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Economic Dispatch Considering Correlations of Solar and Load
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ABSTRACT: An economic dispatch considering correlation between solar and load is proposed. The probabil-
istic density functions of solar and load are introduced, and then solar-load bivariate normal distribution is estab-
lished based on multivariate statistical analysis technique. The loss load risk model of typical scenario is con-
structed and the economic dispatch model is established. a-superquantile is used to describe the risk constraint,
Monte Carlo simulation and analytic method were combined to solve the optimization model. Results show that
proposed method can describe the impact of correlation of solar and load on economic dispatch at different con-

fidence levels.
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1 INTRODUCTION

Photovoltaic generation (PV) has gradually become
one of the most potential power generation technolo-
gies of renewable energy. Currently, the scale of PV is
still expanding, it predicts that the global PV capacity
will be increased to 180 GW in 2015, while PV will
account for 9% of global power demand in 2030 [1].
However, random factors of PV such as the power
output and the load prediction error can affect the
system stable operation [2]. Therefore, it is very im-
portant to study the influence of correlation between
solar and load on economic dispatching of power sys-
tem.

Volatility of PV limits its grid-connected capacity,
Yang [3] puts forward a method of PV power’s pene-
tration limit based on peak load balance constraint, but
it doesn’t consider the influence of correlation of PV
power. Wang [4] considers the complementarity of
wind power, PV and energy storage, and evaluates
reliabilities on different coordinated operation strate-
gies, but it also doesn’t involve the correlation be-
tween wind power and PV. Sun [5] establishes a joint
probabilistic model based on correlation of wind speed
and load, and puts forward a reliability evaluation
method of distribution networks. Until now, there is
little study about the influence of correlation between
the solar power and the net load on economic dis-
patching.

Recent years, chance-constrained programming is

widely used in optimization problems of power system.

Wu [6] considers uncertain factors such as the elec-
tricity price, the reservoir inflow and the unit opera-
tion condition, researches influence on short-term
optimization dispatching of cascade hydropower sta-
tion. Lei [7] focuses on the randomness of wind power
and load, installed the capacity of wind power and
output of conventional units which are regarded as
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optimization variables, studies the wind power pene-
tration limit. But the computation burden of optimiza-
tion models is complex in [6]-[7]. In [8], a complex
non-linear model is changed into a linear program-
ming problem using o-superquantile method. On one
hand, o-superquantile method can qualify the potential
losses exceeding the assumed confidence level; On the
other hand, it is easy to solve the linear programming
problem. But method used in [8] focuses on single
type of random factor; it’s difficult to solve combined
effects of several random factors on risk optimization
problem.

In this paper, the joint probability distribution func-
tions of solar and load are introduced, the load shed
risk model and the economic dispatch model based on
different typical scenarios are established. The cor-
rectness and efficiency of proposed method are veri-
fied by programming in Matlab.

2 JOINT PROBABILITY DISTRIBUTION MOD-
EL OF SOLAR AND LOAD

The forecasting error of solar is treated as a random
variable that follows normal distribution, £ is a fore-
casting value of solar, the probability distribution
function (PDF) of actual solar is shown as follows:

fo(E) = Elm

Where, the variance of forecasting solar is

exp(~(E~E)’ /(207)) (1)

or =Exa%.

The solar power output mainly depends on solar ra-
diation, and the solar-to-power function is shown as
follows:

E, (t)=En""S” ()
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Where, 5™, S™ andE are respectively the effi-
ciency, solar area (m?) and solar power output. In
addition, the load has forecasting error, and corre-
sponding PDF is given in [9].

In this paper, forecasting values of solar radiation
and load respectively follow the Gaussian (GD) dis-
tribution, the linear combination /x +1,x, follows
one-dimension, so the random variable (x, x, )" follows
two-dimension GD [5].

