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Abstract

With the increasing connection of controllable devices to isolated community microgrid, an economic
operation model of isolated community microgrid based on the temperature regulation characteristics of
temperature controlling devices composed of wind turbine, micro-gas turbine, energy storage battery and
heat pump is proposed. With full consideration of various economic costs, including fuel cost, start-stop
cost, energy storage battery depletion expense and penalty for wind curtailment, the model is solved by
hybrid particle swarm optimization (HPSO) algorithm. The optimal output of the micro-sources and total
operating cost of the system in the scheduling cycle are also obtained. The case study demonstrates that

microgrid.

storage system

temperature adjustment of temperature controlling devices can adjust the power load indirectly and
increase the schedulability of the isolated community microgrid, and reduce the operating cost of the
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1 Introduction

To solve the increasingly prominent energy crisis and
environmental problems, microgrid that can accept vari-
ous renewable energy sources has been developed [1-5].
However, renewable energy sources (e.g. wind energy
and solar energy) in the microgrid and connection of
controllable loads at the demand side have brought new
challenges to microgrid scheduling and operation. The
community microgrid has complicated electrical and
thermal relationships due to the abundant temperature
controlling devices. Therefore, adequate scheduling is
the prerequisite of optimal economic operation of the
community microgrid incorporating temperature con-
trolling devices.

Optimal economic operation of microgrid is to prop-
erly allocate the output of micro-sources to increase the
economic benefits of the microgrid. Many related
researches have been reported. Based on the new
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photovoltaic output model, Reference [6] formed a prob-
ability sequence of wind-solar collaborative output
through the convolution method and established a
microgrid optimal economic operation model that can
convert stochastic constraint into certainty constraints.
The microgrid optimal economic operation model estab-
lished in [7] took the impact of the electricity market
into account and by optimizing the outputs of different
micro-sources it reduced power fluctuation of the power
lines and the total operating costs. Reference [8] put
forward a multi-objective fuzzy adaptive HPSO algo-
rithm to optimize the microgrid operation. It converted
the multiple objective functions of power supply cost,
environmental pollution expenses and generating cost
into a single objective through the proposed algorithm.
Reference [9] established a model for energy storage
charge—discharge loss and incorporated it into the
microgrid economic operation model to analyze its
effect on the economic operation of the microgrid. In
Reference [10], considering the energy storage character-
istics, electric/heat load and time-of-use (TOU) power
price, it proposed an economic operation model for
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regional connected microgrid that uses electricity-heat
combined scheduling. References [11-16] considered the
connection of renewable energy sources into the co-
generation microgrid and the impacts of the characteris-
tics of renewable energy power generation equipment
and load randomness on optimal operation of the micro-
grid to optimize the outputs of different micro-sources,
in order to achieve the lowest economic cost.

Based on the literature, it is found that existing re-
searches on economic operation of microgrid mainly
focus on two aspects. One studies the problems caused
by volatility and intermittence of renewable energy
power generation units in the microgrid and the other
considers diversified energy demands in the microgrid
and establishes optimal economic operation models for
co-generation microgrid through independent or com-
bined scheduling of the electric and heat systems.

However, few researches have discussed the influences
of temperature controlling devices at the load side on
the economic operation of microgrid. Electrical loads
can be adjusted indirectly through the temperature
adjustment characteristics of the temperature controlling
devices, thus increasing the schedulability of the
microgrid.

This paper establishes an optimal economic oper-
ation model for community microgrid incorporating
temperature controlling devices with wind turbine,
micro-gas turbine, energy storage battery and heat
pump. With full consideration of various economic
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costs, including fuel cost, start-stop cost, energy stor-
age battery depletion expenses, and penalty for wind
curtailment, the model is solved by hybrid particle
swarm optimization (HPSO) algorithm to achieve the
optimal economic benefit. The case study validates
that temperature adjustment of temperature control-
ling devices can reduce operating cost of the commu-
nity microgrid.

