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Abstract. Aiming to facilitate a high penetration of renewable generation and the low energy consumption
technologies at the demand side, there is significant development of low-carbon building Microgrids
integrated with renewable generation. However, renewable generation is usually intermittent, uncertain and
uncontrollable, which induces power mismatches between power demand and supply for the low-carbon

building Microgrids. Therefore, a two-layer method for a building Microgrid is proposed to smooth the tie-
line power by scheduling the thermal mass of the building and the electric vehicles at two different time scales.
A Vehicle-to-Building control strategy was developed to dispatch the electric vehicles as a flexible resource.
Numerical studies demonstrated that the proposed method can smooth the fluctuations of the tie-line power

for the building Microgrid.

1 Introduction

Increasing attention is being paid to technologies in
renewable energy and energy efficiency improvement due
to the rapid growth of global energy use and
environmental deterioration 1. Aiming to facilitate a high
penetration of renewable generation at the demand side,
there is significant development of low-carbon buildings
integrated with renewable generation 2. The Microgrid
provides an opportunity for the collaborative optimization
and management of various energy systems in the
buildings 3.

The existing research work has made good
contributions to the energy management for a building
Microgrid. The operational performance of a Microgrid in
a building in Hong Kong was studied considering
operating cost and environmental constraints 2. A multi-
objective dispatch model was proposed in 4 to minimize
the daily operating cost and the pollutants emission. An
electric chiller (EC) was used as the cooling system of a
building in 5 and the electric power consumption of the
EC was dispatched using a nonlinear programming
method for cost saving.

However, the existing research work mainly focuses
on reducing operating cost of the building Microgrid. The
renewable generation is usually intermittent, uncertain
and uncontrollable, which induces power mismatches
between power demand and supply for the building
Microgrid. The fluctuations of tie-line power of the
building Microgrid are also induced by the mismatches.
Therefore, both operating cost reduction and smoothing
fluctuations of tie-line power should be considered in the
building Microgrid energy management.

Moreover, the flexibility of the building with heat
inertia and the flexibility of the plug-in EVs in the
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building Microgrid haven’t been fully explored in the tie-
line power smoothing for the building Microgrid.
Furthermore, due to the different response characteristics
of the building thermal mass and the EVs, the two flexible
resources (i.e., the building thermal mass and the EVs)
should be managed and coordinated at different time
scales to make the energy management more efficient.

Therefore, a two-layer method for a building
Microgrid is proposed to smooth the tie-line power by
scheduling the thermal mass of the building and the
electric vehicles at two different time scales. A building is
simplified to a lumped thermal mass and modelled as a
simplified thermal storage system, namely the virtual
energy storage system (VESS). The VESS is dispatched
as a flexible resource to smooth the fluctuations of tie-line
power of the building Microgrid. A Vehicle-to-Building
control strategy is developed to dispatch the electric
vehicles as another flexible resource. The VESS and the
EVs under V2B control are dispatched at two different
time scales considering their different response
characteristics, which makes the method more efficient.
Numerical studies demonstrated that the proposed method
can smooth the fluctuations of the tie-line power for the
building Microgrid.

2 Model of the building microgrid

2.1 Configuration of the building microgrid

A building Microgrid is adopted as the test system in this
paper, as shown in Fig. 1. The building Microgrid
includes a photovoltaic system, an EC and a V2B system
(The EVs under V2B control is abbreviated as V2B
system in this paper). In the Microgrid, the electricity
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suppliers are the photovoltaic system and the external
power grid. And the electricity consumers are the EC, the
lighting and office appliances. Meanwhile, there is a
balance between the cooling supply and demand. The
building is the cooling consumer and the EC is the cooling
supplier.
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Fig. 1. Configuration of the building Microgrid.

