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Abstract: In response to the problem of mismatch between new energy output and multi-energy load
requirement in multi-energy power systems, this article proposes a dynamic optimization model
for new energy output in multiple time intervals based on multi-energy storage coordination. First,
considering the energy conversion characteristics of multi-energy storage, the dynamic optimization
method of new energy output based on the discrete division of subinterval of scheduling time is
studied. Then, considering the cost of adjusting various resources comprehensively, the optimization
objective of new energy output is studied, and a model-solving method based on a directed graph
topology distributed algorithm is proposed. Finally, simulation verification was conducted, and the
simulation results showed that the method proposed in this paper can effectively suppress the new
energy fluctuation and reduce peak-shaving costs.

Keywords: multi-energy storage; new energy; interval dynamic optimization; multi-time scale
dispatch; distributed algorithm

1. Introduction

A multi-energy power system contains controllable primary energy input sources such
as coal, gas, hydropower, and hydrogen energy. However, a multi-energy power system
has strong randomness [1]. On the one hand, the access scale of new energy represented by
wind and light is constantly increasing. On the other hand, the proportion of multi-energy
loads dominated by traditional loads and new forms of loads such as heat and hydrogen
are gradually increasing [2-5]. Therefore, the power and energy balance of multi-energy
power systems at different spatial and temporal scales will be affected by the fluctuation
of new energy power output and load, and will have a huge and extensive impact on
the safe, stable, and economic operation of the multi-energy power system. In the multi-
energy power system, the coordination of multi-energy storage and traditional flexibility
regulation resources to optimize the output of new energy power generation with high
efficiency and low cost is a new opportunity and challenge in the process of transformation
from a traditional power system to a new power system [6].

The energy balance process of a multi-energy power system is complex, and many
researchers have studied the energy balance problem of multi-energy power systems. Ref-
erence [7] established an optimal economic dispatch model to minimize the additional
adjustment cost of multi-energy adjustable units, which reduced the congestion risk of
multi-energy systems. Reference [8] proposed a multi-objective optimal scheduling method
for multi-energy systems considering environmental costs, carbon transaction costs, and
operating costs. Reference [9] proposed an electric-thermal hybrid power flow calculation
method, which can intuitively express the electric, thermal, and hydraulic flow charac-
teristics in the system. The iterative solution of this method is higher than that of the
traditional Newton-Raphson iterative method, which can improve the operation economy
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of the multi-energy system. At present, most of the research on the energy balance of multi-
energy power grids still stays at the day-ahead scheduling level. At the intra-day level,
there are few studies on real-time energy balance considering new energy fluctuations.

Aiming at the control problem of the new energy stable operation domain, a multi-
period planning model of a multi-energy microgrid is proposed in Reference [10], and the
enhanced bilinear Benders decomposition method is used to solve the model, which can
effectively deal with the influence of multi-type uncertainties on the system. Reference [11]
established a multi-energy coordinated scheduling model based on the hybrid stochastic
interval method so that the system can still maintain efficient operation under multiple
uncertainties. Reference [12] studied a stability region analysis method of the droop
coefficient of a new energy inverter, which can obtain a more accurate coordinated stability
region of the droop coefficient and provide support for the optimal scheduling of the
system. Reference [13] proposed a two-stage robust operation method for multi-energy
systems considering uncertainties, which uses multi-energy complementary coordination
to compensate for multi-dimensional uncertainties and maintain the energy balance of
the system. Reference [14] proposed a robust flexible scheduling method for multi-energy
systems that can improve the flexibility of demand-side response. The above research
results provide some solutions for the new energy output control of multi-energy systems
in uncertain scenarios. However, in the study of real-time control of new energy output,
how to achieve rapid suppression of new energy fluctuations while taking into account the
economy is subject to improvement.

Therefore, this paper proposes a multi-period interval dynamic optimization model of
new energy output based on multi-energy storage coordination. The specific innovative
research results are as follows:

(1) To realize the dynamic optimization of new energy output, the optimal solution of
new energy output is discretized to form a continuous function in time.

(2) A dynamic optimization strategy is designed, which regards the multi-energy energy
storage device and the new energy unit as a whole. By controlling the state of charge
of the energy storage device, the output fluctuation of the new energy is suppressed.

(8) Considering the adjustment cost of multiple types of regulating equipment connected
to multi-energy power systems, the objective function of new energy output optimiza-
tion of multi-energy power systems is established, and the model is solved based on
distributed graph theory.

2. Multi-Energy Storage Model
2.1. Electrothermal Energy Storage Model

The energy conversion process in the high-voltage electric heating and storage system
can be described as three stages: the electric heating stage, heat storage stage, and heat
release stage [15].

For the electric heating stage, the heat absorbed by the heat storage system is provided
by the electrothermal resistance wire, assuming that the conversion efficiency of electricity
to heat is 7, then:

Ping = tntPrin @

where Py;, is the input power of heat storage, P;;, is the absorption power of heat storage.
For the heat storage stage and the heat release stage, the energy state of the system
can be expressed by the following equation:

AEpg = (Ping — Poutq — Prost) At )

where AE,( is the energy change in the heat storage system, P, is the heat absorbed by
the heat storage system, Py,;( is the heat supplied by the heat storage system, and Py is
the power lost by the heat storage system in unit time.



