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Abstract: This paper proposes a two-stage, three-layer stochastic robust model and its solution
method for a multi-energy access system (MEAS) considering different weather scenarios which
are described through scenario probabilities and output uncertainties. In the first stage, based on
the principle of the master—slave game, the master—slave relationship between the grid dispatch
department (GDD) and the MEAS is constructed and the master-slave game transaction mechanism
is analyzed. The GDD establishes a stochastic pricing model that takes into account the uncertainty
of wind power scenario probabilities. In the second stage, considering the impacts of wind power
and photovoltaic scenario probability uncertainties and output uncertainties, a max-max—min three-
layer structured stochastic robust model for the MEAS is established and its cooperation model
is constructed based on the Nash bargaining principle. A variable alternating iteration algorithm
combining Karush-Kuhn-Tucker conditions (KKT) is proposed to solve the stochastic robust model of
the MEAS. The alternating direction method of multipliers (ADMM) is used to solve the cooperation
model of the MEAS and a particle swarm algorithm (PSO) is employed to solve the non-convex
two-stage model. Finally, the effectiveness of the proposed model and method is verified through
case studies.

Keywords: weather scenarios; hybrid game; stochastic robust; variable alternating iteration; particle
swarm algorithm

1. Introduction

With the proposal of carbon neutrality targets, the distribution grid will integrate a
large amount of renewable energy in the future, thereby reducing the use of fossil fuels.
In order to fully integrate renewable energy, multi-energy access systems (MEASs) have
emerged [1]. MEASs are capable of optimizing their internal operational status under
specified electricity price backgrounds, achieving a dynamic balance with the distribution
grid’s energy interaction [2]. However, intermittent renewable energy poses challenges to
the energy planning of MEASs [3]. Additionally, there will be more distributed MEASs
connecting to the distribution grid in the future, which increases the difficulty of unified
management for MEASs [4]. Therefore, addressing how to manage MEASs with uncertainty
in energy and how to unify the management of multiple distributed MEASs are urgent
challenges that need to be solved.

In recent years, scholars both domestically and internationally have conducted exten-
sive research on the unified management of microgrids (MEASs). The general approach
involves appointing a unified energy manager at the higher level of the MEAS, such as a
grid dispatch department (GDD) [5]. The GDD is primarily responsible for coordinating
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energy interactions between the distribution grid and the MEAS, while also establishing
optimal electricity prices for the MEAS to achieve overall optimal benefits for both the
GDD and the MEAS. From the perspective of game theory, the relationship between the
GDD and MEAS can be understood as a leader—follower game where the GDD acts as the
upper-level leader, setting electricity prices for the MEAS, while the MEAS can be seen as
the lower-level follower, planning energy usage based on these prices. The GDD-MEAS
relationship can achieve game equilibrium solutions [6]. For example, [6] deals with en-
ergy trading among MEASs through leader—follower games and establishes a multi-agent
optimization scheduling model with multiple microgrid systems as leaders and load aggre-
gators as followers. Another study [7] builds upon leader—follower games to establish an
optimization configuration model for multi-microgrid systems with multiple microgrid
operators as leaders and distribution grids as followers.

With the advancement of market trading mechanisms, some MEASs that are geograph-
ically proximate or have similar energy forms will, under the guidance of decision-making
information, form cooperative alliances through point-to-point transactions among MEASs.
This is referred to as the cooperative operation mode. In this cooperative operation, the
GDD permits MEASs to flexibly select transactions with other MEASs to enhance their own
benefits. Meanwhile, compared to MEASs’ individual participation in market transactions,
the formation of cooperative alliances also boosts the market competitiveness of MEASs [8].
One study [9] established a multi-MEAS cooperative optimization model by minimizing
the electricity transaction costs between MEASs and market operators to optimize the
centralized trading process and minimizing the electricity transaction costs among MEASs
to optimize the decentralized trading process. Eventually, the Nash bargaining method
was adopted to distribute the cooperative surplus value among multiple MEASs. From
the perspective of game theory, this GDD-MEAS operation mode is actually a leader—
follower—cooperative game model and the game model has expanded from a two-layer to
a three-layer structure, with the intermediate layer being the follower cooperation layer.
Another study [10] established a three-layer optimization model for the distribution net-
work and multiple MEASs based on the leader—follower—cooperative game; studies [11,12]
constructed a three-layer leader-follower—cooperative game model with the GDD as the
leader and the collaborative operation of cold, heat, and electricity multi-energy coupled
shared energy storage—prosumer.

At present, the main solution idea for the leader—follower—cooperative game model is
the two-stage solution method; that is, the leader—follower problem is solved in the first
stage and the cooperative problem in the second stage. Currently, methods for solving
leader—follower game equilibrium solutions mainly include numerical methods based on
Karush-Kuhn-Tucker (KKT) conditions [13-15], column constraint generation (C&CG)
methods [16], heuristic intelligent algorithms [17-19], and the alternating direction method
of multipliers (ADMM) [20]. Due to its decoupling characteristics and stable convergence,
the ADMM commonly uses the second-stage distributed solving cooperative model [21].
The KKT numerical method is applicable to the scene where the second-stage problem is a
two-level model, and can transform a two-level model into a single-level model, but this
method is only applicable to the scene where the underlying model is a convex problem, so
the underlying non-convex model needs to be simulated /convex in advance [22]. C&CG
combined with KKT can solve the scenario where the second-stage problem is a three-level
model. Generally, KKT is first used to convert the lowest two levels into a single level, so
that the original problem can be simplified to a classical two-level problem, provided that
the two-level model is convex [23]. Heuristic intelligent algorithms can overlook the non-
convexity of the lower-level problem and are thus widely applied in solving leader—follower
game models [24].

However, the above models of the master-slave game are mostly deterministic models,
while there often exist uncertainty factors in MEASs, such as the uncertainty of output
from renewable energy sources like wind turbines (WTs) and photovoltaics (PVs). The
uncertainty factors in MEASs will affect the management of GDDs for MEASs [25]. For ex-
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ample, the paper [26] studies the cooperative Stackelberg game energy management scheme
considering price discrimination and risk assessment. The upper layer uses a stochastic
programming method with a conditional risk value to establish a retailer stochastic pricing
model, while the lower layer is based on a Nash bargaining game follower—cooperation
model. The experiment shows that the stochastic pricing information will affect the di-
rect trading price and trading volume of the followers at the same time. To solve this
problem, scholars have proposed uncertainty handling methods such as stochastic pro-
gramming [27,28] and robust optimization [29-31]. Stochastic optimization uses historical
experience to generate random probability scenarios and then seeks the scheduling scheme
with the lowest cost expectation. For example, reference [27] used stochastic optimization
to study the impact of WT output uncertainty on MEAS energy planning. Reference [28]
modeled the randomness of WTs based on probability distribution functions to optimize
the operation of distribution networks. Robust optimization describes uncertain variables
using various uncertainty sets to find the optimal solution under the worst-case scenario.
Reference [29] described WT output fluctuations using box uncertainty sets and constructed
a two-stage robust optimization scheduling model. Reference [30] described the uncertainty
of user participation using box uncertainty sets. However, both of these methods have a
certain one-sidedness and limitations: scenario-based stochastic optimization is suitable for
situations where probability distribution functions are relatively easy to obtain, but it may
lead to a huge computational burden, while robust optimization is suitable for situations
where the distribution of uncertain parameters is difficult to determine or there is little
historical data, and it has good robustness, but it has conservatism issues [31,32].

To address the conservatism issue, researchers have proposed some improved models
based on stochastic and robust methods. For example, to consider the probability uncer-
tainty of multiple uncertain parameters, the idea of stochastic optimization is incorporated
into robust optimization to propose a four-level stochastic robust model with predictive
probabilities [33,34]. Reference [35] used stochastic optimization and robust handling of
uncertainty to establish a max-max-max-min microgrid robust model, and the results
showed that the conservatism of this model is moderate. Reference [36] studied the hy-
brid game optimization model of a micro-energy network and consumer, considering the
uncertainty of WTs and consumer response, and adopted robust optimization, the chance
constraint method, KKT condition, McCormick envelope method, and ADMM method to
solve the model, which effectively coordinated the scheduling of the micro-energy network
and consumer and ensured the fairness of the consumer cooperation alliance. However,
these models also have some problems, as stochastic optimization still needs to simulate
its probability function based on a large amount of historical data. In addition, the maxi-
mization in the second and third layers of the four-level model is coupled, making it more
difficult to solve the model. Therefore, it is necessary to develop robust models adapted to
uncertain factors and study corresponding solution algorithms.

In summary, this paper establishes a two-stage, three-level stochastic robust model
considering the probability and output uncertainty of WT and PV scenarios. The model is
for a two-stage problem based on mixed games, where the first stage is a stochastic pricing
model for the GDD and the second stage is a three-level structured MEAS stochastic robust
cooperative model. Considering the difficulty of decoupling in the three-level stochastic
robust model, a variable alternating iteration algorithm (AIV-KKT) combined with KKT
is proposed. Considering the nonlinearity and non-convexity of the two-stage model, a
particle swarm algorithm is used for solving.

2. Transaction Mechanism Analysis

Figure 1 depicts the GDD-MEAS transaction framework. In this framework, the
MEAS consists of electric chillers (EC), absorption chillers (AC), combined heat and power
systems (CHP), gas boilers (GB), heat storage (HS), and electricity storage (ES), forming a
multi-energy supply system for cooling, heating, and electricity. In the first stage, the GDD
acts as the leader and personalized electricity pricing is formulated based on the electricity
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demand information from the MEASs, aiming to manage the MEASs effectively. The
specific process is as follows: firstly, the GDD aggregates the electricity demand information
from various MEASs, which is robust information considering both scenario and output
uncertainties, thus resulting in a conservative estimate. Based on this information, the
GDD sets a conservative pricing for electricity transactions. Subsequently, when an MEAS
needs to purchase electricity, the GDD procures an equivalent amount from the electricity
market at the grid price and resells it to the MEAS at the corresponding purchasing price;
conversely, when an MEAS needs to sell electricity, the GDD purchases it from the MEAS
at the corresponding selling price and resells it to the electricity market at the grid price.
The GDD determines the purchasing and selling prices for each MEAS by maximizing the
price difference.

(TTTTTTS | —>» Electricity —» Heat
\ MEAS2 —» Natural gas Cooling
______ N T sell electricity H— lectric 1
| OPD e—— 1 _grid |
T~ L _ _ _electricity purchase — —88C _
//_ —_—— A - \ »
i | \ 4 v |
|| ME | |
11 AS ! WT PV ES EC :
: T ! Electric load
[ | » CHP |
: v | Thermal load
| | Gas Source GB HS AC |
! i A A
\\ \ 4 / 5
N 7

Figure 1. A master—slave framework for trading.

In the second stage, each MEAS acts as a follower, formulating electricity purchase
and sales plans based on the feedback from the GDD and arranging internal energy
distribution reasonably. Typically, the selling price of electricity to the GDD is lower than the
purchasing price from the GDD. Therefore, multiple MEASs can form cooperative alliances
to reduce the overall electricity purchase from the GDD through internal electricity sharing,
thereby saving electricity costs and improving economic benefits. Under the guidance of
purchasing and selling prices, MEASs prioritize cooperation, which involves decentralized
direct transactions. After completing direct transactions, MEASs report surplus or deficit
electricity information to the GDD, which then determines the centralized trading electricity
for each MEAS. After centralized trading, the GDD organizes Nash negotiations based on
the basic information of each MEAS and allocates the cooperative surplus among multiple
MEASs uniformly. In the proposed MEAS model, stochastic optimization and robust
methods are utilized to handle uncertainties in WT and PV scenario probabilities and
outputs. The uncertainty space of scenario probabilities is discretized based on a small
amount of historical data to generate a typical scenario probability distribution, while the
uncertainty space of WT output adopts a box-set form.

3. Two-Stage Stochastic Model

The objective of the two-stage stochastic model based on mixed games is to maximize

operational profits.
N
j=1
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where U represents the objective function of the model; UPSC represents the operational
profit of GDD; and U]m’hz represents the operational profit under MEAS j. The maximizing

uDSO

model is referred to as the stochastic pricing model for GDD, while the maximizing

model U]m'hz is referred to as the MEAS cooperation model.

3.1. GDD’s Stochastic Pricing Model
3.1.1. Utility Function

As the leader, the GDD is obligated to manage the MEASs. The GDD determines the
transaction prices between the GDD and each MEAS based on the spot electricity price and
the grid electricity price. Generally, each MEAS’s selling price is lower than its buying price
to encourage each MEAS to arrange internal energy, further reducing external dependence.
Meanwhile, the GDD aims to maximize price difference benefits. Therefore, the GDD’s
stochastic pricing model is

DSO v ﬁﬁpms—ﬁCPHIB
u _manZZZU/)S< pmBp 'BJmSS m,S ) (2)
s=1t=1j=1 jts ],ts jts ],ts

where x = (ﬁ?‘t’/lj, [3?}53, ]s) represents the set of decision variables. Among them, /3 b
and ,Bﬂi denote the prices at which the j-th MEAS buys electricity from the GDD and sells
electricity to the GDD at time ¢; namely, the purchase price and the selling price set by the
GDD for the MEAS; P]Ht‘f and P]n;SS represent the amount of electricity purchased and sold
by the j-th MEAS to the GDD at time ¢ under scenario s, respectively; 0j s represents the
probability distribution of scenario s for the j-th MEAS; Bf and f$ represent the on-grid
electricity price and off-grid electricity price at time £, respectively; M denotes the number
of scenarios; N denotes the total number of MEASs; and T denotes the scheduling period.

3.1.2. Strategy Space

Bl < BS < D < s ©)

Equation (2) represents the strategy space QP of the GDD’s random pricing model. It
constrains the pricing space of the GDD, where the purchasing price BB set by the GDD

is not greater than the off-grid electricity price 5, and the selling price }8 jfs is ot less

than the on-grid electricity price Bf. In order to maximize its own interests, the MEAS will
choose to trade with the GDD.

jts

3.2. Multi-MEAS Random-Robust Cooperation Model
3.2.1. Utility Function

The objective function of the MEAS is to minimize its costs, which is in the form of a
max-max—min three-level random model. The first level involves finding the worst-case
probability distribution of the WTs, the second level is to determine the worst-case output
of the WTs, and the third level is to devise the optimal operating strategy for the MEAS to
minimize its operational costs, including energy storage operational costs C]?n, purchasing

and selling electricity costs C]m, and cooperation costs C]}-}Z.

Um Az _ max max min (C]C“ + Cm + ChZ)

Os P{} Yi
jits
hz m,S pm,B pesc pesdc
Pjits’ ]zts’P]ts’P]ts’P{Dts’P]ts’ (4)
R hsc phsde ,hP pec ac
Yi= Pts’P ’gts’P s’g]ts’h]ts’

esc esdc hsc hsdc
b]ts’b]ts ’b]ts’b]ts



Processes 2024, 12, 2656

6 of 26

where 05 represents the probability distribution of the s-th class; P].{;}s represents

the WT and PV power of the j-th MEAS at time ¢ under scenario s;
hz hz m,S pm,B pesc pesdc phsc phsdc
jits’ Fjit,s’ Pé',t,s T ts Pj,t,s' Pj,t,s 4 Pj,t,s’ Pj,t,s 4
chp pec g ac  pesc besdc bhsc bhsdc
s’ j,t,S’g Jts” ST TS TS TS TS

yj = > is the set of operational decision

variables for the j-th MEAS, where le:zt ; represents the direct trading electric power between

the j-th MEAS and the i-th MEAS at time ¢ in scenario s; ﬁ?ft/s is the direct trading price
between the j-th and i-th MEASs at time £; P]ei'cs and Pﬁ?gc respectively represent the charging

and discharging power of the j-th MEAS’s ES in scenario s at time ¢; b]estcs and b]?jfic represent

the state variables of the ES of the j-th MEAS at time t under scenario s, and bfstcs =1

indicates that the ES is charging, while b;?jic =1 indicates that the ES is discharging. P]hts‘;

and P]hts‘;lc represent the charging and discharging power of the j-th MEAS’s HS at time ¢ in
scenario s; b??cs and b}“g’cslc respectively represent the state variables of the j-th MEAS’s HS in

scenario s at time ¢, and b;‘?cs =1 indicates that the HS is currently charging, while b}‘?‘i‘: =1

indicates that the HS is discharging. gﬁl’: represents the gas power of the CHP of the j-th
MEAS at time ¢ in scenario s; P]ef . represents the EC of the j-th MEAS at time ¢ in scenario s;

gﬁ , represents the gas power generation of the j-th MEAS in scenario s at time ¢; and h;‘i s

represents the heating power of the j-th MEAS’s AC in scenario s at time ¢.