2 Mathematical models for common units in the
microgrid

2.1 Structure of the community microgrid

Common community microgrid generally includes
renewable energy power generation equipment (e.g.
wind turbine (WT) and photovoltaic (PV)) and trad-
itional power generator sets (e.g. micro-gas turbine
(MT)). Besides, it also has energy storage systems
(ESS) to smooth renewable energy outputs. WT, PV
and energy storage battery are controlled by the micro-
grid control unit. There are different types of loads
connected to the microgrid. Due to large numbers of
residential users in community microgrid, temperature
controlling load accounts for a significant proportion.
Structure of a typical community microgrid incorpor-
ating temperature controlling devices is shown in
Fig. 1. The microgrid studied in this paper only has
one type of renewable energy power generation equip-
ment (i.e. WT).

Electricity
WT » Inverter ———»
Electricity
PV Inverter > Load
ESS Inverter >
temperature
»  controlling
devices
Controller
\/\
Gas - MT
\/\
Fig. 1 The microgrid incorporating temperature controlling devices




Hu et al. Protection and Control of Modern Power Systems (2017) 2:6

2.2 WT output model

For distributed renewable energy generations, wind
power technology is the most mature and widely used
one. Due to the intermittence, randomness and in-
stability of wind energy, WT output is influenced by
meteorological factors, such as wind speed. However,
the relationship between WT output and wind speed
is not a simple linear one. According to many re-
searches, WT output is related to terrain, wake effect
and wind power output loss. To simplify WT output,
existing studies have revealed that it is closely related
to the actual wind speed of the moment. Through
analyzing wind speed and WT output, it was found
that WT output can be determined by the cut-in wind
speed, cut-out wind speed and rated wind speed.

The relationship between WT output power and wind
speed can be expressed approximately as a piecewise
function [17] and a typical WT output power curve is
shown in Fig. 2.

According to [17], the relationship between WT out-
put power (P}') and wind speed (v) can be approximated
as:

0 0 SVtSVCi
pY = P(V) Vei < Vi <y (1)
L I 24 V< v <V,
r r t co
0 Ve 2 Vo

where v, and v, are the cut-in and cut-out wind
speeds, respectively. v, is the rated wind speed and P}
is the rated WT output power. When the wind speed
is between v.; and v,, the WT output power P(v) can
be approximated as an linear function of the wind
speed:

Page 3 of 11

i

2.3 MT output model

MT is a widely used distributed power generation equip-
ment. It generates electricity using high-quality heat en-
ergy produced by combustion of natural gas. Compared
to other distributed power generator sets that consume
traditional energy sources, MT has higher energy
utilization and fewer pollutant emissions. The output
power of MT can be expressed as [10]:

Pyr(t) = Gur(t)n.9 (3)

where Pyr(t) and Gyr(t) are the generated output and
natural gas consumption of MT during the moment ¢; g
is the heat value of natural gas; 7, is the generating effi-
ciency of MT during the moment ¢.

The fuel cost of MT during the moment ¢ (Cy{(2)) is:

Cur(t) = Ccha-Gur(t) (4)

where Ccypy is the price of natural gas.

2.4 Charge-discharge model of the energy storage
system

With increasing renewable energy sources (e.g. WT and
PV) connected to the microgrid, energy storage unit
which can effectively smooth renewable energy sources
output and ensure reliable operation of the microgrid has
become an important component. When there is renew-
able energy output surplus, the energy storage unit can
store surplus energy to reduce wind and PV curtailment.
When there is insufficient power supply, the energy stor-
age unit can provide stable power output to the loads.

Power
(kW)

»

ci r

Fig. 2 Output power curve of WTG

»

vy wind speed (m/s)
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Energy storage can generally be divided into physical en-
ergy storage and chemical energy storage. Typical physical
energy storage includes pumped storage, superconducting
energy storage and flywheel energy storage, whereas typ-
ical chemical energy storage includes accumulator energy
storage and capacitor energy storage.

Among the different energy storages, accumulator is
superior to others and has been extensively used because
of its low cost, stable performance, long service life and
deep charge—discharge operations. During microgrid op-
eration, state of charge (SOC) of the energy storage sys-
tem can be expressed as follows [18].

