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*e power balance of the tie-line is crucial to the stable operation of a community microgrid. *is paper presents a power
fluctuation smoothing method of the microgrid tie-line based on virtual energy storage technology. Firstly, the structure
characteristics and the energy coupling mode of the combined heat and power system is systematically analyzed. Considering the
operating characteristics of heat pumps, micro gas turbines, and buildings’ heat storage characteristics, a virtual energy storage
model is established. Secondly, the target power of the tie-line is determined with the storage state indexes into consideration.
Subsequently, a power allocation strategy which takes into account the correction of equipment state mapping set is proposed to
allocate the tie-line power fluctuations to heat pumps, micro gas turbines, and supercapacitors. Simulation results show this
method can realize the coupling coordination between heat and power energy and ensure the smoothing effect of the power
fluctuations. Meanwhile, the control flexibility of the combined heat and power system can be enhanced, and the microgrid’s
operating economy can be improved.

1. Introduction

Along with the popularization and application of renewable
energy, the distributed power supply system composed of
wind power and photovoltaic can form a user-oriented
community microgrid [1–3]. During the past decade, the
combined heat and power (CHP) system has gained in-
creasing concerns and is regarded as the key of the com-
munity microgrid to meet users’ multiple demands for
electricity and heat [4, 5]. Renewable energy and traditional
energy are collaboratively utilized to provide system opti-
mization management and regulation in the community
microgrid [6–8]. In the traditional mode, the community
microgrid generally realizes the power balance of the tie-line
through the configuration of battery energy storage to en-
sure the security operation of the system, but this will in-
crease the operation cost due to the high price of the battery
energy storage. Coordinated control of heat and power
energy can smooth the tie-line’s power fluctuations and
realize multienergy supply and cascade utilization, and

therefore the overall investment costs of the microgrid can
be reduced [9–11].

At present, battery energy storage system (BESS) [12, 13]
and supercapacitors [14, 15] are widely utilized in the energy
cooperation optimization [16–18]. In [19], the optimal
performance function is presented to obtain the control
sequence of the BESS, while with the total electricity cost
minimized and the battery’s lifetime simultaneously ex-
tended. Hierarchical control, composed of centralized and
distributed control mode, is proposed in [20] to minimize
bus voltage deviation and maximize the utilization of the
hybrid energy storage system’s utilization capacities, re-
spectively. Although the power fluctuations could be ef-
fectively smoothed by the BESS, its popularity is still limited
by the high investment cost [21, 22].

Heat pumps, micro gas turbines, and other heating
equipment can achieve coordinated control of heat and
power energy through electric-thermal conversion and CHP
technology, while with the power fluctuations of the tie-line
smoothed and the thermal demand of the microgrid satisfied
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[23, 24]. In [25], switching of switches state of heat pumps
can effectively reduce the numbers of energy storage charge
and discharge conversion and smooth power fluctuations of
the microgrid tie-line. An electrothermal joint model, which
aims at reducing the power fluctuations of the tie-line and
the operating cost of the microgrid, is established in [26].
However, this condition does not consider the impact of heat
production on user comfort. *e above research mainly
focuses on single heating equipment, and the deep coupling
of heat and power energy demand further investigation. In
order to furtherly explore the advantages of energy com-
plementarity and collaborative control of the CHP system, it
is necessary to comprehensively consider various types of
heating equipment, andmake full use of the flexibility of heat
energy regulation to smooth the power fluctuations of the
tie-line.

In the CHP system, the microgrid energy control
centre increases/reduces the heat power to regulate the
electric power of the heat pumps and the power output of
the micro gas turbines, thus undertaking the smoothing
power fluctuations of the tie-line. Due to the heat insu-
lation effect of building walls, the response speed of in-
door temperature to electric power changes is relatively
slow. *us, its heat storage characteristics can be com-
pared to the charging/discharging characteristic of energy
storage [27, 28].

