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Research on core competence and teaching model of new engineering for smart factory
Cao Yu
(Zhuhai College of Beijing Institute of Technology, Zhuhai 519000, China)

Abstract: With the continuous development of science and technology, there are new requirements for engineering education. Al
relevant technologies are integrated through cooperative learning. Students learn through the virtual learning environment pmvidcd by the
school, so as to continuously cultivate their own core abilitics. However, the exploration of the relevant teaching model needs 10 combin®
the “bottom-up” and “top-down” of teaching methods, so as to realize the effective reform of engineering education. This paper explores
the core competence and teaching model of new engineering for smart factory.

Key words: smart factory; new engi hing model
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The Discussion Of The

Experiment Teaching In Applied Colleges

Deng Kaiyong Zhang Xiaofeng Qi Lianzhong
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Abstract:The experiment classes are very important

hing links for applied colleg

in cultivating applied talents. But during

teaching, there are a lot of problems. The writer has the discussion on the measures to ameliorate the basic experiment teaching
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Electrical Experi 1 MOOC Teaching Design based on Pro-
blem-oriented//DENG Kaiyong, ZHANG Xiaofeng, TIAN Gang,
ZHANG Ying, QI Lianzhong

Abstract With the gradual promotion of information teaching, MOOC
teaching is gradually popularized. Many Mooc resources, for the elec-

trical experimental courses of the screen course resources are rela-

tively single, uneven level, dogmatism, it is difficult to teach accor-
ding to their aptitude. This study focuses on the students’ problems,
which are divided into three steps: problem summary, hierarchical
teaching, summary and evaluation, to greatly improve the teaching
quality of electrical experiment courses.

Key words electrical experiment; MOOC; problem-oriented; hierar-
chical teaching; micro lectures
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1 | INTRODUCTION

Since the start of the 2lst century, facing the increasingly
serious global energy shortage and environmental pollution
problems, various countries and regions around the world have
successively upgraded electric vehicles (EVs) mnto their national
strategies, as an important means to alleviate energy pressure
and reduce environmental pollution. In order to promote the
development of EVs, countres often adopt economic sub-
sidies to encourage more car owners to buy EVs.

In the electricity market environment with a dynamic
change of the electricity price, EV owners can reduce charging
costs by charging i the lower price periods and even make a
profit by discharging the electricity n high price periods, which
could save subsidies for the state.

Due to a low power capacity (in the order of a few kW),
each EV owner will not be able to bid in the electricity
market. Furthermore, if a single EV 1s allowed to participate
in the wholesale market, the number of market participants
would be large and thus the volume of individual transactions
would be difficult to manage. In this context, EV aggregators
emerge [1-7], mainly responsible for managing EV charging
and purchasing electricity from the electricity market. By
agreeing to a charging management scheme, EV owners

would benefit from lower electricity rates for charging, since

o,
J o
the aggregator can exploit charging flexibility to reduce the

Qiangqiang Xu

Considering the uncertamties of the behaviour of electric vehicles (EVs) and the bidding of
other participants in the market, the light robustness bidding model for the EVaggregator in
the day-ahead market 1s constructed. The model is a bilevel model, with the upper-level
model representing cost mimmisation of the EV aggregator, whereas the lower-level
model represents market clearing providing market price and bidding energy for the
upper-level model. Bids of other market participants and EV driving pattern were not
known to the EV aggregator in advance. They were seen as uncertain variables. A numerical
example was used to illustrate the feasibility of the proposed method. Through the example
analysis, the costs of the EV aggregator under different circumstances are compared and,
under the same uncertamties, the results of the method proposed herein are also compared
with the traditional robust optimisation method and stochastic fuzzy programming method.

charging costs and can share part of this benefit with EV
owners.

Compared with a conventional load, EV charging load is
affected by many factors, and it has greater uncertamnty in three
dimensions: tume (charging time), space (charging location),
and behaviour (drving, charging, and discharging behaviour).
It 1s more difficult to predict the EV charging load [8].
Compared with the medium- and long-term electricity market,
it 15 more suitable to purchase electrcity for EV charging load
in the spot market. When bidding for electricity in the spot
market, the uncertainty of EV behaviour and bids of other
market participants will have an important impact on the
bidding results of the aggregator, which must be taken mto
account when deciding bidding strategies.

There are four types of papers about the EV aggregator
bidding 1n electricity market. The first neglects the randomness
of market price and EV behaviour [9-13]. The second con-
siders uncertanties such as electricity price and EV behaviour,
assuming that the aggregator is the price-taker, that is, the
market price 1s not affected by charging load [14-24]. This 1s
applicable 1 an environment where the quantty of EVs 1s not
suthciently large to atfect the market price, however when the
quantity of EVs 1s large enough to affect the market price, the
assumption of the price-taker is no longer applicable. The third
type of paper gives a simple relationship between price and
demand, but does not consider the clearing process of the
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original work is propedy cited, the use is non-commercial and no modifications or adaptations are made.

© 2021 The Authors. IET Smart Grid published by John Wiley & Sons Ltd on behalf of The Institution of Engineering and Technology.

IET Smart Grid. 2021;4:255-269.

229

wileyonlinelibrary.com/journal /stg2 | 255

|

>



258

GONG ET AL

Nr
c RT+ RT+ T+ T+
min g (“kr i )qR
k=1

©)
S )

subject to

Zq”* Zq”run—wm +De: 25, Vi (10)

A,7
T+ RT+ o ,RT+ RT RT ’
femin < Tbr S Teronas * Phrmins Phicae V2 (11)
RT- T- T- . _RT RT :
Dot min = < (]Rr < etmax * et min) Mt maxo vt (12)

where Zi‘lj is the real-time power consumption of EV's at time #
(\[\\‘h Zz'

at time 7 (M\Vh), D, is other real-time balancing loads (MWh);

RT RT
Oy min and Wy

4 is the energy purchased in the day-ahead market

. are dual variables qssociqted with the lower

and upper lnmts ot up-regulation power; nR " “mn and R L-rmax are

dual vamables associated with the lower and upper limits of

down-regulation power; 4 IRT

time market (USD/MWh).

1s the clearing price of the real-

3 | OPTIMAL BIDDING MODEL BASED
ON LIGHT ROBUST OPTIMISATION
3.1 | The traditional robust optimisation

Uncertainty optimisation problems can be described as
follows:

min  f(x, &) "
st &(x,€)<0,j=12...p (13)

where ¢ is the uncertain variable and is within a given uncer-
tainty set Zel.

Traditional robust optimisation requires the solution X to
satisty the following constraint for any scenario in the uncer-
tain set U.

g(x, &) <0, VEeU (14)
Its objective follows a pessimistic view mimmising the
worst case over all scenarios.

%3 |

Light robust optimisation framework

For an uncertain optimisation problem, the light robust opti-
misation chooses a nominal scenario in advance, then relaxes
the constramts, and further solves the problem that the
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objective function of the nominal scenario deteriorates to a
tolerable extent after the introduction of uncertain factors.

Given that Z€U is the nominal scenario of an uncertain
optimisation problem, the hight robustness aims at finding a
solution x, that s

1) feasible for the nominal scenario, that 1s g(x,§)<0;

2) admits for the nominal scenario € a tolerable objective
value, that is.

where z = 1111'_11{/[(36‘ E)lg()c ;")}deuotes the optimal objective
value of the nominal problem and p > 0 is deterioration of
objective function values.