T S
cn _ pe esc esdc
Cn=py ¥ o (P].,t,s + pesd )+
t=1s=1 5
h o h hsd ©
SC sdc
BiL X os (Pj,t,s + P )
t=1s=1
L& B pm,B SHm,S
m __ m, m, m, m,
cpr = Y. Yoo (pripnt - priems) ©
t=1s=1
. N T S o
Ci*= Y ). ) osBjisPiits 7)
i=1j7i t=15=1

where 05 represents the probability distribution of scenario s; ‘Bj’ represents the unit price of
charging and discharging power for the j-th ES of the MEAS.

3.2.2. Strategy Space

(1) Uncertainty space of WT and PV scenario probabilities

The probability values of scenarios, denoted as o5, theoretically can be within any
range. However, to ensure the economic and feasible nature of scheduling schemes, it is
necessary to constrain the probabilities of the most adverse WT and PV output scenarios
within reasonable bounds to ensure their fluctuations are within acceptable limits. In the
group Mc of WT or PV output scenarios, the scenario reduction method is employed to
select a subset S as the basis scenario, and the probability values of this subset, denoted as M,
are taken as the initial scenario probabilities 2. The probability values in actual scenarios
cannot be consistent with the initial scenario probabilities, and uncertainty still exists. In
order to solve for the worst-case scenario and probability distribution, a comprehensive
norm constraint is applied to the probabilities of each scenario, with the initial scenario
probability values as the center:

0, = {(75

where (2, represents the probability uncertainty space for WT and PV classes; ¢; and
f are the allowable deviation values for actual scenario probabilities under the 1-norm

o5 — o) o5 — 0

M M
0520,205:1,2

s=1 s=1

< 67, max
1<s<M
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condition and co-norm condition, respectively. According to reference [31], the following
can be derived:

©)
6o = i In 124

where a1 and ao represent the confidence levels of the 1-norm condition and the co-norm
condition, respectively. Equation (8) indicates that as the historical data volume S¢ increases,
the allowable deviation values 6; and 6. of the actual scenario probabilities under the
1-norm condition and the co-norm condition become smaller. The probability distributions
of each scenario also tend to converge towards the true situation. Consequently, the
uncertainty of WT and PV output considered in the scheduling scheme decreases, and its
conservatism is also lower.

(2) Uncertainty sets of WT and PV output

The uncertainty sets of WT and PV output are represented as

. . Gt . .
Pl e RS (pL) — UMY /al) =gl
T

| (o f el
pi—| Lm0 <1 (10)

S E AL {} [hE AL)
Pj,t,s - Aj,t,s < Pj,t,s < Pj,t,s + Aj,t,s’

{.} = {ES,HS}

where D/ represents the uncertain space of WT and PV; P]-{'} is in the vector form of variable

P]{t}s ; P]&}S’f represents the predicted power of WT and PV of the j-th MEAS at time ¢; A]{t}s

represents the maximum fluctuation amplitude of the WT and PV of the j-th MEAS at time
t C},ﬁs represents the fluctuation ratio of WT and PV of the j-th microgrid at time t; and 1"]{5}
represents the uncertainty margin of WT and PV of the j-th microgrid, used to adjust the
conservatism of the uncertainty set.

(3) Electricity trading constraints

,S
0< P]Ht‘s < Plhax (11)

B
0< P].rr?’s < Plhnax (12)

,S ,B
P]{r;,s = P]'I,r;,s - Pjr,?,s (13)
h h

0 < Pji,zt,s < P]’,rznax (14)
where Piax Tepresents the maximum electricity trading volume between the j-th MEAS
and GDD; P]n; . represents the total electricity trading volume between the j-th MEAS and

GDD at time ¢ under scenarios; and P}};ax represents the maximum electricity trading
volume between the j-th MEAS and other MEASs.

(4) Power balance constraints

Power balance constraints primarily involve the balance of electrical power exchange

between MEASs and the balance of supply and demand within each MEAS:

hz _ phz
Pyjis = Piits (15)
m,B hz w pv chp chp esdc __ pL esc m,S ec
Pivs + Piits + Plis + Pyt e 7855+ Pes™ = Py + Py + Py 0+ Pri (16)
chp chp gb gb hsdec _ 1L ac hsc
Op - 8its T 0 Sits T hj,t,s = hj,t + hj,t,s + hj,t,s (17)
L
aEPR +alhiy o =y (18)

chp gb _ buy
8its T8 s = &jts (19)
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where, PM? represents the direct trading electric power between the i-th and j-th MEAS at

ijt,s
. d . .. chp chp gb o 22C h . ffici
time t under scenario s; Ke th th s Ko, Ko represent the energy conversion efrciency

of CHP, GB, EC, AC; p]Lt, h] " ]., , represent the fixed loads of the j-th MEAS at time ¢; g??z
represents the gas source power of the j-th MEAS at time t under scenario s.

(5) Price constraints

Due to the purchase price of electricity set by GDD for MEASs being greater than
the selling price, assuming multiple MEASs form cooperation at the lower level, the
participating MEASs will engage in electricity power exchange at a lower price among

themselves. This is to facilitate energy sharing among the MEASs.

ﬁ :B]zts —:BmB (20)

:Bﬂt 1], (21)

(6) Equipment models and constraints.

Constraints for GB, CHP, ES, HS, EC, AC, and GS are detailed in Appendix A (A1)~(A7).

The above Equations (8)—(21) and Equations (A1)—(A7) collectively form the strategy
space Q™% A of the MEAS stochastic model.

3.3. Dual-Layer Model

Building upon Sections 3.1 and 3.2, we establish a dual-layer model for GDD and
multiple MEASs based on the master-slave game, as follows:

e e~ pmS pmB 5. pmS

m,S 7mB ZmS ZmB) _ DSO is 7 Cits 2 iss Jts’
(lBi/t;sl ‘Bi,t,S / ‘Bj’tfsl 5j,t,5 ) N arg{ u < Pm B 7
jts’ s

7m,S pmB 7m,S D
st (B Bt B BY) € 0

ﬁm,S ﬁmB

m,S pm,B phz  phz _ m,hz 1ts’ zts’

(Pzts’Pzts’Uls’Pij,t,s’ z'j,t,s) = arg ui ‘B
]zts’ jits

(PmS PmB phz ﬁz]ts) enrn hz

Lts’ its’ l],ts’

(22)

VAR

m,S 57m,B

mS pmB ~ Bhz  Zhz o m,hz :Bj,t,s’ :Bj,t,s’
(P],t s’ P] ts’ U],s’ Pji,t,s’ ﬁji,t,s) - arg{ uj < phz  ghz

ij,t,s” Fijt,s

m,S m,B Dhz hz m,hz
(P]ts’P]ts’P]zts' ji,t,s) E‘Qj

pm,S pmB 5m,S pm,B
Plts’Pzts’P]ts’P]ts
to the GDD, respectively, 0; s, 0j s represents the probabﬂity distribution values transmitted

where represents the power vectors transmitted by consumers 7 and j

by consumers i and j to GDD, and ﬁ ifs [3 ifs /3 s B il represents the price variables trans-
mitted by the GDD to consumers i and j. These variables can be classified as master-slave
variables; PP and P} _is a pair of power coupling variable vectors between producer—

ij,t,s ]1 t s

consumer i and producer—consumer j, while /31] ;s and phz jits

variable vectors between producer—consumer i and producer—consumer j, classified as
cooperative coupling vectors. The proposed model is a max-max—-max—min two-stage,
four-layer structure. The first stage is the first-layer max, which is the dynamic pric-
ing model of the GDD, determining the purchase—sale electricity prices for the second
stage. The second stage consists of the last three layers of max—max—min, representing a
stochastic—robust model of the MEAS under producer-consumer cooperation. It relies on
the purchase—sale electricity prices determined in the first stage to determine the optimal
energy allocation and cooperative prices for producer—consumers. When ignoring the
probability uncertainty of WTs, the model can be simplified into a max-max—min two-stage,
three-layer robust model; when ignoring the output uncertainty of WTs, the model can
be simplified into a max-max—min two-stage, three-layer stochastic model; and when

are a pair of price coupling
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simultaneously ignoring the probability-output uncertainty of the WT, the model can be
simplified into a max-min two-stage two-layer deterministic model.

In Equation (22), the GDD and MEAS formulate strategies with the objectives of
maximizing revenue and minimizing operational costs, respectively. The GDD’s revenue is
dependent on the set electricity prices and the trading volume of the MEAS: a larger price
differential between buying and selling electricity results in a higher trading volume for the
MEAS, thereby increasing the GDD’s revenue. However, the MEAS’s response to electricity
prices also affects the GDD’s revenue: higher buying prices lead to a lower purchasing
volume for the MEAS, while lower selling prices lead to a reduced selling volume, resulting
in a decrease in the trading volume between the MEAS and GDD. Thus, there exists a game
of interests between the GDD and MEAS. To maximize its own revenue, the GDD needs
to consider the MEAS's response to prices and seek a Nash equilibrium solution through
game theory as the optimal pricing strategy.

Considering the equilibrium solution and its proof in principal-agent games, when
there exists an equilibrium solution in principal-agent two-tier models, the following
conditions must be satisfied [37]: (1) The strategy sets 0P, .Q?"hz, and .Q}n'hz are all non-

empty bounded subsets of their respective Euclidean spaces; (2) Uim’hz and U]I-n’hz concern
quasi-concave functions with respect to the variables (™" and O?l’hz ;and (3) UPCisa

continuous function concerning 0P, .Q;n'hz, and Q™7

From Equation (2), it is clear that condition 3 is satisfied. Considering Equations (3),
(8), (10)—(21), and (A1)—(A7), we can conclude that strategy sets (2°, .Q;n’hz, and Q}n/hz are
all non-empty quasiconvex sets, thus satisfying condition 1. Furthermore, Equations (5)—(7)
indicate that the cost indicators of the MEAS stochastic—-robust model are all linear functions,
implying that U;n'hz and U]I-n'hz are quasiconcave functions, fulfilling condition 2. Therefore,

. . . _ mS pmB 7mS pmB pmS pmB pmS pmB ~  ~ .
in Equation (22), assuming A = (ﬁi,t,s’ :Bi,t,s' :Bj,t,s/ ﬁj,t,s’ Pi,t,s , Pi,t,s , Pj,t,s , Pj,t,s , (7,,5,(7]’5) isa

strategy set for the principal-agent game’s two-layer model, then according to the definition
of the equilibrium solution in principal-agent games, it is considered an equilibrium
solution when it satisfies the following conditions:

m,S o,mB ,mS ,mB

UD A) > uD lBi,t,s’lBi,t,s’:Bj,t,s’ ‘B]',t,s’
( ) = ﬁm,S ﬁm,B ﬁm,S ﬁm,B 7T
its’ its’ s’ jts LS TS

ulrn ([Bm,S 'Bm,B Pm,S Pm,B ﬁhz

its Fits’ its’ "its’ ijts’ —

51‘,5) <
m{(7mS 7mB pmS pmB phz :
U (lBi,t,s’ Bifs Pits Pirs: Piitsr ‘TZIS)
m(7mS ZmB pmS pmB Bhz .
u; (:Bj,t,s’ﬁj,t,s’P j,t,s’P jts P ji,t,s’a]/5> <
m [ 7mS 7mB pm,S pmB Phz .
um (B By, B Pve P o)

(23)

4. Model Solving
4.1. Solution of Two-Layer Model

The two-layer model based on the principal-agent game is solved using the Particle
Swarm Optimization (PSO) algorithm [38,39]. The schematic diagram of variable exchange
in the model is shown in Figure 2. The specific steps are as follows:

(1) Initialize system parameters, including the on-grid electricity price, off-grid electricity
price, MEAS parameters, and relevant parameters of the PSO algorithm;

(2) Generate initial sample points ‘B;“ti g and ,B;nt? g based on Latin Hypercube Sampling
(LHS), with a total of Q samples;

(3) The MEAS calculates its collaborative model based on ﬁ;ntss' ] (k) and ,B;I;E g (k) (where
k is the iteration count), obtaining the optimal purchase and sale electricity plans

P]n;SS ;(k) and P].r,’t‘:s ;(k), and provides feedback to the GDD;
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(4) Solve the GDD stochastic pricing model based on Equation (1), and compute the
objective function UD (k);
(5) Update individual hlstorlcal best prices f™°* (k) and B™2* (k), as well as individual

Jts.q Jts.q
historical best profits P+,
(6) Perform a selection operation: if the condition U;D (k) > UP* is met, designate 87y ifs q(k)

and By ifs q( ) as the group’s historical best prices and select them as the internal

electricity prices for the next iteration. Otherwise, designate ﬁ;nt?;(k) and ﬁ;’;?; (k) as
the internal electricity prices for the next iteration and update the group’s historical
best revenue to UP*;

(7) Letk=k+1.If k <K (where K is the maximum number of iterations), return to step 2).

Otherwise, output the optimal result.

Grid

m,S z mB
(Z/P/lS‘I, j /lS‘I)

s
RS

N m,S m,B
" 'Bj.t,s,q’ Jt.8,4°

O

’ m,S m,B
(P/t&q’ J:t:8.4

(PmS PmB

i,t,s,q°" i,t,5,q

m,S m,B
i,t,5,q° i,t,s,q’o-i,s,q)
hz hz
- ij,t,5.q ﬁjitxq
MEAS; [ <@ B MEAS;
hz hz
ij,1,5,q Jit.s,q

Figure 2. Variable exchange process of the dual-layer model.

4.2. Solving the Cooperation Model of Multiple MEAS

In the two-tier model, the second stage involves solving the cooperation prices and
power exchange between the MEASs. The cooperation coupling vectors in Equation (22)
cancel each other out, making direct solution difficult. Therefore, the MEAS cooperation
model can be characterized as a Nash bargaining model and transformed into two sub-
problems: maximizing cooperation benefits (P1) and distributing cooperation profits (P2), to
avoid the non-convex problem of the Nash bargaining model. The detailed transformation
process is described in Appendix B.

A Nash bargaining model is adopted to construct the producer-consumer cooperation
model.

ymhz — maxll\—][ (U]m’hz — Um’o)

j=1
Um 2 _ max max min (CCn + Cm + ChZ) (24)
Os P{} y]

jsit

st U™ > ymo, omhs
SE =

where U;“’O represents the profit obtained by the j-th MEAS that did not participate in
the cooperation.