Electronics 2023, 12, 3056

30f19

2.2. Battery Characteristic Model

The storage and release characteristics W, (t) of electrical energy during battery charg-
ing and discharging [16] can be described as:

t 2 1. . 2 t . .
We(t) = /t—At Sbe [ZEEC(t) =+ llec(t” Rpdt + kiust(t)/t_At Ste [Zeec(t) + llec(t)]ul:(t)dt (©)]

where k;, 5 (t) is the battery charge and discharge state function, the value is —1 or +1,
which represents the charging and discharging states, respectively; Rp is the equivalent
resistance between the positive and negative poles of the battery; Ur is the potential
difference between the positive and negative electrodes of the battery.

2.3. Electro-Hydrogen Energy Storage Characteristic Model

The electric hydrogen energy storage system mainly includes three components:
electrolysis of water to hydrogen, hydrogen storage, and hydrogen fuel cell power genera-
tion [17,18].

Electro-hydrogen energy conversion characteristics can be described as:

t
Wry(t) = WQT; /tht Pry(t)dt 4)

where Wrp is the energy contained in the hydrogen produced by the electrolysis of the
water hydrogen production device in At time scale; P is the power consumption of the
water electrolysis hydrogen production device in At time scale; 7y and Qp, are the electro-
hydrogen energy conversion efficiency of the electrolysis water hydrogen production device
and the calorific value per unit volume of hydrogen, i.e., the chemical energy contained in
the unit volume of hydrogen.

The hydrogen-electric energy conversion characteristics of hydrogen fuel cells can be
expressed as:

WHout(t) = QHznchWHin(t) (5)

t

Whin(t) = o Viin (t)dt (6)

where Wy, is the electrical energy emitted by the hydrogen fuel cell in At time scale;
Wy (t) is the hydrogen fuel cell consuming hydrogen energy at At time scale; Vi, is the
hydrogen consumption rate of the hydrogen fuel cell at At time scale (m>/h); 17, and Qp,
are the hydrogen-electric energy conversion efficiency of the hydrogen fuel cell and the
calorific value per unit volume of hydrogen, respectively.

The amount of hydrogen stored in the hydrogen storage tank and the energy charac-
teristics contained in it can be expressed as:

t
Whst(t) = Whst(t — At) — 'YHinQHz/tiAt Viin (t)dt )

where Wysr (t) is the energy contained in the hydrogen storage device at time £; Wygy (f — At)
is the energy contained in the hydrogen storage device before At; Vi, () is the amount of
hydrogen injected into the compressor, which may be positive or negative; yp;, and Qp,
are the hydrogen compression injection efficiency and calorific value per unit volume of
hydrogen, respectively.

3. Dynamic Optimization Strategy of New Energy Output Based on Multi-Energy
Storage Control

Based on a thorough analysis of the operational characteristics of multi-energy storage
devices, this section takes advantage of the fast response and strong regulation ability of
energy storage devices, and considers the multi-energy storage devices and new energy
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units as a whole, designing a dynamic optimization strategy. By controlling the state of
charge of the energy storage device, the fluctuation of new energy output can be suppressed.

3.1. Discretization Optimization of New Energy Output

To realize the dynamic optimization of new energy output, the optimization solution
of new energy output needs to be regarded as a continuous function in time [19]:

®)

where z is the objective of minimizing fluctuations in the new energy output of a multi-
energy power system; Fgps(-) is the equation of state for a multi-energy power system;
g € R"s is the output power of each wind and photovoltaic station in the multi-energy
power system; Froy(+) is the output equation of a new energy generation system for a
multi-energy power system; m € R™" is the state variables of voltage magnitude, phase
angle, line active power and line reactive power in a multi-energy power system; mj is
the initial state of the multi-energy power system at time t = 0; d € R"™ is an uncertain
disturbance causing fluctuations in wind and PV output in a multi-energy power system;
p(t) € R™ is the amount of input and output power control for all adjustable devices in
a multi-energy power system including each multi-energy storage system; p; and py are
the lower and upper limits of power regulation for each adjustable device, respectively;
¢(+) is the objective function for optimizing the power output of new energy sources in a
multi-energy power system, which can be expressed by the power output characteristics of
the wind and photovoltaic power systems operating in the system.

9(g) = max

Xwp Xpy
Pype — | Y. &i+ )8 )
i=1 j=1

where Pypg is the total new energy output forecast for the multi-energy power system; g;
is the i-th equivalent wind turbine or wind farm output in a multi-energy power system;
xwp is the number of equivalent wind turbines or wind farms in a multi-energy power
system; g; is in a multi-energy power system j-th equivalent PV unit or PV plant output;
xpy is the number of equivalent PV units or PV plants in a multi-energy power system.
The above dynamic process of optimizing the new energy output is discretized into a
non-linear programming problem in each sub-time interval and can be described as:

ming,,.py. Z2 = ¢[§(Nerc)]
m(i+1) = Fpjx[m(i)
g(i) = Poyg[m(i), p(i

pi < p(i) < px
Vi=1,...,Ngc

(i), d(i)],m(0) = mo
)] (10)

st.

where Ngjc is the number of sub-time intervals of the multi-energy power system within a
dispatch time interval period [0, Tgic]; Fpjk and poyr are the non-linear equation of state
of the multi-energy power system and the new energy power output equation, respectively
after discretization according to the dispatch time interval.