Given this background, this paper is devoted to
addressing the power fluctuations of microgrid tie-line
considering the virtual energy storage. *e structure of the
community microgrid is introduced and virtual storage is
modeled considering the characteristics of the CHP system
and the heat storage characteristics of buildings. Also, the
allocation strategy of power fluctuations of microgrid tie-
line is presented to determine the output power of micro gas
turbines, heat pumps, and supercapacitors, and therefore the
power fluctuations smoothing can be realized and the
comprehensive utilization efficiency of energy can be im-
proved. *e contributions could be summarized as follows:

*e energy coupling mode of the CHP microgrid is
analyzed.

*e operating characteristics of heat pumps, micro gas
turbines, and heat storage characteristics of buildings are
elaborately analyzed, and then a virtual energy storage
model is established.

A strategy for smoothing community microgrid tie-line
power considering the virtual storage technology is
presented.

A correction factor is designed to determine the final
output power based on the equipment state mapping set.

*e remainder of this paper is given as follows. Section 2
proposed the structure of the community microgrid, in-
cluding the microelectricity network and microthermal
network. In Section 3, the heat pumps, micro gas turbines,
supercapacitor, and virtual energy storage are modeled. *e
tie-line’s target power is determined in Section 4, and the
allocation strategy of the target power of the tie-line is
detailed in Section 5. *e simulation results of the presented
model are described in Section 6. *e final section gives the
conclusions.

2. System Structure of Community Microgrid

*e community microgrid structure is depicted in Figure 1,
which includes the microelectricity network and micro-
thermal network. Distributed generation such as wind
power and photovoltaic generate and input electric energy
into the microelectricity grid, and supercapacitors are used
to smooth the power fluctuations of the tie-line of the
microgrid. *e micro gas turbines input electric energy to
the microelectricity network by burning natural gas and
recycle the waste thermal energy through the absorption
heat engine to generate heat and input it to themicrothermal
network, so as to realize the cogeneration of heat and power.
Based on electric-thermal conversion technology, the heat
pumps can convert low-quality thermal energy in the en-
vironment into high-quality thermal energy, in which part of
electric energy is consumed by the heat exchanger and
compressor and thermal energy are output to microthermal
network. *e electric energy and thermal energy are finally
transmitted to the community to meet the demand for
electric power and thermal energy on the user side. *e
power flow and heat flow are marked with green and red in
Figure 1, respectively.

Ptie−line(t) � PEL(t) + PHP(t) + PSC(t)

− Pwind(t) − PPV(t) − PMT(t).
(1)

*e electric power balance equation of community
microgrid at time t is described in equation (1), where
Ptie-line(t) is defined as real-time power of tie-line at time
t, and the value of energy flowing into the microgrid is
positive and negative otherwise. Psc(t) represents the
charging/discharging power of the supercapacitors at
time t and is positive with charging and negative with
discharging. Pwind(t) and Ppv(t) denote the output of wind
power and photovoltaic at time t, respectively. PMT(t) and
PHP(t) represent the power of micro gas turbines and heat
pumps at time t, respectively. PEL(t) represents the load
demand of the community at time t:

QTL(t) � QHP(t) + QMT(t). (2)

*eheat power balance equation is described in equation
(2), where QTL(t) represents heat demand power of users at
time t in the microgrid and QHP(t) and QMT(t) denote the
heat power of heat pumps and micro gas turbines at time t,
respectively.

3. Modeling of Virtual Energy Storage

*e air conditioning load is assumed as the heat demand in
the microgrid. Since the user’s demand for temperature is
adjustable, the heat pumps and micro gas turbines can
change heat demand to participate in the power smoothing
of tie-line, which is similar to the charging/discharging
characteristics of the energy storage system. *erefore, heat
pumps and micro gas turbines can form a virtual storage
system. *e output can be adjusted to smooth power
fluctuations of tie-line and ensure that the room temperature
is reasonable.
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3.1. Micro Gas Turbine. Under the condition of CHP co-
generation, the electric power and heat power of the micro
gas turbine are shown as follows:

PMT(t) � Pgas(t) × ηMT,

QMT(t) � cMT × ηheat × PMT(t) × COPMT,
(3)

where PMT(t) and QMT(t) represent the electric power and
heat power of the micro gas turbine at time t, respectively;
Pgas(t) denotes the gas power injected into the micro gas
turbine at time t; ηMT represents the power generation ef-
ficiency of the micro gas turbine; cMTand ηheat represent the
cogeneration ratio and heat transfer efficiency of the micro
gas turbine; and, COPMT is the heating energy efficiency
coefficient of the micro gas turbine.