Processes 2024, 12, 2656 11 of 26

P1:
N

Up1 = max ) [max max min (C7" + Ci")]

; ] ]
]:] (2] P]{t}s ﬂ? téy

(25)
Wrn,hz
]

st. M ¢ {(7),(20) — (21)}

where W]m’hz represents the cost under cooperation, excluding P2P revenue. Since the
transaction electricity price, total sold electricity power, and total purchased electricity

N
power are all the same between producers and consumers, the transaction costs Y. Ch* +

i=1,j#i
Y CE-Z = 0O related to electricity power within producers and consumers can be omitted
j=Li#j
in Equations (7), (20), and (21). The transaction electricity price in Equations (20) and (21)
will be solved in P2.
P2:
U, = min Z ln(Wm'hZ* + Chzx Um'(])
p j ji j
ﬁ]r t, q]
hzx N h: hzx
CJZZ = X Z Z USﬁ]zZtsPJIZtS (26)
i=1,j#it=1s=

s.t. WPy chee > gm0
Y i =
(7),(20) = (21)
where variables with superscript * denote the optimal solution for P1.
The distributed solving of P1 and P2 is achieved using ADMM, the solving principle
of which is detailed in Appendix C. Consensus variables need to be introduced to decouple
Equations (15) and (21), so that only information about cooperative plans needs to be

provided without specific network topologies and operational modes, in order to protect
their privacy, as shown in Equation (27):

ol hz _ phz

1]ts P1]ts’ ]1ts p]zts (27)
UP2 hz ﬁ

ijts — Fijts’ ]zts jits

4.3. Solving the MEAS Random—Robust Model

Equation (25) is solved through ADMM in a distributed manner, decomposed into
j three-layered MEAS random-robust models, ensuring the optimality of the external
electrical energy allocation for MEAS under the most adverse renewable energy scenarios
and worst output conditions. Due to the problem’s nonlinear coupling nature, it cannot
be directly solved. Therefore, the AIV algorithm is introduced to perform variable alter-
nating iterative solving. Firstly, independent optimization variables are identified, then by
fixing different independent optimization variables, the original optimization problem is
decoupled into multiple simplified sub-problems, and finally, multiple sub-problems are
alternately solved.

The random-robust model of the MEAS can be abbreviated as

max max min alyn
celpllepyre M (x',0,P)
]
st AYM < B,CY" < f(P1), (28)
Ec <hIP!) <],

where o represents the vector form of ¢%; YJ" represents the vector form of variables in

jlt ¢ yj; x denotes the optimum value of the upper-level GDD; f denotes a function
related to uncertainty; and a, A, B, C, E, h, I, and | are matrices with constant coefficients.
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The first set of constraints includes Equations (11)—(15), (17)—(19), and (A1)-(A7). The
second set of constraints is represented by Equation (16). The third set of constraints is
represented by Equation (8). The fourth set of constraints is represented by Equation (10).

In Equation (28), ¢ and P]{'} are two sets of independent optimization variables,
while Y}m belongs to .Q}“’hz (0’, P]{'}) and is a non-independent variable. Fixing o and P}-{'}
separately decouples the original problem into two sub-problems: one with o fixed and
the other with P]{'} fixed.

(a) o Fixed Problem

Tym

max min a'Y;

P]{'}eDjY/r»"eﬂ;n’hz(x*,a*,P]{'})
st AY! < B,CY! < f(P1), (29)
Eo* < h,IP}'} <7,
where o* is a constant obtained after fixing o

By utilizing KKT conditions [38], the fixed problem ¢ is consolidated into a single-
level model:

max aTY}“
Pl ym 2
st. AY™ < B,CY" < f(P!), 1Pl <,
AfA+a" =0,A5C+ f/(PIh) +aT =0,Al1=0, (30)
AT[aYr —B| =0,A] [CY}I‘ - f(Pj{‘})] —0,
ATIIPY — [ = 0,01 > 0,42 > 0,43 > 0

Note that the complementary slackness constraints of Equation (30) can be linearized
using the BIG-M method [39]:

(31)

where M is a large positive number and ¢ is a binary variable.
Then, the optimal solution P]{'}* and the objective function value U are obtained by
solving Equation (30).
(b) Pj{'} Fixed problem
max min aTY}n
eeQryme (" (0, 32)

st AY" <B,CY" < f(P!V"),Ee <h

Although the objective function includes nonlinear terms composed of ¢ and Y;n

(as in Equations (8) and (Al)), the fixed problem P]{'} can be decomposed into two in-
dependent steps without the need for strong duality /KKT transformations like those
used in fixed problem o, because there are no direct coupling constraints between ¢ and
Y}n. Therefore, the fixed problem P}'} can be decoupled into the following S + 1 linear
programming models:

First, the S linear programming models are solved:

*

yr = hmin " aTY}n,s:l,...,S
e o By (33)

st AY! < B,CY" < f(PU)Y)
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where y; is the optimal value for each s. Then, y} is substituted into the following model to
obtain the optimal value ¢; and the objective function value U?.

max y; (34)

oeld,

Convergence can be achieved when the objective function values of the two fixed
problems satisfy a small error Cro:

-2 <¢ (35)

In conclusion, the solution process diagram of the proposed double-layer, four-stage
stochastic—robust optimization model is shown in Appendix D Figure Al.

5. Case Study Simulation
5.1. Case Description

The double-layer model is tested with one GDD and three MEASs as subjects. The
MEAS model is derived from a comprehensive energy service demonstration project
in Dongguan, which currently has 6 PVs, 6 energy storage units, 2 charging stations
(20 charging piles), 3 flexible loads, and 2 MEASs formed by any combination of the above
elements, along with one intelligent distribution room. It also has management capabilities
for energy routers and combined cooling, heating, and power units, achieving full coverage
of the main elements on the demand side. By setting different renewable energy output
scenarios, we can expand this project into more MEASs. In this paper, we expand this
project into 3 MEASs of equal size, with MEAS1 adding WT, MEAS2 replacing PV with WT,
and MEAS3 remaining unchanged. Their parameters are listed in Appendix D, Table A1.
The grid electricity price and the grid tariff are listed in Appendix D, Figure A2. The load
curve of MEASs is shown in Figure 3.

4 Electricity —e— heat —#— cooling
z
2
E 2 w% i
S
=
0l ‘ s s ‘ s
1 5 10 15 20 24
Time/h
(a) MEASI1's load
4 Electricity —8— heat —#— cooling
=
S
: Z’W,
z
<
(=¥
0 5 0____15 20 24
Time/h
(b) MEAS2's load
Electricity —8— heat —#— cooling
=
S
5 2 ]
z W
5
=W
1 5 10 15 20 24
Tine/h
(c) MEAS3's load

Figure 3. Load curve of MEAS.
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Using the Monte Carlo simulation method, 365 WT scenes are randomly generated.
Considering the trade-off between computational efficiency and accuracy, scene reduc-
tion techniques are employed to obtain 10 representative initial scenes, as detailed in
Appendix D, Figure A3.

The underlying model utilizes MATLAB 2017 (Natick, Massachusetts, USA) calling the
Cplex solver, solving on a personal computer with a 3.7GHz 6-core CPU. The convergence
accuracy of AIV is set to 0.01. The original residuals of P1 and P2 are both 0.1, with
maximum iteration counts of 50 and 100, respectively, and a penalty factor of 0.01. The
uncertainty margins for WT and PV are set to 24 and 12, respectively. The scheduling
interval is 1 h, with a maximum scheduling period of 24 h. With the initial settings of &
and a« as 0.9, according to Equation (9), we can determine that 8; and 6. are 0.073 and
0.0073, respectively.

5.2. The Impact of Uncertainty in Scenario Probability

Using WT analysis, the uncertainty in the spatial parameters of scenario probability
includes confidence levels a1 and &« for the 1-norm and co-norm conditions, which jointly
affect the permissible deviation values 6 and 6 of scenario probability, thus influencing
the scheduling of the MEASs and the purchase and sale electricity prices of the GDD.

5.2.1. Analysis of the Impact of Confidence Levels on MEAS Scheduling Situation

Setting a1 and a to 0.8, 0.9, and 0.98, according to the calculation in Equation (9),
the allowable deviation values 0; and 0 for the probabilities of actual scenarios under
the 1-norm condition and co-norm condition are shown in Table 1. It can be observed
that as the confidence level increases, the probabilities of §; and 6. increase from 0.063
and 0.0063 to 0.094 and 0.0094, respectively, indicating a growing tolerance for deviations
from the actual scenario probabilities. Combining this with the decrease in P]W from
19.47 MW to 19.37 MW, it is evident that as the confidence level increases, the output of
WT becomes increasingly conservative. The root cause is as follows: it can be inferred
that as the confidence level increases, the allowable deviation of scenario probabilities
also increases, leading to a more adverse and extreme scenario probability distribution
for the WTs. Specifically, scenarios with high outputs receive lower probability values,
while scenarios with low outputs receive even lower probability values, resulting in lower
WT outputs and greater scheduling conservatism for Monte Carlo simulation. Therefore,
considering the uncertainty of scenario probability distributions can provide a wider range
of scheduling options for the Monte Carlo simulation, which aligns with the scheduling
requirements of real-world engineering.

Table 1. Allowable deviation values for actual scenario probabilities.

Variable 01 0o P}“’
Fixed scenario
probability i ) 1947
a0 = neo =08 0.063 0.0063 19.42
a0 =t =09 0.073 0.0073 194
M = Ko = 0.98 0.094 0.0094 19.37

5.2.2. Analysis of the Impact of Confidence Level on Purchase and Sale Electricity

Figure 4 compares the effects on purchase and sale electricity prices of deterministic
WT scenarios with a probability of 0.1 and uncertain WT scenarios with confidence levels
of 0.8, 0.9, and 0.98 respectively. Positive values represent sale electricity prices, while
negative values indicate purchase electricity prices. In pursuit of its own interests, the
GDD tends to offer higher purchase prices and lower sale prices to MEASs. Comparing the
purchase and sale electricity prices of each MEAS, it can be observed that as the confidence
level increases, the GDD tends to set higher purchase prices and lower sale prices. However,
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as the confidence level increases towards saturation, the differentiation in pricing becomes
smaller, such as the purchase and sale electricity prices at confidence levels of 0.9 and 0.98
showing no significant difference. This is because, as the confidence level increases, more
adverse WT output scenarios occur, leading to a more conservative dispatch strategy by
the MEASs. With the dual drive of maximizing its own interests and increasing MEAS
conservatism, the GDD therefore raises purchase prices and lowers sale prices.

0.8——0.9— 0.98 |
= 2000 ‘
g
=
g o 1
g
> Fixed scenario probability
200, 5 10 15 20 25
Time/h
(a)MG1-DSO
‘ 0.8——0.9——0.98
= 2000 ‘ ‘ ‘
g
=
< o |
g
2000 Fixed scenario probability ‘
0 5 10 15 20 25
Time/h
(b)MG2-DSO
—— 08— 09— 098
= 2000 ‘ ‘
=
=
& o ]
8
& Fixed scenario probability ‘
-200 5 10 15 20 25
Time/h
(c)MG3-DSO

Figure 4. Comparison of electricity purchase and sale prices at different confidence levels.

Figure 5 presents a comparison of the purchased and sold electricity volumes at
different confidence levels. Positive values indicate the electricity sold by the MEAS to the
GDD, while negative values indicate the electricity purchased by the MEAS from the GDD.
With Table 2, it can be observed that compared to uncertain scenarios, in deterministic
scenarios, the MEAS sells more electricity to the GDD, at 7.37 MW, and buys more electricity
from the GDD, at 16.85 MW. Moreover, as the confidence level increases, the amount of
electricity bought and sold by the MEAS to the GDD decreases, while the difference between
the bought and sold amounts increases. This is attributed to the following: (1) the GDD
raising the purchase price and lowering the selling price, driving a continuous reduction in
the purchased and sold electricity volumes; (2) the uncertainty in scenarios increasing the
uncertainty that the MEAS needs to consider regarding WT, leading to the MEAS needing
to buy more electricity and sell less electricity to address the worst-case scenario probability
distribution, hence the continuous increase in the buy-sell difference. However, as the
confidence level saturates, the differences in purchased and sold electricity volumes at
different confidence levels become smaller.
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Figure 5. Electricity purchased and sold at different confidence levels.

Table 2. Total electricity purchases and sales at different confidence levels.

Scenario Electricity Sales Electricity Purchased  Purchase-Sale Gap
(MW) (MW) MW)
Fixed scenario
probability 7.37 16.85 9.48
X = teo = 0.8 6.83 16.42 9.59
K] = oo = 0.9 6.77 16.41 9.64
n] = Koo = 0.98 6.70 16.36 9.66

5.3. Dispatch Results Analysis

Table 3 provides a detailed breakdown of the dispatch results at different confidence
levels, including various costs for the MEAS, costs and revenues for the GDD, and the total
cost for the GDD-MEAS, where negative values indicate revenue. It can be observed that
with increasing confidence levels, the MEAS's revenue from selling electricity decreases,
while the cost of purchasing electricity increases, as a result of the dual driving forces of
purchase and selling prices and transaction volumes. Additionally, the operational costs of
MEAS’s energy storage also increase continuously, indicating that the MEAS has increased
the scheduling intensity of energy storage under continuously adverse WT scenarios and
outputs. However, the operational costs of the MEAS decrease continuously, indicating
that the number of transitions between the trading status between the GDD-MEAS and the
charging and discharging states of energy storage is decreasing.
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Table 3. Detailed dispatch cost statistics.
Total Cost of
Confidence Cost GDD GDD’s Net
MEAS1 MEAS2 MEAS3 Each of the .
Level Item/JPY MEAS/JPY Costs/JPY Gain/JPY
O&M costs 71.36 61.72 73.29 206.36 -
Cooperation —395.98 —313.26 —709.24 0.00 -
Fixed costs
scenario Purchased- 215.90
. sold power —107.49 —1040.21 11,321.17 10,173.47 —10,173.47 :
probability
costs
G]?D—electrlc ) . ) . 9957 57
grid turnover
O&M costs 67.50 69.43 73.29 210.22 -
Cooperation —393.30 —32331 ~716.61 0.00 -
costs
Purchased-
0.80 sold power 8378 103443 11,396.35 10,278.15 10,278.15 243.43
costs
G]?D—electrlc _ ) } ) 10,034.72
grid turnover
O&M costs 63.65 69.43 69.43 202.51 -
Cooperation —405.66 —319.11 —724.77 1859.45 -
costs
Purchased-
0.90 sold power 4819 100434 11,728.08 10,675.55 10,675.55 253.18
costs
Gl?D—electrlc ) . ) ) 10,422.37
grid turnover
O&M costs 65.57 61.72 69.43 196.72 -
Cooperation —404.22 —322.88 —727.11 0.00 -
costs
Purchased-
0.98 sold power ~55.95 —1042.24 11,883.36 1078517  —10,785.17 260.58
costs
GDD-electric ) } ) . 10,524.59

grid turnover

Comparing the various cost items of the GDD at different confidence levels, the
cooperation cost is the product of the cooperation volume (Figure A4) and the cooperation
price (Figure A5). From the perspective of the GDD, the amount of money exchanged in
the MEAS-GDD transactions represents the revenue for the GDD, while the amount of
money exchanged in the GDD-grid transactions represents the cost for the GDD. It can be
observed that with increasing confidence levels, both the costs and revenues of the GDD
increase continuously, indicating that the amount of electricity traded between the GDD
and the grid is continuously increasing. Additionally, combining with Table 3, it can be
inferred that the sum of the GDD’s costs and revenues continuously increases, indicating
that the growth rate of the GDD’s revenue is higher than its cost growth rate. This further
suggests that the GDD has set higher purchase prices and lower selling prices to expand
its revenue.

5.4. Model and Algorithm Comparative Analysis

Table 4 compares the effects of four models on the cost and solving time of the GDD-
MEAS, namely the stochastic optimization model (with deterministic scenario probabilities,
ignoring output uncertainty), the three-layer stochastic model considering scenario proba-
bility uncertainty (Model 1), the three-layer robust model considering output uncertainty
(Model 2), and the three-layer stochastic robust model considering both scenario probability
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and output uncertainty (Model 3). Among these models, the cost of stochastic optimization
is JPY 11,628.18, demonstrating good economic efficiency. However, the stochastic opti-
mization algorithm requires precise probability distribution functions, and many scenarios
lead to long solving times of 64.91 s, limiting its applicability. Compared to Model 3, the
cost of this model increases by JPY 856.15. This is mainly because the stochastic robust
model sacrifices some economic efficiency to achieve conservatism by overcoming scenario
probability and output uncertainty.

Table 4. Comparison of different uncertainty treatments.