3.2. Dynamic Optimization Strategy for New Energy Output

Based on the optimal discretization of new energy output, this paper proposes an
optimal control method of new energy output considering the state of multi-energy stor-
age sources, which can quickly respond to the uncertain disturbance with time-varying
characteristics in the scheduling time interval.
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3.2.1. New Energy Unit Output Matrix Considering Multi-Energy Storage Control and
Uncertainty Disturbance

In the dynamic optimization process, the scheduling time interval needs to be divided
into several time subintervals. In each time subinterval, the proportion of new energy
output in the system is set unchanged. When a time subinterval ends, the given value of
the new energy output of the next subinterval is corrected according to the real-time output
of each unit at the end time. When the whole scheduling interval ends, the proportion of
new energy output is reset according to the set value of new energy output in the next
scheduling interval, and so on.

Divide the scheduling time interval [0, Tgjc] into Ngjc sub-time intervals:

[0,t1), [t1,t2), ..., [ti=1,ti),- - -, [tEIC—1, tEIC) (11)

wherei € 1,2,..., Ngjc is the i-th sub-time interval. Then, the optimization objective of the
new energy output in the multi-energy power system on the i-th sub-time interval [t;_1,¢;)
can be expressed as:

Fror(i) = Oporg (i) (12)

where Fror(i) is the set value of new energy output in the i-th sub-time interval [t;_1,t;) of
the multi-energy power system within the scheduling time interval [0, Tgjc| determined by
the previous day’s dispatch; g(i) is the output of each equivalent new energy unit or new
energy station in the multi-energy power system in the i-th sub-time interval [t;_1,t;); Opor
is the given combination conversion matrix, which describes the proportion of the output of
each equivalent new energy unit or new energy station in the multi-energy power system
within the scheduling time interval [0, Tgjc] determined by the previous day’s dispatch.
The share of the capacity of the new energy unit or new energy station in the multi-energy
power system in the time interval [0, Trjc| determined at the time of dispatch.

To solve the optimal combination matrix that satisfies the general situation of new
energy output uncertainty in a multi-energy power system Oror, it is necessary to deter-
mine the actual value of new energy output under actual operating conditions. Here, this
paper considers the influence of disturbance deviation on system operation, and defines
the actual output deviation function of new energy Kp;cr as follows:

Kpuer = Z(p,d) — Zier(d) (13)

where Zjt is the minimum value of the actual fluctuation of the new energy output of the
multi-energy power system.

Under the premise of a given uncertainty disturbance d of the actual output of new
energy, the objective of minimizing the fluctuation of new energy output Z(p, d) can be
transformed into a second-order function of the actual control of multi-energy storage
devices prer in the system:

PZ(p — pier)

oZ(p — 1
9Z(p — pier) + E(P - PIET)T (14)

Z(p, d) = Z[ET(d) + ap

Since the proportion of new energy output is constant in the time subinterval, the
objective function satisfies:
9Z(p — pier)
dp
Then, from the above equation and the actual new energy output deviation function
Kpuer can be obtained as follows:

=0 (15)

1 o)\ 02Z(p —
Kpuer = 5 (P -P et) (papszET) (16)



Electronics 2023, 12, 3056

6 of 19

At this point, the new energy output of the multi-energy power system, as determined
by the previous day’s dispatch, is expressed as:

g = Fourp + Fpjkd (17)

After considering the influence of disturbance bias in the system, the error in the
output of new energy in the system can be expressed as:

Ap = _(OEOTFOUE)iloEOTFD]KAd (18)

From this, the control deviation of the multi-energy storage system in actual operation
can be given as:
P’z (BIJSZIET)
A =% A4 19
Prer OZ(p-pier) 19)
ap?
Thus, the deviation of the new energy output of the multi-energy power system from
the optimized output value set by the previous day’s dispatch during the actual grid
operation can be found Kpygp, as:

1 _ 2
Kpuer = EHS(OEOTFOUE) 1OEOTDCH2 (20)
T PZ(p—pier) PZ(p—pier) - PZ(p—pier)
where 5' S = g = Four o o .

According to the above equation, considering the actual operating conditions of the
multi-energy power system in each time interval, the matrix Ogpr of the power output of
each equivalent new energy unit or new energy station in the system can be given as:

P Z(p—pier)
ap?

1
(aaT)Foug (Fgug(WT) FOLIE)

Ofor = (21)

3.2.2. Dynamic Optimization of New Energy Output Combination Matrix

To enable various equipment in a multi-energy system to continuously change their
output status according to the regulatory requirements of the power grid during actual
operation, it is necessary to continuously adjust the proportion of new energy units in the
system. Therefore, the output combination matrix of new energy is constantly revised with
the increase of subintervals.