3.2. Heat Pump. *e heat pump can convert low-grade heat
energy into high-grade heat energy by consuming a small
amount of electric energy.*e real-time power consumption
of the heat pump changes correspondingly with the working
fluid flow:

COPHP �
QHP

PHP
,

QHP(t) � CHP × ρHP × v(t) × ΔTHP,

(4)

where COPHP is the heating energy efficiency coefficient of
heat pump, CHP and ρHP represent the specific heat and
density of heat pump working fluid, v(t) denotes the flow of

heat pump working fluid at time t, and ΔTHP is the tem-
perature difference before and after one working cycle.

3.3. Super-capacitor. *e state of charge (SOC) of the
supercapacitors can be described as follows:

SOCSC(t) � SOCSC(t − 1) +
PSC(t)

ESC
,

SOCSC min ≤ SOCSC(t)≤ SOCSC max,

(5)

where SOCSC(t) represents the SOC of supercapacitors at
time t, ESC is the capacity of the supercapacitors, and
SOCSC_max and SOCSC_min are the upper limit and lower
limit of the SOC of supercapacitors, respectively.

3.4. Virtual Energy Storage. Based on the laws of thermo-
dynamics [29, 30], the heat balance equation of the virtual
energy storage system can be described as

dQ

dt
� ρ × C × V ×

dTinside

dt
, (6)

where Q represents the indoor heat, ρ and C are the air
density and specific heat capacity of air, respectively; and V
and Tinside represent the indoor air capacity and the indoor
temperature, respectively.

Heat pumps and micro gas turbines provide heat to
users, and the indoor heat is also related to heat transfer and
heat radiation caused by indoor and outdoor temperature
differences. Equation (6) can be furtherly expressed as
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Figure 1: Energy flow in community microgrid combined with heat and power system.
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ρ × C × V ×
dTinside

dt

� QHP(t) + QMT(t) +(t) × Swindow × kS

+ kwall × Swall + kwindow × Swindow( 􏼁

× Toutside(t) − Tinside(t)􏼂 􏼃,

(7)

where kwall and kwindow are heat transfer coefficients of wall
and window [29], respectively; Swall and Swindow are the area
of wall and window, respectively; I(t) represents the solar
radiation power at time t; ks is the radiation coefficient,
which is related to the glass material [1].

Suppose only a single type of heating equipment (e.g.,
heat pump) is applied to participate in smoothing power
fluctuations. In that case, the tie-line’s instantaneous power
change will directly affect the heating equipment’s heat
power, causing the room temperature’s instability on the
user side. *is control mode is accessible, but the control
effect is not satisfying. Nevertheless, the cogeneration
system in this paper includes two types of equipment, heat
pumps and micro gas turbines. When the power fluctua-
tions of the tie-line are positive, the heat pumps can un-
dertake parts of the fluctuations component by increasing
the compressor’s power, and the rise of heat production
causes the increase in room temperature on the user side.
Simultaneously, the micro gas turbines can bear another
part of power fluctuations by reducing natural gas injection
power, and the drop in heat production can cause room
temperature reduction (the analysis of tie-line power
fluctuation being negative is similar). *rough coordinated
control of heat pumps and micro gas turbines, the range of
room temperature variation on the user side is smaller and
the effect of temperature control can be greatly enhanced.
As a result, compared with a single type of heating
equipment, the virtual energy storage composed of heat
pumps and micro gas turbines has higher control flexibility
and heating stability.

4. Determination of Target Power of
Microgrid Tie-Line

*e microgrid energy control centre comprehensively
considers the real-time power of renewable energy, user
load, and the state of supercapacitors and virtual energy
storage and then determines the target power of the tie-line.