(;; I:icsit;;;tg’n ])St(l)rl:ttiloolfls Costs/JPY Iterations/k Iterations/r
stochastic 64.91 11,628.18 23 12
optimization
Model 1 42.86 12,232.79 22 3
Model 2 43.62 13,038.99 22 3
Model 3 53.85 12,484.33 22 5

Meanwhile, Model 3 balances economic efficiency and conservatism compared to
Models 1 and 2. For instance, Model 3 exhibits better economic efficiency than Model 2. This
is because the inclusion of scenario probability uncertainty in Model 3 directly influences
the GDD, which formulates purchase and sale electricity prices and quantities under the
worst-case scenario. Under dual stimuli, the GDD’s revenue growth rate exceeds its cost
growth rate, resulting in a more economical total cost for the GDD-MEAS. However,
Model 3 is more conservative than Model 1, as the “output uncertainty” in Model 3 does
not directly influence the GDD but indirectly affects the impact of WT output uncertainty
through the electricity trading volume between the GDD and MEAS. As a result, the GDD’s
revenue growth rate cannot cover its cost growth rate, resulting in a larger total cost for the
GDD-MEAS, reflecting the conservatism of this approach.

However, Model 3 has a longer solving time, but it is still suitable for solving practical
engineering problems. The difference in iteration times among models mainly lies in
the solving of stochastic optimization, with the sub-problem iteration times of stochastic
optimization being the highest at 12 times, while the iteration times of each robust model
are relatively lower. Ultimately, this is because the stochastic optimization algorithm needs
to select the economically optimal scenarios from many deterministic scenarios, while
robust models only need to optimize in the uncertain space.

6. Conclusions

This paper establishes a two-stage, three-layer stochastic—robust optimization model
for the MEAS-GDD relationship considering the probabilities of WT and PV scenarios and
output uncertainty. A stochastic pricing model for the GDD considering the uncertainties of
WT and PV scenario probabilities is developed, along with a three-layer stochastic-robust
model for the MEASs considering the probabilities of WT and PV scenarios and output
uncertainty. Additionally, an AIV-KKT algorithm is proposed based on KKT to solve the
three-layer MEAS stochastic—robust model. The Simulation results indicate the following:

The confidence level and historical data volume both affect the economic efficiency
and conservatism of the optimization results. A higher confidence level leads to higher
conservatism and poorer economic efficiency of the model. The confidence level affects the
trading situation of the GDD-MEAS. With a higher confidence level, the MEAS purchases
more electricity and sells less. Both the GDD’s revenue and MEAS’s costs increase. There-
fore, in practical engineering, the MEAS should carefully select confidence level parameters
to ensure both the MEAS and GDD's economic efficiency while meeting the conservatism
requirements of their actual needs. Compared to traditional stochastic optimization and
three-layer robust models, the proposed two-stage, three-layer stochastic-robust model
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avoids overly conservative scenarios while also considering economic feasibility to a
certain extent.
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Appendix A
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esc esdc e e e
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ec pec ec
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Sins =5 Sjrs = 5
h _ ¢h hsc ,h hsd. hsd.
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hsc hsc hsc hsdc hsdc ,,hsdc
0< hj,t,s < hj,maxu‘,t,s’o < hj,t,s < hj,maxuj,t,s
h h
Unse T Unsde < 1, S]',min <S5 jits < S]',malx
buy buy
0< g]',t < g]',max (A7)

In the equation, S}? ;s Tepresents the stored electric charge of ES for the j-th MEAS

at time t under scenario s; 7 and ¢ are the charging and discharging coefficients
for the ES; S]?,min and S]?,m a Tepresent the state of charge constraints for the ES of the j-th
MEAS; S?l s and S;?T s denote the initial and final state of charge for the ES of the j-th MEAS;

pgse and P]-effefx represent the charge—discharge power limits of ES for the j-th MEAS; u$5¢

j,max jts

and uﬁd; respectively represent the state variables of the ES for the j-th MEAS at time ¢

under scenario s, u;?stcs =1 indicates that the ES is charging, while ujefstcic =1 indicates that
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the ES is discharging; and S]‘?’im and S;’eXp represent the initial and final state of charge

limits for the j-th ES unit of the MEAS. ucf,_hp represents the electric efficiency of the CHP

system; (xChp represents the thermal efficiency; and PS hp and H' hp represent the electric
y h p y ]max ],max p

and thermal power constraints of the j-th MEAS. th represents the GB thermal efficiency;
HE® represents the thermal power limit of the j-th MEAS. «a£¢ represents the EC cooling

j,max

efficiency; C$¢ _ represents the cooling power limit of the j-th MEAS. a2° represents the

j,max

AC cooling efficiency; C‘f‘c . represents the AC cooling power limit of the j-th MEAS. sh s

represents the state of Charge of the HS of the j-th MEAS at time t under scenario s; nhsc
and thdC represent the charging and discharging coefficients of the HS. SP . and Sh

j,min j,max
represent the charge limits for the j-th MEAS’s HS; S?l s

and final charge levels for the j-th MEAS’s HS; i and hhSdC represent the limits on

j,max
hsc hsdc

and SP i1 Tepresent the initial

charging and discharging power for the j-th MEAS’s HS; Uj and ujis" represent the HS

state variables of the j-th MEAS at time t under scenario s, where u?ﬁcs = 1 indicates that HS
is charging and u??csk = 1 indicates that HS is discharging; and S?’i“i and S?’eXp represent the

initial and final state-of-charge limits of the j-th MEAS’s HS. Here, buy

8jmax 15 the purchased
gas power limit of the j-th MEAS.

Appendix B

Equivalence Transformation of Equation (24) into P1 and P2 Problems
According to reference [40], Equation (24) can be equivalently transformed into

U™ = max 3 (uh —um?)

=1
U™ — max max min (an +C™ + C}-‘-Z) (A8)
] 7 plt Y ] ] Jt

st

st um,hz > Um,O Dm,hz
e B AR

N T
Since the interaction benefits C}.}Z = Y Z Os ,B?lth]}l‘Zt ; between each MEAS can
i=1,j#it=

cancel each other out when accumulated, ehmmatmg the variable gb? jir and its constraints,
we obtain
N 0
U™hz — max ¥ | max max min (Cen + Cm) - U]m'

; ]
=1 * P]{s}r ‘th

st UM™Y > U™ {(7),(20) — (21)} ¢ Q™

(A9)

In Equation (A9), U]m'o represents the optimal cost without cooperation, which can

be considered a fixed value, thus eliminating the constraints involving U]r.n’o. Therefore,
solving Equation (A9) is equivalent to solving Equation (A10):

N
U™hz — max y_ | max max min (C‘?n + C]m)
j=1| 0 P;{s}t ﬁ?z -2,

s.t. {(7),(20) — (21)} ¢ n;nhz

(A10)

Equation (A10) represents the subproblem (P1) aimed at maximizing cooperative
benefits, which consists of j producer—consumer RO models. Distributed solving using
ADMM can be employed for this problem, with each producer—consumer RO model solved
using the methods described in Section 3.3. Subsequently, solving P1 yields values C]‘?“*,
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C}“*, and P]}I‘Zt*s, which are substituted into Equation (A8). The constraints involving the

solution to P1 are automatically eliminated, resulting in

N
um,hz _ maxH (W]m,hz* + C]};Z* _ u;n,O)
j=1
N T
Ch = Y Y opYP (A11)
i=1,j#it=1 ! "
m,hzx hzx m,0
s.t. W] + Cﬁ > llj
(7),(20) — (21)

In the equation, W]m’hz* = C]‘?“* + CJr»“* represents the cost under cooperation, exclud-
ing P2P revenue.
Equation (A11) can be further equivalently transformed into the following equation.

N
— mi /hzx hzx ,0
Upz = min — Y ln(ij z +Cjf* —U]m )

j=1
N T

C}}Z*: Y X o EZtP},‘Zf; (A12)
i=1j#it=1

s.t. Wvhzs  chzx > gm0
1 jio=
(7),(20) = (21)

Equation (A12) represents the sub-problem P2 of cooperative revenue distribution,
which can be decomposed into j sub-problems and solved using ADMM in a distributed
manner. After substituting the results of solving sub-problem P1, the cooperative price

?i%t,s corresponding to the producer-consumer relationship can be obtained. Therefore,
Equation (24) can be decomposed into two sub-problems, namely maximizing coopera-
tive benefits P1 and cooperative revenue distribution P2, and solved successively, thus

concluding the proof.

Appendix C
The process of solving P1 using ADMM can be iterated based on Equation (A13).
Ph? . = max max min (C‘?n + C‘-“) + AP (th — P! )T + % PHPhZ — P! :
jsr+1 o P{'} ,Bh'zféyj ] ] jsr jsr+1 jsir = jsr+1 jsriln
jst I ’

S N_1<phz )
st N-1/5 Jsr+1 (A13)
pl _ 2Pl hz pl
A jsr+l T /\j,s,r +p (P jsr+1l T sl
T 2 T 2
hz pl pl pl pl pl
maxt;tlHPj,s,rJrl - Uj,s,r+1 HZ < gpri’ maxt;le‘T',s,r—A—l - U-j,s,r 5 = €4ul
. pl pl pl pl pl
In the equation, Ajs = /\].1 skr Ast o ’/\jisk’ .. "’\st «| represents the dual vector
T
. . . . pl  _ [,p1 pl pl .
for the j-th iteration of the k-th step of the MEAS, with A Jisr = [/\ jitse Migsyr NiTer| 0

P?gr = {P?lzs " ?ZZ sy }‘fs e P?If] s r} is the coupling variable vector for the j-th MEAS
T
: . ; ; hz _ [ phz hz hz P - L
iteration at the k-th iteration, le-,s’r = {Pji,l,s,r’ Pji,Z,s,r" . Pji,T,s,r] O = [(le,s,r’ Tl s
1 1. . , . .
0]1; apretes O'JPN . ;] is the consensus variable vector for the j-th MEAS at the k-th iteration,
T
1 1 1 1 -
where (7]1.3 oy = { ]I.zl sy (T]}z Dprrees O'ﬁ Ts r} ; and p represents the penalty coefficient.

The process of solving P2 with ADMM involves iterative loops based on Equation (A14):
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2
hz e m,hzx* hzs* m,0 p2 hz _ P2 P2
fer41 = Min In (Wj + le- U ) + A]H( fortl ~ Tiar + Z [y ,3],5 r1 " s
‘B%Zt 2
o2 = 1 N _1( hz )
]s r N—1: jsr+1 (A14)
p2 2
/\],sr+1 A]sr—i_p< ]sr+1 Ujsr)
p2 p2 p2 p2
maXx Z Hﬁ],s r+1 ] S, < Sprl’ max Z H o; is,r+1 0-],5 r 8dul
Y -2 p2 p2
In the equation, A]sr = [Aﬂsr,/\ﬂsr, . /\ﬂsr, . A]Nsr represents the dual vector
T
. . 2 2 2
for the k-th iteration of consumer j, where AE o = {/\?i,l, s,r’/\?i,Z, opre ,)\%T,S,r} ; ?ﬁr =
[ 5‘11 s ?22 spre 5.‘1.25 s ?ﬁ, s r} is the coupling variable vector for consumer-producer j
T
hz hz hz coP? P2 P2 P2
in the k-th iteration, ,B]lsr = [ 500 Bliasyr s ji,T,s,r} Oy = [0]-1,5,,, st 1 Tliggree s
2 . . . .
O']PN s ;) is the consensus variable vector for consumer-producer j in the k-th iteration, where
T
2 2 2 2 -
]I.ZS L= { ]1.?1 - (7}5 Daprt 0}? Ts r} ; and p represents the penalty coefficient.
Appendix D

I model of MEAS.

Given a set of price points,
When P is fixed, input WT, PV power;
When o is fixed, we enter o.

'

Initialization: Ui Uz k

'

Solving the o-fixed problem
(29) gives P*(k), Ui(k).

| Solving the stochastic robust

Example Initialize system parameters

The point set based on LHS
generates the price, which is the
particle population

According to the set of price points,

I P1(including the solution of MEAS random |
robust model) is solved based on the ADMM
iterative process of (D1), and the set of
Ipurchasing and selling power planning points

I____ _issolved. ]

kk + According to the purchase and sale plan,
the GDD stochastic pricing model is used
to solve the purchase and sale pri

substltutlng
o*(k) into
the o-fixed

Substituting P*(k) into the P-

1 fixed problem (32) gives o*(k)

and U2(k). bl
roolem
Up dafte t'he The price point set is compared with the [}
set 0. price purchase and sale price to confirm the W no
points. individual historical optimal and group

A

historical optimal

Export electricity purchase ‘
and sale plan.

Export electricity purchase plan| - - - "~ _ __________ 1
and i“ce' Solving P-fixed problems (32)
The ADMM iterative procedure ’ Solve equation (34) to etz ‘

based on (D2) solves P2. %\
Solving (33)‘ Solving (33)‘ Solving (33)‘
yields yi* ields yo* - Lyields ys*

Figure A1. Solution procedure of the bilayer robust model.
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Table Al. System Parameters.
Parameters Parameter Values Parameters Parameter Values
e?;yax, g?mx 2500,4000 o, oS 0.33,0.47
e]?frfax, h]?*;{’ax 1000,1400 o8 0.9
18 1000 & 35
ec ]’maaxc ac
S maxs Comax 1750,1000 a2 12
€ max: Gt 250 R 0 0.2,098
S mins S5 max 100,900 pese, pesde 0.96
hhse o Hhsde 200 Ah, aﬁs 0.6,0.96
S mins S max 100,800 e, ypsde 0.95
pEPY gt 0.31,0.04 as'®, aSP 0.013,0.02
beC, b3 0.01,0.016 bgP, bE° 0.025,0.012
b, byt 0.024,0.02 bes, bhs 0.002
X i Coimax 800,800 a8, by 0.013
1600

—+— Grid price
1400 —e— Feed-in tariff
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Figure A2. Feed-in tariffs and grid tariffs.
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Figure A3. Ten typical scenarios for WT.
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Figure A5. Cooperation price of MEASs.
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Abstract: The prevalence of extreme weather events gives rise to a significant degree of prediction
bias in the forecasting of photovoltaic (PV) power. In order to enhance the precision of forecasting
outcomes, this study examines the interrelationships between China’s 24 conventional solar terms
and extreme meteorological events. Additionally, it proposes a methodology for estimating the
short-term generation of PV power based on the division of solar term time series. Firstly, given that
the meteorological data from the same festival is more representative of the climate state at the current
prediction moment, the sample data are grouped according to the 24 festival time nodes. Secondly, a
convolutional neural network—long short-term memory (CNN-LSTM) PV power prediction model
based on an Attention mechanism is proposed. This model extracts temporal change information
from nonlinear sample data through LSTM, and a CNN link is added at the front end of LSTM to
address the issue of LSTM being unable to obtain the spatial linkage of multiple features. Additionally,
an Attention mechanism is incorporated at the back end of the CNN to obtain the feature information
of crucial time steps, further reducing the multi-step prediction error. Concurrently, a PV power error
prediction model is constructed to rectify the outcomes of the aforementioned prediction model. The
examination of the measured data from PV power stations and the comparison and analysis with
other prediction models demonstrate that the model presented in this paper can effectively enhance
the accuracy of PV power predictions.

Keywords: forecasting; solar PV power; extreme weather; attention mechanism; CNN (convolutional
neural network); LSTM (long short-term memory)

1. Introduction

Solar photovoltaic (PV) power represents a promising form of clean energy with
diverse potential applications, and it has emerged as a prominent area of focus in the
field of energy transformation, undergoing rapid development. As evidenced by the
annual report released by the International Energy Agency, the global installed capacity
of PV power generation exhibited an average annual growth rate of 28% from 2019 to
2023. Notably, the global installed capacity of PV power generation in the previous year
surpassed that of hydropower. In most countries, solar energy has become the most cost-
effective energy source. Over the next decade, the solar PV industry will continue to
experience high growth rates.