The set of tolerable solutions of light robust optimisation
can be expressed as

(xeRgH<0fxB <z tp) (19

When a solution x is not feasible for constraint condition Z,
the constramt will no longer hold. In order to ensure the
teasibility of x, the constraint condition g(x.£)<0 will be
relaxed appropriately, that is to say g;(x.§)<y; Therefore, the
size of relaxation ¥, can be used to measure the mfeasibility of x
for constraint condition 7, that is

Y= ﬂmx{O. supg,(x, &) } (16)

Eeu

When y; =0, it means that the solution x satisties the

constraint 7 in any scenario; when y; = sup F; (x f) it means
ceu

that the solution X is not feasible for the constraint 7, and the

constramt conditions need to be relaxed approprately.

In the framework of light robust optnusation, the objec-
tive is to minimise the total infeasibility ¥ of the optimisation
model, and then the light robust optimisation model can be
expressed as

min || ¥l

F(x,£) <0

f()('v ;)52+ﬂ (17)
F(x, &) <y.VEEN '
x€R”

},ERNI

where y = (y,, 72, * }/N)Tis the mnfeasibility of the model.

3.3 | Bidding model of the EV aggregator

The electricity purchasing cost of the EV aggregator i can be
expressed by (18).

SRt @R -] (18)

]
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Formula (18) 1s the sum of two items. The first item 1s the
purchase cost of the day-ahead market and the second item is
the purchase cost of the real-time market.

The market clearing model and the aggregator's purchase
cost calculaton formula show that the cost of the EV aggre-
gator is related to the bid of market participants, the balanced
load of the real-time market, and the real-time charging power
of EV. Because of the use of hidden bidding auction, the
aggregator cannot know exactly the bidding parameters of
other participants, that is, the parameters are uncertain.

The uncertamnty of EV charging load 1s expressed by the
requirement of EV total charging capacity and the toral
masimum avaiable charging power. The total charging capacity
requirement of EV is expressed by R;. The total charging ca-
pacity requirement R; of EV is different at each time. For
example, there are two EVs, EV| arrives at ¢, departs at 15, and
the charging capacity requirement is 8kWh; EV, arrives at #;,
departs at 73, and the charging capacity requirement 1s 3kWh.
Table 1 gives the charging capacity requirements of two EV's at
three tumes and the total charging capacity requirement at each
time, which shows the difference of R, at three times.

The objective of the EV aggregator is to mummuse the cost,
which can be expressed by (19).
miuZ |:2rDA wPi 4 iqu ('zz’ﬁ o 'UVP{)A):I (19)

3

subject to

t 3 .
Yok 2N Ry (20)
k=1 k=1

@F oo

— <P (21)
3" Vi€ as{(3) - (6)) (22)
ZfT.Vre arg{(9) — (12)} (23)

A
where A7 is charging time step; R. is total charging requirement
~ max, A . . X .
(MWh): P, is maximum available power for charging (MW):
. . . +DA
which are both uncertain variables. The day-ahead price 4, and

1 . aRT 2 e : i s
real-time price A, are implicit functions of bidding parameters
for all participants in the day-ahead market and real-time market,
respectively. For the aggregator, the bidding parameters of other

participants i the two markets are uncertain, so /'ALYDA and jfT are
uncertain. Formula (20) guarantees the required charging
amount when EVs depart is purchased. Formula (21) is the
maximum avaiable charging power constraint.

TABLE 1 The example of the total charging requirement
Time 4 > 3
Charging requirement of EV;/kWh 8 0 0
Charging requirement of EV,/kWh 0 3 0

Total R,/kWh 8 3 0
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3.4 | The nominal scenario of bidding model
Light robust optimisation needs to select the specific nominal
scenario 1 advance, and uses this scenario as the basis to
measure the deterioration of the objective function. Choosing
the predicted value of uncertainties as the nominal scenario,
using Ffmx to represents the predicted value of the total
maximum available charging power, R, to represent the pre-
dicted value of the EV total charging capacity requirement,
FzﬁA\ ?‘ﬁfl to represent the predicted value of the bidding
parameters of other market participants in the day-ahead
market, fzftho represent the predicted value of the bidding
parameters of participants in the real-time market, and D, to
represent the predicted value of other balanced loads in the
real-time market, the nominal scenario 1s as follows:

= Hmax 5 DA [ _ - =R =
5:(1?, R A (ﬁf*‘cﬁf),ﬁ, (rzfrT,D,)) (24)

After the nominal scenario 1s determined, the uncertain
variable 7 in the bidding model becomes deterministic variable
#, and the corresponding bidding model can be rewritten to
the deterministic bidding model shown in formulas (25)—(30).
The minimum z of objective function in the nominal scenario
is obtamned by solving the bidding model shown mn for-

mulas (25)—(30).

min z (25)

subject to
2 [f‘“wf?f* + a7 (wh - u;?“‘)} <z (20

&

¢ B,
S wfar>> R, (27)
k=1 k=1

wk < P (28)
124 Vi€ arg{(3) - (6)} (29)
X vt e ag{(9) - (12)} (30)
where the uncertamties of{(3)—(6)}and {(9)—(12)} are

substituted by their predicted values.

3.5 | The bidding model based on light

robust optimisation

In a given nominal scenario, the uncertan variables mn the
bidding model are taken as definite values, but in the actual
bidding decision-making process, the actual values of uncertain
variables are uncertain, and the predicted values are bound to
deviate from the actual values. The uncertainty of uncertain
variables can be descmbed by the maximum and mmimum
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value of the predicted value, that 1s, the uncertain vanable can
be expressed by the interval form shown in formula (31).

u € [ — Au, i+ Au) (31)

where A is the prediction error.

When the deterioration tolerance of objective function & 1s
given, the bidding model based on light robust optimisation is
shown in Equations (32)—(40).

min||y| (32)

subject to
DA_ D4 DA = A
Z{At w24 1+ 3 (wf - w? )] <(1+8z  (33)

:

t I3 _

> whar>> "R, (34)
k=1 k=1

iy < By (35)

z[z? w4 4 3 (wh - w? ):l<z+;/l (36)

t
t 4 R
S wkn+y,>) R, (37)
k=1 k=1

wk < P " 4y, (38)
i Ve ag{(3) - (6)} (39)
A Ve e arg{(9) - (12)} (40)

where y = (71,72 }'3)T 1s the slack varable.

