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ABSTRACT As a typical form of integrated energy system, micro energy system (MES) is promoted and
popularized at the terminal of distribution grid. To achieve the efficient and reliable energy utilization of
MES, two main problems need to be solved: how to consider the dynamic characteristics of heterogeneous
energy resources and diverse MES operating states under multiple time scales and how to coordinate the
interests of both MES operator and distribution grid operator. This paper aims to establish the models of
specific energy devices in MES and propose a coordinated control strategy for multi MESs within distribution
grid considering dynamic characteristics and contradictory interests. The proposed strategy is presented
from the MES side and distribution grid side with consideration of different control objectives under day-
ahead dispatch, intra-day dispatch and emergency control circumstances. A case study based on IEEE 33-bus
system with MESs connected is conducted to verify the effectiveness of the proposed strategy.

INDEX TERMS Micro energy system, optimal scheduling, emergency control, dynamic characteristics.

I. INTRODUCTION

To improve the energy utilization efficiency and fulfill the
diverse consumer energy demands [1], the traditional power
system is gradually developed into an integrated energy sys-
tem (IES) [2], where electricity, gas and heat dispatch and
control in a highly coupled and coordinated manner [3].
As a typical form of IES, micro energy system (MES) is
a regional network where distributed energy resources are
complemented and coordinated to make energy supply and
demand balance [4]. The two main functions of MES include:
1) multi energies can be comprehensively utilized and allo-
cated through effective scheduling and control method [5];
2) the flexible power potential of MESs makes it possi-
ble to solve the power balance problem in the traditional
distribution grid [6].
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Many attempts have been made to cope with the MES
modeling and optimal control. In regard of the modeling,
diverse models of MES have been constructed to reflect
the static or dynamic characteristics of energy devices and
systems in terms of formulated problems including: 1) single
coupling component modeling [7] and single energy system
modeling [8]. These modeling methods apply to the discrete
device or system, so it can’t reflect the multi-device linkage
characteristics in multi-energy system. 2) multiple energy
flow modeling [9] and simulation-based dynamic character-
istics modeling. The former focuses on the analysis of energy
flow distribution in multi-energy coupled networks. The latter
utilizes the simulation tool to establish the coupled energy
system and analyze the dynamic characteristics. They both
place the emphasis on system characteristics analysis rather
than system optimal operation. 3) energy hub modeling [10]
and standardized matrix modeling [11]. These unified model-
ing methods are proposed to reflect the relationships between
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the energy inputs and outputs of multi-energy system using
coefficient, however, the inner connection and dynamic char-
acteristics are not within the scope of their research. Hence,
how to construct a MES optimization model considering the
inner linkage and dynamic characteristics of multi energy
devices is of vital importance.

As for multi-energy complementary operation and coordi-
nated control, many researches have been carried out on the
operation evaluation index construction [12], multi-objective
collaborative optimization [13] and safety control [14]. The
present researches of MES tend to develop corresponding
models and strategies according to control objectives and
time scales, however, the overall dynamic process of MES
operation and management didn’t take enough thought of
coordination under different circumstances. To characterize
the dynamic regulation process of MES, two crucial points
still need more attention: 1) coordinating the different reg-
ulation time constants of multi energies; 2) determining the
main task of MES under normal circumstance and emergency
circumstance. Therefore, how to establish a comprehensive
multi-time-scale model adapting to different circumstances
and objectives still stays paramount to be further studied.

MESs are connected to the power system at the terminal of
distribution grid, so the coordination of MESs and distribu-
tion utility is also of vital significance. However, MES opera-
tor and distribution utility have contradictory interests, which
means that the interests of MES operator and distribution
utility conflict with each other in some circumstances [15].
For MES operators, they have the responsibility to manage
all the energy devices inside and operate the micro energy
system (MES) in an economic, efficient, reliable and eco-
friendly manner. When MES operators stand on their own
place, the power exchange between the MES and distribution
gird is guided by the purchase/sell time-of-use (TOU) price.
The objective of the MES operation is to minimize the overall
operation cost. For distribution grid operators, they expect
MES can operate economically and balance autonomously in
normal but utilize flexible power potential to provide power
grid ancillary services at emergency [16]. At emergency cir-
cumstance, the objective of MES operation transfers from
the economic operation of MES to supporting the safe and
stable operation of distribution grid. The power exchange is
guided by the control signals delivered from the distribution
grid rather than the electricity price. Thus, how to coordinate
the interests of two contradictory subjects is one of the crucial
problems to be solved.

On account of the aforementioned background, this paper
proposes a coordinated control strategy for multi micro
energy systems within distribution grid considering dynamic
characteristics and contradictory interests. The main contri-
butions are summarized as follows:

o To reflect the dynamic characteristics of MES operation
under multiple time scales, a day-ahead scheduling opti-
mization model with multi-objective constraints is first
proposed, followed by a two-layer intra-day scheduling
optimization to suppress the cooling and heat power
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FIGURE 1. Structure of MESs within distribution grid.

fluctuation and electricity fluctuation sequentially on a
double-axis time scale.