State indexes of virtual energy storage and super-
capacitors are introduced to measure the ability of
smoothing fluctuating power of the tie-line:

ST(t) �
Tinside(t) − Tinside0􏼂 􏼃 × 2
Tinside_max − Tinside_min

,

SSC(t) �
SOCSC(t) − SOCSC0􏼂 􏼃 × 2
SOCSC max − SOCSC min

,

(8)

where ST(t) and SSC(t) represent the state indexes of virtual
energy storage and supercapacitors, respectively. Tinside-max and
Tinside-min are the upper and lower limit of room temperature;
Tinside0 is the target reference value of room temperature, and
the value is specified as (Tinside-max+Tinside-min)/2 in this paper.
Similarly, SOCSC0 represents the target reference value of the
supercapacitors’ SOC and the value is set as
(SOCSC_max+ SOCSC_min)/2. It can be seen that the value range
of both the virtual energy storage state index and the super-
capacitors state index is [−1, 1].When the value is close to 1, the
energy release characteristic is strong, but the energy ab-
sorption characteristic is very weak. When the value is close to
−1, it indicates that the energy absorption characteristic is
robust, but the energy release characteristic is weak. When the
energy storage state index is close to 0, it means that it has
strong energy charging/discharging characteristics, which can
be used as an ideal index of smoothing tie-line power.

*e weighted sliding average filter algorithm is used to
smooth the power fluctuations and determine the tie-line’s
target power. When the state index of virtual energy storage
or supercapacitors is good, it means the capacity of charging/
discharging is relatively strong, and the number of filtering
should be increased correspondingly to improve the
smoothing effect of power fluctuations.When the state index
is poor, the number of filtering shall be decreased to reduce
the smoothing effect of power fluctuations, so as to ensure
that the virtual energy storage and supercapacitors are in an
appropriate state:

N(t) � 2 − SSC(t − 1) × ST(t − 1)
􏼌􏼌􏼌􏼌

􏼌􏼌􏼌􏼌􏼐 􏼑 × Nbase, (9)

whereN(t) is the number of sliding average filtering at time t
and Nbase is defined as the base value of sliding average
filtering.

In order to improve the effectiveness of the sliding av-
erage filter algorithm for smoothing the power fluctuations
of the tie-line, a weight factor is introduced to ensure the
algorithm focuses more on the power near time t and
weakens the power influence away from time t. *e ex-
pression of the weight factor can be described as follows:

β(k) � 1 − λ × 1 −
k

N
􏼠 􏼡, k � 1, 2, . . . , N, (10)

where β(k) is the weight factor, λ is the slope of the weight
factor, and the larger the value is, the more obvious the effect
of weight factor is, that is, more emphasis is placed on the
power of tie-line in the adjacent time t when filtering. In this
paper, λ is taken as 0.5. *e target power of the tie-line at
time t can be expressed through the sliding average filter
algorithm:

Ptie−line0(t) �
􏽐

N,t
k�1,t�t−N+1β(k) × Ptie−line(t)

􏽐
N
k�1 β(k)

, (11)

where Ptie-line0(t) represents the tie-line’s target power at
time t.

4 Mathematical Problems in Engineering



*e flowchart of the sliding average filtering algorithm to
determine the tie-line’s target power of the microgrid at time
t is shown in Figure 2.

5. Allocation Strategy of Power Fluctuations of
Microgrid Tie-Line

After determining the tie-lines target power, the difference
between real-time power and the tie-line’s target power is the
power fluctuations of tie-line, which should be smoothed by
heat pumps, micro gas turbines, and supercapacitors. *e
power smoothing target of the microgrid tie-line at time t is
shown in the following equation::

Ptie−line(t) − Ptie−line0(t)

� PSC(t) + PHP(t) − PHP,N(t) − PMT(t) + PMT,N(t)

� PSC(t) + ΔPHP(t) − ΔPMT(t),

(12)

where Ptie-line0(t) is the target power of tie-line at time t;
ΔPHP(t) and ΔPMT(t) represent the power component of the
heat pumps and the micro gas turbines participating in
smoothing the power fluctuations of the tie-line at time t,
respectively; and PHP,N(t) and PMT,N(t) are the rated oper-
ating power of heat pumps and micro gas turbines at time t,
respectively.

