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Abstract. With the development of electric power alternative, the incremental flexible load in power
grid plays a more important role. This paper from the perspective of sociology, consider the profit of
the accommodation of new energy increment power generation and load adjustment,and the cost of
the generator increment power generation and the grid increment loss , Optimize the amount of
incremental flexible load adjustment and the generator increment power generation, Establish a
"load-net-source" collaborative optimization mathematical model with the aim of maximizing social
benefits, The feasibility of the model is verified by using the IEEE30 node example, Using the
successive linearization algorithm to solve the problem, and through the IEEE30 node example to
verify the rationality and effectiveness of the model.

1. Introduction

It is the world difficult problem for large-scale new energy grid-connected and digestion because
the randomness and volatility of new energy sources [1]. The implementation of "two alternative"
strategies provides new ideas for new energy consumption. Document [2] defines the quantification
calculation of the electric energy substitution implements the electric energy substitution quantity,
establishes its (human impact of population affluence and Technology) IPAT model, and analyzes the
potential of electric energy substitution by constructing many scenes; Document [3]propose a project
to use wind power curtailment to winter heating for the problem of wind power curtailment in
Zhangjiakou, through the establishment of calculation model of electric load, wind power
accommodation and environmental benefit calculation model, mainly from the social and
environmental benefits and the impact on the power system, verify the feasibility of the scheme.

[4]1[5][6]consider the flexible response of load which through changing the duration and size of
load application to response power operator scheduling requirements which obtain certain economic
benefits, the future smart grid will accommodate a huge amount of flexible load. As an important
resource for power generation scheduling, flexible load has the advantages of peak load shifting,
stabilizing the fluctuation of new energy output and providing ancillary services for the grid, which
enriching the power grid dispatching mode. Document [4]pointed out that a large amount of
incremental flexible load is generated with the advance of electric energy substitution, power energy
alternative increment loads have strong polymerization that can improve the control efficiency
through the distribution of cluster, as virtual storage or virtual generator the load aggregators can
participate in the grid-interactive to response dispatching instruction and provide ancillary services
for power grid; in paper[8], a multi-time scale response framework is proposed, and a multi-time scale
response strategy of flexible load participation is proposed by establishing wind power output
uncertainty model, load agent decision making and scheduling control center decision model; In the
literature [9], the overall framework of “source-network-charge™ interaction is proposed, and it is
pointed out that the future flexible power system will show a variety of interactive modes such as
complementary sources, source network coordination, grid interaction and source interaction; In the
literature [10], by analyzing the adjustability of the high energy-carrying enterprises, it proves the
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feasibility of the new energy consumption in the intelligent park, and combines the mixed energy and
energy storage modeling in the intelligent park, the power and load are jointly scheduled which
improve the local energy consumption of new energy.

However, the existing research is generally considered a separate flexible load, not considering the
impact of just load, with the release of the electricity market side, more and more power users who
contains the just loads, the electricity loads and the incentive loads to participate in the electricity
market which rich the main body of the electricity market. Based on the "two alternatives™ strategy,
this paper takes the basic load as the starting point, and then deduces the new flexible load value of the
power grid, and establishes the "load - grid - source” collaborative optimization model based on the
new flexible load that provide a theoretical basis for large-scale direct purchase of electricity and
bilateral transactions in China's electricity market.

2. Theoretical Model of the Power Grid Incremental Power Loss

The incremental network loss caused by the incremental load of the power network can be

calculated as follows:

AF)Ioss = P|oad' - Pload = (1)

D > UUiG, coss; — > > UU,G, CoS S,

j=1 k=1 =L k=L

Consider the incremental load of the power balance equation:

ZHI:APGi gznllAP,i —AR, =0 (2)

Where AR, is the output change of the generator, AR; incremental load change and AR is
incremental power loss.