4 | MATHEMATICAL SOLUTION TO
THE PROPOSED MODEL

Both the day-ahead market and the real-time market clearing
models are convex quadratic programming, which can be
(KKT) condi-
tons. The day-ahead market clearing model is transterred by
its KKT condition as follows:

transterred by therr Karush—Kuhn—Tucker

DA DA DA DA DA _
‘qi\r + bkz Qe — A= /A 0 (41)

DA
F[ DA /LDA

DA DA

CAr ~ Wetmin T Wemax = 0 (42)

Np Mp
DA DA

Z Der = Z w4, Wi (43)

k=1 =1
DA A
O<age. Lo, ~ g 20 (44)

o) DA =
0= wkr/jmn 1 q/’er ~ Db > 0 (43)
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0< l//,(rmm 1L Whmax - ZP.(DA 20 (46)

0<ypn. Lwgtz0 (47)

The real-time market clearing model 1s transferred by its
KKT condition as follows:

RT-
dfrn— + [} ’ 1\;7-+ ZTRT = w/\frnm Ex w/‘\RtT:;m\: =0 (48)
RT- RT— RT T RT
dLr s [}A Gor T A~ M T M = 0 (49)

Mr

ZqRT+ Zq

=wR —wl D, (50)

RT RT- 4

O<of o  Lapit —qfT 20 (51)

0<wfl, LgfTm —gfTt >0 (52)
RT RT- 2

0 < M s L q&rmn G 20 (33)
RT- RT— c

0< n/\fnm] L T 20 (34)

The KKT conditions (44)—(47) and (51)—(54) mclude non-
linearities, which can be linearised by employing binary vari-
ables, yielding the following set of optimality conditions:

DA
0 Dt max =< Ma)xnaxgm“

max

DA
0L gt = g SMysa(l = 0upisc)

A
0L @b < My minBop min

(
(
(
0< 45" — Gt < Momin(1 = Ourtin) (58
(
(

0 <Y <My axByhmas 59)

0 LW — Vo < My max(1 = Optemas) 60)
0<yhd, < < My el in (61)

0 <P < My min(1 = Optmin) (62)
0<afl <ML O (63)

RT- RT- R
0= QArn:r:\ D < Mﬂ)n‘mx(l - 95(0“1“) (64)

0<wfl, <My 65 (63)
0G5 " = e < Mapia (1~ Bﬁkm) (66)
0snfl <My 6 e (67)
0= Gltmae — Ghy~ S M (1 =) (68)
0< 'TAfmm = Mﬁmﬂﬁkmn (69)

0% Gl — G SMpia(1 =) (70)

min il

R R R
where My, max, Mo mins Mw mas M, < ME M M,

wmax> M @min> " pmaxs My min 2

constants large enough, and their values can be different for
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different complementarity constraints. Referring to [48], M s set TABLE 2 Electric vehicle (EV) data
tobe <d1111 variable + 1> x100: HMIC ”f”' gwk ”’_m’ QWL’ maxs HWA’ many Predicted Minimum Maximum
95)/‘, axs 65/\, i 95‘ma\, Hff,mm are blllﬂIV variables. EV Parameters value value value
A
Xy, wPA, ;“Lz (@R — wP4) in Equation (33) are non-linear Battery capacity/KWh 18 6 30
teru.ls. acForch11g to the Snong duality theorem, these terms can AFAlREE S 19 16 1
be linearised to Equaton (71).
Departure time/h 7 5 12
N o N N i Initial SOC/% 75 25 95
> (“h + D Gt )% =¥ (% - dy 'l )UA: R - 51 5 10
b:l j\x—l 1911;1[\% 1)0\‘ er/ 3.0
Abbreviations: SOC, state of charge.
= § :q/'xhrun Dt min ~ § ;q/\rmaA Wt max B
- E .u‘f\’?nﬁnwkrmiu + E .Z[‘/\’rmﬂxl///\’rumx .
L’#C Ez TABLE 3 The parameters of generators
l[/” . Za + Wflz)fmx' 5 < Generator [)f[A,/L'SD /AW Minimum/MW Maximum /MW
(71) L 03 10 60
2 0.5 5 30
so
3 0.4 5 30
GPA DA _ (DA _ 4DA, DAY DA A, DA 4 0.2 10 80
Akr We = ((g dcr et )W~ WerminWer
N o
DA DA A DA DA
+ w = E a4 3 ~ . .
Wormasor o Lf ke Gee | D Four generators and one EV aggregator participate in the real-
N ; time market bidding. The maximum power generated by the
_ E : ¢DA _ 4PA, D wPA generators 1s 10 MW and the minimum 1s 0 MW.
Pt /‘f - .(»r e The maximum and munimum purchasing powers of re-

- Z q’x‘m.m erm + Z q/u‘ma‘; /ermax

+ Z w Afnun‘/fﬁrmm Z W) AfmaxWAt max
k#e ke

(72)

In formula (72), the first and second terms on the right-
hand-side of the equation are quadratic terms, which can be
linearised by Taylor series, and the other items are linear terms.

DA
72), A (wk — wP4) and Jy, wPA,

) 1 Equation (36) can also be linearised.

Sumdar to E.quation

~RT

Ly (@F = wl
So far, the above problem has become an MILP, which can

be solved by commercial software CPLEX.

5 | CASE STUDY

The number of EVs 1s 10,000, and the parameters are shown in
Table 2. When leaving, state of charge = 97%, the ethiciency of
the charger is 90%, and the charging time interval is 1 h. The
minmmum and maximum arrival times i Table 2 represent
the earliest and latest arrival tmes, which are 16:00 on the same
day and 01:00 on the second day, respectvely, although the
value 16 is greater than 1.

Four generators and four buyers participate i the day-ahead
market, of which one was an EV aggregator and three are re-
tailers. The slope parameters of bidding curve and the maximum
and minimum values of generating power are shown in Table 3.
For simplified analysis, the parameters are the same at each time.
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tailers are 80 and 5 MW, respectively, and the slope parameters
of the bidding curve are 0.4049, 0.4319, and 0.3556, respec-
tively, n USD Vi MW?h. The slope parameters are the same at
each ume with the value of 0.685. Generators and retailers,
respectively, carry out strategic bidding with the goals of lowest
generation cost and maximum profit. Specific models can be
found m Reference [49]. The balancing load of the real-time
market 1s taken from reference [19].

Using the EV

charging capacity requirements and the maximum available

behaviour data shown in Table 2, the

charging power parameters are obtained as shown in Table Al.
The intercept parameters of the bidding curve of generators
and retailers are shown in Table A2. For four generators

participating n real-time mnket bidding are
RT+ _ g RT- __ DA RT+ RT— -
a,, =8, i b b = [)m — [J . The parameters of

real-time market balancmg load are sho\x n 1n Table A3.

5.1 | Calculation results of bidding
parameters

In the case of a nominal scenario, the total cost of the
aggregator 1s 1839.7 USD, and the calculation results of the
blddmg; parameters of the aggregator at 24 h in a day are
shown in Table 4 and the unit is USD/MWh. ‘" means no
offer. As can be seen from Table 4, during the period of 13:00—
15:00, the aggregator does not bid because there 1s no EV
access to the power grid during these periods.
Based on the bidding results of the nominal scenario,
letting the z of the light robust optimisation model be 1839.7
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TABLE 4 The bidding parameters under normal scenario

¢ 1 ) 3 4 5 6
LA 411 38.9 41.6 408 425 412
¢ 7 8 9 10 11 12
24 431 60.5 60.8 61.6 62.5 61.7
£ 13 14 15 16 L 18
A = = = 443 55.6 615
¢ 19 20 21 2 23 24
PA 62.7 60.5 58.5 4738 457 449

USD and the deterioration tolerance of the objective function
be 8% m the nomimal scenario, the total cost of the ight robust
optimisation model 1s 1984.3 USD. The calculation results of
the aggregator bidding parameters at 24 h in a day are shown in
Table A4.