To coordinate interests of MES and distribution system,
the MES scheduling optimization strategy is exerted in
normal. When the distribution grid faces power shortage,
the emergency control scheme is proposed to demon-
strate the system-wide value of MES’s flexible power
potential.

The rest of the paper is organized as follows: Section II
illustrates the framework of the paper; Section III constructs
the specific model of energy production, conversion and stor-
age devices; Section IV, Section V and Section VI explain
coordinated control strategy of multi-MESs within distribu-
tion grid. The case studies and their corresponding results are
illustrated in Section VII. Finally, the conclusions are drawn
in Section VIIIL.

Il. FRAMEWORK OF PROPOSED COORDINATED
CONTROL STRATEGY

Three typical regulation modes of MESs participating in
the power grid auxiliary service are elaborated as follows:
1) centralized control mode uploads all information to the
distribution grid, which requires high computing and com-
municating performance [17]; 2) distributed control mode
operates independently and autonomously through neighbor
communication, but the authority of grid utility is under-
mined [18]; 3) The multi-agent control mode [19] employs
MES agents to evaluate the overall flexible power poten-
tial and transfer the value to distribution grid for decision-
making, which combines the merits of above two control
modes and is suitable for MES control in this paper.

The multi-agent structure of multi MESs within
distribution grid is illustrated in Fig.1, which is a deep cou-
pled electricity, gas and heat system with power exchange and
information interaction with the distribution system. There
are some basic components constructing MES, including
energy production devices (e.g. wind turbine (WT), pho-
tovoltaic (PV), micro turbine (MT) and fuel cell (FC)),
energy conversion devices (e.g. electric boiler (EB), electric
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chiller (EC) and absorption chiller (AC)) and energy storage
devices (e.g. electric storage (ES), heat storage (HS) and
cooling storage (LS)).

Fig. 2 demonstrates the multi-time scale framework of the
coordinated control strategy, which includes four different
time scale processes: day-ahead schedule, intra-day cooling
and heat schedule, intra-day electricity schedule and emer-
gency control under power shortage. They are distinguished
in terms of input data, control objectives and time scales and
have been marked with different color blocks in Fig. 2.

There are mainly two MES operation circumstances
according to different distribution grid operating states: 1) If
the failure information of distribution grid isn’t detected (nor-
mal condition), the MESs are assumed to be self-produced
and autonomous. The scheduling optimization method of
MES will be introduced to ensure the system operated in
a multi-objective optimal state, which goes through day-
ahead schedule and intra-day schedule stages. 2) If the failure
information of distribution grid is detected (emergency con-
dition), the emergency control is paramount to be conducted
to guarantee the safe and stable operation of the system.

The more details of the four operation conditions under
different time scales are explained as follows.

« Day-ahead schedule (with purple blocks): At the day-

ahead scheduling stage, if some basic data (predicted
PV power, predicted WT power, predicted load and
TOU price) are obtained, day-ahead optimization model
can be established to determine the operating states
of energy devices with the objective of minimizing
the operation cost. Other multiple objectives can be
achieved at the same time by constructing the constraints
considering environmental benefits, energy consump-
tion and energy supply reliability. The day-ahead opti-
mization model is conducted at each hourly-level period
ahead of day.

o Intra-day schedule: At the intra-day scheduling stage,
the rolling correction will be processed to follow the
wind, photovoltaic and load prediction errors through
a two-layer dispatch for the regulation time differs
between cooling and heat energy and electricity energy.

> Intra-day cooling and heat schedule (with yellow
blocks): The upper layer is applied to suppress the cold
and heat dispatch error. The cooling and heat load data
will be corrected and updated intra the day, so the output
of controllable devices concerning the cooling and heat
generation need to change with it. For the long regulation
time constant of cooling and heat energy, the rolling cor-
rection will be controlled at span of 2h (marked with red
rectangle on the upper axis) and interval of 1h (marked
with black dots on the upper axis).

> Intra-day electricity schedule (with blue blocks): The
lower layer is employed to stabilize the electricity dis-
patch error. The error comes from two sources: 1) the
intra-day correction of PV power, WT power and electric
load; 2) the changed MT power in the upper layer. The
electricity regulation time constant is short, so the rolling
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correction will be conducted at span of 1h (marked with
red rectangle on the lower axis) and interval of Smin
(marked with black dots on the lower axis).

« Emergency control under power shortage (with pink
blocks): When distribution grid faces power shortage
failure, the adjustable power potential of controllable
units in MESs is evaluated and interacted with the dis-
tribution system periodically before the power shortage
failure falls down. When the power shortage failure
occurs, the distribution grid allocates the response power
of MESs proportionally to their flexible power poten-
tial according to the failure time and power shortage
severity. Once the response power demand is delivered
from the distribution to the MES, the MES performs
the emergency control process according to the priority
and adjustable capacity of the devices to compensate for
power shortage.

Ill. MODELING OF BASIC DEVICES IN MES
A. MODELS OF ENERGY PRODUCTION DEVICES
The power output of renewable resources like PV and WT are
obtained from the predicted data. The models of distributed
gas generating units like MT and FC are constructed as
followed.