At charging stage:

Py At
Soc(t + 1) = Soc(t) + L1t (5)
Chat
At discharging stage:
PiAt
Soc(t +1) = Soc(t)—tci/”d (6)
bat

where S,.(t+1) and S,.(¢) are the SOC of the lead-acid
battery at £+ 1 and ¢, respectively; P¢ and P¢ are the
charge and discharge power of the lead-acid battery at
. and 5, are the charging and discharging efficiencies of
the lead-acid battery; At is the simulation time interval
(1 h in this paper); and C,, is the capacity of the lead-
acid battery.

3 Simulation model of typical temperature
controlling devices

3.1 Equivalent model of temperature controlling devices
Community microgrid has to consider simultaneous supply
of electricity and heat (temperature controlled). Typical
temperature controlling devices have heat storage capacity,
such as heat pump, air conditioner, water heater, etc.

In this paper, heat pump is chosen as the typical
temperature controlling device. From the perspective of
increasing absorption of clean energy sources, energy
storage system and heat pump both store surplus energy
and have similar functions. With respect to implementa-
tion, energy storage systems store surplus renewable
power directly, while heat pump transforms surplus re-
newable power into heat energy.

Generally speaking, electricity storage has high cost
and its service life can be shortened during the charge—
discharge process. In contrast, heat pump has good
economic benefits due to its lower investment and main-
tenance cost, though with higher energy consumption.
Moreover, it is equipped with temperature adjustment
that can adjust the total electrical load in the microgrid.

In western developed countries, temperature control-
ling devices like heating, ventilation and air conditioning
(HVAC) system, water heater and refrigerator make
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great proportions of the total load. They have good en-
ergy storage characteristics and potentially can replace
some energy storage devices in the microgrid [19].

According to the first principle of thermodynamics, a
thermal dynamic equation (ETP) model can be established
for residential energy consumption, which has been used
to some extent. The equivalent electric circuit of the ETP
model of a typical residential HVAC system [20] is shown
in Fig. 3 and its thermal behavior is shown in Fig. 4.

In Figs. 3 and 4, C, and C,, are the specific heat capacity
of air and solids (J/°C), respectively; Q is the thermal power
of the HVAC system (W); UA is the standby thermal loss
coefficient (W/°C); R; equals to 1/UA and R, equals to 1/
UA, .5 To, T; and T, are the ambient temperature, indoor
air temperature and the temperature of indoor solid matters
(°C), respectively.

The state space description of this ETP model is:

x = Ax
{ysz—f—Du @)

Where
[ REAE
x = P x = T, u=

(1 . 1) 1
a| \RCoRC)  RC

R,C,, R,C,,
Ty Q
B= lRlca + Cal
0

e=lo 1] 2o

Based on [20], Reference [21] simplified this ETP
model into a first-order differential equation suitable for

Electrical energy [Q

Ca T R
R2 (1/UAmass)

Environment

Tm

Fig. 3 Equivalent electric circuit of the ETP model of a residential

HVAC system d temperature with temperature adjustment
- J
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Fig. 4 Thermal behavior of a residential HVAC system

engineering analysis. For the heat pump used in this
paper, when it is off,

T roomeir = Torr1=(T o1 =T"

room

)efAt/RC (8)
When it is on,

Trgomt+l = Tgt+l

+ QR—(Tyn + QR-T

room

)e—At/RC (9)

where T,,,,, is the indoor temperature (°C); C and R are
the equivalent thermal capacitance (J/°C) and thermal
resistance (°C/W), respectively; Q is the thermal power
(W); T, is the outdoor ambient temperature (°C); ¢ is the
simulation time and At is the simulation step size.

This ETP model keeps the main characteristics of the
thermodynamic changes of the heat pump. When
temperature exceeds the given upper and lower limits,
the heat pump is started and begins to consume power
to adjust the temperature changes, transforming electric
energy into heat energy. When temperature is within the
upper and lower limits, the heat pump is turned off and
temperature changes naturally. This paper also employs
this simplified ETP model as the simulation model of
temperature controlling devices.