5.2 | The results of w24 and wfr

et

Figure 1 shows the power purchased m the day-ahead market
and real-ime power consumption of the aggregator under the
bidding strategy shown in Table A4, and compares the elec-
tricity consumption with that under the free charging mode,
which means the EV owners charge as soon as they arrive at
home.

As can be seen from Figure 1, both the electucity pur-
chased by the aggregator in the market and the real-time
charging power of EVs are distributed in the periods of low
conventional load at night, while the free charging is concen-
trated in the periods about 19:00, which 1s usually the peak load
period. Because the price of electricity i the day-ahead market
is different from that in the real-time market, the aggregator
will trade the difference between the power purchased m the
day-ahead market and the real-tume charging power in the real-
time market to obtain lower cost.

The generation power of four generators i the day-ahead
market and real-time market and the purchasing power of three
retailers m the day-ahead market are shown i Table A4. The
number of generators m Table A4 is one to four, and the
number of retailers 1s one to three. Smce the EV aggregator's
trade volumes are given m Figure 1, hus trade volumes are not
listed in Table A4

The optimusation described above was solved wusing
CPLEX 12.6 under GAMS on a laptop with Core-17 pro-
cessors clocking at 3.2 GHz and 8 GB of RAM. The
computational time was 829 s and the optimality gap was 0.2%.

5.3 | Comparison of purchasing costs under
different cases

In order to analyse the performance of the proposed bidding
strategy and study the mpacts of ditferent sources of
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FIGURE 1 Day-ahead bid and real-time power consnmption

TABLE 5 Cost of the aggregator
Cost/USD
Information situation 2 b Lo d e Vi
A 1839.7 1985.5 2080.6 2090.1 2203.6 2767.3
B 1932.8 22159 2304.5 2328.3 2340.8 =
C 1884.8 2016.8 2129.0 2114.1 2303.4 2844.6
D 1984.3 2244.2 2302.7 2412.3 2415.6 ==

uncertainty on the cost of the aggregator, the results obtained
with the proposed bidding strategy under different levels of
uncertainty are compared with other cases which may exist
when the aggregator bids in the market. The results are shown
in Table 5.

Consider the following different cases:

Case a: The aggregator is price-maker both in the day-
ahead market and real-tume market;

Case b: The aggregator is price-maker only in the day-
ahead market;

Case c: The aggregator is price-maker only 1 the real-
time market;

Case d: The aggregator is price-taker:

Case e: The purchase quantty in real-time 15 not
considered;

Case f: Free charging,

In the case of case a, the lower level model mcludes the
day-ahead market clearing model and the real-time market
clearing model; m case D, the real-time market price 1s a fixed
ralue, which has nothing to do with the bidding behaviour of
the aggregator, that 1s, there 1s only the day-ahead market
clearing model in the lower level model; 1 case ¢, the day-
ahead price 1s a fixed value, that 1s, there is only the real-
tume market clearing model m the lower level model. In case
d, both day-ahead and real-time prices are fixed values, and
there 1s no lower level model in the bidding model.
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In Table 5, A 1s perfect mformation; B is market bid un-
certamty; C 1s doving behaviour uncertamty; and D 1s market
bid uncertainty and driving behaviour uncertainty.

As can be seen from Table 5, the cost of the aggregator
under the proposed bidding strategy is less than under the case
of the price-taker. The aggregator has the lowest cost when it 1s
price-maker 1 both markets, and the impact of the day-head
market 1s greater than that of the real-ume market, since
there is more trading volume m the day-ahead market. The cost
1s the highest in the case of free charging.

About uncertainty, the uncertainty of bidding parameters
has a greater impact on the cost of the aggregator than un-
certamty of driving behaviour. The uncertainty of behaviour of
EVs has a minor impact, since given the large number of EVs,
the requirement of EV total charging capacity and the total
maximum available charging power do not exhibit large vari-
ances. The uncertainty of behaviour of EVs could become
more important with a small number of EVs. The cost of the
aggregator with1000 EVs 1s shown m Table A5.

5.4 | Comparison with traditional robust
optimisation and stochastic fuzzy optimisation
method

Under the traditional robust optimisation, the calculation re-
sults of the aggregator bidding parameters are shown in Ta-
ble 6, in units of USD/MWh.

Set the bidding parameters of generators as trapezoidal
fuzzy variables [0.4}1'3’1. Sd”D,A. 12?1,%4] and retailers as trape-
zoidal fuzzy vamables 10.663;4.0.7551’1. 0,95]%’1. 55;4}4 The
calculation results of the aggregator bidding parameters are
shown 1n Table 7, in units of USD/MWh.

Set the bidding parameters of generators as triangular fuzzy
variables [D. Gﬁfr’i. 1221?;’1] and retalers as tmangular fuzzy

variables [0.6¢24,0.8¢24,¢24], The calculation results of the
aggregator bidding parameters are shown in Table 8.

Table 9 shows the aggregator's cost comparison under the
light robust optimisation model proposed herein, the traditional
robust model and the stochastic fuzzy programming model.

As can be seen from Table 9, the cost of the aggregator is

lowest under the light robust model. The cost under the Light

TABLE 6
robust optimisation method

Bidding strategies of the aggregator under the traditional

r 1 2 3 4 5 6
P4 418 411 426 42.7 436 429
t 7 s 9 10 1 12
24 443 61.2 61.8 629 637 62.3
t 13 14 15 16 17 18
oA - = — 445 56.1 623
t 19 20 21 2 23 24
A 64.6 61.2 60.3 493 46.6 452
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TABLE 7 Bidding strategies of the aggregator when others' strategies
are trapezoidal fuzzy variables

r 1 2 3 4 5 6
P4 125 109 426 428 435 432
t 7 8 9 10 11 12
P4 441 60.5 61.8 62.6 635 62.7
t 13 14 15 16 17 18
P4 = - - 443 55.6 615
t 19 20 21 2 23 24
P4 64.7 615 60.5 498 467 459

TABLE 8 Bidding strategies of the aggregator when others' strategies
are triangular fuzzy varables. Comparing Tables 7 and 8, it is found that

different fuzzy representations lead to different calculation results

t 1 2 3 4 5 6
e 7138 38.6 423 424 431 427
t 7 8 9 10 11 12
oA 435 58.6 58.8 61.1 624 615
t 13 14 15 16 17 18
A — — - 441 542 60.3
t 19 20 21 22 23 24
P4 62.8 59.6 58.5 48.7 446 449
TABLE 9 Cost of the aggregator under different optimisation
models
Optimisation model Cost/USD
Light robust model (proposed model) 1984.3
Traditional robust model 2134.5
Stochastic fuzzy programming model 2158.6
(trapezoidal fuzzy varable)
Stochastic fuzzy programming model 2080.1

(triangular fuzzy variable)

robust model s 7.86% worse than that of the nominal scenario,
while the cost under the traditional robust model 1s 16.02%
worse than that of the nominal scenario. The reason for this is
that the traditional robust optimisation mainly considers the
feasibility and conservatism of the solution from the
perspective of constructing uncertain sets, and does not
consider the deterioration of the objective function. Therefore,
11 order to better balance the economy and robustness of the
solution, the traditional robust optumisation requires the
aggregator to have a more detailed description of the types of
constraints, the number of constraints, and the construction of
robust solution space in the robust model. The concept of light

robust optimisation is proposed from the perspective of
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practical application. A scenario with no uncertainty 1s chosen
as the nominal scenario, and the impact of uncertainties on the
bidding model is taken mnto account under the constrant of
certain deterioration tolerance of the nominal scenario. In
practice, the aggregator only needs to select the nominal sce-
nario and the acceptable deterioration tolerance of the nominal
scenario m advance, and the light robust optimal model can
obtain the robust solution with certain feasibility.