The mathematical model of MT is described as follows:

Ppr ()1 — nyr(t) — 1)

Omr(t) = (D
nmr (1)
Outn(t) = Omr (t).ni.Copn (2)
Lyrn(t) = Our ®).ni.Copn 3)
Nr
PMT(I)AI

Vyr = | M720 4
=2 oL @

t=1

where Qpr(t), Pyr(t) and npyr(t) are exhaust heat amount,
electric power, power efficiency of MT. Oy, (¢) and Ly ()
are heat power and cooling power generated from exhaust
heat respectively. nr,, ni, n; and Copy, are the heat dissipation
loss coefficient, heat generation and cooling coefficient of
bromine cooler and recovery rate of flue gas respectively. N7
is the total scheduling time. L is 9.7 kW.h/m3, which means
the low calorific value of natural gas. Vyr is the total amount
of natural gas.
The fuel cost of MT is calculated as:

Cur = CcuaVur %)

where Cyr is the fuel cost of MT; Ccg4 is the unit cost of
natural gas, 2.5 yuan/m3 in this paper.

FC is a device that converts the chemical energy of fuel
into electricity efficiently, the fuel cost of which is:

NT
Prc(t)At

Crc = Ccra Z —_— (0)
— nrc(t).L

where Cr is the fuel cost of FC; Prc(t) and ngc(t) represent
power and power generation efficiency of FC at time period
t respectively.
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FIGURE 2. Multi-time scale framework of the coordinated control strategy for multi MESs within distribution grid.

B. MODELS OF ENERGY CONVERSION DEVICES
EB is a kind of typical electro-thermal conversion device, the
mathematical model of which is expressed as follows:

Orp(t) = Pgp(t).Nan @)

where Qpp(t) and Pgp(t) represent the heat production and
the electricity consumption of EB at time period #; 1,y is the
electric-to-heat conversion efficiency of EB.

Two typical refrigeration devices in the combined cooling,
heat and power system are AC and EC.

AC can make full use of the residual heat generated by FC
and MT, the mathematical model of which is:

Lac(t) = Qac(t).COPsc (8

where Lyc(¢) represents output cold power of AC and Qxc(¢)
represents input heat power of AC. COPy4c is the refrigeration
coefficient of AC.

The mathematical model of EC is described as follows:

Lgc(t) = Ppc(t).COPEc ©)

where Lgc(t) is the cold output of EC; Pgc(¢) is input power
of EC; COPgc is the refrigeration coefficient of EC.

C. MODELS OF ENERGY STORAGE DEVICES

Storage system achieves the decoupling of energy production
and consumption over the time horizon, which contributes
to alleviate the mismatch between peak and valley periods.
In this paper, three storage models (ES, HS and LS) are estab-
lished to make the joint dispatch and unified management of
multi energies in MES.

The remaining electricity of the battery at period ¢ is related
to the remaining electricity at period ¢ — 1, the charging and
discharging power and efficiency of the battery during unit
dispatching time At. Therefore, it is necessary to establish a
dynamic model of the battery, as shown in (10):

Prgais(t
ESdzs()]At

NESdis
(10)

Egs(t)=(1 — $)Egs(t — 1) + [Pgsch(t)nESeh—
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where Egs(t) is the capacity of ES at time f¢; ¢ denotes
self-discharge rate of ES; Pgsc(t) and Pgsgis(t) are charging
and discharging power of ES at time ¢; ngsc, and ngsgis are
charging and discharging efficiency of ES respectively.

The dynamic performance of heat tank is related to the
device capacity, the efficiency of heat absorption and release,
and the rate of heat loss. Its mathematical model is:

Hys(t)=(1—=Y)Hus(t — D+[Qusch(t)nHsch — QH;Z'(I)]AI

(11
where Hys(t) is the capacity of HS at time #; ¥ is the heat
loss rate of HS; Qnscn(t) and Qpsais(t) are the heat absorption
and release power at time t; nysc., and nysgis are the heat
absorption and release efficiency of HS respectively.

The mathematical model of cooling tank is expressed as:

Leca(t)

Idis

Lis(t) =1 —o)Lis(t — 1) + [Lecc(O)Nien —

1At
(12)

where Lzs(t) is the capacity of LS; o is the cold loss rate of
LS; Lgc.(t) and Lgcy(t) are the ice storage and ice melting
power at time t; 1, and 14 are the ice storage coefficient
and ice melting coefficient of LS.

IV. MULTI-OBJECTIVE DAY-AHEAD SCHEDULING
OPTIMIZATION MODEL

This section expresses the day-ahead scheduling optimiza-
tion model which aims to minimize the operation costs and
achieve multiple objectives.

A. EVALUATION INDEX
Energy consumption evaluation index is calculated as:

Pyr(®)At  Ppc(t)At
Fue = 13
el =2 0L T mre) L (13)

where Fj,;(t) denotes the total consumption of fuel.
Environment protection evaluation index is calculated as:

Eco,(t) = Aco, Fuei(t) (14)
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where A co, represents the CO; emission factor of natural gas.
Eco,(t) is the emission amount of CO, at time ¢.
Loss of power supply probability is calculated as follows:
PLS(t) = Pi(t) — (Pur(t) + Prc(t) + Pwr(t) + Ppy (1)
+ Pex(t) — Pescn(t) + PEsais(t) — Pep(1))  (15)
Nt
> max(0, Ploss(r))
Lpsp = = (16)
Nt
> Pi()
=1

where Pwr(t) and Ppy(t) are wind power and photovoltaic
power at time 7. P, (¢) is grid exchange power at time ¢. P;(¢)
represents the power of electric load at time 7. Pé"“ (#) denotes
the total amount of electric power loss. LPSP means the loss
of power supply probability.