The proportion of new energy power output in the i-th time subinterval during
[0, Tgrc] is determined by the actual new energy output in all operated subintervals before,
namely:

Fror(i) = Fror(i—1) — O'gor : (22)

(i—1)
where ¢(i — 1) is the output of each equivalent new energy unit or new energy station in
the multi-energy power system in the i-th sub-time interval [t;_5,t;_1); O'gor is a modified
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combination matrix based on the new energy output of the previous i — 1 sub-time interval,
given by the following equation:

[0'eor10E0T] 0 e 0
) 0 [0'kor20r01] -+ 0
O'ror = : : . : (23)
0 0 -+ [0'poriOkoT]

where O'ror; is the proportional adjustment matrix for the combination of new energy
power output set for each time subinterval.

After taking into account the correction of the new energy output mix ratio by the
operating state of the Ngjc time subintervals during [0, Tgjc], by the combination conver-
sion matrix Opot determined by the previous day’s scheduling and the new energy output
mix ratio adjustment matrix O'gor the new energy output optimization target for the next
scheduling time interval is initialized:

Ororg(1) + O'ror1Goue(g(0)]
Orot8(2) + O'ror2Gour(g(0), g(1)]

F'eorn+1 = FEor,N+1 + OpoT,N+1 | (24)

Ororg(NErc)
+0'E0TNg i Gouelg(0),8(1), .., 8 (NEic)]

where Fror N1 and F'gor N1 are the day-ahead setting and the corrected setting of the
new energy power output at the beginning of the next day-ahead dispatch time interval
after the end of [0, Tgjc], respectively; Oror N1 is the combination matrix of new energy
power output at the beginning of the next day-ahead dispatch time interval as determined
by day-ahead dispatch; Goyg(-) is the cumulative correction function for fluctuations in
new energy output in the previous day’s dispatch interval.

4. Optimization Model for New Energy Output from Multi-Energy Grids
4.1. Objective Function

Considering the multi-energy forms connected to the multi-energy power system,
electricity to heat and electricity to hydrogen are the mainstay, and the regulation resources
participating in the coordinated optimization of new energy output include thermal power,
hydropower, wind power, photovoltaic and electric heating energy storage, electricity
hydrogen energy storage and battery energy storage. The objective function of new en-
ergy output optimization of multi-energy power system comprehensively considering the
regulation cost of each regulating resource is:

minfcosr[z(p, d)] = fcost (i CSTi,T) (25)

i=1

where fcogsr is the regulation cost function of a multi-energy power system for a given
new energy output fluctuation optimization objective; CST; T is the cost function of each
regulating resource participating in the regulation of the new energy output of the grid
during the time interval of each day of dispatch of the multi-energy power system, which is
thermal power regulation cost function, hydropower regulation cost function, heat storage
regulation cost function, electricity storage regulation cost function, hydrogen storage
regulation cost function and load regulation cost function.
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4.2. Constraints
4.2.1. Multi-Energy Power System New Energy Output Regulation Range Trade-Off Constraint

Multi-energy power system new energy output regulation range trade-off constraint
is shown as:

Piior,r < Ppuor,r < Pbiior,r (26)
where Pp;op 1 is the total new energy output expected from the multi-energy power

system during the dispatch time interval T; PR p r and pming p 7 are the expected upper
and lower limits of fluctuations in the total new energy output of the multi-energy power
system during the dispatch time interval T. The significance of these two parameters is to
determine a reasonable expectation of a fluctuating range of new energy output, too large
an expectation can cause lead to a lower level of system power balance, while too small an
expectation can cause higher regulation costs.

4.2.2. Constraints on the Regulation Characteristics of Thermal and Hydropower Units

For thermal and hydropower units, the regulation performance and scope of their
participation in the optimization of the new energy output of a multi-energy power system
is mainly governed by two indicators: the adjustable power size and the adjustable power

variation rate: _
APfew,r < APhew,r < APhgw,T 27)
min max
Kiew,r = Kpew,r = Kfjgw
where APy, 1 is the adjustable power of thermal or hydropower units of the multi-energy

power system during the dispatch time interval T; APfgy, r and API‘}‘E‘W,T are the upper
and lower limits of the adjustable power of a multi-energy power system for thermal or
hydropower, respectively, during the dispatch time interval T; K¢ 1y 1 schedules the rate of
change in the adjustable power of thermal or hydro units of a multi-energy power system
during the time interval T; Kijgy r and KEEW,T are the upper and lower limits for the
rate of change in the adjustable power of a multi-energy power system, thermal or hydro,
respectively, during the dispatch time interval T.

In general, the regulable power of thermal or hydropower units is reserved in advance
of the daily or weekly dispatch cycle, while the regulation rate is related to the technical
performance of the unit and its power system. A larger reserved regulation power and
a better regulation rate also correspond to a larger regulation cost. Therefore, in multi-
energy power systems with a large proportion of new energy sources, the potential for
multi-energy interaction and storage should be exploited as much as possible, to reduce
the reserved regulation power of thermal or hydropower units and thus reduce the cost of
optimizing the new energy generation output of the multi-energy power system.