6 | CONCLUSION

With the development of the electricity market and the rapid
mcrease 1 EV ownership, the bidding problem of EV aggre-
gators in the electricity market will receive increasing attention.
Considering the uncertamty of EV behaviour and bidding
parameters of market participants, a two-level optimal bidding
strategy model based on the light robust framework for the EV
aggregator bidding m the day-ahead electricity market 1s con-
structed herein.

The cost of the aggregator under different circumstances
and the cost of the aggregator among the proposed method are
compared, as are the traditional robust optimisation and the
stochastic fuzzy programming method under the same un-
certainties through an example analysis, and the following
conclusions are drawn:

(1) Under different uncertainties, the cost of the aggregator
using the bidding strategy proposed herein is less than that
of other cases.

Uncertainty of bidding parameters has a greater impact on
the cost of the aggregator than uncertamnty of driving

2

5
~

behaviour.

3

N

The cost of the aggregator is lowest when the aggregator is
a price-maker both in the day-ahead market and the real-
tume market. The day-ahead market has a greater impact
than the real-ume market, since there i1s more trading
volume in the day-ahead market.

(4) Compared with the stochastic fuzzy optimisation method
and traditional robust optinusation method, the method
proposed herein can lower the cost of the aggregator.

In order to avoid the market 11sk and improve the profit of
the aggregator, the model can be further extended by
considering using other power resources to meet the energy
demand when the electricity price 1s high, and the authors plan
this for future work.
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APPENDICES

TABLE Al The requirement of electric vehicle total charging capacity and the maximum available charging power. Cr: the requirement of charging

capacity; Pe: the maximum available charging power

Predicted value

Minimum value

Maximum value

Time/h Cr/MWh Pc/MW Cr/MWh Pc/MW Cr/MWh Pc/MW
1 0 27.56 0 16.97 0 38.15

2 0 27.38 0 16.87 0 39.89

3 0 28.37 0 16.35 0 39.39

4 0 28.52 0 16.5 0 39.54

5 2.64 28.63 1.28 16.5 4.5 40.76

6 7.24 29.18 3.43 15.96 12.15 40.4

7 25.68 5.31 15.66 3.14 37.7 7.78

8 7.32 597 3.46 329 12.18 7.65

9 247 1.77 1.09 1.03 435 3.81

10 1.23 1.76 0.39 0.92 277 32

11 1.17 1L 0.44 0.85 2.6 297

(Continues)
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TABLE Al (Continued)

Predicted value Minimum value Maximum value
Time/h Cr/MWh Pc/MW Cr/MWh Pc/MW Cr/MWh Pc/MW
12 1.05 0 043 0 3.07 0
13 0 (1} 0 ] 0 0
14 0 0 0 0 0 0
15 0 0 0 0 0 0
16 0 1.77 0 1.02 0 312
17 0 5.68 0 3.83 0 8.13
18 0 5.83 0 3.87 0 8.39
19 0 27.55 0 16.12 0 38.1
20 0 27.87 0 15.24 0 39.5
21 0 27.61 0 16.09 0 39.13
22 0 28.36 0 15.25 0 42.47
23 0 28.39 0 15.26 0 40.52
24 0 28.42 0 16.2 0 40.64
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Optimal Charging Scheduling for Electric Vehicle Aggregator

Considering Incentive Demand Response
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Abstract: An active demand response approach was pro-
posed for electric vehicle users by reporting their charging
status to the aggregator. Optimal charging scheduling model
of the aggregator in the real — time electricity market consid-
This

bi — level model was constructed with the upper level model

ering coupon — based active demand response was built.

aiming at maximizing the aggregator’s revenue constrained
the consumer’s active demand response. and the lower level
market clearing model providing market price for the upper
model. The optimal charging scheduling model is a mixed in-
teger linear programming model solved by the combination
of Surrogate Lagrangian Relaxation and Branch — And — Cut
method. The example analysis shows that the proposed mod-
el can increase the aggregator’s profit.

incentive active de-

Keywords: clectric vehicle aggregator:

mand response: charging schedule: electricity market: e-

lectric taxi
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Fault Analysis and Simulation Research on 500kV Oil Gas Bushing Based on
Engineering De-structure Technology

Guo Ruohao
School of Information
Beijing Institute of Technology (Zhuhai)
Zhuhai 519088, China
642905 154@gq com

Abstrocr—In this paper, a method was introdvced that
analyzing and researching the root canse of the filure of high
voltage bushing by engineering de-structure and simulation
technology. Through the implementation of engineering de-
structure technology, the intermal faunlt of the high voltage
rransformer hushing failure had been understood actually, the
design  inmer strocture and related parameters had been
obtained exactly. Based on the above hasis, the design model
was construcied, the simulation calculation and analysis had
been accomplished, the reason for the failure of the bashing
was ohtained and the optimization design had been applied to
a mew type hushing which had been installed instead of the old
ype one. Operation statws shows that the mew design of
bushing is very soccessful.

Keywords-engineering  de-strnctnre;  high  voltage  odlgar
Bugsliing: serectnral weodel; onlysis ond sivdeion

I.  INTRODUCTION (HEDNG [)

500KV high voltnge ol and gas bushing is one of the key
components of high voltage transmission and tansformation
systern, and its safe and stable operation plays an i ant
mle m the operation of the system [1]. After the bushing
Eutlure, the conclusion of the cause analysis submitted by the
bushing manufacturer tends to be self-inerest. However,
when the user entrusts a third-party research mstitution for
mesearch, it 18 difficult to obtain the dimensional data of the
key design structure of the bushing from the manufacturer,
which affects the accumey of the analysis. In this paper, an
engimeenng example method is introduced to deconstruct the
Bwlty bushing layer by layer and accumtely measure the
required  structumal  data for  comelaton  amalyss  and
simulation research, Through the mmplementation of ey emse
engineenng deconstruction and preaise measurement of the
falt bushmg, the mtemal actual situation of the bushing
Bult i truly understood, the intemal desgn structure s
mastered, and the key data parameters am accumtely
measured. On this basis, the bushing 15 comstructed finally,
the hidden trouble is eliminated and the safe and stable
operation of the equipment 5 ensured.

i BASIC INFORMATION OF BUSHING

The type of 500kV bushing 15 of the man ransformer
high-voltage bushing. One of the ends of the bushing s
immersed m the oil of the tansformer tank and the other end

Guo haifeng
C8G PGC saence and technology development
company
euangrhou 510630, China
hyfenguoi yahoo.com

5 immersed m SF6 gas in GIS bus. During the B-vear
opemtion, 10 times fault of over range happened within 4. 1%
- 9.2% of the standard capacitance, The main diagrm of the
system installed with the bushing s shown in Figure 1, and
the relevant brief parameters of the bushing are shown in
Table 1.