3.2 Operation strategy of microgrid incorporating
temperature controlling devices

Community microgrid generally has strict demand of
power load, but less strict requirement on temperature
comfort. Therefore, temperature controlling devices in
community microgrid have certain schedulability. The
proposed operation strategies for community microgrid
incorporating temperature controlling devices based on
the temperature adjustment characteristics of
temperature controlling devices is shown as follow:

(@ Satisfy demands for general power load in the
operation period.
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@) Judge whether indoor temperature in this operation
period is within the adjustment range. If yes, do not
start the temperature controlling devices; otherwise,
turn on the temperature controlling devices. These
temperature controlling devices are under
centralized control and indoor temperature is
determined according to ambient temperature and
the simulation model. Finally, power load in the
community microgrid during the operation period is
determined.

(® Micro-sources scheduling is adjusted according to
optimized time series load power. Renewable energy
power generation is used firstly, and is followed by
traditional generator sets.

4 Optimal economic operation model of
community microgrid incorporating temperature
controlling devices

4.1 Objective function

Based on the performance features of microgrid incorp-
orating temperature controlling devices, the objective
function of the model is established, which covers sev-
eral economic objective functions including MT operat-
ing cost, unit start-stop cost, depletion expense of
energy storage system and penalty for wind curtailment:

minF = Cfuel + Cgp + ch + Cbat
T

(Emt(t) ffuel +f0p(t) + EWC(t) fWC) + Cbat
=1

(10)

t

where F is the total operation cost in the scheduling
period; Cyer, C,p and C,, are the fuel cost, MT start-stop
cost and wind curtailment cost in the scheduling period,
respectively; Cp,, is the depletion expense of the energy
storage system; E,,(f) and E,.(t) are the fuel consump-
tion and wind curtailment at ¢, respectively; fs. is the
unit fuel cost and f,,, the unit penalty for wind curtail-
ment; f,,(¢) is the MT start-stop cost at £. These costs
can be calculated from (11-14):

Pmt

Cﬁ431 = Emf(t) ’fﬁ,tel :ffuel ’;q At (11)
r . max{0, x(6)-+(t-1)}
Cop =D Soplt) = ,
tz:l: ; : ()Bn + Yu (1—6(_£"=‘/0")))
(12)

where P} is the generated output of MT at #; 7, is the
efficiency of MT and g the heat value of natural gas; x(£)
is the state variable of MT: x(¢) =1 means turn on the
MT and x(¢) =0 means turn off the MT; 8, y,, 0, are the
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/

coefficients of the turn-on cost of the MT; ¢, , is the out-
age time of the MT before t.

T T
CWC = ZEWE(t)fwc = wac'(P?’_tha)At (13)

(14)

where P} is the WT generated output, which can be cal-
culated from the WT output model according to the
forecasted wind speed; P is the available WT output
for the microgrid; N is the charge—discharge cycles of
the energy storage system in the scheduling period, and
Nj the maximum charge—discharge cycles of the lead-
acid battery [9]; E;, is the investment of energy storage
devices in the microgrid.

4.2 Model constraints
The microgrid incorporating temperature controlling
devices mainly has to meet power load balance during
the operation.

® Power load balance:

Pyt + Pt + Pe=Pes; = Py + Py (15)

where P,, and P, are the WT and MT output power,
respectively; PYS and P are the discharge and charge
power of the energy storage system, respectively; P; is
the general power load in the microgrid and Py, the
demanded power of the heat pump.

@ Allowed temperature adjustment range:

Teor—0<T T gy + 8 (16)

where T, is the set temperature and J the temperature
adjustment range after temperature comfort of users be-
ing taken into account.

® Constraint of MT output:

min Max
P, <P,<P,;

(17)

where P is the allowed minimum output when MT is
turned on and P/ the allowed maximum output when

MT is turned off.
® Constraint of heat pump output

Py<Py, <P} (18)

where Ph”’;” and PZ;”" are the allowed minimum and

maximum power when the heat pump is turned on.

® Constraint of the energy storage system

Depth of charge and discharge of the energy storage
system has far-reaching influence on its service life. To
prevent over-charge and over-discharge of the energy
storage system, the SOC constraint is:
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S0Cmin<S0c(t)<S0Cmax (19)

where Soci, and Soca, are the minimum and max-
imum SOC of the energy storage system, respectively.