Loss of heat supply probability is calculated as follows:

0P(t) = Qi(t) — (Qurn(t) + Qpp(t)

— Qusch(t) + Qnsais(t) — Qac(®))  (17)

N

3° max(0, Q1% (1))

LHSP = =! (18)

Nr
Zl 01(t)
=

where Q(t) is the heat load power at time ¢; QZ’”(I) is the
total amount of heat load loss; LHSP is the loss of heat supply
probability.

Loss of cooling supply probability is calculated as follows:

LISty = Li(r) — Lyrn(0) 4+ Lac(®) + Leca(t) + Leca(1))

(19)
Nr
3" max(0, L%(t))
=1
LCSP = . o (20)
> L)

=1
where Lgc,(t) is the cooling power output of electric chiller

at time ¢. L;(¢) is the power of cooling load at time ¢. LCSP is
the loss of cooling supply probability.

B. OBJECTIVE FUNCTION
The objective function of MES’s day-ahead scheduling is:
Nt

min Figs = Z[CfuezFfuez(l) + Cco,Eco, (1) + CgriaPex(t)
=1

n
+ Cheath(t) + CcoldLl(t) + Z Cdevice,i-Pi(t)
i=1
ng l
+ Y Csrj.max{0, Sj(t) — Sj(t — D} At
j=1
21

where Cper, Ccoys Corids Cheats Ceolds Caevice,i and Csr
are the unit fuel cost, unit carbon treatment cost, unit grid
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exchange power cost, unit heat selling cost, unit cooling
selling cost, device i’s maintenance cost and controllable unit
J’s restart-up cost respectively; P;i(¢) is the output power of
device i at time ¢. S;(¢) denotes the start-up/shut-down state
of controllable unit at time ¢. ng is the number of controllable
units.

C. CONSTRAINTS
The capacity constraint of controllable unit is expressed as:

SEOW). PO, < PO < SF9(0).PCS (22)

Jj,min — J,max

where SJCG(I) and PJCG(I) are the operational state and the
power of controllable unit j at time ¢; P/Cgm and Pfgax are
the lower and upper limits of controllable unit j.

The ramping constraint of controllable unit is expressed as:
R AL < PEO(t) — PO — 1) < RPAt  (23)

where R%"" and R]pr are ramp-down/ramp-up limits of con-
trollable unit j.
The related constraints of battery are shown as follows:

—VEsdis-Capes < —PEscn(t) + PEsais(t) < vEsch-CapEs

0 < Pgsen(t) < vEsch-CapEs

0 < PEsais(t) < 2 X YEseh X CapEs (24)
k59C Cupps < Eps(t) < k39C .Capes

Eps(1) = Egs(NT x AT)

where yesen, and ygsgis are maximum charge and discharge
ratio of battery; CgpEs is the total capacity of battery; k;fgxc
and krflionc are the maximum and minimum state of charge
coefficient of the battery.

The related constraints of heat tank are shown as follows:

—vasdis-Caprs < —Qnsch(t) + Onsdis(t) < vHsch-CapHs
0 < Onsen(t) < vHSch-CapHs

0 < Onsuis(t) < 2 X yuscn X CapHs

kSHC Cappis < Hus (1) < kyat'© . Caphis

Hps(1) = Hys(NT x AT)
(25)

where ygscn and ygsgis are maximum heat absorption and
release ratio of heat tank; C,pps is the total capacity of heat
tank; kSOHC and k39HC are the maximum and minimum state
of heat coefficient of the heat tank.

The related constraints of cooling tank are shown as

follows:

—SECa(t).LglCin < Lecg(?) < SECcl(t)'LglCaz
0 < Lgc:(t) < SECc(t)'Lglcaz

Ly < Lpca(t) + Lece(t) < LEgy

0 < Lgcq(t) < SECd(t)'LIEné“?l

where Sgca(t), Sece(t) and Sgcq(t) are the on/off state of

electric chiller in terms of cooling production, ice storage
: fo e J Min max max max s
and ice melting; Lpt), Lpey. Lgce and Lgs); are minimum

capacity of cooling, maximum capacity of cooling, maximum

(26)
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capacity of ice storage and maximum capacity of ice melting
respectively.

The grid exchange power constraint of tie line is expressed
as:

Pex,min < Pex(t) =< Pex,max (27)

where Pex min and Peyx max are lower and upper limits of grid
exchange power of tie line.
The constraint of carbon emission is expressed as follows:

Nt
Y Eco,(t) < Yo, (28)
=1
where V¢, is the upper limit of carbon dioxide emission.
The constraint of energy supply reliability is expressed as:

LESP < ¢, (29)

where ¢, is equal to ¢@., @5 and ¢, when LESP represents
LPSP, LHSP and LCSP respectively.