In contrast to conventional thermal power generation, the efficacy of PV power gener-
ation is inherently constrained by environmental variables such as meteorological fluctua-
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tions and seasonal variations. In recent years, global climate change has manifested in a
number of ways, including extreme temperatures, persistent high and low temperatures,
dust, typhoons, heavy rain, haze, and other meteorological disasters. These phenomena
have caused the destruction of PV facilities and resulted in short-term, high-frequency
fluctuations in the power grid. These fluctuations have posed significant challenges to
the operation, scheduling, planning, and design of the power grid, as well as to disaster
prevention and mitigation efforts. For example, in February 2021, a cold weather event
swept through Texas in the United States, resulting in a 68% decline in PV power gener-
ation [1]. In 2019, typhoons and heavy rains in southern China resulted in operational
challenges for some PV power plants. During April and May in 2021, China experienced a
widespread occurrence of sand-dust storm in the provinces of Hebei and Inner Mongolia.
This resulted in a notable decline in the efficiency of PV power generation, with a reduction
of 20% to 60% in output [2]. In light of the inherent unpredictability of natural phenomena,
it is imperative to enhance the precision of PV output forecasting in order to guarantee
the security and reliability of optimization scheduling and control decisions for PV power
systems with high penetration rates.

Although solar PV power prediction solutions have reached a mature stage of devel-
opment, challenges remain, particularly in the context of transient weather conditions [3].
The primary challenges can be attributed to three fundamental factors: the inherent inaccu-
racies inherent in numerical weather forecasting (NWP) models, the anomalous nature of
operational data, and the suboptimal performance of prediction models. The majority of
existing studies concentrate on the input, model, and output aspects. Techniques such as
principal component analysis (PCA) and wavelet decomposition effectively extract data
features [4-7]; however, they often underperform in extreme weather due to their linear
nature, which fails to capture significant nonlinear changes. Hybrid models and machine
learning methodologies have demonstrated enhanced prediction accuracy under typical
conditions. However, they have been less successful in addressing the challenges posed
by extreme weather variability. For example, while combination forecasting methodolo-
gies may enhance accuracy, they may not adequately account for sensitive meteorological
factors during severe weather, which could result in prediction errors. Moreover, error cor-
rection modules and optimization algorithms [8-10], including particle swarm and genetic
algorithms, have demonstrated potential in refining model parameters. However, these
techniques also exhibit limitations in adapting to rapidly changing conditions. Furthermore,
the partitioning of solar PV power prediction into discrete subsystems based on weather
types has been demonstrated to enhance accuracy. However, this approach may become
ineffectual when key characteristic variables, such as total, direct, and scattered radiation,
undergo significant shifts during inclement weather [11]. As PV capacity continues to grow,
it is becoming increasingly important to address the implications of transitional weather
patterns on grid-connected operations.

Extreme weather events are classified as low-probability occurrences, leading to chal-
lenges related to sample scarcity, which have been tackled in various studies. These studies
have successfully employed small sample learning approaches by integrating transfer
learning methods with interval prediction, thereby addressing the issue of insufficient
sample data for power generation predictions in new PV plants. Although a variety of data
sampling strategies have been employed to address category imbalance [12], these methods
frequently prove ineffective in fully alleviating the impact of sample scarcity on model
performance. Generative adversarial networks (GANSs), in particular, offer significant
advantages in data generation, effectively reducing the cost of power measurement, and
have been successfully applied in power system modeling [13]. In [14], a solution for sparse
PV power data on days with precipitation is proposed. This solution employs a Wasserstein
generative adversarial network (GAN) with gradient penalty to enhance the quality of
data collected during such conditions. These methodologies offer promising avenues for
addressing the challenges posed by limited sample sizes. Nevertheless, the predominant
utilization of small sample techniques in PV power forecasting frequently disregards the
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time-varying characteristics of the data, which represents a substantial limitation. Given
the significant impact of weather conditions on PV generation, temporal dynamics play a
pivotal role in accurate prediction models.

The aforementioned study demonstrates that the current methodology for predicting
PV power encounters two significant challenges. Primarily, the model is not tailored to the
specific characteristics of PV data. Instead, it employs methodologies from other fields, with
inadequate consideration of the nonlinear and nonsmooth attributes inherent to PV series.
Secondly, there is a dearth of research on multidimensional and high-precision PV prediction.
These approaches rely solely on historical power data, failing to leverage the full spectrum of
influencing factors, including meteorological conditions and geographic variables.

In order to address the issues mentioned above, it is necessary to consider the intrinsic
correlation between seasonal and climate changes and their impact on PV power gener-
ation. This research aims to develop a novel PV power prediction model that integrates
convolutional neural networks (CNNs), long short-term memory (LSTM) networks, and
Attention mechanisms. This model not only leverages the benefits of small sample learning
but also incorporates time-varying characteristics, thereby enhancing prediction accuracy
under extreme weather conditions. To address the intrinsic correlation between seasonal
and climate changes and their impact on PV generation, this study proposes a methodology
based on the time division of China’s 24 solar terms [15]. Initially, the relationship between
PV prediction results and extreme weather processes is analyzed using operational data
from a PV power plant in Guazhou City, western China. This analysis identifies prediction
error characteristics and their sensitive meteorological factors. Subsequently, sample data
are grouped according to the solar term time nodes, utilizing meteorological data within
the same term to represent the prevailing climate state. This approach effectively mitigates
the challenges posed by limited meteorological data and reduces the impact of climate
change on predictive accuracy. The proposed CNN-LSTM model employs LSTM to extract
temporal variation from nonlinear sample data, while a CNN component at the LSTM’s
input captures multi-feature correlations. An Attention mechanism is integrated at the
output stage to enhance the influence of critical time steps and minimize multi-step predic-
tion errors. Additionally, an error correction step is incorporated, constructing a PV power
prediction error model based on historical operational and solar term data. This correction
aims to refine the final prediction outputs, providing valuable insights for improving PV
power forecasting. The methodologies developed in this research can also be adapted for
wind power prediction, demonstrating their broader applicability and significance in the
renewable energy sector.

2. Correlation Analysis of Sample Characteristics

Spearman’s correlation coefficient, a linear correlation index commonly utilized in
statistical analysis, ranges from —1 to 1, with 1 signifying a perfect positive correlation, —1
indicating a perfect negative correlation, and 0 representing no correlation, and the larger
the absolute value, the more robust the correlation [16]. The value in question is calculated
from Equation (1).

2
po=1- L 0
n(n?—1)

where p; is the correlation coefficient, d; is the ith difference between the ranks of the data
pairs, and # is the total sample size.

In accordance with the disparate prediction timescales, PV power prediction can be
classified into the following categories: ultra-short-term prediction, short-term prediction,
medium-term prediction, and long-term prediction [17]. For the sake of argument, let
us suppose that meteorological factors exert no influence on fluctuations in PV power
and that only the direct method is employed to extrapolate power. In the context of
ultra-short-term prediction, the aforementioned approach is indeed acceptable. However,
when considering the realm of short-, medium-, and long-term prediction, the results
exhibit a considerable degree of deviation. Consequently, there is a notable absence of
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practical engineering applications in the domains of power system control, dispatching,
and planning. It is thus imperative to consider the impact of meteorological variables on
PV power generation in a comprehensive manner. In NWDP, the selection of appropriate
predictor variables is of paramount importance. The incorporation of an excessive number
of variables will result in the generation of a model that is overly redundant. In the event
that the accuracy of the predictor variables is insufficient, the capacity of the predictor to
accurately predict the PV power will be compromised. Accordingly, this study employs
the Spearman correlation coefficient to identify the initial four meteorological variables
with the highest correlation with PV power, which are then utilized as the meteorological
parameters of the PV prediction model.

The sample data for correlation analysis were selected from the data of NWP weather
factors and corresponding PV power of a PV power station in Guazhou City, Northwest
China, in 2022. The data were employed to calculate the Spearman correlation coefficients
between the sequences of each weather factor and the sequences of PV power, with the
objective of obtaining the column graphs depicted in Figure 1. The weather factors that
have a significant impact on PV power and are positively correlated are total radiation,
direct radiation, scattered radiation, and temperature. The correlation coefficient values for
these factors are 96.44%, 95.45%, 62.18%, and 47%, respectively. Among the factors affecting
PV prediction results, total radiation is the most sensitive meteorological feature. If extreme
weather causes data bias, it will have an unfavorable impact on the prediction results.
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Figure 1. Input feature correlation histogram.

3. Grouping of Sample Data Based on 24 Solar Terms
3.1. Overview of 24 Sections

The 24 solar terms represent an integral component of the traditional Chinese calendar,
reflecting the cyclical patterns of seasonal and climatic change observed in nature. In
November 2016, the UNESCO Representative List of the Intangible Cultural Heritage of
Humanity was expanded to include this traditional Chinese practice. The nomenclature
of each solar term is directly reflective of the shifts in seasonal patterns, meteorological
phenomena, and associated climatic changes. To illustrate, the initial spring equinox marks
the Beginning of Spring, the Summer Solstice represents the midpoint of summer, and the
Winter Solstice signifies the culmination of winter. The 24 solar terms, an early system
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of knowledge based on the cyclical rotation of the seven stars of the Big Dipper and the
annual movement of the sun, reflects the position of the Earth in its orbit and the correlation
between the seasons and the climate. These are closely related to the seasons, climate, and
physical phenomena of a year, and are universal. The current 24 solar terms are determined
according to the position of the sun on the ecliptic; that is, the sun’s apparent path on
the celestial sphere during the year is divided into 24 equal parts of 15° each. Each part
constitutes a node, resulting in 24 nodes, as illustrated in Figure 2. The existence of the
angle of intersection of the yellow and red angles causes annual changes in the movement
of the sun’s point of direct sunlight back and forth between the earth’s Tropic of Capricorn
and Tropic of Cancer, which in turn causes changes in the height of the sun at noon and
changes in the length of the day and night [18]. For example, the Summer Solstice marks
the point where the sun crosses the Tropic of Cancer directly, resulting in the longest days
of the year. The height of the sun and the length of the day exert a direct influence on PV
power generation. As the duration of daylight increases, the hours of sunlight and the
amount of radiation received by the PV panels also rise.
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Figure 2. Division diagram of the 24 solar terms.

3.2. Data Grouping

Firstly, the data pertaining to the twenty-four solar terms for the year 2022, in addition
to the operational data of the PV plant, are selected, and the date of the solar termination
node is extracted. The empirical results indicate that meteorological conditions are more
similar near the nodes, with notable examples including the longest day on the Summer
Solstice, which also has the longest sunshine time. Indeed, the sunshine situation is nearly
identical to that of the Summer Solstice in the time intervals of 2-3 days before and 2-3 days
after the Summer Solstice. In accordance with the theory of similar days, the meteorological
characteristics and PV operation data for the entire year are divided into 24 groups based
on the seasons, with the time nodes of the aforementioned twenty-four seasons serving as
the basis for this division. The training and test sets are divided in a crossover manner to
enhance the prediction accuracy. Table 1 illustrates the grouping of the data training and
test samples for some seasons.
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Table 1. Grouping of sample data for selected festivals.

Solar Terms Period Training Samples Test Samples
. 1.5 23:04:39-1.20 16:29:19
Slight cold 112 0:00-1.17 23:45 1.2 0:00-1.7 23:45 1.8 0:00-1.11 23:45
Spring begins 24 04:50:36-2.19 00:42:49 2.2 0:00-2.7 23:45 2.80:00-2.11 23:45

Vernal Equinox
Grain rain
Grain buds

Summer solstice

2.12 0:00-2.16 23:45
3.20 23:33:15-4.5 03:20:02
3.28 0:00—4.2 23:45
4.20 10:24:07-5.5 20:25:45
4.28 0:00-5.2 23:45
5.21 09:22:25-6.6 00:25:36
5.29 0:00-6.3 23:45
6.21 17:13:40-7.7 10:37:49
6.29 0:00-7.4 23:45
7.7 10:37:49-7.23 04:06:49

3.18 0:00-3.23 23:45

4.18 0:00-4.23 23:45

5.19 0:00-5.24 23:45

6.19 0:00-6.24 23:45

3.24 0:00-3.27 23:45

4.24 0:00-4.27 23:45

5.25 0:00-5.28 23:45

6.25 0:00-6.28 23:45

Slight heat e e 7.50:00-7.10 23:45 7.110:00-7.14 23:45

Stopping the heat S 8.5 0:00-8.10 23:45 8.11 0:00-8.14 23:45

White dews 2 a0 9.5 0:00-9.10 23:45 9.1 0:00-9.14 23:45
Cold dews 10';3015’:6235(1)8:18:53 g;igﬁo 10.60:00-10.1123:45 1012 0:00-10.15 23:45
Winter begins 11.718:45:18-11.22 16:20:17 11.5 0:00-10.10 23:45 11.11 0:00-11.14 23:45

Heavy snow

10.15 0:00-10.20 23:45
12.7 11:46:04-12.22 05:47:00
12.15 0:00-12.20 23:45

12.5 0:00-12.10 23:45

12.11 0:00-12.14 23:45

3.3. Data Processing

Initially, the missing values and outliers are addressed. The missing values are then
processed using the forward-filling method. The outliers are evaluated using the standard
deviation method, after which they are subjected to processing via the substitution method.
In order to prevent the information contained within the test set from being inadvertently
transferred to the model, the data set is divided and placed before the normalized data.
Subsequently, the maximum-minimum normalization method is employed for data pro-
cessing to accelerate the model training process. Following normalization, each data point
is scaled to the [0, 1] interval, as illustrated in Equation (2).

¥ = X — Xmin ?)

Xmax — Xmin

where x is the variable that needs to be normalized, x’ is the normalized data, and xmax
and Xp,jn are the maximum and minimum values of the input variables, respectively.

4. Impact of Extreme Weather on Forecast Results

While the present NWP system is highly accurate, it is prone to significant forecast biases
in extreme or transient weather processes [19]. For instance, the forecast information for solar
irradiance, air temperature, precipitation, sand and dust, and other variables in the forecast grid
area exhibits a considerable degree of fallout range, with forecast timing of key meteorological
elements being either premature or delayed and with amplitudes of the elements being either
high or low. It can be reasonably deduced that these forecast biases will result in a corresponding
bias in the PV power series, specifically in timing and amplitude.

The PV power plant under consideration in this study is situated in an area that
receives more than 3260 h of sunshine per year, with an average of 73% of the sky being
illuminated and the total radiation exceeding 6350 MJ/m?. This region is classified as a
land area with an abundance of solar energy resources [20]. The region displays three
discrete geomorphological patterns of mountainous terrain, namely the Gobi, corridor
flood plains, and sparse vegetation. These patterns are distinguished by a high prevalence
of desertification, drought, scarce precipitation, and a pronounced temperature contrast
between diurnal and nocturnal periods. The aforementioned climatic context gives rise to
the frequent occurrence of meteorological disasters, including sand and dust storms and
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cold waves. As grid-connected PV capacity continues to expand, it is imperative to consider
the impact of extreme weather on the accuracy of PV power predictions. As illustrated in
the correlation analysis presented at the outset, the correlation between the total radiation
factor and the PV power is the most significant. This is followed by an examination of
the change rule of the total radiation and its relationship with the deviation of the power
prediction under conditions of extreme cold and sandy weather. This analysis provides a
foundation for the development of an exact PV power prediction model. A high-precision
PV power prediction model will be employed to establish a foundation for further analysis.

4.1. Cold Weather

A cold wave is defined as a wide range of cold solid air activity processes characterized
by significant cooling and windiness. Additionally, these events are often accompanied by
rain, snow, or frost precipitation. A cold wave is defined as a meteorological event charac-
terized by a daily minimum temperature drop exceeding 8 °C and a lowest temperature
below 5 °C, persisting for a minimum of 48 h [21]. It can be observed that an increase in
temperature results in a corresponding decrease in the impact of the cold snap on PV. In a
sustained low-temperature environment, PV modules are susceptible to icing, which can
impair power generation efficiency. The scale of PV off-grid deployment can significantly
impact regional or even provincial voltage and frequency regulation.