Constraint of charge and discharge power of the en-
ergy storage system is:

ch, min _ pch ch, max

Pess SPess SPess (20)
dis, min is _ pdis, max

P ess SPZSS <P ess (21)

Both large power grid and microgrid have periodic
scheduling. Generally speaking, SOC of the energy stor-
age system at the beginning and end of the scheduling
period shall be the same, i.e.:

Soc(1) = Soc(T) = Socinitial (22)

where Soc(1) and Soc(T) are the SOC of the energy stor-
age system at the beginning and end of scheduling
period respectively. Soci,itia is the set SOC of the energy
storage system at the initial scheduling period.

5 Solving method of the model

5.1 Principle of HPSO algorithm

Traditional PSO algorithm has been improved in existing
researches and a hybrid particle swarm optimization
(HPSO) algorithm was proposed [22]. To enrich diversity
of particles, crossing and mutation operations in genetic
algorithm have been introduced into qualified particles,
which avoids local optimal convergence and increases the
success rate of searching the optimal solution.

The crossing operation is to cross two individuals and
updates individuals again to get particles out of the local
optimal region and expand the search region. In this
paper, updating of particle positions and speeds are:

X; = X, -rand + X, -(1-rand) (23)
X; = X, -rand + X, -(1-rand)
’ V1 + V2
1= 1% 1% |V1‘
| 1|+| 2| (24)
V. — Vi+V, Vs
=V
2 Vil + [V

where X; and X, are the positions of parent particles; XI1

and X; are the positions of offspring particles after the
crossing operation; rand is a random number between [0,1];
V; and V5, are the speeds of parent particles; V/1 and V’2 are
the speeds of offspring particles after the crossing operation.

Mutation mainly decreases the convergence of par-
ticle swarm, maintains diversified feasible solutions
and avoids local optimal convergence. Particles for
mutation are chosen randomly according to given
mutation probability.
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input parameters of micro-sources, wind speed,
temperature and load. Forecast output power of WTG,

load and ambient temperature

v

set parameters of HPSO. Initialize particles.

v

> adjust particles to meet the constraints

v

adjust powers of micro-sources to meet the constraints of
load balance and output.

update speeds and positions
of particles

v

calculate fitness value, Gbest and Pbest.

v

personal optimal

crossing

global optimal
crossing

v

particle mutation

no
terations reached the
preset number?

yes

end and output

Fig. 5 Flow chart of the Hybrid Particle Swarm
Optimization algorithm

\

5.2 Steps of the solving method based on HPSO
algorithm

The established optimal economic operation model of
community microgrid incorporating temperature con-
trolling devices is solved by HPSO algorithm with the
following specific steps:

Table 1 Data of the Micro turbines

Type Power(kW) Amount
up down
MT1 20 70 1

MT2 10 50 1
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Table 2 Data of the WT
Type Power (kW) Vi Veo v, Amount
up down (m/s) (m/s) (m/s) (m/s)
WT 0 30 3 25 15 2

Stepl: input parameters of the micro-sources, wind
speed, temperature and load. Forecast output power of
WT, load and ambient temperature.

Step2: set parameters of HPSO. Initialize the position
and speed of particles, and produce the initial particle
swarm.

Step3: according to the generated outputs and loads of
the micro-sources, adjust the micro-source power and
the energy storage system to meet the constraints of
load balance and output.

Step4: calculate fitness value. The above objective
function is used as the fitness value: fitness = F.

Step5: update the speeds and positions of particles.
Meanwhile, the optimal personal particle and optimal
global particle are updated according to the calculated
fitness value.

Step6: implement the crossing and mutation
operations. New particle of personal optimal crossing
is gained through crossing of the personal best
particles. New particle of global optimal crossing is
gained through crossing of the personal best particles
and global best particles. Particle mutation refers to
getting new particles through mutation by
themselves.

Step7: judge whether iterations have reached the preset
number. If not, turn to step 3; otherwise, turn to step 8.
Step 8: end the cyclical iteration and output the global
optimum and the optimal particle position. These are
the optimal economic cost and outputs of the micro-
sources and the energy storage system during the
scheduling period.