V. TWO-LAYER INTRA-DAY SCHEDULING

OPTIMIZATION MODEL

The intra-day scheduling optimization model is adopted in
this section to suppress the cooling and heat dispatch error
and electricity dispatch error sequentially according to the
different regulation time constants.

A. INTRA-DAY SCHEDULING OF COOLING AND HEAT

The upper layer of the established MES intra-day scheduling
optimization model aims to suppress the cooling and heat
power fluctuations by regulating the controllable units con-
cerning the cooling and heat supply, such as MT, EB, EC and
AC. The intra-day scheduling domain of cooling and heat is
2h while the control time window is lh.

1) OBJECTIVE FUNCTION
The upper objective function of MES’s intra-day scheduling
in terms of cooling and heat can be expressed as follows:

NT
: (Pyr (1) + APyr (1) At
min Frgs; = Ccn, Z

p nmr (1).L
+ [y (APur(1)* + wpp(APEp(1)*
+ wEc(APEC(1)* +0ac(AQac(t))’ 1At (30)
where APyr(t), APgp(t), APgc(t) and AQac(t) represent
the power regulation amount of MT, EB, EC and AC respec-

tively. wyr, wEB, wgc and wac are unit punishment cost of
MT, EB, EC and AC respectively.

2) CONSTRAINTS
The constraint of modified heat power balance is:

Oumrn(t) + Orp(t) — Qusen(t) + Qnsais(t) = Qi(t) + Oac (1)
31)

where Qu(t) denotes the modified heat power generated
from exhaust heat at time ¢; Qgp(?) is the modified heat power
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of electrical boiler at time ¢; Q4 (?) is the modified heat input
of absorption chiller at time ¢.
The constraint of modified cooling power balance is:

Lyrn(t) + Lac(t) + Leca(t) + Leca(t) = LIt)  (32)

where Ly7,(t) denotes the modified cooling power generated
from exhaust heat at time #; Lyc(¢) is the modified cooling
power of absorption chiller at time #; l_,Ecd(t) is the modified
cooling power output of electric chiller at time ¢.

The constraint of MT’s power regulation amount is:

—0.05 x PMT,max < APMT(I) < 0.05 x PMT,max (33)

where Pyt max represents the maximum MT power output.

B. INTRA-DAY SCHEDULING OF ELECTRICITY

The lower layer of the established MES intra-day scheduling
optimization model aims to adjust the electricity-relevant
units like FC, EX and ES to maintain the balance between
generation and load according to the wind, photovoltaic and
load prediction errors together with the output power change
of MT in the upper layer. The intra-day scheduling domain of
electricity is 1h while the control time window is Smin.

1) OBJECTIVE FUNCTION
The lower objective function of MES’s intra-day scheduling
in terms of electricity can be expressed as follows:

NT
. (Prc(t) + APpc(t) At
min Figso = Ccp, Z

p— nrc(r).L
n SD(t) + GD(t)

2
N w |Pex(t) + AP (1))

+ [0Fc(APFC(1))? + @ex (AP (1))

+ wEscn(APEsen(1))? + wEsais(APEsais()) 1At
34

where  APpc(t), APex(t), APgsen(t) and  APgsgis(t)
represent the power regulation amount of fuel cell, grid
exchange power regulation amount, battery charge and dis-
charge power regulation amount with the unit punishment
cost of wrc, Wex, WESeH and wEgsgis respectively.

(Pex(t) + APex (1))

2) CONSTRAINTS
The constraint of modified electricity power balance is:

Pyr(t) + Prc(t) + Pwr () + Ppy (1)

— PEsen(t) + Ppsais(t) + Pex(t)
= Py(1) + Pgp(t) + Pec(1) (35)
where Pyr (t) and f)pv(t) are modified power of wiqd tur-
t?ine and photqvoltaic at time ¢ intra daytime; Prc(t), Pex(2),
PEscn(t) and Pgsgis(t) represent the modified power of fuel

cell, the modified grid exchange power and the modified
battery charge and discharge power at time ¢.
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The constraint of FC’s power regulation amount is:

Src(t) X Prc,min < Prc(t) + APrc(t) < Skc(t) X PR max
(36)

where Prc min and Prc max are the minimum and maximum
power output of FC.
The constraint of grid exchange power regulation amount
is:
—0.05 x Pex,max < APg(t) <0.05 x Pex,max 37)

where Py max 1s the maximum grid exchange power.
The constraints of battery’s power regulation amount are:

—0.05 x Copes <= ngsch X APgsen — APEsqis/NESdis
NEsch X APgsen — APEsdis/NESdis
<= O.OS*C,ZPES
0 <= Pgseh + APgsen <= YEs,c“CapEs
0 <= Pgsais + APgsais <= 2"yEs,c * CapEs
(38)

VI. EMERGENCY CONTROL STRATEGY

This section elaborates the proposed emergency control strat-
egy for power shortage compensation from evaluating the
adjustable power potential, distributing the response power
demand to determining the priority and capacity of control-
lable devices.