Supercapacitors have the fastest power response speed
and can bear high-frequency components of power fluc-
tuations. For the heating equipment in the cogeneration
system, the heat pumps and micro gas turbines have a ca-
pacity margin for smoothing power: the heat pumps have the
slowest power response speed and can bear the low-fre-
quency components in the power fluctuations by regulating
the compressor output [11].*e power response speed of the
micro gas turbines is between the supercapacitors and the
heat pumps, and therefore the micro gas turbines can un-
dertake the intermediate-frequency components of power
fluctuations by regulating the injection power of natural gas.

Firstly, according to the different power response speeds
of heat pumps, micro gas turbines, and supercapacitors, the
corresponding low-pass filtering time constant is deter-
mined and the preoutput components of heat pumps, micro
gas turbines, and supercapacitors can be obtained, respec-
tively. Secondly, considering the output constraints of heat
pumps and micro gas turbines, the SOC of supercapacitors,
and virtual energy storage state, the equipment state map-
ping set is introduced to carry out real-time equipment
correction preoutput.

5.1. Preoutput Calculation Based on Low-Pass Filtering.
*e power fluctuations of the tie-line are firstly low-pass
filtered to obtain the preoutput of the heat pump, which is
the low-frequency component. *en, the remaining me-
dium-high frequency power fluctuations are filtered simi-
larly, and the preoutput of micro gas turbines and
supercapacitors can be determined. *e expressions of the
preoutput of the heat pumps, micro gas turbines and
supercapacitors are shown in the following equations:

ΔPHP_ref(t) �
λHP

λHP + Δt
× ΔPHP_ref(t − 1)

+
Δt

λHP + Δt
× Ptie−line(t) − Ptie−line0(t)􏼂 􏼃,

(13)

ΔPMT_ref(t) �
λMT

λMT + Δt
× ΔPMT_ref(t − 1)

+
Δt

λMT + Δt
× Ptie−line0(t) − Ptie−line(t) + ΔPHP_ref(t)􏽨 􏽩,

(14)

PSC_ref(t) � Ptie−line(t) − Ptie−line0(t) − ΔPHP_ref(t)

+ ΔPMT_ref(t),
(15)

where ΔPHP_ref, ΔPMT_ref, and PSC_ref are the preoutput of
the heat pumps, micro gas turbines, and supercapacitors,
respectively. λHP and λMT are the filtering time constant of
heat pumps and micro gas turbines, respectively. Δt is de-
fined as the system sampling interval.

5.2. Preoutput Correction Based on State Mapping Set.
*e above preoutput calculation is based on the power
response characteristics of heat pumps, micro gas turbines,
and supercapacitors, without considering the virtual energy
storage state and the SOC of supercapacitors.*e equipment
state mapping set and correction factor are introduced to
modify the preoutput.

Start

Input Tinside (t – 1) Input SOCSC (t – 1)

Calculate ST (t – 1) Calculate SSC (t – 1)

Determine N (t)

Calculate β (k), k = 1, 2, …, N

Determine Ptie-line0 (t) 

Output Ptie-line (t) — Ptie-line0 (t)

End

Figure 2: Flowchart of target power smoothing strategy.
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Input parameters of the heat pump state mapping set, the
gas turbine state mapping set, and the supercapacitor state
mapping set are shown in the following equations, re-
spectively, and their values are per unit values:

xHP,1(t) �
ΔPHP(t − 1)

PHP,N

, (16)

xHP,2(t) � xMT,1(t) � ST(t − 1)

�
Tinside(t − 1) − Tinside0

Tinside_max − Tinside_min􏼐 􏼑/2
,

(17)

xMT,2(t) �
ΔPMT(t − 1)

PMT,N

, (18)

xSC,1(t) � SSC(t − 1)

�
SOCSC(t − 1) − SOCSC0

SOCSC_max − SOCSC_min􏼐 􏼑/2
,

(19)

xSC,2(t) � Ptie−line(t) − Ptie−line(t − 1). (20)

*e heat pumps preoutput correction is based on the
heat pumps’ real-time running state and virtual energy
storage state index. When the power fluctuations of the tie-
line are positive, if xHP,1 (t) is high, it indicates that the
compressor’s output is weak to increase and strong to de-
crease, so the correction factor should be reduced to avoid
severe overload of the heat pumps; if xHP,2(t) is close to 1,
that is, the room temperature is close to the allowed upper
limit, at this time the compressor output should be cut down
and the heat power of the heat pumps should be reduced to
avoid room temperature exceeding the allowed upper limit.
When the power fluctuations of the tie-line are negative, if
xHP,1(t) is low, the compressor output reduction capacity is
very weak, and the correction factor should be increased to
avoid a light load of the heat pumps; and if the room
temperature is close to the lower limit, the compressor
output should be increased and the heat power of heat
pumps should be increased to avoid room temperature
exceeding the lower limit.