2.2 Configuration of the building microgrid

Considering a summer cooling scenario, a building is
modeled as a single isothermal air volume 6. Then, the
model of VESS is developed considering the thermal
performance of the building. The basic idea of the VESS
is that the cooling demand of the building can be adjusted
in the energy management process without disturbing the
temperature comfort level due to the thermal mass of the
building. Therefore, the cooling energy generated by the
EC is stored in the building when the electricity price is
low, i.e., the EC is started in advance or the power
consumption of the EC is increased. In that case, the
VESS is charged in the view point of the Microgrid. In the
same way, the cooling energy generated by the EC is
discharged in the building when the electricity price is
high, i.e., the EC is shut down in advance or the power
consumption of the EC is decreased. In that case, the
VESS is discharged in the view point of the Microgrid.
The indoor temperature comfort zone and temperature
set-point are considered in the model of VESS to maintain
the customer comfort level. The specific model of VESS
can be found in our previous study 7 8.

2.3 The Vehicle-to-Building (V2B) model

The V2B model consists of three models: 1) the EV
battery model; 2) the model of EV mobility behaviour;
and 3) the operation constraints of the EV. The generic
EV battery model developed in 9 is used to obtain the
relationship ~ between  the SOC and  the
charging/discharging behaviours of the EVs.
B EV battery model

Since this paper focuses on the EVs in a building, the
type of the EVs is determined as M1 with Home Based
Work (HBW) transportation pattern according to a depth
survey of the worldwide EV battery market 10. According
to 10, the probability density function (pdf) of EV battery
capacity (Cap) of M1 EV is defined as the truncated
Gamma distribution, as shown in Eq. (1).

0, —oo < Cap < Cap,,, or Cap,  <Cap<+0
fo(Cap,a, )
Capyay
J-('up . fo (Capsa,ﬂ)d(:ap

)

I (Cap.. )= . Cap,,, < Cap < Cap,,,

Cap

fo (Cap,a,ﬁ) = ﬂa%(a)Cap” e #

a and p are the shape parameter and the scale
parameter of the pdf of Gamma distribution; Capmin and
Capmax are the minimum and maximum battery capacities
of M1 EV. For M1 EV, the a is 4.5, the f is 6.3, the Capmin
is 10 kW and the Capmax is 72 kW.

B Model of EV mobility behaviour

It is assumed that all the EVs investigated in this paper
are charged at home. They are charged to their expected
SOCs (SOCy, nome) before travelling to satisfy their energy
demands travelling from home to work. The SOCy home
varies uniformly in the range of [80%, 90%] to satisfy the
travelling demands of the EV users and maintain the life
time of a battery from overcharge 9. It is assumed that
SOC drops linearly with the travel distance. The SOC of
an EV when it arrives at the (SOC;,) is calculated by Eq.
(2). Since the EVs are charged to SOCy some at home, the
minimum expected SOC at the plug-out time when they
leave the office (SOCy opice) 1s set to be the same as the
SOCiy.
D,  xC, )

Cap

The distribution of M1 EV of the C. can be found in
10; Dy, is assumed to be half of the EV’s daily travelling
distance (D) according to HBW EVs’ mobility behavior
10.

D basically follows a Normal distribution, as shown in
Eq. (3) 11.

SOCin = SOCd,hamE -

e’(D*/Ja )2/20.12 (3)

1
f(D.py.0,) o_d\/g

I 1s the mean value of daily travelling distance; oy is
the standard deviation. For HBW vehicles, the py is 35.9
km and the o41s 19.6 km 12.

The plug-in time (#;,) when the EVs arrive at the office
and the plug-out time (#.,) when the EVs leave the office
are determined based on the office time, which are
assumed to follow the Normal distribution 13. Based on
the information supplied by the battery characteristics and
mobility behaviors, the Monte Carlo simulation method is
used to generate the Cap, SOCiy, t;, and t,,, for all the EVs.

B Operation constraints of the EV

An individual EV is able to serve as an energy storage
unit with its rapid charging and discharging
characteristics. In order to dispatch the EVs under the
V2B control effectively, the charging and discharging
power is defined as the power output of the EV, and a
negative (positive) value of the power output represents
the charging (discharging) process. The operation area of
an individual EV is shown in Fig. 2.

For an individual EV, the operation area (the shaded
area shown in Fig. 2) is limited by the boundaries of
power output and the boundaries of state of charge (SOC).
Points 4, B, C, D, E and F are used to describe the upper
and lower boundaries of the operation area.
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Fig. 2. The operation area of an individual EV.