4.2.3. Multi-Energy Storage Regulation Characteristics Constraints

For thermal, electrical, and hydrogen storage systems, the regulation performance
and range of the systems involved in optimizing the new energy output of a multi-energy
power system is governed by the State of Charge (SOC) adjustable power and the rate of
change in adjustable power:

SOC;\n/IiES,T < SOCMES T < SOCK}IaEXS,T

’

min max
APpEs,T| = ’APMES,T < ‘APMES,T (28)
min max
KMES,T‘ < ‘KMES,T’ < KMES,T‘

where SOC)pq 1 is the multi-energy storage load state in the dispatch time interval T;
SOCHFs 1 and SOCJI{‘/I%‘SIT are the upper and lower limits of the multi-energy storage load
state in the dispatch time interval; AP ¢ 1 is the adjustable power of multi-energy storage
charging and discharging energy in the dispatching time interval T; APyi7s  and APﬁ?S,T
are the upper and lower limits of the adjustable power of multi-energy charging and
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discharging energy in the dispatching time range; K¢ r dispatch time interval T multi-
energy storage charging and discharging power change rate; Kijj’s r and Kﬂigsj are the
upper and lower limits of the adjustable power change rate of multi-energy storage charging
and discharging energy in the dispatching time interval T.

4.2.4. Multi-Energy Regulation Balance Constraints

Regardless of the electricity, heat, hydrogen, and gas systems, when it is necessary
to ensure participation in the optimization of the new energy output of a multi-energy
power system within a given time scale, its regulation performance and scope are mainly
constrained by the two indicators of State of Charge (SOC) adjustable power size and
adjustable power change rate:

Y. Wuest+ Y. Whewr+ Y, Wormr = AWg (29)
zmeMESi zreh&Wi zre DRMi

where W, ¢  is the regulation energy of multi-energy storage in the dispatching time
interval T; Wy v 1 is the regulation energy of thermal power and hydropower units in the
dispatching time interval T; Wpg,, 1 is the response load regulation energy of the demand
side in the dispatching time interval T; AWy is the total energy demand of the multi-energy
power system in the dispatching time interval T to optimize the output of new energy.

4.2.5. Multi-Energy Power System Network Constraints

P PeoniT + Vi ]% Vi (G,‘]‘ cos 91']' + Bjjsin Gij)
. 30
Qsupplyi,t = Qeon,iT + Vi L V;j(Gjjsin 6 — Bj; cos 6;;) (30)
jei

upplyi, T =

where Psupply,i,T and qupply,i,T provides active power and reactive power to multi-energy
power system nodes i in the scheduling time intervals T of thermal power, hydropower,
wind power, photovoltaic, and battery energy storage, respectively; Py, ;1 and Qe i
represents the active power and reactive power consumed by the nodes i in the multi-energy
power system in the scheduling time interval T, respectively, for electric heating energy
storage, electric hydrogen energy storage, and electric load; G, B and 6 are conductance,
susceptance and voltage phase angle difference between adjacent nodes of multi-energy
power system, respectively.

min i max
Uir" < Uit < Uiy

2
min 2 max
(Iij,T) < Iij,T < (Iij,T

)2 (31)

where UM and UMM are the upper and lower limits of the node voltage amplitude in the

scheduling time interval T; I;7* and Ilr]“%‘ are the upper and lower limits of branch current
in the scheduling time interval T.

4.3. Solving Algorithm

Based on the proposed optimization strategy for new energy output, this paper solves
the model using a directed graph topology distributed algorithm [20]. The distributed
power supply in a multi-energy system has the characteristics of plug-and-play. Therefore,
the distributed algorithm using directed graph topology can adapt to the changing structure
of a multi-energy power grid and quickly solve the problem of changing topology. The
multi-energy storage devices involved in the multi-energy system and the distribution
characteristics and energy interaction relationship of multi-energy generation units can be
represented as a directed graph composed of nodes and connection relationships:

Gcost = {Vcost, Ecost, Acost} (32)
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where Vpgr is the set of nodes with the flexibility to regulate resources in the multi-energy
power system; Ecogr is the set of connection relationships between flexible resource nodes
with energy interaction in multi-energy power systems; Acogr is the energy interaction
intensity matrix between flexible resource nodes in multi-energy power systems.

In the directed graph, the objective function for optimizing the new energy output of
the multi-energy power system can be expressed as a function of the three-dimensional
variable gcosT; for the input and output power of electricity, heat, and hydrogen energy:

N
minfcosr[Z(p,d)] = Fcost <Z gCOSTi,T) (33)
i=1

where N is the number of nodes in the multi-energy power system with flexible regulation
resources and Fcpgr is the network-wide regulation cost function of the multi-energy
power system.