Typically, the lowest temperatures are observed in January during the Lesser Cold
period. In January 2021, the average temperature at PV power plants was —9.7 °C, with
the lowest temperature reaching —20.9 °C. In January 2022, the average temperature was
—5.9 °C, with a minimum temperature of —16.8 °C. As illustrated in Figure 3, the total
radiation observed in 2021 and 2022 reached approximately 60% of the yearly maximum,
reflecting the overall low temperature during the Lesser Cold period, particularly in 2021.
This was due to a series of freezing weather events, which resulted in ice accumulation on
the PV panels, thereby reducing the total radiation to a level that was considerably below
the average for the entire year.

1.0
— 2021

— 2022

05  Cold wave weather

0.6

0.4 7

Total solar radiation/Normalized value

0.2 7

0.0_-J UL LU HUL

LA BN L B UL B BN BELE BEL B B NN BN BELEN N B N
96 288 480 672 864 1056 1248 1440 1632
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Figure 3. Time sequence diagram of total radiation during the Lesser Cold period.

4.2. Dusty Conditions

Dusty weather is defined as a meteorological phenomenon in which strong winds
transport considerable quantities of dust and sand from the ground, resulting in the
turbidity of the atmosphere and a notable reduction in horizontal visibility. The presence
of dust in the atmosphere, particularly in high-humidity conditions, has a dual impact
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on the efficiency of PV power generation. Firstly, it reduces the transmittance of solar
radiation, leading to a more excellent diffuse reflection of solar radiation irradiated onto
the surface of PV modules. Secondly, the presence of dust increases the likelihood of
surface contamination, reducing the efficiency of PV power generation by approximately
30% [22]. The mineral composition of dust includes a significant proportion of calcium and
magnesium oxides, which can facilitate the formation of calcium and magnesium scale on
the surface of PV modules. PV cells have been observed to exhibit elevated temperatures
and other problematic behaviors.

Due to the gradual increase in temperature within the PV power station area, the
ground can only undergo warming before and after the Lesser Fullness of Grain. The
abnormally dry and sparse surface conditions result in low resistance to wind erosion,
facilitating the formation of dust and sand storms. This region experiences a significant
sand and dust weather increase during May, coinciding with the Lesser Fullness of Grain.
As illustrated in Figure 4, while the mean value of total radiation is more excellent during
the Lesser Fullness of Grain period than during the Lesser Cold period, several intense
dust weather events in 2022 resulted in a rapid decline in total radiation.
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Figure 4. Time sequence diagram of total radiation during Lesser Fullness of Grain.

4.3. Analysis of Forecast Deviations

Based on the classical CNN prediction model, the following comparison is made
between the predicted and actual measured values of PV power generation and its relation-
ship with the change in total solar radiance under cold wave and dusty weather conditions
in 2021 and 2022, respectively. To simplify the analysis, the Mean Absolute Percentage
Error (MAPE) is chosen here as the assessment index [23]:

1 n
MAPE = - )
3

A —F
t

% 100% 3)

where Ay is the actual measurement at time point ¢, F; is the predicted value at time point ¢,
and 7 is the total number of sampling points.

The selected cold weather occurred on 9 January 2021 and 11 January 2022, during the
Lesser Cold period; as seen in Figure 5a,b, respectively, the total irradiance is positively
proportional to the measured PV power, and the predicted power shows a positive devia-
tion from the measured power. Among them, as shown in Figure 5a, on 9 January 2021, the
weather was cloudy and cold, the total solar irradiance was less than 20%, the prediction
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results showed a significant deviation, and the MAPE reached 45.49%. In Figure 5a, the
peak of total solar radiance on 11 January 2022 is less than 50% and changes frequently,
leading to a significant deviation in the prediction results, with an MAPE of 27.14%.
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Figure 5. Comparisons of total radiation, short-term prediction, and measured power under cold
wave weather conditions: (a) comparison results on 9 January 2021; (b) comparison results on
11 January 2022.

For the analysis of the prediction deviation of sandy weather, 29 May 2021 and
26 May 2022, which occurred during the Lesser Fullness of Grain period, were selected,
and the short-term predicted power, actual power, and total radiation comparison curves
are shown in Figure 6a,b. In Figure 6a, the total solar radiation fluctuates in the morning
and evening hours of 29 May 2021, due to sandy weather, and the predicted MAPE value
is 24.67%. In Figure 6b, there is a dust storm on 26 May 2022, which leads to a sudden
drop in the total solar radiance and the MAPE value even reaches 95.12%, and there is
a huge deviation in the prediction results; therefore, the output of PV power plants will
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drop rapidly, and it will have a significant impact on the voltage of the local area and the
frequency adjustment of the whole province.
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Figure 6. Comparison of total radiation, short-term prediction, and measured power under sandstorm
weather conditions: (a) comparison results on 29 May 2021; (b) comparison results on 26 May 2022.

In the following, the absolute deviation rates of the overall PV power in 2021 and 2022
are compared with those of the overall PV power in the Lesser Cold and Lesser Fullness
of Grain periods, respectively. As shown in Table 2, during the Lesser Cold period, the
forecast deviation rate decreases slightly from January 1 to 6, increases significantly from
January 7 to 12, and decreases from January 13 to 18, 2022, but there is still a trend of
increasing forecast deviation. During the Lesser Fullness of Grain period, as shown in
Table 3, the forecast deviation decreased slightly from May 19 to 24, increased sharply
from May 25 to 30, and remained basically stable from May 31 to June 5, 2022, relative to
the previous year. Due to the more frequent turnaround weather at the end of May 2022,
although it lasted for a shorter period of time, the strong dusty weather made the forecast
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sample data jump a lot, increasing the prediction bias, which corresponded exactly to the
time of the dust storm.

Table 2. MAPE comparison in Lesser Cold period.

MAPE 1-6 January 7-12 January 13-18 January
2021 10.03% 16.47% 15.19%
2022 8.56% 21.34% 16.50%

Table 3. MAPE comparison in Lesser Fullness of Grain period.

MAPE 19-24 May 25-30 May 31 May-5 June
2021 24.72% 27.46% 27.67%
2022 18.59% 41.18% 27.43%

The following is a comparison of the MAPE of the PV short-term power forecasts for
a single day and time period. As shown in Figure 7, the sample data are selected from
the PV short-term predicted power versus measured power values from 9:00 to 18:00 on
11 January 2021 and 2022. It can be seen that the MAPE value of the power prediction for
the year 2022 significantly decreases in comparison with the previous year at 9-12:00 and
15-16:00, and there is a significant increase at 13-14:00 and 17-18:00, which corresponds
perfectly with the occurrence of the extreme cold turnaround weather on that day that
caused the temperature drop. The timing of icing corresponds precisely.
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Figure 7. Comparison of daily PV power prediction MAPE by time period.

The above example of total radiance analyzes the fact that the representative weather
extremes occurring in different seasons greatly impact the PV power prediction bias.
Although the NWP has high accuracy with the past few example days, the NWP often
suffers from prediction bias under extreme or even transient weather conditions, which is
mainly manifested in the forecasts of crucial weather elements of the NWP, such as radiance,
precipitation, temperature, and so on. This bias is mainly manifested in the forecasts of
key meteorological elements of NWP, such as radiance, precipitation, air temperature, etc.
In the forecast grid area, there are cases in which the fallout range of the information is
too large or too small, the forecast time sequence of key meteorological elements is over or
lagging, and the amplitude of the elements is too high or too low.
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5. CNN-LSTM-Attention PV Power Prediction Models
5.1. Forecasting Process

Based on analyzing the relationship between historical PV output data and meteoro-
logical factors, a short-term PV power prediction—correction prediction model driven by
PV output data is established, and the specific prediction process is shown in Figure 8.

| PV power station operation and solar term data acquisition

=
.2
=
g -
& Data preprocessing
&
E v
| Data grouping based on 24 solar terms time series | v
1! | CNN-LSTM-Attention Model |
2 | 24 sets of data samples establishment | *
E
‘s Measured P 5
& | o] | Initial predicted power |
Eo CNN-LSTM-Attention CNN-LSTM-Attention
Model for beginning of spring | """ Model for great cold ¢

Power error prediction model

Predicted power output

Step 1: Collect the NWP data of the region where the PV plant is located, the twenty-
four solar terms information of the selected year, and the operation data of the PV plant, and
carry out data cleaning and normalization, including inspection and screening, elimination
of erroneous data, interpolation and correction, etc., to extract the nodal dates of the solar
terms of the specified year.

Step 2: According to the time nodes of the twenty-four solar terms, the preprocessed
NWP data of PV power plants and the measured output power data of PV power plants
are divided to establish 24 sets of data samples corresponding to the solar terms; the same
set of training samples is derived from the data of the same solar term, and the selected
data are only related to the solar terms but not to the year, which can be derived from the
same solar terms in the same year as well as from the same solar terms in different years.

Step 3: Based on the 24 sets of training samples corresponding to the 24 solar terms,
the CNN-LSTM-Attention prediction model is built for the 24 corresponding solar terms.
The prediction model and parameters are determined according to the solar term of the
desired prediction time point or the solar term corresponding to the input NWP data, and
the PV power prediction results are obtained.

Step 4: To further improve the prediction accuracy, the PV power error correction link
is also introduced to correct the prediction results of the above sections. Specifically based
on the previous year’s annual sample data, the CNN-LSTM-Attention model is utilized to
obtain the initial prediction results of PV power and then subtracted from the measured
PV power data to obtain the prediction deviation information of Formula (4), which is
combined with the meteorological data of the corresponding festival weather to update
the parameters of the prediction model in time, to make the final prediction model of the
various festivals able to adapt to the variable operating points in the operation area of
PV units.

Power Prediction

Figure 8. Flow chart for PV power prediction.

power = POWer — POWeT ¢y, 4)

error

Step 5: The initial prediction of PV power and the error prediction are summed
correspondingly to obtain the final wind speed prediction.
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5.2. Predictive Modeling

Based on the Attention mechanism and neural network, the CNN-LSTM-Attention
prediction model is constructed, which employs a convolutional neural network to capture
the local patterns and features of the sample data and efficiently extracts the critical infor-
mation in the time series; the LSTM network is introduced to process the data and capture
the long-term dependency relationships, which improves the accuracy of the prediction;
and, finally, the Attention mechanism provides the model with the ability to focus on
crucial information, further improving the prediction accuracy. The overall structure is
shown in Figure 9.

Deconvolution
«—

Pooling

Input
Sequence Fold
Convolution
l LSTM l
Attention Mechanism
Fully connection
Output

Attention&Fully
| Input Layer | CNN Layer | LSTM Layer | connection Layer |Output Layer

Figure 9. Structure of CNN-LSTM-Attention prediction model.

The first layer is the input layer, which defines the data dimensions, including time
step, feature dimension, and batch size. The time step is defined as , the number of features
is n, and the batch size defaults to 1. A sample is ¥ x n of the real matrices.

The second layer is a convolutional neural network layer. It applies the convolutional
layer to the input time series to extract features, capturing the local patterns in the input data
while preserving these patterns’ spatial invariance. This reduces computational complexity
and better utilizes local information. In this model, 2D convolutions are employed. The
sample data are first converted into a 2D matrix required by the convolutional operation,
followed by convolution and pooling. The numbers of convolutional kernels in the first
and second layers are 8 and 16, respectively. The size of the convolutional kernels are all
3 x 3 and the pooling operation size is 2. x;,;_;1 represents the real matrix at the it" time
step up to the (i —t + 1)th time step, which is a ¥ X n matrix. W; is the weight matrix, which
is an s x n real matrix, and b; is a bias term. f is the activation function. After processing s
time steps, a feature o; is obtained by performing a one-dimensional feature extraction. The
formula is as follows:

0; = f(Wi X Xijiys—1 +bi) ()

The feature map is unfolded in reverse and dimensionally reduced into a real-valued
vector that preserves the spatial relationships between different feature values and input
into the LSTM layer.

The third layer is the LSTM layer, designed to process the time-series data of nonlinear
PV power generation. The number of hidden units is 20. The LSTM unit consists of a forget
gate, an input gate, and an output gate. The forget gate primarily controls the information
from the previous internal state that needs to be discarded, the input gate determines the
information that should be retained at the current time step, and the output gate selects the
information that needs to be transmitted externally at the current time step. The memory
structure of the LSTM helps to mitigate issues such as the excessive influence of weights
during training and the vanishing gradient problem.

The fourth layer is the SE (Squeeze-and-Excitation) Attention mechanism layer, which
applies an Attention mechanism to the output of the LSTM. This mechanism allocates
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Attention weights to each time step, enhancing the influence of essential time steps within
the LSTM and further improving prediction accuracy. The output of the LSTM is used as
the input to the Attention mechanism layer, where each output vector is assigned a weight.
The calculation formula is as follows:

S; = tanh(W;H; + b;) (6)

where S; is the score for each output and H; is the output of the LSTM network.

The fifth layer is the fully connected layer. The number of nodes in the fully connected
layer is 50. The prediction results are transformed into probability distributions by a
function, and then the weighted average sum of the output vectors is obtained using the
weights obtained from the training. The calculation formula is as follows:

a; = softmax(S;) @)

Ci=)_aH; (8)

M-

I
—

1

where 4; is the weight coefficient, C; is the result of the weighted sum of the vectors, and
softmax is the activation function.

The sixth layer is the output layer, which defines the prediction time steps and outputs
the final prediction results.

In this paper, the Adam optimizer trains the model on the neural network. The model
is trained with 200 iterations, the initial learning rate is 0.001, and the learning rate decreases
by 0.5 each time.

5.3. Evaluation Indicators

In prediction tasks, evaluating the predictive performance of the model is crucial. In
addition to the previously mentioned MAPE, standard error evaluation metrics such as Root
Mean Square Error (RMSE), Mean Absolute Error (MAE), Mean Bias Error (MBE), and the
correlation coefficient R? are used to analyze the model’s predictive effectiveness quantitatively.

1 n
RMSE = [~} (A — F)? )
t=1
1 n
MAE = —) |A;— F 1
”i;‘ t— F | (10)
i [(Ar—A)(F—F
R2 —_ Etfl[( ti )( t )]7 (11)
VT (B~ F 2Ty (R~ FP2
where A; is the measured data at the # time point; F; is the predicted data at the # time

point; A is the average of the measured results; F is the average of the predicted results; n
is the total number of sampling points.

6. Case Studies
6.1. Data Preparation

The original data used a two-year data set from 1 January 2021 to 30 January 2022,
with a sampling interval of 15 min and data characterization that included total, direct, and
scattered radiation, temperatures, and their corresponding measured PV outputs.

According to the twenty-four solar term time series, the NWP data of PV power plants
and the measured output power data of PV power plants are divided. In order to make
each group of meteorological changes and solar irradiation time closer, 24 groups of data
corresponding to them are established in accordance with the division of the festival time
point two days in advance. The training set and the test set are divided by a crossover
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approach to improve the prediction accuracy further. Table 3 shows examples of data
training samples and test samples for some of the solar terms. To prevent the information
of the test set from leaking to the model, the division of the data set is placed before
the normalized data. In order to speed up the model training, the maximum-minimum
normalization method is used to process the data set.

6.2. Comparative Analysis

In order to verify the superiority of the CNN-LSTM-Attention model proposed in this
paper, it is used to predict the PV power generation in 2022 during the Lesser Cold period as
an example, and it is used to compare the experiments with the support vector classification
(SVC) and artificial neural network (ANN) models and perform the ablation experiments
with the LSTM, CNN-LSTM, and LSTM-Attention. As shown in Figure 10, the CNN-LSTM-
Attention model exhibits suboptimal performance when applied to non-stationary time
series, particularly in the context of PV power time series prediction. The incorporation of a
power error correction link enables the extraction of historical error characteristics through
error prediction, facilitating the updating of prediction model parameters to enhance the
precision of the prediction link. Figure 11 shows the predictions for the comparison and
ablation experiments compared to the empirical performance data. The RMSE, MAE, and
R? values of multi-step prediction results for each model are shown in Tables 4 and 5.