Compared with the stock load, because the incremental load value is relatively small, if the whole
system for a new power flow calculation, the operation speed will be greatly reduced, where we use
the sensitivity analysis method, not only improve the calculate speed, but also meet the scheduling

staff needs and provide theoretical support for the scheduling staff.
The nodal equilibrium equation can be expressed as:

P :UiZn:Uj(Gij cosd; +B;sing;) 3)
Qi :UiZn:Uj(Gij sin é‘ij - Bij COSé}j) (4)
j=1
The branch power equation as follows:
2 -
Pij :Ui gij _Uin(gij COSé‘ij +bij Slné}j) (5)
Qij :_Uiz(blj +b|o)+Uin(b|j CosJ; — Siné‘ij) (6)
The power grid loss can be presented as follow:
Ross = ZZU jUijk cos 5jk (7)

j=1 k=1
From Eqgs. (5) and (6) we get the Sensitivity Analysis of Branch Power to State Variables as follow:
AR | | 2u,g;-u;(g; cosd; +Dy sing;) U (g; cos & +b; sin &) |[ A,
AQ; - =20;(b +1,) +u; (b cos 3 - g sin g, ), Uy (b cos ;g sin ;) || A,
+uiuj(g“sinﬁu—b,jcosﬁ,j),uiuj(b,jcos(su.—giisin(ij) Ag, (8)
uu;(-bsing; - g; cosd; ), uu; (b sin g +g; cosdy) || AS;

Ay, A,
=A +B
MEM

Where the matrix A and B are constant matrices.
From (7) we can get the Sensitivity analysis of state loss to state variables as follow:

oP, oR, AS
AP = loss , loss
o { a5" ' auT }Lu} (9)

Sensitivity Analysis of Node Injection Power to State Variables can be writted as (10)
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Form (10) and (11) we can get the sensitivity of load to generator output as follow:
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In conclusion, we get
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3. Generator Marginal Cost and Load Marginal Revenue Model

3.1 Simplification Model of Generator Marginal Cost
Power generation costs are closely related to power generation, where binomial functions are used
to represent generators' active cost functions, i. e.:

FGi = Aci Pezi + BGi PGi +CGi (14)

Then we get the generator marginal cost as ():

dF,
MCq; = ——*=2A;R; + By (15)
dr;

Combined with the actual situation, this paper uses the simplified piecewise linear model shown in

Fig. 1 to represent the marginal cost of different units.
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Fig. 1 The marginal cost reduction model of the unit
3.2 The Marginal Revenue model of the Load Participates in the Regulation
After the reform of the electricity sales side, the main body of the electricity market is gradually
rich, Power users are divided into options and control users depending on whether there is an option at
power purchase. The power users have the option to choose purchasing through electricity retail
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company agent, or with the power generation enterprises to conduct direct transactions. The large
industrial users of Power users whose electricity costs accounted for a large proportion in the total
cost of production, and its production decision-making will be more sensitive to the price, while the
user has a certain adjustable load, making large industrial users to become a very good power grid
scheduling Resources that can obtain a certain amount of additional benefits in response to the Power
dispatching instructions, such as with less electricity to obtain electricity or expand the reproduction
to obtain more profits.

For the flexible incremental load generated by the electric power alternative, the gain is obtained
by providing the auxiliary service by means of the virtual accumulator or the virtual generator in the
form of the loader. To the electric heating load (including energy storage link), for example, the
aggregator can respond to the demand of the grid by optimizing the start-stop of the electric heating
load and responding to peak shaving requirements of power grid; When the load is low and the wind
power is large, the electric energy is converted into heat (cold) by means of a heat storage (cold)
device, and heat (cold) is released to its users during the peak period. Responding to fill the valley and
consumption of new energy requirements.

4. "Load - Grid - Source' Collaborative and Successive Optimization Mathematical Models

Based on the optimal power flow technology, digging the regulation potential of incremental load
with adjustable and interruptible characteristic, increasing the consumption of new energy
consumption under the premise of system security constraints, At the same time, reasonable
arrangements for conventional unit of incremental output caused by the incremental load, to
maximize the benefits of the whole society, including new energy incremental power consumption
income, load adjustment benefits, the costs of conventional unit incremental output and incremental
loss caused by incremental load.