The charging boundaries of ‘4-B’ and ‘4-D’ are
natural boundaries constrained by the rated charging and
discharging power of an individual EV; the charging
boundaries of ‘D-E’ and ‘B-C’ are natural boundaries
constrained by the EV battery maintenance constraints, as
shown in Eq. (4); the charging boundary of ‘E-F’ is a
forced boundary to guarantee the minimum expected SOC
(SOG4 ofice) at tour; and the charging boundary of ‘C-F” is
a flexible boundary with acceptable range of SOC; 4opice,
as shown in Eq. (5).

soc” < s0c,, <SOC, 4)
SOC}‘ tout 2 SOC}‘ d, ojﬁce (5)

Then, the real-time power output of the V2B system

(Pysg,,), the upper boundary (Py3gs ) and the lower

boundary (Pl\‘,’ﬁvﬁf,) of the Py,p , under the V2B control
are shown in Eq. (6).
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(6)

N, is the total number of EVs at time #; m, is the number
of EVs operating on the forced-charging boundary (‘E-F")
at time ¢; n, is the number of the other EVs (n~=N,m;).

3 Formulations of the tie-line power
smoothing method

3.1 Framework of the tie-line power smoothing
method

Due to the forecasting errors of the renewable generation,
electric load demand, outdoor temperature and solar
radiation, mismatches exist in both day-ahead and intra-
hour schedules of the tie-line power. Therefore, a two-
layer tie-line power smoothing method is conducted to
balance the mismatches in both short term (15 minutes)
and ultra-short term (1 minute). At the master layer, the
optimal dispatch program is used to generate operating
schedules for the VESS (charging/discharging power of
the VESS) and the V2B system (charging/discharging
power of all EVs). At the client layer, the operation
information of the VESS (occupied hours of the building
and the indoor temperature comfort zone) as well as the
upper and lower boundaries of power output of the V2B
system are uploaded to the master.

3.2 Formulations of the tie-line power smoothing
method

Considering the different response characteristics of the
VESS and V2B system, different dispatch intervals are set
for the VESS (short dispatch interval in 15 minutes) and
the V2B system (ultra-short dispatch interval in 1 minute).

3.2.1 Tie-line power smoothing in 15 minutes

An optimal dispatch program is used to dispatch the
VESS in 15 minutes to make the actual tie-line power
schedules follow the day-ahead tie-line power schedules.
Then, the tie-line power can be smoothed in 15 minutes.
The optimal dispatch program can be found in our
previous work 7 8. The dispatch objective in 15 minutes
is formulated in Eq. (7).

. 2
min {[Pex,,r—Pchf,f] }, ViET (7)
where P, is the day-ahead set-point of the tie-line
power in time slot ¢, which is generated in the day-ahead
dispatch stage; P,,, is the actual tie-line power in time

slot #'. The constraints of the dispatch problem are the
same as Egs. (8) - (15), as shown in 8.

3.2.2 Tie-line power smoothing in 1 minute

The V2B system is dispatched in 1 minute to further
smooth the fluctuations of the tie-line power. Firstly, call
the optimal dispatch program in 1 minute to obtain the
V2B control signals (i.e., the target power output of the
V2B system, P’\‘,‘EB, - The dispatch objective in 1 minute
with the V2B control is formulated in Eq. (8). Then, the
control signals are issued to all the EVs to update their
power outputs.
min [P, — P}, virerr (9
where P}, is the day-ahead set-point of the tie-line
power in time slot #”, which is generated in the day-ahead
dispatch stage; P, is the actual tie-line power in time
slot ¢#"". The constraints consist of Egs. (8) - (15) in Ref. 8
and Eq. (9).
Vib. < P < PO ©)

The upper boundary (Pi’,pngt,,) and the lower boundary

(P{‘}E‘ﬁftn) of the Py,p , are updated in every time slot
after the V2B control, which is introduced in the
following text. The initial boundaries (when ¢"=1,) are
obtained based on the V2B model without V2B control.
Based on the updated upper and lower boundary of the
Pyp, 7 the energy management system solves the stage 2
dispatch problem in every time slot to generate the
Py, in 1 minute.