A. UPLOADING ADJUSTABLE POWER POTENTIAL

Once the optimal operating state of the MES is determined,
the adjustable power potential of each MES can be evalu-
ated considering the regulation capacity and rate of storage
system, controllable units and flexible load. And then the
adjustable power potential information of MESs is uploaded
to the distribution grid to prepare for the emergency condi-
tions. The adjustable power potential considering the regula-
tion capacity and rate can be evaluated as follows:

3 |

Pl ) = [P, — Pep, i) (39)
4

Phi ey = 3 PEs ) + P ) 40)

w=tr+k—1-dr dr=1/12,
k=1,2,---,12 (41)
B 1) = min(PU ! ). (k — 1) - dit - ™))

(42)
Pt ) = YO P ) + P o @)
Jj=1

where 7 is the time scale of the daily scheduling with interval
of 1h and span of 24h; P‘é%jzl'al (1) and P;tlit!e’.rztzal (i) are the
adjustable power potential of the jth controllable device (MT,
FC, EB, ES) and flexible load (FL) in the ith MES at time #;
Plégj’ ; is the upper/lower capacity limits of the jth controllable
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device in the ith MES:; Pﬁ,}’gg”’iml(tf) is the total adjustable
power potential of the ith MES at ¢ considering the regula-
tion capacity; # is the time scale of the emergency control
with control interval of 5min and span of 1h; plggj’ninal )

and I_”;OLti."ﬁal(tk) are the adjustable power potential of the
Jjth controllable device and flexible load in the ith MES at
time #; Rfcgrnl is emergency ramp-down/ramp-up limits of

the jth controllable device in the ith MES; %%f?tial(tk) is
the total adjustable power potential of the ith MES at time
tr considering the regulation rate.

B. DELIVERING RESPONSE POWER DEMAND

When power shortage occurs to the distribution grid, the dis-
tribution grid operator will make full use of the adjustable
capacity uploaded in advance to calculate the actual response
power required from each MES considering its flexibility
and adjustable capacity according to the failure time and
power shortage. The response power demand delivered from
distribution grid to MES can be calculated as:

otential
Pf/IES,i ()

o otential
> mes,i ()

i=1

APFES[)OI’!SE(Zk) —

g AP(t) (44)

where AP(t;) is the power shortage at time f;; m is the
number of MES; AP;;“E’SO ';Se(tk) is the response power demand
delivered to the ith MES at time .

C. PRIORITY AND CAPACITY OF RESPONSE DEVICE

When the system is at emergency circumstance when facing
power shortage problem, the potential of controllable units
in MESs can be utilized to make a compensation. The emer-
gency control scheme considering the priority and capacity of
response device is illustrated in Fig. 3, which mainly contains
the following steps.

STEP 1: Sort the responsive controllable units (MT,
FC and EB) participating in the emergency control in descend
order according to regulation ability index, the calculation
method of which is presented in (45):

CG; B - R (1)

otential
] o- P%Gj,i (1) CGjii
Xi =

= : +
otential up/down
max(P’éGj’ i) max(Reg T (1)

(45)

where XZCG'i is the regulation ability index of the jth control-
lable unit in ith MES; P’é(gff;"al(tk) is the regulation capacity

of the jth controllable unit in ith MES at time #; Rzpéffwn(tk)

is the ramping rate of the jth controllable unit in ith MES; o
and B are the regulation capacity and regulation rate evalua-
tion index respectively.

STEP 2: take no measure at initial moment when
AP () = 0,0 =t + (k — 1) -dt, dt = 1/12,k = 1.

STEP 3:ifk < 12,k =k + 1,8 =ty +(k — 1) - dt,
the response power delivered from the distribution system to
the ith MES is AP;;sé’Sii ';Se(tk) and turn to STEP 4. Otherwise,
turn to STEP 7.
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Calculate the regulation ability index x§% of
responsive controllable units (MT, FC and EB)
participating in emergency control

v

Sort responsive controllable units in descend order
according to x§%

v

APWES:  (8)=0 . =t +(k-1).dt , k=1

S

k=k+1, ti,=t+(k-1).dt

Input response power APis (%) delivered from

the distribution system to ith MES

2

Determine the controllable devices regulation order
table Ppolcnual(t ) potcnlml(t‘) P ;étJ(t’cllll:aJ(tk)
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FIGURE 3. Flow chart of emergency control strategy procedures.

STEP 4: determine the regulation order table of all the con-
trollable devices and take it as the devices’ response priority.

STEP 5: if the total response power is above the power
shortage when the present device operates at full power or
the flexible load is of full response, the chosen device is
controlled to just compensate for the power shortage. Oth-
erwise, the chosen device is given priority to operate to the
uppet/lower power limit and continue to judge the next device
as the same.

STEP 6: if all the devices in the table are chosen to partic-
ipate in order but the power shortage is still not compensated,
calculate the remaining power shortage and make up with the
direct load control (DLC) and turn to step 3.

STEP 7: end the all algorithm.