Fiz.1 Main sysem dsgram of the bushing insialled

Table 1 Bushing elecincal pprametes and partid dimensons

M vaoltsge of equipmer FkV 550
Rated cumenif A 000

Penwer frexuency withsiand valiage FkV 740
Lightning impulse withstand vohage /kV 1675
Swiching impule withstand valage FEV 175
Max outer d ameter of bushing /mm .
Insulstion lengthof oil end fmm 1400
Imsulation kength of SF6 s end / mm ]
Flange height f mm 200

Totl length ofbushing/ mm 2310

Tahle 2 Comparson of measurement resuls

resull
hefare Failure dunng after ke
Pl imstlbstion operation
om
Capacitance (pF) 336 a9 IR0LG
Dhelecinic ks 0490% 0338% 0.576%
tal W ehiatn <3 i 10-15
iplh
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The dielectric loss, capactance and partial discharge test
results of the bushing were obtuned. The test results wene
compared with the measurement results before installation
and dunng opemtion, The comparison results are shown in
Table 2.

It can be seen from the above table that the tan § of the
bushing is (. 576%, the capacitance is 3806pL and the partial
discharge test mesult s 10-15pe, all of which are higher than
the standamd requiements and the measurement mesults
before the bushmg installabon. However, it can also be
found from the above table that the tan & of the bushing 15
0.338% when it 18 m opemtion fault, which 13 less than the
measured value in the test, This 15 because the fan & of
bushing 15 affected by tempemture. Between normal
temperature and operatmg ol temperature, the tan & value of
bushing decreases with the increase of temperature. This test
15 carried out at nomal temperature. When the bushing Eals,
the oil temperature reaches the operating temperature, which
15 higher than the normal temperature, which leads to the
lower Tan & of the bushing durmg the opemtion fault, even
lwwer than the measured value before the installation of the
bushing. Therefore, according to the insulation performance
test results, 1t can be determined that the bushing man
imsulation has obvious fult or intemal discharze.

HI.  ENGNEERING DECONSTRUCTION ANALYSE

A Engineering deconsiruction and parameter
determination

1) Core cutting deconstriction and fault {ocation For
the first time, cut off ot the oul side near the middle fange of
the hushing, and then measure the inkerdayer insulation of
section A and section B respectively, If the inter-layer
msulation fault 15 found in Section A or section B, cut the
section A or section B for the second time, then measure the
inter-layer insulation, and then continue to cut according to
the measurement results,

Fasten the Ewlt sleeve on the cutting machine and cut the
first tme from 1073.5mm away from the ol side end. By
looking at the section of the bushing, you can cleardy see the
plate wmpped by aluminum foil o the core Carefully
measune the mam insubition design parameters of the
bushing, mcluding the number of plates (25 layers), inter-
layer thickness (3.5mm), diameter and other pammeters,
Then use a multimeter to measure the msistance value
between each laver of secion A and section B and adjacent
layers to confirm the approximate position of the fault point
(Fig. 3).

E:Ifl'lrl.'u.lgh measurement, it 15 found that the mter-layer
insulation of section A as shown in Fig 2 18 good, and the
mesistnce valves are all above 200m Q2 while the resistance
value between layer 24 and layer 25 of section B is only
145k @, and its msulation performance has a relatively
obvious decine. It can be determined that there is mber-layver
insulation fault between layer 24 and layer 25 At the same
time, the resistance measurement value of 12-14 layers in the
middle of the bushing 15 unstable, It s prelimimanly
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determined that there may be small discharge channels
between these layers. Therefore, the bushimg section B s cut
again from 655mm away from the gas side end. Then, the
inter-lyer insulation of the two sedions cul twice 5
measured with a multimeter. It is found that the msulation
performance between layer 24 and layer 25 of section F 15
obviously decreased, and there is mter-layer insulation fault,
while the inter-layer insulation of section E s good. |t
determined that the fault point 15 n the gas side core body,
and then the lathe 15 used to turn the gas side core laver by
layer i determine the specific location of the fault point.

Fiz. 2 Measurement of insulation esstance between bvers

2 Anglysis of fout points and  determination of
atructural parameters Fasen the gas side fiult section of the
bushing on the lathe, Since the thickness of the adjacent
plates i about 3 5mm, the fead s adjusted between | mm
and 2 mm 1o ensure the turning accurmcy. The msulation
discharge points between layers can be found, and the fault
sleeve is turned layer by layer (Fig. 3).

To knowing the mam msulation structure of the bushing,
the ends of several layers of penpheral plates are turned first,
and the length of the steps between the plates 18 measured,
which 15 used for the electne field aleulation and simulation
muodeling of the bushing. Through the measurement, it 1s
determmed that the fult bushing adopts the design of equal
thickness{3.5mm ) and equz 23mm

{a) Discharge race (b} Discharge point of layer 24

Sashorver pomson
e} Dischasge bacation

Fig 4 Discharge trace and pasition of the faukl bushmg




When cutting o the edee of the end soreen (25 by ens), a
very obvins dischorge pont (Fiz da) 5 found The
chacharge pomt starts sl 3mm away brom the edae of the end
screen plate, and the discharge arack 15 sbout 12mm kong and
exdenids i the range of the end soreen plate ancolly.

Adter the decherge painl & found, contime ofiing. As
the cufimg poes degper mio the 24th byver, the long
dischorge mark gosdually shrinks 0 a crculsr dischange
paint and extends 1o the electrode plyie of the 24h bye
racdislly (Fig. &hj Therefore, 1t can be  determined that these
& ohvioas inler laver bredidown dischorge betveeen the 24
brver plate and the 25 byver plate. The rebive position af
chischerge traces 15 shown an Fig. 4.

Continue o tumn the whole soreen of the g side of the
ushing wath a fised of 2mm esch tme. Pay cloe stention o
whether there are defiects in the lurming process, and focus an
the ohsenation of the alummum kdl edge of the capaciior
soreen. Mo obwious defxts were found when the whaole
soreen was cut ioihe 1 5th layer. Combined with the peviowms
et resulis, there 15 urstshle resi dance between 12 4 lavers,
bt mo obvious defects are found m fwnmg. It can be
determmned that there may be no obviows dschenpe chemne]
betwesn these lavers, which is difficull o chserve m e
fuming priess.

When no abwiows defeds are found m the 12«14 lavers,
m arder o defermime whether there 13 ducharge in other
brvers, and comsadering that the dischorge hoas oooumed at the
eder of the plae, the emainmg part of the sleeve 15 tumed.
The edpge of the plile & fumed fird, and then the whale
screen & umed according o the shustion. Accoxding 1o the
ahove principles, the bushing waes tumed 1o the zero byer
plate, and no other faulit wis found .

In the proces of bushing turming, i is dso found thet the
bhonding 1mierface of shing peper laver, duminuem fin] and
epoxy resn & nol well fused, the edge of the plate & nat
fokled, and the edee of the plate & not smooth and has burr,
These protlems may lead 1o the potential partsl dischange aof
the plate FflThis shows that there are polential ssfety
hoards 1in the manufschunne proces of  bushing
manulschurers.