In order to realize the target power output of the V2B
system (Py3p_+) under the V2B control, the power output
of the V2B system (Py,p, ) after V2B control should
follow the Py5g ;. Then, all the power outputs of the EV's
are dispatched considering their operation constraints, as
discussed in Section 2.3.3. Thus, the target power output
change of the V2B system is determined by Eq. (10).

APV = P — Pyap, (10)
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Then, if AP{/5g ,» is equal to zero, there is no need to
adjust the power output of any. Otherwise, the following
steps are conducted to determine the updated power
output of each EV in the V2B control:

Step 1) If APy ,» is higher than zero, the target
power output of each EV is determined by Eq. (11). And
mi is defined as the number of EVs of the V2B system
which have not reached their upper limits of power output,

—r
ie. PJV, < P; . Itis clear from Eq. (11) that the EV with
higher SOC level will contribute more discharging power

to the positive AP » value.
soc” , -soc”,

my 1 1
Z(SOCK," -soc” ) an
j=1

Step 2) If AP{g  is lower than zero, the target
power output of each EV is determined by Eq. (12). And
my,is defined as the number of EVs in the V2B system
which have not reached their lower limits of power output,

—r

ie. PJV, > P; . It is clear from Eq. (12) that the EV with
lower SOC level will contribute more charging power to
the negative APy5p ,» value.

Vtar _ pV tar
PLA = Pl + ARy 1

< v
PV,tar _ PV APtar SOC] _SOC/'J"
PR VAt - Vi

2,
Z(Socﬁ -soc’,
=1

(12)

Step 3) Based on the obtained target power output of

each EV, ms, (ma,) is defined as the number of EVs which
have violated their upper (lower) power output limits.
Thus, the new revised AP{5g ,» is determined by Eq. (13).
If AP{5g » is equal to zero, the power output of EV j
after V2B control is updated with PJ{/;{,“’. If AP{og o is
not equal to zero, Step 1) ~ Step 3) will be implemented
again until the updated APyg .+ is equal to zero.
m3

AR = Z(%f;f"" - sz), my, >0&my, =0
(13)

my

tar _ V tar vV _
APy = Z(})jt _Bj,t”)7 my, =08&my, >0.
J=1

4 Case studies

4.1 Case description

A building Microgrid shown in Fig. 1 is used to verify the
effectiveness of the developed tie-line power smoothing
method. The building is represented by a parallelepiped
with a squared floor. The thermal parameters of the
building are given in Tab. 1 7. The occupied hours are set
to be from 8:00a.m. to 20:00p.m 15. In this study, the
indoor temperature set-point range is set to be from 19 °C
to 26 °C with VESS being dispatched.

Table 1. Building parameters.

Window to Long Short .
2. ) 2 i 2. . . .
Uwan [W/(m*K)] Fair (m?) Uvin [W/(m*K)] all ratio (%) side (m) side (m) Height (m)
0.908 2400 2.750 75 40 20 30

The measured actual outdoor temperature in a summer
day are shown in Fig. 3 7. The forecasted and actual solar
radiation on horizontal surface 16 are shown in Fig. 4. The
rated power of photovoltaic system is 100 kW. The

forecasted and actual electric loads and internal heat gains
40

w
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[N
=

— Actual temperature (in 15 minutes)

o

Outdoor temperature (°C)
13
S

o

Fig. 3. Solar radiation on horizontal surface.

of the building in a typical summer day are shown in Fig.
5 and Fig. 6 respectively. The number of EVs is assumed
be 10 in this case study. The rated charging and
discharging power of an individual EV is 3.3 kW 17.
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Fig. 4. Solar radiation on horizontal surface.
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Fig. 5. Electric load of the building Microgrid.

4.2 Simulation results

4.2.1 VESS dispatch results

Scenario I: Dispatch the building Microgrid with Day-
ahead programming (DA-P) method 7 at the actual
operation stage. Mismatches between the energy demand
and supply caused by day-ahead forecasting errors are
balanced by the upper grid, without short-term dispatch of
the VESS.

Scenario II: Dispatch the building Microgrid with
short-term dispatch of the VESS at the actual operation
stage. The VESS is dispatched to smooth the fluctuations
of the tie-line power.