*e micro gas turbines preoutput correction is based on
the virtual energy storage state index and natural gas in-
jection power state. When the power fluctuations are pos-
itive, if xMT,2 (t) is high and the micro gas turbines have a
strong lowering capacity, it is necessary to reduce the cor-
rection factor to avoid excessive natural gas injection power
and if the virtual energy storage state index xMT,1 (t) is close
to 1, the heating power of the micro gas turbines should be
reduced to avoid room temperature exceeding the allowed
upper limit. *e analysis of negative power fluctuations of
the tie-line is similar.

*e preoutput correction of the supercapacitors is based
on the SOC and the power fluctuations of the tie-line. When
the power fluctuations are positive, if xSC,1(t) is high, the
correction factor should be reduced accordingly to reduce
the supercapacitors’ output, so as to avoid the SOC ex-
ceeding the allowed upper limit. Considering the

supercapacitors’ fast power response speed, if the positive
fluctuation rate of the tie-line xSC,2(t) is large, the correction
factor should be increased correspondingly to increase the
output of the supercapacitors.*e analysis of negative power
fluctuations of the tie-line is similar.

Due to the space limit, this paper only presents the heat
pump state mapping set when the power fluctuations of the
tie-line are positive, as shown in Table 1. Input parameters
xHP,1(t) are divided into 5 state intervals, [−0.1, −0.05),
[−0.05, −0.02), [−0.02, 0.02], [−0.02, 0.02], (0.02, 0.05], (0.05,
0.1], and xHP,2(t) are divided into 3 state intervals, [−1, −0.5),
[−0.5, 0.5], (0.5, 1], and can therefore map to 15 states. μHP(t)
is defined as the correction factor and ΔμHP(t) is the vari-
ation of the correction factor of heat pumps at time t
compared with that at time t− 1. Each state corresponds to a
specific value of ΔμHP(t), of which the set of values are {−3μ0,
−2μ0, −μ0, 0, μ0, 2μ0, 3μ0}, and μ0 represents the unit basis of
the correction factor and is a fixed constant. *e expressions
of μHP(t) and ΔPHP(t) are shown in the following equations,
respectively:

μHP(t) � μHP(t − 1) + ΔμHP(t), (21)

ΔPHP(t) � 1 + μHP(t)􏼂 􏼃 × ΔPHP_ref(t). (22)

Similar to equation (22), the expressions of the corrected
output component of micro gas turbines and supercapacitors
are shown in the following equations, respectively:

ΔPMT(t) � 1 + μMT(t)􏼂 􏼃 × ΔPMT_ref(t), (23)

PSC(t) � 1 + μSC(t)􏼂 􏼃 × PSC_ref(t). (24)

To sum up, the smoothing community microgrid tie-line
power procedure considering the virtual energy storage
technology is shown in Figure 3. *e target power of the tie-
line can be determined by the weighted sliding average
filtering algorithm. *e preoutput components of heat
pumps, micro gas turbines, and supercapacitors can be
obtained through low-pass filtering, respectively. Consid-
ering the constraints of the equipment and the virtual energy
storage state’s running state, the correction factor is intro-
duced to determine the final output based on the equipment
state mapping set.

6. Case Study

*e topology structure of the community microgrid is
shown in Figure 4. *e capacity of supercapacitors is
50 kWh, and the charging/discharging limit is 50 kW. *e
capacity of heat pumps and micro gas turbines is 50 kW and
100 kW, respectively. *e target reference value of room
temperature is 22°C. *e daily power curve of microgrid
equipment and environment temperature curve are dis-
played in Figures 5 and 6, respectively.