8 Modebmg and calenlagon anafysis

i} Copactor core model In order o undergand the
inflence of dischange and besakdown of capaciior screen
im the tofal capecitance of bishing, acoording to the actual
sire parsmaers of the capacior core of Sl ol and s
shing, the copcitance is cakulated ™, and the
capeciance dstribution of fault ol and gas bashing s
madered, and the nfuence of different capaciior soreens on
the il capecibnoe ol bushmg 15 salyeed In onder o
caloulate the capacitnce af the baishing, 1 15 necesary o
esizhlish the capscitenae core model of the fadty od and
s bishing. Based on the messured data of the actual
amtomy of the faully bushing and the design drawing ol the
Fsilty bashing, the capacitance core madel of the Euhy ol
and g bashng s determmed. As shown n Figure 5 and
table 3.

- t
" 1

pr

Fig. § Chpe i come miadel ol the bushay

T 3 Fotial ey bayer pamen ctes of the bushing e

maber M imn . ma | lisme
] (1] 23 1977
2 & 23 111
1] L5 23 [E1)
1z L8] 23 1471
i3 1.5 23 145
14 Ha 23 e

1 Capaciee  calodation  and  medel  nelabdiy
analyes According to the shove bushing capaciior core
midel, there ae 25 bvers of aluminum fol plaes,
equivaleni o M bavers ol capacitance. The calkoulston
resulis of 24 byver capacinoe ane shown in Fig, 6 and tahle
4

G0
R e

E g | . -

d a3
ryer o the

Fig. 6 Clarvee o the copine L b v £ esadi

Taislke 4 Cbeullitin redts of the of e ke

. by DB (= Chp layee C;"
1,2 Eyer) HS 13013, 14 by plics) 3600
32,3 e) ®30 M (B4 15 bneepiue) 3599
3 (Akne) ETH S (LS, 16 ks plics) 4560
4 (45 ke ) W% 161 16, 1T ke A5
5 (5,60 ) [TET) V70 [T, 18 by plites) 8427
B (6, T ot | T4 A1, 19 by pliecs) #3030
77,84 e) EES 19119, 20 By s 120

& (3,90 &) W | J0(3, 0| by plies) 8100
15, U Eyer) (D T0120, 00 by placs) 198
T I, 11 kry exs) w1 222,23 by pliacs)___TT0
TI(Il, 12 Eyer) i 7313, 04 byer placs | 1588
1212, 13 bryems) ] 24(M,25 bryer plites) T340

Due i the breskdown between the end shield and the 24
byver plate during the disection proces, the capscilance
caloulation 15 camed ouwt for ths phenomenon, and the
miluenee of the capscfior soreen basskdown on the
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capacitnoe 15 anshaed. The aaloulstion wsults are shown Rigmandng plic) Has5 Iy Calleank | 1200
Table 5. Tad by 25 HiFudEnk) 100
Tibe § Effeet onc o i e K Bl v IO e ) 3 i 54
INpradactg B G 2300
Ay prsiect Cp g pami - i
5T aalcap ofk 1% B Sionrianion analfysis
__ Shorteiosbotwom 34-25 kiver L] SA% I} Senckrbion cakwiatsn and resuly anafvas of elecnic
Shawte foudl between 13-24 ke i3 % -
Shantc il bowess 1112 Wiy ) D Jel i ypicesl g i
Shut cecuilbetneen 20 220 by er 38 T When 318kv phas volisge (550kV /49 ), T80k power
Fhod croual b 1l 2-13 ke e 145% frequency wilhstend voltsge and 1675y highinmge mpuke

From the cakulshon m=ili, d csn he seen that the
copacince momases when the capaaior soreen breals down,
amd the increase mnge of capeciance vares with the location
af the capecitar soreen hreakdown, In the insulation fea, the
electnical capacily mexsusemeni resull 15 380L6pE In the
disssction ansh/sis, A is found the the capscitance soreen
chachorpe breakdoown ocours between the 24th and 25
brvers, and the resstmoe value between the 12th and 14dh
yers 15 umslable Through the cakoulsten of capscitance, i
5 asmmed el capeciior soneen besskdown ocours el ween
24 25,11, 12, 12 and 13 bevers, and the capaatence & 386pk,
which 15 shighily larger than the atual messured value.
Combined with the amiomical amalvsis resuls, there 15 anby
ustshle estance betwarn | 1«14 bvers of the bishing, and
o ohvious discherge tace & found, which makes the
capacitnos nol reach the current value of 24, 25, 11, 12, 12,
15The capacitance vale of bushmg when the capecitor
sreen breakdown ooours betwamn the lavers. Therefiore, 1
cmn be delermmed that the capecior soreen  dischenme
treakdonwn gccumed between boer 24 and byver 25 af the
faully bishing, while there was no obwviows discharge
channd betvesen lavers 11=14, which led o the cpacitance
exoeeding the standard, The actusl measursment nesults: and
simulstion caloutstion of bushing capacitance are hasically
constdent with the adwal fult sihetion, which shows that
the model & elahle,

IV. RESEARCHON SBULATION CALCULATION

A sndatioon model

Accarding fo the hesic dravangs of the bushing and the
adiunl data of the ekl anstomy, the ax symmetric simulstion
caculstion model of the hishing 5 estshlshed by using
AMSYS. The slevan mam stee pasmeders ame shown o
Tahle &

Tkl & Samullation sl s il Busahengg cach. pai
[T !
dems dems
mmn wm
e i Ry o it} 1977 i il eacting £l ) IHS
R i Byt ¢ e ) &L N Ol sl Mg} el
T 2 oo By etk
55 g sl B 57
i | G| g ¥
L g, e | [T (Pl | 0

voliage s applied respectively, the radial and axil field
dAwengh distribution of capsciaor core can he ohtamad under
three typical condibons. The radnl and axml field strength
digmbutions under Mikv power Fequency  withstand
wvoliage are shawn i Fiz 7 @jand Fig, 7 (b, sspectively.

(a) (b}
Fag. T Ralad il svall fecld dousdsibinn ualer TAHY
Accond mg 1o the abave tvpical cases, the decire field &
checked and calkculsted, and the maomaum racha and sl
fickl sirengths are shown in Tahble 7.

Tale T e fichd oot s of the Bushosy
Moy radedladd Mkon wosHTeld
Viltigge bype stsengh (KV] stsenghy (W
mm) ]
Rl phae: i 3 Hky 44 e
P Tragucr: y Vealksaiad
sl Tes i i
Lsghiniry: anpodic: wilslind =T ==
il 1575k

Accard mg o the caloul stion nesulis in Table 7, the radwl
fickl stzength af the Bult odl and gas hshing under raked
phase valtsge 5 4 dkwimm, 10% higher than the empirical
design control value, and the axisl fidd stenph under the
poweer [requency withstand voltsge & 1.6kwimm, which &
8% higher thon the empincal design contral vahe, The
design ol capaciior core of capacitor bashing should follow
the principle that no hermful panl dischame wall ooour
under the maamum working valispe and tha aoa flehe
awver will nod ooour under power frecquency withstand voltsge.
The harmiul partial discharge is detemned by the ol
field strength of the capacitor core, while the el discharge
determines the =il field arength of the aypacior e,
Thesefor, when the radm] field strength ol the capsciion are
& oo high, 1 wall cmee hamibul patel discharge of the
capcior cow, whih will cuse corom ming of the
mslation matenal Long time Ive ruming will cause the
mitial field @Awenph of potial duchsre to decrawme
comtmuosly, which waill lead fo edml hreakdawn ol the
capacilor core;, when the axial beld srength of the capac ftor
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oare 15 loo high, 1t will lesd to the slchng discharge at the
edoe of the electrade plate, resulting m free dectnicity. The
electric field disortion wall be coused by the elecnic change,
and the avial breakdown of the capscilor oone will be cased
by long=time charged opesstion -7