Before the start of the scheduling time interval, the basic operating status of the nodes
in the multi-energy power system network can be obtained as:

T
Uijr = {UEL,ij,T/ Urhij s quij,T} (34)

The objective function for optimizing the new energy output of a multi-energy power
system according to the above equation can then be further rewritten in the following form:

N N
minFcost (‘21 ‘21 (gCOSTii,T + ‘DCOSTij,TgCOSTij,T>>
1= ]:

N N (35)
s.t. '21 8CosTi = '21 '21 Uij,r,8cosTi,T € YCOSTij
i= i=1j=

According to the objective function shown above, the adjustment demand capacity
of each node during the scheduling time interval AU;; - can be obtained by solving it.
Therefore, the optimization and regulation goal of new energy output is:

[AUEL,ij,T’ AuTH,ij,T’ Aquij,T} VFcosrijr
2 2 2
= zq)EL,z‘j,THAuEL,ij,TH + 2€0TH,ij,THAUTH,ij,TH + Zq)HZij,THAuHZij,TH (36)
2
z q’t’J‘,T‘ [AUEL,ij,T’ AuTH,ij,T' Aquij,T}

where V is the scatter of the Fcostj,r function within the scheduling time interval; and
®;; 7 is given by:

ijr = min{‘PEL,ij,Tr PTH,ij,T/ §9H2ij,T} 37)

where ¢p; i 7, Prp i and @y ¢ are the regulation cost coefficients of the flexibility re-
source nodes when they participate in the optimization of the new energy output of the
multi-energy power system with the corresponding regulation energy of AU ; i AU ij 7
and AUy r for electricity, heat, and hydrogen, respectively. In this study, all flexible re-
sources are assumed to have positive electricity, heat, and hydrogen energy regulation
costs greater than zero when participating in the optimization of new energy output from a
multi-energy power system as ®;; t > 0.

5. Example Analysis

According to the actual structure and operation data of a power grid, this paper estab-
lishes a simulation system. A multi-energy power system topology including new energy
power supply represented by wind and photovoltaic power generation and other multi-
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energy exchange and storage equipment is constructed, as shown in Figure 1. The capacity
configuration of each power supply and energy storage device is shown in Tables 1 and 2.

Q

28

27

21

@ New energy source @ Hydroelectric power source

@ Thermal power source Gas power source

Figure 1. Topology of new energy power system.

Table 1. Capacity parameter of power source.

Node Number Power Source Type Capacity (MW)
1,3,23 Wind power 11,000
2 Photovoltaic power 4800
4,11, 18, 22,28 Thermal power 36,500
14, 6,30 Hydroelectric power 3000
9 Gas power 1500

Table 2. Capacity parameter of multi-energy storage equipment.

Node Number Power Source Type Capacity (MWh)
8,9 Electric heating and heat storage equipment 11,000
Electric hydrogen production, hydrogen storage
5 ) 4800
equipment, and hydrogen cell
7,24 Chemical battery 1500

To verify the effectiveness of the proposed dynamic optimization method for multi-
energy systems that considers multi-source energy storage coordination and disturbance of

new energy output, the following simulation scenarios are set up to validate the proposed
method, as shown in Table 3.

Table 3. Simulation scenario setting.

. . . Whether the Energy Storage Device New Energy .
Simulation Scenario Is Involved in Regulation Output Uncertainty Algorithm
S1 NO 5% Proposed algorithm
S2 YES 5% Proposed algorithm
S3 YES 20% Proposed algorithm
sS4 YES 20% Multi-objective differential

algorithm
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5.1. The Influence of Energy Storage Configuration on the Optimization Results

To study the necessity of multi-energy storage devices in optimizing new energy
output, this article sets up S1 and S2 for comparison. Optimize and solve the output of
multi-energy system units with a 5% uncertainty in new energy output.

According to the actual operation data of the new energy power grid. Provide the
wind power output, photovoltaic output, and load demand curves of the multi-energy
system as shown in Figure 2. It can be seen from Figure 2 that the photovoltaic output
period is from 7:00 to 18:00, the wind farm outputs electric energy throughout the day,
and the output is more at night. Comparing the new energy output with the load curve,
it can be seen that in the two periods of 6:00-12:00 and 18:00-22:00, the trend of the new
energy output and the load demand curve is inconsistent. Therefore, in the optimization
process, energy storage devices are needed to supplement the new energy output in these
two periods.

40, 000 - .
| Wind Power
35, 000 Photovoltaic Power
—e— Load
30, 000
RN
/o/. %o 0 .4/'\
25, 000 ° . o .
./ \./ \

= 20, 0001 o .
o o~ \
3 o0 °
Z 15, 000 ®
(=

10, 0004

5, 000+

0
-5, 000 T T T T T T T T v 1
0 5 10 15 20 25
Time/h

Figure 2. Multi-energy power system typical new energy power output and load curve.

SI:

Regarding the new energy output and load curve of the multi-energy system shown
in Figure 2, in the scenario where energy storage is not involved in regulation when the
new energy generation output of the system fluctuates, the main units responsible for peak-
shaving in the system are thermal power, hydropower, and gas units. At this point, to adapt
to the fluctuation of new energy output, the variation characteristics of the hydroelectric
output, thermal power output, and gas power generation output curves of the multi-energy
system are shown in Figure 3.