*e power fluctuations smoothing results of the com-
munity microgrid are depicted in Figure 7(a). *e com-
parison of target power output before and after smoothing is
shown in Table 2. Referring to [31, 32], the day-ahead
regulation reserve price is $15.68/MWh, and the regulation
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Figure 4: Topology of the community microgrid combined with heat and power system.

Table 1: State mapping set of heat pumps (Ptie-line(t)≥ 0).

xHP,1
xHP,2

[−1, −0.5) [−0.5, 0.5] (0.5, 1]
[−0.1, −0.05) 3μ0 2μ0 μ0
[−0.05, −0.02) 2μ0 μ0 0
[−0.02, 0.02] μ0 0 −μ0
(0.02, 0.05] 0 −μ0 −2μ0
(0.05, 0.1] −μ0 −2μ0 −3μ0
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Figure 5: Daily power curves of the microgrid.
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Figure 7: Power and SOC of microgrid equipment: (a) with micro gas turbine and (b) without micro gas turbine.
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reserve cost per year can be estimated, as shown in Table 2.
After applying the micro gas turbines, heat pumps, and
supercapacitors, the microgrid power output characteristics
is greatly improved. Compared with supercapacitors’ output
characteristics, the heat pumps and micro gas turbines have
a slower response speed and are used to compensate for the
low-frequency and middle-frequency component of target
power fluctuation, respectively. *e supercapacitors bear the
high-frequency of power fluctuations after being smoothed
by heat pumps and micro gas turbines.

Comparatively, the target power curve when the micro
gas turbines do not participate is displayed in Figure 7(b).
Under this condition, the heat pumps compensate the low-
frequency fluctuations component, while the super-
capacitors undertake the high-frequency component. It can
be found that the SOC of supercapacitors is very close to the
allowable upper and lower limits of SOC. At this time, the
supercapacitors’ installed capacity should be increased
correspondingly to improve the overall charging/discharg-
ing capacity of the cogeneration system to bear the target
power fluctuation and extend the service life of the super-
capacitors. In addition, by comparing the room temperature
curves in Figures 7(a) and 7(b), it can be seen that the micro
gas turbines can adjust the injection power of natural gas and
correspondingly change the power to bear power fluctua-
tions. Meanwhile, the effect of heat power on room tem-
perature is opposite to that of heat pumps. *erefore, the
range of room temperature variation on the user side is
smaller and the temperature control effect is improved
through the coordinated control of heat pumps and micro
gas turbines.

*e power smoothing effect of the community
microgrid tie-line is shown in Figure 8. Based on the sliding
average filtering algorithm, the target power of the tie-line
is determined, and the preoutput of the micro gas turbine
and heat pump is modified according to the state mapping
table. It can be found from Figure 8 that the power
smoothing effect of the tie-line is significantly improved
with the cooperation of supercapacitors, heat pumps, and
micro gas turbines.*emore consistent the actual power of
the tie-line is with the target power, the less reserve capacity
the system needs and the better the economic benefit of the
community microgrid is. *e case study verifies the cor-
rectness and effectiveness of the power smoothing method

for community microgrid tie-line with virtual energy
storage.

7. Conclusions

In this paper, a virtual energy storage model is established
considering the heat storage capacity of buildings on the user
side of the community microgrid, and a power smoothing
method of community microgrid tie-line for cogeneration
system is proposed. *is method is no longer limited to
single heating equipment, and coordinated control of heat
pumps and micro gas turbines can smooth the power
fluctuations more effectively and ensure the user side room
temperature in a reasonable range. Coordination between
the virtual energy storage and supercapacitors can achieve
deep coupling between electric energy and thermal energy
and reduce electric energy storage equipment’s capacity cost.
*e coordination of heat pumps, micro gas turbines, and
supercapacitors can significantly improve the energy control
flexibility of microgrid and the comprehensive utilization
efficiency of electricity, heat, and other energy.

Data Availability

*e data used to support the study are available within the
article.

Table 2: Target power output before/after smoothing.

Parameter Maximum rate of power change
(kW/min)

Sum of power change rate
(MW/min)

Regulation reserve cost per year
(US dollar)

Before 121.93 7.83 746.87
After 8.34 1.83 174.55
Percentage decline (%) 86.1 76.6 76.6
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Figure 8: Smoothing effect of the tie-line power.
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