S I BT
f(x,x,) 2100, 1—,02 expt 2(1—p2)[ (712 3)

(= )%, — 1) i (x, _ﬂz)z
0,0, 522

-2p 1}, -0 < x,x, <+00
Where, 4,4, and 0,0, are means and standard
deviations of x,,x,, A is a correlation of x,, x, .
According to the solar-to-power conversion, the in-
verse function of solar power and load is shown as
follows:

E=E / PVSPV
av (77 ) (4)
AP, = AP,
The Jacobi matrix of (4) is given by:
OF OE
OE, OAP,
J = ®)
OAP, OAP,
OE, OAP,
Therefore, the joint PDF of random variables

U =(E,,APR)) is shown as follows:

av

g(E,,.AR) =|J| f(E,, /(" S™),AP,)  (6)

3 SUPERQUANTILE QUALIFICATION AND
LOAD SHED RISK MODEL

To quantify different types of uncertainties in engi-
neering problem conveniently, R. T. Rockafellar first-
ly presented a superquantile method in 2010, which
was a proposed independent application named
a-superquantile[10]. First, it can qualify potential
losses at an assumed confidence level; second, it en-
larges the range of usage.

Let g(x,w,V)be a loss function depending on the
decision vector x € X < R"and the random vector w, v
whose PDF is p(w,V) . The probability doesn’t ex-
ceed a threshold a which is shown as follows:

o= i Py @
g(x,wyv)<a

For confidence level §, the a-quantile is defined as
follows:

qa(x)zmin{aeR:l//(x,a)Zﬁ} ®)

Because a-quantile can’t deal with extent of losses
that might be suffered beyond threshold,
o-superquantile could qualify the potential risk losses,
and expression is shown as follows:

7, ()= = 0

g(x,w,v)2q, (x)

g(x,w,v) p(w,v)dwdv )

It can be seen from (9), g, (x)is included in for-
mula g _(x) because g, (x)is very difficult to be
solved. However, expectation can be estimated by its
samples as follows:

EA&aFa+ (10)

1
m(1— m
i i max{0,g(x,w’, W )—a}

j=1k=1

Where, m and n are the number of discrete points
for random variable w,v .

As for the load shed risk, two typical modes would
be studied: One is without solar and another is with
solar. First, the load uncertainty is only considered,
and PDF is described as follows:

F,()=PiZ<z}= [ [y, (AP,)dAP,

—-APy<z

(11)

In addition, when uncertainties of solar power and
load forecasting error are considered, the PDF of ran-
dom variables is written as follows:

F, 2= [[ (E,.AR)dE,dAP,

E, ~APy<z

av

(12)

The risk of load shed referring to the spinning re-
serve of power system is less than amount of power
fluctuation of solar power and load due to forecasting
error.

Typical scenario 1: without wind and solar

According to (11), the load forecasting error is only
considered, and the load shed risk model is written as
follows:

P

loadshed —

hrl.sk’u (D!,AP,))=P(D; <AP,)) (13)

Where, Dtu is the up spinning reserve of load at
period .

Typical scenario 2: wind and solar are comple-
mentary

According to (12), the forecasting errors both in so-
lar power and load are considered, and the load shed
risk model is given by:
P

loadshed — (D" Ea
=P(D' <AP, +(E

AP,
ct? D) (14)

act EUV ))

Where, E,, is the actual solar power output.

The larger or smaller load shed risk don’t represent
higher or lower load loss, thus the load loss is defined
as multiplying using the load shed risk and the power
fluctuation amount:

hri sk ,u
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hrisk,u (D zu H E

act?

AP <o (15)

; Where, hn.sk’u =B ihed XAF,, o is a given risk
1mit.

4 ECONOMIC MODEL CONSIDERING SEVER-
AL UNCERTAINTIES

4.1 Objective functions

The generation cost and the starting-up cost of units
are considered in the dispatch model, thus the objec-
tive function is stated as follows:

T =n n
F= rmn[zzunf(P:t) + ZSkt (I- Uy )uit] (16)

i=1 i=1 k=1

Where, f(P;,) is the generation cost of each unit, # is
the number of units, 7 is the dispatch periods, u;=1
and u,;~0 refer to operation and stopping state. In ad-
dition, the generation cost of each unit is shown as
follows:

f(B)= aiBtZ +bF, +¢ a7

Where, a;,b;,c; are the cost coefficient. Additionally,
unit commitment is considered, starting-up cost func-
tion is shown in [11].

4.2 System constraints

1) System constraints are shown as follows:

n
zuitEt + Eact = PDt

i=l .

B SEB <B™,i=12,n
—6y B - <&,.i=12,..n
7" >UT, T > DT,

Where, P, is the load demand of period ¢, lftm =
and I?tmm are maximum/minimum power limits of unit 7,
£ and £, are maximum/minimum ramp rate limits,
UT, and DT, are minimum up/down time of unit i.