Hour of day (h)
Fig. 6. Internal heat gain of the building.

The day-ahead set-point of the tie-line power is shown
by the black solid line in Fig. 7, which is generated in the
day-ahead dispatch stage. The comparative dispatch
results in Scenario I (represented by the orange solid line
in Fig. 7) and Scenario II (represented by the grey solid
line in Fig. 7) suggest that the fluctuations of the tie-line
power can be reduced to some extend using the short-term
dispatch of VESS in 15 minutes. Since all the mismatches
between the energy demand and supply are balanced by
electric power from the external grid under the DA-P
method in Scenario I, all the forecasting errors are mainly
reflected in the electric power fluctuations at the tie-line,
as shown in Fig. 7.

180
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g 140 Scenario I
2 120 .
£ 100 Scenario 11

80 | ok ~4
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Fig. 7. Tie-line power of the building Microgrid.

The dispatch results of the cooling demand with
indoor temperature set-point of the building Microgrid in
Scenario II with VESS dispatched is depicted in Fig. 8.
The indoor temperature set-point schedules fluctuate
within the indoor temperature set-point comfort range (19

°C~26 °C) during the occupied hours in Scenario II. The
cooling demand of the building is also dispatched under
Scenario II to dispatch the VESS for smoothing the
fluctuations of the tie-line power.
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Fig. 8. The cooling demand and indoor temperature of the building with VESS dispatched.
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4.2.2 V2B dispatch results

Scenario III is further developed to verify the
effectiveness of the method with ultra-short term dispatch
(in 1 minute) of the V2B system.

200 Scenario I

A comparison of the dispatch results in Scenario III
(red solid line in Fig. 9), Scenario I (orange solid line in
Fig. 9) and Scenario II (grey solid line in Fig. 9) suggests
that the electric power fluctuations at the PCC are well
smoothed by the V2B system.

Scenario 11 — Scenario III

— Day-ahead schedules

2100

Electric tie-li
B
(=]

SISO

N

S S

SIS S SSSSS

NP IR IO T IR NSNS
FF P FFI E T EF IO GO

Time of day (h)

Fig. 9. Tie-line power of the building Microgrid in the comparative scenarios.

The ultra-short term dispatch results of the V2B
system in 1 minute is shown in Fig. 10. The optimal
dispatch program (as shown in Eq. (8)) is implemented to
generate the target power output of the V2B system
(represented by the grey solid line in Fig. 10) based on the
updated upper boundary (represented by the black solid
line in Fig. 10) and the lower boundary (represented by
the green solid line in Fig. 10) of the real-time power
output of the V2B system. And the target power output of

Lower boundary (Pl\(]:%rt”)

= Upper boundary (Puvgpgrt” )

N
(e}

the V2B system is broadcasted to the EVs in every 1
minute. Then, all the EVs update their power outputs
according to the target power output of the V2B system
and the V2B control strategy. The simulation results
shown in Fig. 10 reveal that the V2B system is dispatched
within the V2B power output limits. And the real-time
power output of the V2B system (represented by the red
solid line in Fig. 10) can track the real-time target power
output of the V2B system.

——Power output of V2B (Py2p )

Target power output of V2B ( \%B,t”)

—— Expected power output of V2B

— N W
S o o

EVs charging power (kW)
S

00:00
01:00
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Fig. 10. The ultra-short term dispatch results of the V2B system in 1 minute.

5 Conclusion

This paper proposes a two-layer tie-line power smoothing
method for a building microgrid by scheduling thermal
mass of the building and EVs. To incorporate the different
response characteristics and the forecasting errors of the
input data at different time scales, the VESS and the V2B
system are coordinated at two different time scales. At the
master level, the VESS is dispatched within a short-term
in 15 minutes. A V2B control strategy is further
developed to dispatch the power output of the V2B system
within an ultra-short term in 1 minute. At the client level,
the operation information of the VESS as well as the
upper and lower boundaries of the V2B system are

generated and uploaded to the master level. Numerical
studies show that the proposed method can smooth the
fluctuations of the tie-line power of the building
Microgrid.
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