10, 0007 Thermal Power

35, 0004 V7] Hydroelectric Power
V) Gas Power

30, 000
25, 000

000

Power /MW
3

15, 0004
10, 0004

5, 000+

0

Time/h

Figure 3. Traditional power unit output under S1.
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From Figure 3, it can be seen that to make the power grid can still meet the balance
of supply and demand power under the premise of fluctuation of new energy power
generation, it is necessary to start up a large thermal power and gas turbine. The greater
the start-up mode of these two types of units, the higher the carbon emissions of multi-
energy power systems. In addition, some thermal power, hydropower, and gas units in the
running time of the production of electricity than the load demand, which caused some
unnecessary waste.

S2:

When there are fluctuations in the output of new energy, consider the participation of
multiple energy storage systems such as electric heat storage, chemical batteries, electric
hydrogen storage, and hydrogen fuel cells in regulation. At this point, the optimization
results of new energy output are shown in Figure 4, and the output curve of traditional
generator sets is shown in Figure 5.

40, 000 Multi-energy Storage Power
1 Wind Power
35, 0007 Photovoltaic Power
7.7
30, 000 Load oo
| /./o/ ® o0 .7./0\
25, 000 ° o o °
/ o
= | i hd \
= 20, 000+ o o
3 1 e-ee e
E 15, 000 ®
A J
10, 000
5, 000
O_
-5, 000 T T T T T T T T T
0 5 10 15 20 25
Time/h

Figure 4. New energy power output optimization under S2.

40, 000 Thermal Power

V) Hydroelectric Power
V] Gas Power

35, 000
30, 000
25, 000

20, 000

Power /MW

15, 000
10, 000

5, 0004

Figure 5. Traditional power unit output under S2.

As shown in Figure 4, in the scenario where multi-energy storage is involved in
regulation, the charging and discharging power of the energy storage device can suppress
the fluctuation of new energy output, making its output characteristics more in line with
the load demand power curve. From Figure 5, it can be seen that the output of traditional
generator sets has significantly decreased compared to S1, and the peak-shaving pressure
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has significantly decreased. At this time, in addition to traditional power regulation
resources, the conversion and storage coordination of multiple energy sources in the system
effectively reduces the dependence of power system peak-shaving on thermal power units,
gas units, and hydropower units.

On the other hand, after combining the three forms of energy storage, each participates
in the optimization and regulation of the multi-energy power system, which can give full
play to the regulation potential of various energy storage devices and achieve better
complementarity with new energy output. When the output of new energy is greater than
the load, it absorbs energy in time, reduces the abandonment of wind and light in the
system, participates in peak-shaving when the output of new energy is low and the load is
at its peak and reduces the burden on the power grid. This verifies the necessity of multi-
energy storage devices participating in the regulation of new energy output optimization.

The output cost of each peak-shaving unit in the system is shown in Figure 6.

12, 000, 000+ Cost of Muti—energy Storage Power
Cost of Thermal Power
1 Cost of Hydroelectric Power
10, 000, 000- V] Cost of Gas Power
= 8, 000, 000
S
=
——
~
o
2 6, 000, 000
&
4, 000, 0004
2, 000, 000
0 mm%mw%%ﬂ%%%%@%%%%%%%%%ﬁmI
0 5 10 15 20 25

Time/h

Figure 6. Multi-energy power system peak-shaving cost under S2.

5.2. The Influence of New Energy Output Uncertainty on the Optimization Results

To study the impact of uncertainty in new energy output on the optimization results,
this paper sets S3 and compares it with S2 under the premise of only increasing uncertainty
in new energy output under the same other conditions.

S3:

If a 20% random change in the uncertainty of new energy output is made, the system
load demand is the same as shown in Figure 2. When the uncertainty of new energy output
is 20%, the optimization algorithm proposed in this article is used. The output optimization
results of new energy units are shown in Figure 7, while the output results of traditional
power generation units are shown in Figure 8.

From the simulation results in Figure 7, it can be seen that in the case of a 15% increase
in uncertainty of new energy output, the effect of energy storage devices on optimizing
new energy output fluctuations is slightly weaker than in S2. During the peak period of
new energy output, the charging energy of the energy storage device is slightly less than
that of S2, and the regulating output of the energy storage device is also slightly reduced
during the peak period of low load demand of new energy output. However, they can still
make some extent suppress new energy fluctuations.

From the simulation results in Figure 8, it can be seen that in response to the impact
of increased uncertainty in new energy output, the reserve capacity in the multi-energy
system is increased compared to S1 and S2, which is about 12% higher than S1 and about
20% higher than S2. Especially in the 6:00~12:00 and 18:00~22:00 periods when the new
energy output cannot meet the demand of load growth, the output of traditional energy
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units increases, and the output of traditional energy units increases. However, at this
point, multi-energy storage devices are also actively responding and taking on some of the
regulatory pressure.

The output cost of each peak-shaving unit in the system is shown in Figure 9.