New energy incremental power consumption income can be write as follow:

Ce1 [Cen’ Ce12 " "Coun ] (16)
For the marginal cost of generating the incremental output of conventional units, the simplified
model used in this paper is adopted, i. e.:

Cez[cez,n! CG2,12 Y CGZ,Zl’ Cez,zz Y CGZ,nl’ Cez,nz . ] (17)

The marginal revenue of load adjustment for different users and the marginal cost of loss for
different voltage levels can be expresses as:

C [CLl’CLZ’“"CLn] ; Cn [CNl’CNZ"“'CNn] (18)
From (16), (17), (18) we can get the objective function of maximizing social benefits as follow:
max C=(Cg; —Cg,)(ARs;, AR, ) +C (AR, AP, )

_CN (AP APIOSSZ"”) (19)

loss1?

The constraints are as follows:
(1) Power balance constraint can be written as follow:

Npy

i R+ ZW Rui (t) + Z Povi (1) = ZI Ri (1) (20)

Where ROcR.® Pu® ROjs conventional power, wind power, photovoltaic and load power for
the point time of t respectively.
(2) Unit output constraints can be written as follow:
I:)imin = PI = I:)imax
<R

I:)Wi min — "Wi < I:)Wimax (21)

PPVi min < PPVi < P

PVimax

(3) Unit positive and negative rotation reserve constraints can be writen as follow:
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P ()2 (35 Ru0)o - L96)+ (3 Ry (0), 90+ (3 P (0)14,%
i=1 i=1 i=1 (22)

1= 11

Ponn (05 (22 01~ L) = (Ry (0= Y. R (0)+0, 6+ (Pry ()= Y P (0%

i=1

Where, P, (), P, (t)is the maximum and minimum technical output of the conventional unit

respectively, L% is positive and negative demand factor for the total load of the system;u, %, u,,%
4ris positive and negative demand factor for the prediction error of wind power and photovoltaic
respectively; R, (t), P., (t) is the total installed capacity of wind power and photovoltaic respectively.
(4) Conventional unit climbing rate constraint can be written as follow:
_diTt = P. (t) - P. (t _1) < uiTt (23)
Where d;, U, is decline and rise climb rate respectively; T, is scheduling time scales.

5.  Model solving

Aiming at the problem of "load - grid - source™ collaborative and successive optimization in this
paper, we choose a time segment to optimization the increment change of the load and source, and
consider the influence of the network loss under different strategies to maximize the benefits of the
whole society. In this paper, particle swarm optimization (PSO) is used and load and source variation
are taken as individuals in the algorithm by using the real matrix. The concrete form is as follows:

Variation of load adjustment and generator output can be expressed as follows:

X =[AP|1,AP|2---AF|'n]T :[Xllfxlz!""xln]T Xs :[APGvAPGZ'”APGn]T :[Xel’xez""’xen]T (24)
Where U is Boolean variable column matrix to determine the adjustable load node, that is, by

:
calculating U X'to determine the total amount of load involved in regulation. In the step-by-step
optimization process, the objective function is used to calculate the current marginal cost according to
the running state of the unit. To determine the priority order of a certain power interval for generators,
when the marginal cost of different units is equal, it is incremental transmission losses that determine
the priority of the unit to increase or decrease the order of output. Specific optimization steps shown
in Figure 2.

get the best result

Fig. 2 The flow chart of” load-grid-source” collaborative optimization.

As shown in Fig2, the contents of the dashed line indicates the step-by-step optimization process,
and the state variables are updated step by stepwise: U =U + AU , 8 = &+ A&, In the step-by-step op
timization process, through load equal scale reduction in each iteration process in order to achieve th
e gradual and accurate calculation of the loss, the specific calculation steps shown in Fig. 3 . Calcula
te by stepwise linear optimization AR =AB,; +AR, +-- AR =AR +AR,+-and AP; =AR;, +AP,, +:-- to

achieve the optimal solution of the objective function.
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objective function

initialize the population
and get the variation of
load of each individual

according to the total load
change And the generator output
s sequence of different output
interval determine the priority
output unit and the output size

multiply the adjustable
load by the factor 2= of
and update all the
state variables

i=i+1 - -
determine the unit

and the output size,
according to the
objective function,
select the optimal
individual

According to the remaining
load®-Y®to determine the
next output unit and the
output size, repeat the
previous step until the
unit total output is equal
to the total load change

Obtaine the optimal solution
of the objective function

Fig. 3 Proportional load reduction calculation flow chart.

