first simulation. In the design of the simulation
program, the system must satisfy all constraints during oper-
ation. Comparing Figure9(a)(b) with Figure3 and Figure4,
it can be seen that the outputs of the photovoltaic generators
and wind turbines depend on the actual solar intensity and
wind speed data, and there is a clear positive correlation,
which is in line with expectations.

Figure9(c) reflects the operating conditions of the station-
ary energy storage after one year from the perspective of
the SOC . Because the stationary energy storage in the system
should play the role of peak clipping and valley filling in the
renewable energy output, the SOC of the stationary energy
storage is always changing within one year. Simultaneously,
during the period from 3700 hours to 4700 hours of this year,
the stationary storage energy discharge depth is obviously
increased, which is due to the peak power consumption in
the summer, meaning that the power demands of the loads
increase. When the output of the wind generators and pho-
tovoltaic panels cannot satisfy the requirements of the loads,
the stationary energy storage will supply power to the loads
first.

Figure9(d) shows that the output of the diesel generators
varies over the course of the year, and the output during the
middle of the year is relatively high. This is because the load
demand increases during the middle of the year, presenting a
peak in the power consumption. When the stationary energy
storage is discharged but the load demand still cannot be
satisfied, the starting condition of the diesel generator is
reached. The diesel generator will then begin to compensate
for the power shortage.
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FIGURE 8. Optimization results shown in the two-dimensional coordinate
system.

In summary, the input and output powers of each compo-
nent in themodel are normal, and the target value is calculated
accurately, therein adequately reflecting the actual operation
of the system.

FIGURE 9. Component operation condition.

D. EFFICIENCY ANALYSIS OF MOBILE ENERGY
STORAGE AND SHIFTABLE LOAD
Because the shiftable units and mobile energy storage
devices are introduced in the traditional microgrid structure,
in addition to the observation and verification of the normal
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TABLE 5. Control variable simulation results.

cooperation of the components of the system (Section V-C),
it is also necessary to compare and analyze the operational
performance of the microgrid before and after the introduc-
tion of shiftable units and mobile energy storage devices.
This is done to determine whether the shiftable units and
mobile energy storage devices can function normally and
whether they can achieve good power control performance
in the microgrid. Here, the magnitude of the value of the
optimization objectives is used to characterize the power
control performance.

We take the capacity configuration shown in row 2 of
Table 3 as an example [24], and multiple simulations with
a length of one year (8760 hours) are performed based on
the 4 types of variable control schemes shown in Table 5.
Here, the optimization target values corresponding to each
simulation scheme are included as well.

The data shown in Table 5 are an average of ten simula-
tions corresponding to each scenario. The particular schemes
in Table 5 are explained as follows:
Scheme 1: Maintain the original microgrid operation

strategy.
Scheme 2: Mobile energy storage devices participate in the

power regulation of the microgrids as ordinary loads.
Scheme 3: Shiftable units participate in the power regula-

tion of the microgrid as ordinary loads.

Scheme 4: Shiftable units and mobile energy storage
devices are both applied as ordinary loads to participate in
the power regulation of the microgrid.

In this paper, RDL is one of the optimization goals, includ-
ing the comprehensive statistics of the rate of the mobile
energy storage devices’ mission requirement loss (RMRL)
and the rate of load requirement loss (RLRL). Here, RMRL
and RLRL are separately listed to intuitively show the effec-
tiveness of the mobile energy storage and shiftable loads; the
calculation of RMRL and RLRL is as follows:

RMRL =
top∑
T=1

tlac (T )

/
T (35)

RLRL =
top∑
t=1

Bl (t)

/
T (36)

The results of simulation scheme 4 are compared with the
simulation results of scheme 2 and scheme 3 as follows. For
scheme 2, compared with scheme 4, the load demand missing
rate decreased from 1.0274% to 0.7991%. Similarly, after
the mobile energy storage of scheme 3 begins participating
in the microgrid power regulation, the load demand missing
rate also decreased significantly (from 1.0274% to 0.6963%).
Because the mobile energy storage needs to be discharged
after participating in the power regulation of the microgrid,
the mission demand loss rate increased from 0% to 0.2942%.
The above comparison shows that the shiftable units and
mobile energy storage devices have an important influence
on the electric energy supply of the microgrid; however,
the participation of mobile energy storage devices in the
microgrid regulation has a small probability of resulting in
mission failure.

TABLE 6. Supplement to conversion rules.
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On the other hand, as we can see, shiftable units can reduce
the annual system cost from $16,996.2541 to $16,179.4293
and significantly reduce the nonrenewable energy supply
ratio from 22.2244% to 16.3883% [24]. The power absorbed
by the shiftable units in the scenario where the wind and
solar resources are sufficient is used to increase the fresh
water reserves, whichmakes the shiftable units able to operate
at lower power for the propose of reducing the diesel fuel
consumption and increasing the renewable energy utilization
when the power in the microgrid is insufficient. The discus-
sion above is verified by the reduction of ACS and DER.
In contrast, if the mobile energy storage devices participate

in the regulation, the discharge priority is the lowest, which
means that the mobile energy storage devices are discharged
after the diesel generator. Hence, the use of mobile energy
storage devices cannot reduce the fuel consumption of the
diesel engines; however, it is able to absorb part of the power
when the wind power is sufficient and slightly increases the
utilization rate of renewable energy, which is reflected in the
reduction of DER (from 22.2244% to 22.1754%).