The flow chart of this HPSO algorithm is shown in
Fig. 5.

6 Case study

6.1 Brief introduction to the example

The case study is implemented based on an isolated
community microgrid incorporating temperature con-
trolling devices. This microgrid has MT, WT, energy
storage device and heat pump. Parameters of these

Table 3 Parameters of the heat pumps
Type Prnax(KW) PrinkW) P.(kw)
HP 10 3 6 5

Amount
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Table 4 Data of the battery

Type Power(kW) Soc Soc Ne Ny
'Dch—max Pd/s—max min max
(kwh)  (kwh)
lead-acid battery 40 40 48 160 095 095

equipment are listed in Tables 1, 2, 3, 4, respectively.
Generating efficiencies of MT1 and MT2 are 0.9 and 0.8
respectively. Heat value and price of the natural gas are
set at 37 MJ/m> and 0.4$/m?, respectively. B, v, and g,
of MT1 are 5, 7 and 1, while those of MT2 are 10, 8 and
1, respectively. Penalty for unit wind curtailment in the
microgrid is 2$/kW-h. Parameters related to the calcula-
tion of energy storage loss are introduced as in [9].
SOCiiia1 of the energy storage device is 48kWh. In the
simulation model of the temperature controlling devices,
R =0.1208 °C/W, C=3599.3 J/W and Q =300 W.

Forecasted results of wind power, load and ambient
temperature in the coming 24 h of the scheduling period
are exhibited in Figs. 6 and 7. For simplicity, their fore-
casting errors are neglected when solving the established
model.

6.2 Example analysis
® Optimal economic operation of the microgrid without
temperature adjustment

Based on the established optimal economic operation
model of the microgrid, outputs of the micro-sources in
the microgrid in the coming 24 h are optimized accord-
ing to forecasted load, wind power and ambient
temperature. The optimal power generation scheduling
without temperature adjustment is shown in Fig. 8. The
total system operating cost in the scheduling period is
calculated as 926.715$%.

It can be seen from Fig. 8 that:

1) Based on known parameters, MT1 has large output
power, low start-stop cost and fuel cost, and high

load e \WT power
150

100

50 -

power(kW)

0 rT 1T 17 17 117 11717 1717 17 1171717171711

1 3 5 7 9111315171921 23
time(h)

Fig. 6 Load and wind power forecasting curve
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1 3 5 7 9 1113151719 2123
time(h)

Fig. 7 Ambient temperature forecasting curve

Ambient temperature(C)

generation efficiency. It is thus mainly used to undertake
basic load and remains operational in the 24 h period.

2) It is known from Table 1 that MT2 has small output
power, high start-stop cost and fuel cost, and low gener-
ation efficiency. It is thus used as a reserve set and is off
during the whole studying period.

3) In the study, renewable energy power generation
(e.g. WT) is used first. The use of temperature control-
ling devices increases renewable energy consumption
without wind curtailment.

4) The lead-acid battery is charged from 3:00-7:00
when there’s low load and discharged from 20:00-22:00
when the load is high.

5) Service life of the lead-acid batter is closely related
to the depth of charge and discharge. Figure 8 shows
that the energy storage system charges and discharges
frequently in the coming 24 h, indicating a significant
loss of energy storage system life.

® Optimal economic operation of the microgrid with
temperature adjustment

Incorporated temperature controlling devices (e.g. heat
pump) need adequately participate in demand response. At
the same time, the allowed temperature adjustment range
is set at +2 °C and the load curve in the scheduling period
is optimized considering user comfort. The optimal power
generation scheduling of the microgrid with temperature
adjustment is presented in Fig. 9. The total system operat-
ing cost in the scheduling period is 846.701$.

From Fig. 9, it can be seen that:

1) MT1 is mainly used to undertake basic load and
keeps running in the scheduling period. However,
the overall output decreases and becomes more
stable in the scheduling period compared to that
without temperature adjustment.

2) Similar to previous case, MT2 is used as a reserve
set and remains off during the studying period.