6. Case study and analysis

References are cited in the text just by square brackets [1]. (If square brackets are not available,
slashes may be used instead, e. g. /2/.) Two or more references at a time may be put in one set of

In order to validate the validity of the model and algorithm, this paper takes IEEE30 node system
as an example. Figure 4 for the IEEE30 node system structure (reference value of S = 100MVA), this
system contains six units, 21 load nodes, if the system has five adjustable load nodes. In this paper,
renumbering of the nodes is that first PQ nodes, the PV nodes again, and the final balance node. The
standby demand factor of the wind turbine is 0. 15, the specific parameters of the line and transformer,
the load data and the initial output data of the power are described in [11].

30@‘ R .@?6 1 @jf)

2

——]

g
‘_8‘: ol 19
9 33
20
1
1o 16 17 18

Fig. 4 Network configuration of IEEE 30-bus system.
In this paper, the load 1, 13, 25, 26 and 27 as adjustable loads and the specific adjustment interval
and marginal revenue as shown in Table 1, and the loss cost is 200yuan/ MWh.
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Table 1. The adjustment interval and adjust marginal benefit of each node load.
node Lo?lt\j/ls\,;[\z;l)tus Regulation interval marginal revenue (yuan/MWh)
1 22.8 [20, 25] 280
13 17.5 [15, 20] 290
25 30 [20, 40] 300
26 94.2 [90, 100] 350
27 21. 7 [20, 25] 270

The marginal cost of node 27 (60MW), node 26 (30MW), node 28, 29 (25MW) and node 30

(200MW) in different output intervals is shown in Figure 5, where x points indicate the initial
operating status. Node 60 (60MW) as a new energy unit, the unit effective output interval [20,45], the
incremental power generation income is 100 yuan / MWh.
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250 |-

200 -

150 -

100

. —) . . . Ly
10 20 25 Power 50 100 150 200 Power
25MW unit My 200MW unit My

Fig. 5 The marginal cost schematic of different units in different force intervals.
In this paper, the initial population size of the particle swarm algorithm is set to 50, the maximum

number of iterations is 100, the inertia weight w = 0. 729, and the accelerating factor & =€ =149
According to the target optimization model, the load adjustment and the unit output are combined to
optimize. The optimal scheme is shown in Table 2, and the net benefit of the whole society is 4685. 6
yuan; It can be seen from the optimization results that the optimization process is divided into four
steps, in the step by step optimization process, the voltage amplitude and phase angle changes as
shown in Figure 6 and Figure 7; incremental change of loss is shown in Table 3.

Table 2. "load-grid-source” collaborative optimization results.

load _ node 1 13 25 26 27
adjustment (MW) 2.2 2.5 10 2.6 3.3

source _ node 25 26 28 29 30
adjustment (MW) 10 5.44 3.09 2.07 1.5

Unit: (MW)
Table 3. Gradual change of network loss.
First step second step third step fourth step sum
0.128 0.1 0. 107 1.165 1.5
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Fig. 6 the phase change of node voltage during the step optimization process.
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Fig. 7 the change of node voltage amplitude during the step optimization process.

Analysis of the optimization results and we can get the conclusions as follows:

(1). For the heavy-duty area, because of its own load increase will cause a sharp increase in loss, it
should be used as a demand response side resource for peak shifting;

(2). From the perspective of society as a whole, only when the marginal revenue of the heavy-duty
area exceeds a certain value, the increase in income can compensate for the cost of the source side and
the incremental cost of the network loss.

(3). The local consumption of the new energy can reduce the loss caused by power of long-distance
transmission;

(4). By digging more adjustable resources that tracking new energy can minimize the amount of
abandoned wind power and solar.

7. Conclusion

In this paper, through the establishment of "load - grid - source" collaborative optimization
mathematical model, taking into account the power grid incremental load on the source and power
grid, From the perspective of society as a whole, considering the new energy increment power
generation income, load adjustment income, generators increment Power generation costs and power
grid incremental loss cost ,then optimizing the incremental load adjustment and power increment
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output to maximize the benefits of the whole society, at the same time, which can provides a
theoretical basis for China's power market support services market development.
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