When the shiftable units andmobile energy storage devices
participate in the regulation of the microgrid, the RDL
decreases from 1.0274% to 0.5708%, which means that
both units can play a relatively effective role together when
involved in the power regulation of the microgrid system.
In terms of the load demand missing rate, compared with
mobile energy storage devices involved in the microgrid
control, the RLRL is reduced from 0.2942% to 0.2667%
after the shiftable load participates in the microgrid power
regulation, indicating that the shiftable units and mobile
energy storage devices can complement each other. Never-
theless, the predetermined starting and stopping conditions
of each device related to the microgrid operation strategy
still need to be further adjusted to achieve better regulation
performance.

VI. CONCLUSION
For future deployments of the Chinese army, comprehensive
consideration must be given to the mission requirements,
living needs, and rapid development of equipment powered
by electricity. Thus, renewable energy generation, control-
lable power supplies (diesel generators ormicro gas turbines),
shiftable loads (desalination loads, etc.), mobile energy stor-
age and stationary energy storage will likely become typical
components of microgrids on islands or in alpine camps.
The shiftable load represented by seawater desalination and
oxygen manufacturing equipment is included in the system
optimization, which can smooth the electricity output of
intermittent energy generators, such as wind turbines and
photovoltaic generators, and improve the utilization ratio of
renewable energy in themicrogrid.Mobile energy storage can
replace the role of fixed energy storage to a certain extent,
fill the valleys of the renewable energy output, and reduce
the operating cost of the system. Therefore, by incorporat-
ing traditionally independent wind power/solar power/energy

storage/diesel power into microgrids and designing appropri-
ate operational strategies, the electricity supplied by renew-
able and nonrenewable energy sources can complement each
other, thereby increasing the renewable energy utilization and
effectively reducing the system operating costs. Based on this
background, this paper has conducted indepth research on a
military microgrid system, including mobile energy storage
devices and shiftable units.

In this paper, the structures of hybrid renewable energy
microgrid systems, including mobile energy storage devices
and shiftable units, and the mission requirements of mobile
energy storage devices are first defined. A simulation method
for mobile energy storage units based on the mission period
is proposed, and the components of the system are modeled.
Then, based on the synthesis and improvement of the existing
strategy, an operational strategy based on the characteristics
of mobile energy storage and the power regulation of loads
is proposed, including the calculation method of the upper
and lower power limits of the shiftable units, and the com-
position and connotation of the optimization objectives of
the system are clarified. A military microgrid system model
including mobile energy storage devices and shiftable units is
then proposed. After that, the decision variable composition,
optimization objective composition andmodel constraints are
explained. The solution algorithm (PICEA-ng) for the plan-
ning model in this paper is then introduced. Finally, model
solving is performed based on actual data from a remote area
in Spain, the results of which are analyzed, compared and
summarized.

Based on the numerical solution and analysis, the rational-
ity of the model and power allocation strategy are verified.
Three conclusions can be drawn:

1. Shiftable units and mobile energy storage devices play
important regulating roles in the microgrid electric energy
supply.Whenmobile energy storage devices participate in the
system power regulation alone, their mission requirements
cannot be satisfied with small probability. When shiftable
units participate in microgrid adjustment, the annualized cost
of the system can be reduced, and the utilization rate of the
renewable energy can be obviously improved. In contrast,
mobile energy storage devices participating in the system
adjustment can only slightly increase the rate of renewable
energy utilization.

2. Shiftable units and mobile energy storage devices
can participate in system power regulation simultaneously;
moreover, they can play a complementary adjustment role
in microgrid operation and obtain improved performance.
The predetermined starting and stopping conditions of each
device related to the microgrid operation strategy still need
to be further adjusted, though, to achieve better adjustment
effects.

3. After mobile energy storage devices and shiftable units
participate in system energy adjustment using the power
allocation strategy presented in this paper, significant effects
in maintaining the relative stability of the stationary energy
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storage SOC can be achieved, as reflected in the low level
of stability during the summer peak power period and the
high level of stability during the non-summer peak power
range [24]. These effects are conducive to reducing the num-
ber of stationary energy storage charge and discharge cycles
and prolonging the devices’ service lives.

Future research directions are as follows: 1. The existing
results are based on the determined historical data for capac-
ity allocation. The next step is to combine robust optimization
with multiobjective evolutionary algorithms to explore new
methods for uncertain planning for the microgrid.

2. We will perform a more detailed and realistic mission
simulation of mobile energy storage so that its regulation
of the microgrid and randomness can be more realistically
reflected. We will also improve the existing model, analyze
the characteristics of each component in depth, and conduct
further controlled experiments based on this adjustment oper-
ation strategy to address the problem whereby the stationary
energy storage may remain at the lower limit of the SOC dur-
ing the peak hours of power consumption under the existing
strategy. We will also attempt to improve the performance of
the components of the microgrid system.
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