40,
35,
30,
25,

20,

Power /MW

000+ Multi-energy Storage Power
000 Wind Power
Photovoltaic Power
0004 —— Load °
i N oo
000 o e, & e
./ o’ \\
000 ././ N
_e-®-0 °
000 @
000
0004
04
000 T T T T T T T T T 1
0 5 10 15 20 25
Time/h

Figure 7. New energy power output optimization under S3.
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Figure 8. Traditional power unit output under S3.
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Figure 9. Multi-energy power system peak-shaving cost under S3.
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In terms of peak-shaving cost, it can be seen from the comparison between Figures 6 and 9
that the increase in uncertainty of new energy output will inevitably lead to an increase in
the reserve capacity of traditional power generation units, thus leading to an increase in
the total peak-shaving cost of the system. Especially during peak electricity consumption
periods, the additional cost of peak-shaving for thermal power units is relatively high,
leading to a significant increase in peak-shaving costs.

5.3. Comparison of Optimization Results under Another Solving Algorithm

To verify the superiority of the new energy output optimization algorithm proposed in
this article, 54 is set, and different algorithms are used to optimize the new energy output
under the same other conditions, and compared with S3.

S4:

When the uncertainty of new energy output is 20%, a multi-objective differential
algorithm is used to solve the output optimization of flexible regulating units in the multi-
energy system [21], the simulation results are shown in Figures 10 and 11.

40, 0007 Multi-energy Storage Power
35, 000 Wind Power.
J Photovoltaic Power
-~ —e— Load
30, 0007 % .
o T e
25, 000 ° e @ °
i ./ ~o” \
=
= 20, 0007 ././ "
g 1 _e-e-e °
Z 15, 000 ®
(s} i
10, 000 -
5, 000 A A N4 v
0_ "4} - — Jvi) [ | v | 94 | ¥\ 99|
-5, 000 T T T T T T T T T 1
0 5 10 15 20 25
Time/h

Figure 10. New energy power output optimization under S4.
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Figure 11. Traditional power unit output under S4.

From Figure 10, it can be seen that compared to Figure 7, the use of a multi-objective
differential algorithm for planning multi-source energy storage output results in weaker
optimization efforts for new energy output, and the depth of charging and discharging of
multi-energy energy storage devices also slightly decreases during low and peak electricity
consumption. Therefore, the dynamic optimization algorithm proposed in this article
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can better unleash the regulating potential of energy storage devices and achieve a stable
output of new energy. As shown in the results in Figure 11, after using the multi-objective
differential algorithm for optimization, the reserve capacity of thermal power units has
increased compared to Figure 8.

The output cost of each peak-shaving unit in the system is shown in Figure 12.

Cost of Muti-energy Storage Power
Cost of Thermal Power
12, 000, 000- Cost of Hydroelectric Power

V] Cost of Gas Power

10, 000, 000+
= 8, 000, 000
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=
=
>
8 6, 000, 000+
S

4, 000, 000

2, 000, 000+

0 VAY/{yAMYIAVAV/LWM%%%.%%%%%.%%%%%VAMI
0 5 10 15 20 25
Time/h

Figure 12. Multi-energy power system peak-shaving cost under S4.

In terms of peak-shaving cost, it can be seen from the comparison between Figures 9 and 12
that due to the high additional cost coefficient of traditional power generation units,
multi-energy storage devices that can suppress the uncertainty of new energy output at a
lower cost can produce better economic results. Verified the superiority of the dynamic
optimization algorithm for new energy output proposed in this article in terms of power
regulation and economy.

6. Conclusions and Prospects

In response to the strong uncertainty of new energy output in multi-energy systems,
this paper proposes a dynamic optimization method for new energy output in multiple
time intervals based on the coordination of multiple energy storage devices.

First, a model for energy conversion and regulation characteristics of multi-energy
storage devices was studied; then, according to the fluctuation characteristics of new
energy output, a dynamic optimization strategy of new energy output based on the time
discretization of an output optimization problem is proposed, and the solution model
is established; finally, based on the data of the multi-energy system in actual operation,
a simulation system was established, and the conclusions of simulation verification are
as follows:

(1) In the process of optimizing new energy output based on multi-energy storage de-
vices, each energy storage device participates in regulation, which can fully unleash
the charging and discharging potential of the energy storage device and effectively
suppress fluctuations in new energy output.

(2) The enhancement of uncertainty in the output of new energy will inevitably lead to an
increase in the system’s peak-shaving pressure and cost. However, using the dynamic
optimization algorithm proposed in this article allows multi-energy systems to still
provide sufficient load reserve and temporary stable reserve even when traditional
power generation units use smaller start-up methods, reducing the system’s peak-
shaving pressure.
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(3) In terms of peak-shaving costs, the method proposed in this article can suppress
the uncertainty of new energy output at a lower cost and improve the operational
economy of multi-energy systems.

In summary, the control method proposed in this paper has a good adjustment effect
in terms of system power balance and economy; however, there are many calculation
steps in the simulation process. Therefore, future research on the simplification of the
solution steps and the rate improvement of the algorithm proposed in this paper is a good
research direction. Moreover, in the process of new energy stabilization, the different
configuration capacities and types of multi-energy storage in the power grid will lead
to different stabilization results. Therefore, the optimal configuration scheme of energy
storage suitable for the control method proposed in this paper is also one of the future
research directions.
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