1.0
—— Measured power
——  Without error correction

0.8 ——  With error correction
[0}
= 4
=
>
T 06 T
o
Té |
5]
Z 04
5
2
2 J
[

0.2

0.0 7

T T T T T T T T T T T T T T T " T T "1

0 20 40 60 80 100 120 140 160 180 200 220 240 260 280

Sampling numbers/15Minutes
Figure 10. The influence of power error correction on prediction results.

Table 4. Comparison results of model error indicators in competitive analysis.

Prediction Model MAE RMSE MAPE R?
SVM 0.5015 0.8447 45.19% 0.7184
TCN 0.2618 0.4716 16.33% 0.9310
RNN 0.3033 0.4356 23.70% 0.9249
Transformer 0.1540 0.2458 13.06% 0.9761

CNN-LSTM-Attention 0.1012 0.1938 7.18% 0.9853
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Figure 11. PV power prediction result comparison between the proposed method and novel models:

(a) comparison of predicted results from contrasting experiments; (b) comparison of predicted results

from ablation experiments.

Table 5. Comparison results of model error indicators in ablation analysis.

Prediction Model MAE RMSE MAPE R2
LSTM 0.2326 0.3612 23.52% 0.9484
CNN-LSTM 0.1684 0.2712 12.86% 0.9709
LSTM-Attention 0.1661 0.2539 11.40% 0.9745
CNN-LSTM-Attention 0.1012 0.1938 7.18% 0.9853
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(1) Comparative experimental analysis

As seen in Table 4, the CNN-LSTM-Attention model demonstrates the lowest predic-
tion error, achieving significant reductions in metrics compared to other models. Specifically,
it exhibits a decrease in MAE, RMSE, and MAPE by 79.8%, 77.1%, and 84.1% relative to
SVM, respectively. When compared to RNN, these metrics are reduced by 66.6%, 55.5%,
and 69.7%. Similarly, the CNN-LSTM-Attention model shows reductions of 61.3%, 58.9%,
and 56.0% compared to temporal convolutional network (TCN), and 34.3%, 21.2%, and
45.0% in relation to the Transformer model.

(2) Analysis of ablation experiments

As demonstrated in Table 5, the CNN-LSTM-Attention model exhibits superior pre-
dictive performance, as evidenced by lower MAE, RMSE, and MAPE values compared to
LSTM, CNN-LSTM, and LSTM-Attention models. The MAE and RMSE of the CNN-LSTM
model are reduced by 27.6% and 24.9%, respectively, compared to the single LSTM model.
This suggests that employing CNN as a front end to the LSTM unit to extract multiple
feature spatial linkages reduces the prediction error. The MAE and RMSE of the LSTM-
Attention model are reduced by 28.6% and 29.7%, respectively, compared with the single
LSTM, indicating that introducing the Attention mechanism can also reduce the prediction
error. The CNN-LSTM-Attention model combines the advantages of CNN-LSTM and
LSTM-Attention, and its MAE and RMSE are reduced compared to the single LSTM by
56.5% and 46.3%, a reduction from CNN-LSTM of 39.9% and 28.5% and a reduction from
LSTM-Attention of 39.1% and 23.7%. Meanwhile, the CNN-LSTM-Attention model predicts
the results with the highest R? value, which indicates that the CNN-LSTM-Attention model
that introduces the CNN and Attention structures simultaneously can further reduce the
prediction error and be more robust.

7. Conclusions

The intermittent, fluctuating, and stochastic nature of extreme weather phenomena
presents a significant challenge to predicting the PV power generation work rate, rendering
it more complex than load prediction. This paper employs an actual PV power plant in the
western region of China as a case study to examine data grouping, the prediction process,
and bias correction. The CNN-LSTM short-term PV output prediction and correction model,
which employs an Attention mechanism, has been developed to address the shortcomings
of existing prediction methods. The proposed model offers several advantages when
compared to other existing approaches:

(1) The correlation between the changes in the 24 traditional Chinese solar terms and
extreme weather, as indicated by meteorological data within the same solar term, is a
reliable indicator of the prevailing climate at the present moment. Furthermore, the
fine grouping of sample data according to the time nodes of the 24 solar terms will
enhance the predictive accuracy of the model.

(2) The proposal of a CNN-LSTM PV power prediction—correction algorithm based on the
Attention mechanism addresses the limitations of traditional time-series prediction
methods, which are unable to adapt to nonlinear data and cannot consider temporal
aspects of data. Furthermore, this approach effectively reduces the PV power multi-
step prediction error.

This paper presents a study of two representative scenarios, which, while illustrative,
cannot be considered exhaustive in their coverage of all potential weather impacts on
PV output. Consequently, the next step will be to examine the classification of weather
scenarios according to the type of error to develop a more rigorous and detailed delineation
method. Due to the constraints of the temporal resolution of PV output data acquisition,
the prediction—correction model presented in this paper has been designed offline. The
predictive performance at the boundaries between different types of festivals remains
suboptimal, which will be the focus of subsequent research.
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Abstract

tion of the wind farm.

To meet the requirements of real-time reactive power dispatch in wind farms, the method based on equal ratio

of reactive power capacity is widely used, because it does not need power flow modeling and iterative solution.
However, this method may cause the wind turbines (WT) with a long electrical distance to allocate too much reactive
power, resulting in the terminal voltage exceeding the limit. Therefore, this paper proposes a reactive power alloca-
tion method based on dynamic weight adjustment of inverter capacity and electrical distance. First, the impact

of WT power output on the voltage of each node in the system at different electrical distances was analyzed. Then,
establish a reactive power dispatch model that takes the remaining capacity of the converter and electrical distance
factors into account, and the weight coefficient between the two is dynamically adjusted based on voltage devia-
tion by combining the idea of disturbance observation, achieve rapid distribution of reactive power commands
without relying on detailed power flow modeling of the system. Finally, a 5 MW*25 wind farm case is used to verify
the proposed method. The results show that the proposed method can effectively reduce the voltage deviation

by more than 30% under the same reactive power scheduling instruction, and can improve the reactive power utiliza-

Keywords Wind farm, Reactive power dispatch, Electrical distance, Converter capacity

Introduction

Driven by the goal of ‘peak carbon emissions and car-
bon neutrality, China’s wind power industry has devel-
oped rapidly. As of now, the cumulative installed capacity
of wind power in China has reached 460 million kW.
However, due to the randomness and volatility of wind
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power output, the voltage stability of the power system
is threatened, and the demand for reactive power in the
power grid is urgent (Liu & Cheng, 2021; Shabbir et al.,
2022; Tan et al., 2023). Therefore, from the perspective of
power grid operation, while injecting active power into
the power system, wind farms also need to accept reac-
tive power dispatch and participate in system reactive
power voltage control (Asadollah et al., 2020; Dong et al.,
2021; Tan et al., 2022).

Wind turbines (WTs) are connected to the power grid
through inverters and have reactive power regulation
capabilities, utilizing the reactive power capacity of the
WT itself to achieve on-site reactive power compensa-
tion or accept reactive power dispatch has high economic
efficiency (Peng et al., 2024; Tan et al., 2021; Wang et al.,
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2022). However, due to the different operating states and
electrical distances of the WTs in the wind farm, the
impact trend of the output of different WTs on the sys-
tem node voltage is different. Therefore, it is difficult to
allocate the superior dispatch instructions to each WT
(Guo et al., 2018a).

To achieve the allocation of reactive power dispatch
instructions for wind farms, Ref. (Chondrogiannis et al.,
2007; Sakamuri et al., 2016) adopt PI control of reactive
power exchange values at point of common coupling
(PCC), and allocate reactive power demand proportion-
ally to each WT. In Ref. (Zhang et al.,, 2016), the reactive
power output characteristics of doubly fed induction
generator were considered, and the allocation of reac-
tive power was achieved by prioritizing stator reactive
power output and supplementing it with grid side invert-
ers when insufficient. Ref. (Moursi et al., 2008) consid-
ers the active output of the WT, calculates the remaining
reactive capacity of the inverter, and then issues reactive
power instructions based on the proportional alloca-
tion of reactive capacity. In ref. (Guo et al., 2018b; Hung
et al., 2019), a wind farm power flow model was estab-
lished to optimize the distribution of W'T reactive power
command values with the goal of satisfying scheduling
instructions and minimizing system active power loss
and voltage deviation. Ref. (Zhao et al., 2016) takes both
node voltage and system loss as optimization objectives,
prioritizes the utilization of reactive power capacity of
the WT, and uses reactive power compensation equip-
ment to supplement when insufficient.

In summary, the reactive power dispatch methods of
wind farms are mainly divided into two categories.

(1) Fixed rules, such as proportional distribution of
reactive power capacity, which does not need com-
plicated calculation process and has low dependence
on system parameters.

(2) Based on power flow optimization, which needs
detailed system parameter modeling and iterative
solution, and has poor real-time performance, which
is difficult to meet the demand of ms level power
scheduling.

To meet the real-time reactive power scheduling
requirements of the system, the first method is widely
used in the current wind farm energy management plat-
form. However, it does not take the differences in elec-
trical distance (Lagonotte et al., 1989) between the WTs
into account, resulting in some WTs exceeding their volt-
age limits when participating in reactive power dispatch.
Therefore, a reactive power allocation method based
on dynamic weight adjustment of electrical distance
and reactive power capacity is proposed in this paper.
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By reducing the reactive power output of WTs with a
long electrical distance, the voltage limit of WTs can be
avoided due to the increase of output reactive power,
and has no complex logical operations, making it easy to
implement.

The remainder of this paper is structured as follows.
“Wind farm grid connected system and analysis of wind
farm voltage characteristics” introduces the wind farm
system and the voltage distribution characteristics of the
wind farm. The optimization dispatch method is intro-
duced in “Improved reactive power scheduling method”.
“Case study” validated the proposed method through
simulation models; “Conclusion” concludes this paper.

Wind farm grid connected system and analysis

of wind farm voltage characteristics

Wind farm grid connection system

This paper takes a 5 MW*25 wind farm as an example for
research and explanation. The wind farm adopts a typical
radial structure, and the spacing between WTs on each
feeder line is 1 km, as shown in Fig. 1.

Among them, a 5 MW permanent magnet synchro-
nous generator is used, which is connected to the grid
through a full power converter with a terminal voltage of
690 V. Reactive power is injected into the grid through
a grid side converter. The grid side converter is boosted
to 35 kV through the WT box transformer, connected to
the main boosting transformer of the wind farm through
the collection line, and then sent to the grid after being
boosted to 220 kV. The key parameters are shown in
Table 1.

The reactive capacity of the grid side converter is con-
strained by the apparent power, current limit, and termi-
nal voltage, as described below:

{ —+/§2 = P? < Qmax < V/§* = P? W
272 < 72 )
I+ Iq <Ii.x
where S, P, and Q, respectively, represent the apparent
power, active power, and reactive power of the grid con-
nected inverter. Iy, I, and 1,,,,,, respectively, represent the

d-axis current, g-axis current, and current limit value of
the inverter.

Voltage distribution characteristics within wind farms

Taking the wind farm shown in Fig. 1 as an example,
the voltage distribution characteristics in the wind farm
are further analyzed. Figure 2 shows the power—voltage
(P-V) curves of different feeder distance WTs when
the output power of the wind farm increases from 0 to
1pu, where Vj; represents the jth WT on the ith feeder
line, and V;; and V.5 are taken for comparative analy-
sis, representing the WTs with the closest and farthest
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Fig. 1 Wind farm structure diagram

Table 1 Equipment parameter table in wind farm

Equipment Parameter

35kv/220 kV transformer
35kV cable

R=0.005 pu, X=0.12 pu

R=0.0754 (/km,
L=0.3365 mH/km,
C=0.1805 pf/km

Linel=1km;
Line2=5 km;
Line3=7km;
Line4=9 km;
Line5=20 km

Distance of collection line (35 kV)

1.05

1.025 |

V (pu)

0975 T

0.95
0 0.2 04 0.6 0.8 1
P (puw)
Fig. 2 P-V curves of WTs at different positions

electrical distances (the electrical distance calcula-
tion is derived in detail in Appendix A), respectively.
It can be seen that as the output power increases, the

node voltage generally shows a slight increase followed
by a decrease. Therefore, there is a risk of exceeding
the upper and lower limits of the wind farm. There-
fore, there is a risk of voltage exceeding both the upper
and lower limits of the wind farm. Especially the volt-
age of the rear WT is more affected by fluctuations in
the output power, and the voltage drop rate at the end
increases faster with the increase of power, posing a
greater risk of exceeding the limit.

Figure 3 shows the impact trend of reactive power
output on voltage at different positions of the WT.
It can be seen that the impact trend on voltage varies
under different positions and reactive power direction
settings. As shown in Fig. 3a, setting the output reactive
power to+0.3 pu, when the reactive power output of
the WT on the fifth feeder line is prioritized (where Q5
represents the reactive power command of the WT on
fifth feeder), its terminal voltage has already exceeded
the upper limit. When the output reactive power is
— 0.3 pu, prioritizing the use of fifth feeder WT reac-
tive power will result in a lower limit risk (Fig. 3b),
while prioritizing the use of first feeder WT will result
in a lower limit risk. Based on the above analysis, the
reactive power output of WTs at different electrical
distances has different risks of voltage exceeding the
system limit. Therefore, the conventional proportional
allocation method may result in allocating more reac-
tive power output to the rear WTs, leading to frequent
voltage exceeding and disconnection accidents for WTs
with longer electrical distances.
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Fig. 3 P-V curves of reactive power output from WTs at different positions. a Each WT on feeder lines 1 and 5 outputs reactive power of 0.3pu,
respectively. b Each WT on feeder lines 1 and 5 outputs reactive power of — 0.3 pu, respectively

Improved reactive power scheduling method

After receiving the reactive power dispatch instruction
from the power grid, the wind farm energy management
platform distributes the reactive power dispatch instruc-
tion to each WT according to certain rules, as shown in
the following equation:

Qwref = Qi,ref
; , (2)

Qi,ref = de * O

where Qy,s and Q; . represent the reactive power
dispatch command of the wind farm and the ith WT,
respectively. N is the number of WTs in the wind farm,
a; is the reactive power allocation coefficient for the ith
WT.

When allocating according to the proportion of reac-
tive power capacity of the WT, the setting method of g; is
as follows:

o = Qi,max
L= ’
3
Z Qi,max ( )
i=1
where Q, ., are the reactive power output limits of the

ith WT. However, as mentioned earlier, using this alloca-
tion method may result in excessive output power of the
rear WTs (with a long electrical distance), leading to volt-
age exceeding the limit at the WT terminals. Therefore,
this section further introduces the factor of electrical dis-
tance to form a new reactive power allocation method,
which is described as follows:

A Qi,max A di
o = /A1 n + A2 n ) (4)
Z Qi,max Z di
i=1 i=1

where d; represents the electrical distance of the ith WT
(detailed derivation is shown in Appendix A). In this
paper, the wind farm adopts a typical radial structure, so
the length of the line from the 35 kV feeder of the WT
to the low voltage side of the 35 kV/220 kV transformer
is directly used as the calculation method for electri-
cal distance. A; and )\, are the weight coefficients of the
remaining reactive capacity of the inverter and electrical
distance of the WT, respectively. By adjusting the weight
coefficients, the reactive power output of WTs with
longer electrical distances can be reduced to ensure that
the terminal voltage does not exceed the limit.

The following rules should be satisfied for \; and \,:

Constraint:

(1) 4,>1, A,<1, which means reducing the reactive
power output of WTs that are far away from the
electrical distance;

(2) 4,+1,=1, which means that all reactive power
commands issued by the wind farm must be allo-
cated to each WT.

Using conventional perturbation observation or moun-
tain climbing methods to optimize the value of A,, the
optimization process is shown in Fig. 4.

In Fig. 45 Ay niv M2 Maw M2 min, @0d AN, are the initial,
maximum, minimum, and optimization step values of
\,, respectively, with values of 0, 0, — 2, and 0.01. Al is
the node voltage deviation, considering the difference
in node voltage between WTs at different electrical dis-
tances, the calculation method for AU here is [V55-V11|.
Using this method can not only effectively reduce the
voltage deviation of rear WTs, but also achieve a uniform
distribution of node voltage within the wind farm. AU(¢)
and AU(t — 1) represent the voltage deviation at the cur-
rent time and the previous time, respectively.