VII. CASE STUDY

A. DATA ANALYSIS

In order to verify the effectiveness of the proposed method,
IEEE 33-bus system is modified to design case studies regard-
ing optimal scheduling and emergency control, the network
of which is shown in Fig.4. Three micro energy systems
namely MES1, MES2 and MES3 are connected to the node 4,
7, 10 respectively. The structure of MESI1 is demonstrated
in Fig.4, the devices of which contain PV, WT, MT, FC,
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FIGURE 5. The structure of MES.
TABLE 1. Operating parameters of controllable units.
1:’min Pmax Rdown Rup Cdevice,)
D Name un 0wy kWh)  (KW/h)  (Yuan/kW)
1 MT 15 65 5 10 0.250
2 FC 5 40 4 5 0.260
3 EB 0.1 50 3 5 0.160
4 EX -60 60 0 0 0
5 AC 0.1 40 0 0 0.120
6 EC 0.1 50 2 2 0.130

EB, AC, EC, ES, HS and LS. The MES has the authority to
interact and exchange power with distribution grid. The basic
data of system like the day-ahead prediction data and intra-
day correction data of PV, WT and load together with the
time-of-use (TOU) price are shown in Fig.6. The operating
parameters of controllable units like minimum and maximum
power output, ramp-down/ramp-up value and units’ mainte-
nance costs are shown in Table 1.

B. RESULT ANALYSIS

Based on the proposed coordinated control strategy together
with the example data and the evaluation scenarios, the results
are obtained from the following aspects: 1) the optimal opera-
tion of cooling, heat and electric schedule at day-ahead stage;
2) the long-interval cooling and heat power regulation and
short-interval electric power regulation at intra-day stage;
3) the evaluation of MESs’ adjustable power potential and
the analysis of response priority and capacity of controllable
devices in MESs.
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1) RESULTS OF DAY-AHEAD SCHEDULE IN MES

From the optimal day-ahead dispatch results of cooling, heat
and electric power between different devices shown in Fig. 7,
it can be found that:

a) TOU price is a crucial factor guiding the power exchange
between MES and distribution grid, the charging and dis-
charging behavior of ES and running period of FC and EB.
When the TOU price stays at valley, the MES purchases
electricity from the grid with battery charging while EB is
put into producing heat; when the TOU price stays at peak,
the MES sells electricity to the grid with battery discharging
while FC is employed to generate power;

b) MT is the core device of the MES, which can realize the
cogeneration of cooling, heat and electricity. When the TOU
price is high, MT contributes as much as possible to meet the
power supply demand and obtains profit by selling electricity
to the grid. Meanwhile, the cogeneration of MT makes cool-
ing and heat demand primarily satisfied. The insufficient heat
demand is compensated by EB and HS and the insufficient
cooling demand is made up by EC, AC and LS.

c) The existence of energy conversion device and energy
storage device enables electricity dispatch and cooling/heat
scheduling to participate and penetrate with each other.
Among them, EB gives priority to transfer the electricity to
heat when the electricity price is low, thereby the electricity
dispatching is guided by the TOU price to involve in the heat
dispatching. When the TOU price is high, the MT raises its
power output to decline the generation from the electricity
like the grid exchange power and the EB output power. The
mismatch electricity is made up by the HS and LS which
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FIGURE 7. Results of day-ahead schedule in MES.

can release the multi-energy coupling state according to its
storage transfer characteristics.

2) RESULTS OF INTRA-DAY SCHEDULE IN MES

The power regulation of controllable devices during long-
interval cooling and heat dispatch process and short-interval
electricity dispatch process are demonstrated in Fig. 8 and
Fig. 9 respectively, where following findings can be obtained:

a) During the intra-day dispatch process, a two-layer dis-
patch is conducted to correct the output of controllable
devices so as to narrow the cold and heat dispatch error
with long control interval and reduce the electricity dispatch
error with short control interval, which effectively suppresses
fluctuations between supply and demand.

b) Both day-ahead and intra-day scheduling of heat and
cooling are executed at hourly scale, but the intra-day forecast
is more accurate than the previous forecast, so the related
devices’ output has to be corrected. MT plays a signifi-
cant role in the combined cooling, heat and power supply,
the output of which should not be drastically adjusted, so its
regulation capacity is constrained. Thus, the prediction error
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FIGURE 9. Power regulation of controllable devices during lower
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of cooling and heat load is mostly made up from AC and EC
during the upper intra-day dispatch process.

¢) The day-ahead dispatch and intra-day dispatch of elec-
tricity are conducted at quite different time scales. Besides,
wind power, photovoltaic and load have prediction errors at
the same time, so the total power fluctuation of lower intra-
day dispatch is large. The regulation amount of the exchange
power and ES are constrained in order to maintain stable
operation of the grid and protect the life of ES, so the power
fluctuation mainly suppressed by FC.

3) COMPARISON WITH OTHER STRATEGIES
A group of different control strategies for micro energy
system are supplemented and compared to demonstrate
the strength of the proposed optimization model for MES
scheduling. They are descripted as follows.

Strategy A: All the electricity, heat and cooling demand
are met by purchasing electricity from the distribution grid.
Heat demand is fulfilled by EB and cooling demand is ful-
filled by EC. The distributed gas units like MT aren’t taken
into the generation process.
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TABLE 2. The operation cost employing the different strategies.