2) Reserve constraints are shown as follows:

(18)

D' = Zn:USi ()= Zn:USR- () + SR (E,,)

Dtd = ZUDz(t) 2 SRZ(Eav)

i=1

(19)

Where
US (t) = min{US™ , P™ — P(8)}
USR (t)=P, x L% ,
US™ =d%x=P™,
UD™ =d%xP™,
UD, (6) = min{UD™ . B(t) - B} ,

SR(E, )=SR,(E )=E, *xr%.
3) Load shed risk constraints are shown as follows:

1 0 om
n, (.E, AP ) x o+ ———3 3z, <a, (20)
nm(l - ﬁ) J=1 k=1
ZJk,.(t) 20, Z i = hnsk.u —a

2

Where, a, is the a-quantile of load loss.

5 CASE STUDY

In this case, ten units of system are considered to be
studied to validate effectiveness of proposed method
[11]. The parameters of efficiency of photovoltaic 5"
=12%, S =3000m’ and the dispatch period is three
hours, the power base is 100 MVA. Predictions of
solar radiation are shown in Table 1 where ®% =8%,
d% =12%, L% =9%, r% =10%.

Table 1. Parameters of solar radiation.

Typical mode | Parameters | Periodl | Period2 | Period3
Without solar | E(W/m?) 0.2 0.4 0.6
With solar E (W/m?) 463 470 465

0.035
r \f { I vithout solar [
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0.015

load shed risk

0.01

0.005

5 10 15 20 25
Random resembles of solar and load

Figure 1. Load shed risk of without solar mode.

I vith solar

load shed risk

5 10 15 20 25
Random resembles of solar and load

Figure 2. Load shed risk of with solar mode.

The results of load shed risk in different typical op-
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Table 2. Dispatch results of with solar operational mode (confidence level of 0.95).

Power output/pu

Periods a; Gl G2 G3 G4 G5 G6 G7
0.000090 1.5000 0.0000 1.0000 0.7000 1.2000 32729 4.7500
1 0.000126 1.5000 0.0000 1.0000 0.7000 1.2000 3.1422 47500
0.000162 1.5000 0.0000 1.0000 0.7000 1.2000 3.0115 4.7500
0.000090 1.2000 0.7000 1.0000 0.9000 2.9729 4.4500 2.8589
2 0.000126 1.2000 0.7000 1.0000 0.9000 2.8422 4.4500 2.8432
0.000162 1.2000 0.7000 1.0000 0.9000 27115 4.4500 2.8274
0.000090 12113 0.4000 1.0000 0.6000 2.6729 4.1500 3.1589
3 0.000126 1.1959 0.4000 1.0000 0.6000 2.5422 4.1500 3.1432
0.000162 1.1806 0.4000 1.0000 0.6000 24115 4.1500 3.1274

erational scenarios are shown in Figure 1 and Figure 2.

It can be seen from Figure 1 that the uncertainty
mainly consists of load forecasting error, and the
maximum load shed risk is about 0.032 for it is with-
out solar typical operational mode. From Figure 2,
uncertainty mainly consists of the fluctuation of solar
power and the load forecasting error. The maximum
load shed risk is about 0.0003 for it is with solar oper-
ational mode. Compared Figure 1 with Figure 2, it can
be seen that the load shed risk without solar mode is
larger than the ones with solar mode. Thus, with solar
mode, it is good for reduction towards the load shed
risk.

The sequential quadratic programming is used to
solve economic dispatch model. Table 2 shows dis-
patch results with solar at the confidence level of 0.95.
From Table 2, in addition to the fixed power output,
the power output of units would be decreased with the
increase of risk limit.
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Figure 3. Variation of cost with confidence level

Figure 3 shows the tendency of total cost with the
load superquantile. From Figure 3, objective values
would be decreased with increase of a-superquantile
of load loss, because the reliability of power system
loads is decreased, the total cost would be decreased
accordingly.

6 CONCLUSIONS

1) This paper presents a new method to quantify com-
binations of solar power and net load, while the load
shed risk and the economic dispatch model are estab-

lished in different typical scenarios. The dispatch
model could provide useful message for making a
suitable dispatch strategy.

2) The complex nonlinear constraints of load loss
are changed into linear constraints by a-super quantile
method which is very useful to solve the economic
dispatch model quickly and accurately.
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