Weight optimization process:
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Start
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v
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Calculate Q; rer according to (2) and (4)

End

Fig.4 Optimization process of A, based on perturbation observation
method

The optimization process is as follows: when the
wind farm receives a reactive power dispatch com-
mand, it starts initializing parameters and collect-
ing node voltage to calculate the current time AU(%).
Then, the disturbance direction of )\, is determined by
judging the magnitude of AU(t) and the previous time
AU(t - 1), if AU(t) > AU(t — 1), then A, =\, — A\, and
vice versa. Finally, the perturbed value of A, is sub-
stituted into Egs. (2) and (4) to calculate the reactive
power command of each WT, achieving the allocation
of reactive power dispatch command from the wind
farm to each WT. To sum up, the optimization process
only has simple addition and subtraction operations,
without complex iterative calculation process, so its
single calculation time can be ignored.

It should be noted that this paper only deals with the
problem of reactive power distribution under steady
operation conditions of wind farms. When the system
has a fault or large disturbance, it needs to switch from
steady state operation to transient fault crossing or
additional damping control (Kumar et al., 2020, 2021,
2022; Verma et al., 2023).
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Case study

Based on the Matlab/Simulink simulation platform, a
wind farm model as shown in Fig. 1 is established. The
effectiveness of the proposed method is verified by set-
ting different wind speeds (corresponding to different
power outputs of the WTs), different reactive power dis-
patch command operating conditions, and the following
methods are used for comparative analysis:

(1) Traditional method. Currently the most widely used
method based on equal proportional allocation of
reactive power capacity.

(2) Proposed method. Dispatch method Based on
dynamic weight adjustment of electrical distance
and reactive power capacity.

Set the output of WTs on feeders 1 and 2—4 MW, and
the output of units on feeders 3, 4, and 5-3 MW. The
reactive power dispatch instructions are shown in Fig. 5.

The trend of node voltage changes under different con-
trol strategies is shown in Fig. 6, when no reactive power

24

12

QW}' ref (Mvar)
(=]

0 3 6 9 12 15 18
Time (s)

Fig. 5 Wind farm reactive power dispatch instruction

------- Vii — — Vs Under traditional control strategy
------- Vii — — Vss  Under proposed control strategy
1.15 T " ' ' '
1.1 . /
___________ pup— Upperilimit of voltage
1.05f P
R - —
e =
g B B
0.95 aoramornec)
09 s
Lower voltage limit /
0.85
0 3 6 9 12 15 18

Time (s)
Fig. 6 Trend of node voltage changes under different strategies
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command is received, the terminal voltage of the WT is
within the range of [1.02, 1.03] pu. After 3 s, the reactive
power dispatch command of 12MVar is received. Under
the traditional proportional reactive power allocation
method, the voltage deviation of nodes has significantly
increased, especially for the rear WT (Vj;5), where the
deviation has reached around 0.075 pu, the voltage stabil-
ity margin is limited. When the reactive power dispatch
command increased to 24MVar at 6 s, V5 reached 1.12
pu, exceeding the upper limit constraint of the terminal
voltage. At 9 s and 12 s, the reactive power output was
set to — 12MVar and — 24MVar, and the terminal volt-
age (Vis) of the rear WT decreased to 0.963 pu and
0.895 pu, indicating that the terminal voltage of the rear
WT had exceeded the lower limit. The main reason is
that according to the proportional distribution, the out-
put active power of the rear WTs is smaller than that of
the front WTs, resulting in a larger reactive power com-
mand allocated to the rear WTs, causing a greater voltage
deviation.

After adopting the method proposed in this paper, the
disturbance of weight A\, was observed and optimized
to reduce the proportion of reactive power output of
the rear WTs. When the output reactive power was set
to+24MVar, the terminal voltages were 1.074 pu and
0.932 pu, respectively. Compared with the conventional
control method, the WT terminal voltage remained
within the upper and lower limit constraints, and effec-
tively improving the dispatch ability of the wind farm’s
reactive power. The deviation of the WT terminal volt-
age was significantly reduced, with a decrease of 38%
and 35%. At the same time, V;; and V;; were closer, and
|Vss — Vi3] decreased from the maximum 0.05pu to
around Opu, making the node voltage in the wind farm
more balanced. Based on the above analysis, the simula-
tion results are consistent with the theoretical analysis
and expected design of the allocation method mentioned
earlier, which verifies the effectiveness of the proposed
method.

The variation curve of weight A, is shown in Fig. 7. It
can be seen that when receiving the reactive power com-
mand from the wind farm, A, begins to perturb and opti-
mize, and when the reactive power instruction changes
abruptly, the optimization response speed of )\, is in ms
level, which meets the real-time requirement. When the
reactive power command from the wind farm is 12 and
24 MVar, the values of A 2 are — 1.11 and — 0.89, respec-
tively. The corresponding reactive power commands
for the WTs (shown in Fig. 8) are 0.78 (Qy; .g), — 0.137
(Qs5,0e)s 14 (Qqyrep)y and — 0.03 (Qs;5p), respectively, in
MVar. It can be seen that when the output reactive power
direction is+, the selection of A, effectively reduces
the forward reactive power of the rear W', achieving
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Fig. 8 Comparison of reactive power allocation results
under different methods strategies

a reduction in voltage deviation. When the reactive
power commands are — 12 and — 24 MVar, the values
of \, are — 0.36 and — 0.51, respectively, and the corre-
sponding reactive power commands for the units are
~ 0.52 (Qy1e) and — 0.314 (Qsg o)y — 1.14 (Q; o) and
4.45 (Qs5,.f)> respectively, in MVar. This also reduces the
reactive power output of the rear WTs to reduce voltage
deviation.

To further validate the effectiveness of the proposed
method, the output power of WF is set, as shown in
Fig. 9. It can be seen that the power output range of the
wind farm is within the range of [0.1, 0.9] pu, which can
simulate the actual power fluctuations of wind farms.

The reactive power dispatch value for the wind farm
is set to be the same as Fig. 5, and the switching time is
changed to 0, 20, 30, and 40 s. Figure 10 shows the volt-
age variation trend of the WT nodes under different con-
trol strategies, and representative front WT (W11) and
rear WT (W55) terminal voltages were still selected for
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comparative analysis. It can be seen that the node voltage
fluctuates with wind speed, and the voltage of the rear
WT (W55) is higher than that of the front WT (W11),
with a voltage variation range between [0.985, 1.03]
(W11) and [0.99, 1.04] (W55). When receiving reactive
power instructions and using the conventional propor-
tional method, the voltage deviation at the rear is signifi-
cantly increased due to the influence of reactive power
output. The voltage variation range is within the range
of [0.96, 1.05] (W11) and [0.937, 1.13] (W55), it is obvi-
ous that conventional allocation method has caused the
voltage to exceed the limit, and the maximum difference
in terminal voltage between WTs has reached 0.05 pu.
When using the proposed method, the voltage variation
range is within the range of [0.96, 1.08], which reduces
the maximum voltage deviation by 38% compared to the
conventional method, and there is no situation of the
WT voltage exceeding the limit. Prove that the proposed
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method can effectively reduce voltage deviation, improve
system voltage stability and reactive power utilization.

The variation curves of reactive power output and A,
are shown in Figs. 11 and 12. It can be seen that as the
wind speed and reactive power dispatch change, A, can
quickly and dynamically optimize to adjust the allocation
of reactive power commands, and the response speed can
meet the requirements of online applications. Compared
with the conventional distribution method, the reactive
power command of the front row is higher than that of
the rear row, so as to reduce the risk of the rear row volt-
age exceeding the limit.

Through the above analysis, the effectiveness of the
proposed method has been confirmed. It only adjusts the
weight between electrical distance and reactive power
capacity without the need for complex mathematical
operations, such as power flow modeling. It not only
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effectively reduces voltage deviation but also has the
advantage of simple implementation.

Conclusion

Based on the study of voltage distribution characteristics
in wind farms, this paper proposes a reactive power allo-
cation method for wind farms that considers electrical
distance and residual reactive capacity. Through theoreti-
cal analysis and experimental verification, the main con-
clusions are as follows:

(1) Due to the influence of line impedance, when reac-
tive power is output by units located at a longer
electrical distance, it is easy to cause the terminal
voltage to exceed the limit. When allocating reac-
tive power proportionally based on the reactive
capacity of the converter, it may result in WTs with
longer electrical distances being assigned larger
reactive power commands, causing the terminal
voltage of the WTs to exceed the limit;

(2) By adjusting the weight of electrical distance and
reactive capacity based on real-time voltage devia-
tion, there is no need for detailed parameter power
flow modeling of the system, and there is no com-
plex logical operation. This reduces the output reac-
tive power of WTs with longer electrical distances,
effectively solving the problem of voltage exceed-
ing the limit of rear WTs caused by reactive power
allocation. Compared with conventional methods,
it can further improve system voltage stability and
reactive power utilization of wind farms.

In future research, further consideration will be given
to reactive power allocation methods for unconventional
radial structure wind farms.

Appendix A

In this paper, the electrical distance calculation method
is based on transmission impedance, which is illustrated
below by taking the single power—single load network as
an example, as shown in Fig. 13.

(a) Series relation
Fig. 13 Schematic diagram of power system simplification
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where the equivalent transmission impedance
between branches/nodes can be obtained by the
serial—-parallel relationship, respectively: Z;=Z7;+Z;
(Fig. 13a), Z;=Z;; , + Zj , (Fig. 13b), and then the modu-
lus value of the impedance is taken to represent the size
of the electrical distance. This method is also used in
the paper to calculate the electrical distance.

Considering that the unit impedance parameters
of the lines in the wind farm are the same, the length
of the line distance from the WT node to the PCC is
used in this paper to indirectly represent the electri-
cal distance, which is the same as the actual calculation
method based on transmission impedance when calcu-
lating the weight, as shown follow:

d _ Li,pcc (Zi,pcc)

— n
d (Li,pcc (Zi,pcc) ) Z Li,pcc
i=1

Li,pcc

’ (4)

B
M=

1 1

where L; .. represent the line length from node i to PCC,

Z, . represent the unit line impedance from node i to

PCC, and the line unit impedance in the wind farm is
consistent or relatively close, so the weight calculation
between electrical distances can be directly simplified to
the ratio between line lengths.
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Dual layer planning and consumption optimization method for active distribution
network considering renewable energy access
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Abstract: After the large-scale integration of renewable energy into the power grid, its inherent
output uncertainty and volatility directly lead to certain problems in grid consumption, which
cannot achieve maximum consumption and increase the overall operational risk of the power grid.
To ensure the stable operation of the active distribution network after the integration of renewable
energy, a dual layer planning method for the active distribution network considering the
consumption of renewable energy is proposed. Based on the power function to describe the
uncertainty in renewable energy consumption, an active distribution network dual layer planning
function is constructed based on the calculation results. The upper layer model optimizes the
planning cost and network flexibility, while the lower layer model enhances the renewable energy
consumption capacity and reduces operational risks, and sets relevant constraints. To solve the
model and optimize the cuckoo algorithm using the elite strategy, the bird nest position is updated
and the elite strategy is combined for iterative optimization. The optimal selection of the active
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distribution network planning scheme that meets all constraints is output to achieve power grid

consumption optimization. The simulation results show that the renewable energy consumption

rate using this method reaches 77.85%; The average load of the line shall not exceed 24.2%, and

the average load of the substation shall not exceed 30%; The transmission adequacy ratio of each

line in this network is positive under different fluctuation ratios, and the results are all above 0.4.

This indicates that the proposed method can achieve active distribution network uncertainty

planning and ensure the stable operation of the power grid.

Keywords: renewable energy; consumption capacity; active distribution network; uncertainty

planning; dual layer planning model; line average load
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Comparative study of grasshopper optimization algorithm and single prediction
model for photovoltaic power prediction in arid region

WU Guodong', SUN Tao', CHEN Xuejun®, JING Hui’, YAN Xiaomin®, LI Yao’

(1. State Grid Gansu Electric Power Company, Lanzhou 730030, China;
2. Gansu Provincial Meteorological Service Center, Lanzhou 730020, China)

Abstract: In order to find a more accurate photovoltaic power prediction method to be suitable for arid areas, based on the actual ob-
served data and numerical forecasting information from a photovoltaic power station in Dunhuang, Gansu Province in 2022, three short-
term photovoltaic power forecasting models were established by using the prototype prediction method, short-term error correction
method and stepwise regression method. At the same time, a grasshopper optimization algorithm was used to optimize the three single
models to form a combined prediction method. The forecasting effects of the four methods were tested and evaluated. The results show
that the root-mean-square error and relative root-mean-square error of the stepwise regression method are smaller than those of the pro-
totype prediction method and the short-term error correction method, and the prediction accuracy of the stepwise regression method is
higher, the fluctuation range is smallest, and the prediction effect is more stable. Compared with the three single models, the combined
prediction model formed by the grasshopper optimization algorithm has improved the prediction effect, and the average root-mean-
square error is reduced by 145.21, 153.48 and 70.91 kW, respectively. Under different weather conditions, the combined forecasting
model is superior to the single forecasting model, and the forecasting effect is the best under sunny weather condition.

Key words. photovoltaic power prediction; prototype forecasting method; short-term error correction method; stepwise regression

method; combined prediction; grasshopper optimization algorithm
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New Energy Grid Planning Optimization Based on Two-layer Scheduling Model and
Demand Analysis

WU Guo-dong'?, LI Xiao-hu?, WANG Sheng?, BAO Guang-ging®
( 1.College of Electrical and Information Engineering, Lanzhou University of Technology,
Lanzhou 730030 China;
2. State Grid Gansu Electric Power Company, Lanzhou 730030 China;
3.State Grid Gansu Electric Power Company Electric Power Science Research Institute, Lanzhou
730030 China)

Abstract: With the large-scale new energy connected to the grid, the structure and form of the
power system have undergone fundamental changes, and the difficulty of grid planning is
gradually increased. In view of this situation, a new energy grid planning optimization model
based on double-layer scheduling model and demand analysis are proposed. The model divides the
optimization of power grid scheduling into two layers, and the upper structure includes the
demand and response of users to the electricity price into the planning. In the lower structure, the
cost consumption of new energy generation is considered as the lower objective function. The
results show that the model can effectively reduce the operating cost and load fluctuation, which is
shown in that the operating cost is only 75.8488 million yuan, the optimal absorption rate reaches
83.47%, and the load difference between peak and valley is 165.87 MW. The research and design
model can effectively improve the utilization efficiency of new energy and reduce the cost.
Keywords: two-layer scheduling model; demand analysis; new energy grid; planning;
optimization; absorption rate
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Analysis of Reasonable Utilization Rate of New Energy Based on Time Series Simulation
WU Guodong'?, BAO Guangqing'

(1. College of Electrical Engineering and Information Engineering, Lanzhou University of Technology , Lanzhou, Gansu 730050, China;
2. Gansu Electric Power Company, Lanzhou, Gansu 730030, China)

Abstract: Study the monthly and seasonal characteristics of new energy output on a long—term scale, based on the average
annual wind and solar resources, and use normalized sequences to characterize the volatility and intermittency of new energy
output. Based on the latest installation time sequence and the latest climate and meteorological forecast, the new energy
theoretical output sequence is formed. Considering the electricity load, grid peak regulation, and section constraints, the
aggregation method is used to plan the new energy consumption space formed by the start—up of the hydro thermal power unit.
The optimization calculation is carried out with the goal function of maximizing the utilization rate of new energy. By adjusting
the boundary changes multiple times, the coupling relationship between the installed capacity scale, layout, and timing of the
power grid and the new energy electricity quantity and utilization rate is established, and the most reasonable new energy
utilization rate and optimal energy storage ratio demand are comprehensively analyzed.

Key words: scene reproduction; new energy; time series simulation; reasonable utilization rate
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