Cost/Profit (Yuan) Strategy A Strategy B Strategy C
MT fuel cost 0 0 797.4
FC fuel cost 0 257.7 137.6
GB fuel cost 0 992.2 0
Electricity purchase cost 1386.9 3234 -53.3
Heat and cooling selling profit 266.7 266.7 266.7
polluon reament con 408 102 »
Restart-up cost 0 1.2 1.2
Total cost 1694.4 1951.4 1209.6
120 T T T T T T T T T T T
(B ESE M TR FC T EBCI CL |

Power/kW

5 10 15 20 25 30 35 40 45 50 55
Time/min

FIGURE 10. Evaluation results of adjustable power potential of MESs.

Strategy B: Multi energy systems operate in a discrete
mode. The heat and cooling energy is supplied by gas boiler
and absorption chiller. The coefficient of gas boiler (GB) is
set as 83.5%. The fuel cost is calculated as same as MT’s for-
mula. Other devices’ deployment remains unchanged except
for the coupling component (MT, EB and EC) and heat and
cooling storage.

Strategy C: The coordinated control strategy proposed in
this paper.

The operation cost employing the different strategies is
compared in Table 2. It can be summarized from Table 2 that
different control strategies influence the system operation
economy. The combined cooling, heat and power dispatch is
beneficial to reduce the operating cost, that’ why the total cost
of strategy C is much smaller than strategy A and strategy B.
The coordinated strategy proposed in this paper is the most
economical and can fully reflect the advantages of multi-
energy complementary and promote the maximum proportion
of renewable energy consumption.

4) ANALYSIS OF EMERGENCY CONTROL STRATEGY

In order to verify the effectiveness of the emergency control
strategy proposed in this paper, the case study is designed as
follows: it is assumed that the load power (PL) and generation
power (PG) are balanced at initial time, as the blue curve
shown in Fig.11. At 17:00, there appears a power shortage
caused by disturbance from the generation side in the distribu-
tion grid. Through the emergency control strategy proposed
in this paper, the adjustable potential evaluation result of
each MES is shown in Fig. 10. The response power demand
delivered to each MES is shown in Fig. 11, where the blue
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FIGURE 11. Priority and response capacity of controllable units in MESs.

oblique block denotes that is sent to MES3 and the pink
diagonal block denotes that is sent to MES2. Taking MES1 as
an example, the priority and capacity of the controllable
devices are further displayed.

It can be concluded from the comprehensive analysis of
Fig. 10 and Fig. 11 that:

a) The regulation capacity and regulation rate of control-
lable devices like WT, FC and EB are simultaneously con-
sidered by subdividing the control interval during the occur-
rence period of power shortage. Comparing the adjustment
amount of WT and FC at each time interval and the climbing
amount between the neighbor time intervals of MESI and
MES?2 in Fig. 10, it can be found that MT in MES1 reaches
its maximum adjustable capacity at 45 min with maximum
climbing rate while the maximum adjustable capacity of MT
in MES?2 is larger than that of MT in MESI, so it continues
to climb until the power shortage disappears. In addition,
the TOU price is highest at 17:00, thus, EB doesn’t make heat
and it have no potential to adjust.

b) ES is not only an important guarantee for economical
and efficient operation of the MES, but also an effective
support for compensating the power shortage of distribution
grid. The adjustable potential of ESs in MES1 and MES?2 are
large at 17:00 and the adjustment rate of ES is considerably
fast, so the power regulation can be a step value without
exceeding the maximum regulation capacity. That’s why ES
is preferentially applied to compensate for the power shortage
and accounts for the largest share of the total response power
in Fig. 11.

¢) In the light of the regulation capacity, regulation ability
and regulation influence, the participating order of devices
in MES is electric storage, controllable units (MT, FC and
EB) and flexible load. The remaining is compensated by the
direct load control as the yellow block shown in Fig. 11. The
regulation ability index of MT, FC and EB is 1, 0.3829 and
0.1500 respectively according to the calculation method in
the emergency control step 1. Therefore, the regulation order
is MT, FC and EB. Since EB is off during this period, MT is
preferentially arranged, and then FC.

VIil. CONCLUSION
This paper proposes a coordinated control strategy for multi
MESs within distribution grid. At normal circumstance,
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the MES executes the day-ahead and intra-day dispatch to
optimally arrange the output of controllable devices with
the objective of minimizing the total operation cost. At the
emergency control stage, an emergency control strategy con-
sidering the regulation capacity and regulation rate of con-
trollable devices under power shortage is proposed. The main
conclusions of this paper are as follows:

a) TOU price is the key factor affecting the economic
dispatch of MES and has a guiding effect on the behav-
iors of devices in MES like ES, EB and EC. The existence
of coupling components makes the electricity dispatch and
heat/cooling dispatch participate and penetrate with each
other to obtain comprehensive utilization.

b) The proposed intra-day hierarchical dispatch strategy
can suppress the cooling and heat power prediction error
and electricity prediction error sequentially according to the
different regulation time constants, which can effectively sta-
bilize fluctuations on supply side and demand side.

¢) In an emergency, the controllable devices in MES can
compensate for the power shortage according to the regu-
lation capacity, regulation ability and regulation influence,
the adjustment sequence of which is electric storage, control-
lable units and flexible load.
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