3) Renewable energy power generation (e.g. WT) is
used first. The use of temperature controlling
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200

power (kW)

-50
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== MT1

= MT2
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=== WT consumption
=@ ESS power

time (h)

Fig. 8 Optimal power generation scheduling of microgrid without temperature adjustmen

devices increases renewable energy consumption,
and wind energy can be fully absorbed in the
microgrid.

4) The lead-acid battery is charged from 3:00-5:00 dur-
ing low load and discharged from 19:00-23:00 dur-
ing high load.

5) Time series load in the coming 24 h is optimized
according to the temperature control characteristics,
leading to few charges and discharges, small power
and depth of charge—discharge of the energy storage
system.

Comparing Figs. 8 and 9, the case with temperature
adjustment of temperature controlling devices achieves
8.63% lower system operating cost than that without
temperature adjustment. Moreover, the charge—dis-
charge cycles of lead-acid battery decrease from 10 to
7 when temperature adjustment is enabled and the
depth of charge—discharge also decreases, leading to
increased service life of the energy storage system.

® Effect of the allowed temperature adjustment range
on operating cost

The operating costs of the microgrid without and
with different temperature adjustment ranges (1 °
C~+4 °C) are analyzed. During the study, other
parameters are fixed and the results are shown in
Fig. 10.

It can be known from Fig. 10 that increasing the
allowed temperature adjustment range of the
temperature controlling devices gradually decreases the
operating costs in the scheduling period.This indicates
that reasonable scheduling of temperature controlling
devices can improve the economic efficiency of the
microgrid.

® Analysis of adjusted temperature of the temperature
controlling devices

Adjusting the temperature of the temperature control-
ling devices can not only indirectly control the loads of
the community microgrid, but also satisfy the comfort of
residential users. The comparison between ambient

200

150 +

=—|oad
; 100 == MT1
i:’ = MT2
% 50 e =e=remaining capacity
= «=3ie=WT consumotion
o0 | =@ ESS power
11 13 15 17
-50

time (h)

Fig. 9 Optimal power generation scheduling of microgrid with temperature adjustment
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Fig. 10 Influence of Temperature adjustment ranges on the
economy of microgrid

temperature and adjusted temperature  without
temperature adjustment is shown in Fig. 11. With
temperature adjustment, the temperature controlling de-
vices will switch between on and off when the adjusted
temperature exceeds the limits, making the adjusted
temperature change in up-down-up manner. Comparison
of the ambient and adjusted temperatures with
temperature adjustment is shown in Fig. 12.

It can be observed from Fig. 11 that without temperature
adjustment, the adjusted temperature increases continu-
ously until reaching the peak and then becomes stable. The
average adjusted indoor temperature in the coming 24 h
reaches as high as 32.4 °C which well exceeds the comfort
of residential users. In contrast, Fig. 12 shows that with
temperature adjustment, the indoor temperature is within
users’ comfort level, averaging at 24.4 °C.

7 Conclusions

This paper optimizes the time series output of temperature
controlling devices through temperature adjustment by
combining the dynamic variation law of adjusted
temperature and power consumption, thus indirectly
adjusting power load. An optimal economic operation
model of microgrid is established, which takes the
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e adjusted temperature
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Fig. 11 The comparison of ambient temperature and adjusted
temperature without temperature adjustment

= ambient temperature

e adjusted temperature
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30/\/\\/\/\’
20 ~

U NS
0+
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Fig. 12 The comparison of ambient temperature and adjusted
temperature with temperature adjustment

temperature(C)

minimum sum of fuel cost, start-stop cost, penalty for wind
curtailment and cost of energy storage loss as the objective
function. The model is solved by HPSO algorithm which is
easy-to-operate, has high accuracy, and overcomes local
optimum. An isolated community microgrid with heat
pump is used in the case study and the heat pump properly
participates in microgrid scheduling according to the
temperature adjustment characteristics. The results show
that temperature adjustment of temperature controlling de-
vices can not only improve the economic efficiency of the
microgrid, but also reduce charge—discharge cycles of the
energy storage system and increase microgrid schedulabil-
ity. In practical engineering applications, temperature con-
trolling devices can adopt more complicated control
strategies and realize minute-based scheduling of the
microgrid which will be the key content of our future
research.
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