According o the phenomenon fiund in the bust

Tale 3 Mo mdl foe B atengh Betw oo the getimiee d mode Lol the ol
sl (KY o

ankmmy, the cakulstion relts of the fsull bushing "M"I.
high radial field dength and sbnormal high axial feld
srength are verifial. The resistance value hetween bayer 24
and layer 25 &5 amly 14,5k ©. It i determined that there =
mier=kver (radial) mslaton fult between laver 24 and
brver 25, and ot the same tme, the mstsbality of resistenos
mezsurement vahie oacus mthe 12.14 byers m the maddle
ol the bishmg, which ndicates the there 15 2 small dischorpe
chamnd between these bvers fradial | An obvious dischoarpe
paint 15 found 21 the edee of the electrode plae of he end
soreen (bver 25 (Fig. da). The discharge point Qarks o 3
mm awa from the edee af the end plate, and the discharge
cexck & showt 12 mm long, which extends to the mnge ol the
end plate axally, which mdicates that the aaa brazkadown
s ocourmed.

2 Model apamzafsen

According o the dhave analysis, the rool cnse ol the
ushing Zult 15 that the rachal feld strength under the rated
phase vohage and the acid feld sength under the power
frejuency wathstand voltspe sre too high and the margin is
madliaent Therelore, hesed on the elecine Deld smmalation
made] of the Bty oil and g bushmg, the insulaton length
af the gas end af the lishing 5 inoreased from 710mm o
1050mm, and the number of sub plste byers of the capeciior
oore & increased from 25 ayvers of the ongmal maode] o 27
brers. Acoarding 1o the optimostion model, the elecinc
fiekl caloulation of 318kv mted phase voltzse and T40ky
pwer Fequency willstnd  voltzge 15 camed ouwl. The
calculstion resuls s shown in Fig. 8 {a) (b and Rz 9 {a)
i Results comzest of elecine field calculston hetween the
optmizasd madd and the ald model are shown in Tahle &

(a} (b}
Fig 3 Radald i | s Bl i il el ANIRY
¥ ; ] "
. . 1 L .
B P T
(a} (b}

Fag FRadilaml oo i e ki dits dutan mdes Y

Vilmge Optmrmea b model Creggmmlm aded
TE el sl walidl il

Iy 418 055 44 [T

TAMY a7 LS m3 Lé

The compareon shovws thet the optimized bishing hes
heen grealy mproved inradial and saal fidd srength.

V.  CONCLUSEN

Themgh the spneermg technology  deconstruction
medhad, the real siuabon of the miemal brealckown and
chacharge ol the faulty bushing 15 understoad, and the design
method and relsted sructure dats of the capacitar scoreen are
magdered. The smulston reslis show tha the radil
maxmmum feld sdwengh s 10%% higher then the emgurcal
design contmo] value under the highest opesimg phase
wolage, and the adal maximum feld srength under the
pover frequency withstnd woliage 15 T8 higher than the
empricl  design comirol valve. The inemal falt =
conssient with the smulstion sssulls 1t can be concluded
that the mann irsubshion leld sirength & oo high and the
margin 15 msutlicient due toimproper design of the bushing,
which leads w0 the brealcdown of the bashing capacior
soreen discharpe and the capactsnoe exceeds the standard.
Based on #his, an optmored bushing design soluton =
proueed o mowsse the pas side insulstion length and the
mumber af bvers of capaciior cone sub plaes. The smulstion
resilts show that the optimtned bishing hes greshy mproved
the rad il and avsl field sirength. Based on ths, the new
type of lshing has been appled 10 the feld mam
transhormer shing replacement fechnical tramsformation.
The equipment mumns stshly and the hidden danger =
ehmimsted sucae sfullv.
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The Heat Dissipation and Thermal Control Technology of Battery Pack in Energy

Storage System

Ruohao Guo
School of Information
Beijing Institute of Technology (Zhuhar)
Zhuhai 519088, China
42905 1 54 qq.com

Abstracr—The  heat  dissipation  and  thermal contral
tec hnology of the battery pack determine the safe and stable
operation of the energy storage systen. In this paper, the
problem of ventilation and heat dissipation among the
battery cell batiery pack and module & analyzed in detail,
amd its thermal comtrel technology & described

Key word-Thermal control, Vemtilation and hent divsipation.
Burtery modide. Energy Stomge System

L PREFACE

Battery pack 15 the core part of energy storage system.,
During the process of battery charging and discharging,
especially when dischanzing al high mate, the battery will
generate a lot of heat If the heat @n not be dissipated m
time, the temperture of the battery will nse continuously,
and the temperature distribution mside the battery pack
will be uneven, which wll lead to the meonsistency
between the performance of the battery cell and the batiery
maodule When the heat accumulstion to a certam extent,
the battery will have the nsk of swellng, leakage, fire,
explosion and soon Therefore, it s of great significance to
scientifically amalyae the thermal charactenstics of the
battery and take targeted thermal control measores 1o
rapidly diffuse the heat released by the hattery, reduce the
heat accumulation inside the battery, prevent thermal
runaway, ensure the safety of the hattery and extend the
battery life 1

I, HEAT BISSIPATHIN TECHROLOGY SUMMARY

The heat source of the hattery pack 15 mamly from the

pner pact of the battery bodye the carying fluid of the
* Carresponding author: Iy foeguoiyahoo.com

hattery body and its connecting parts Therefore, there are
three ways to control the tempemture rise of battery
pack.One 15 o0 control the heat production of smgle
hattery.From the perspective of heat transfer, the man
method & to optimiee the structure, increase the interral
thermal conductivity of the battery and reduce the contact
thermal mesistance. For example, reduce the resistance of
the electrode, mncrease the positive area of the electode,
and reduce the distance between the positive and negative
electrodes From the electrical pomt of view, mainly to
prevent over discharze From the chemical point of view,
the mam purpose 15 10 reduce the ohmie Joule heat inside
the battery. For example, increasing the positive area of the
plate and reducing the thickness of the plate can reduce the
ohmie mternal resistance. The other 5 to reduce the ohmic
msistance of the connedor There are thousands of
hatteries in the energy storage system, and the current 15 as
high as hundreds of amperes. Therefore, reducing the
chmic resistance of the battery external connectors can
significantly reduce the heating capacity The maim method
15 to reduce the contact resistance between the pole and the
connecting piece, espectally if the bolt s wsed to fix the
connector, the nut must be locked and not deformed under
the emperature change The thind is 1o wse external cooling
meansThe thermal control methods include cold plate
heat tmansfer, thermoeectric refpemtion, fin foreed
convertion and phase change thermal control, Table 1 lists
the performance of different thermal control methods.
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It can bhe seen from the above hie that the foroxd
o vecton made of fan he excellend performanas 1n all
apecis excepl lemperatune unifomity The cherscersics
of comective coaling mode are et the cooling capaaty
at thermal contral 15 lange and the adaptsbil dy 15 strong At
the same time, ressomshle design of How chamnel =
camiad ol ko optmize thod orgsnoestion snd improve
thermal contral ability amd acourscy.

The battery unt i3 compesad af several battery
muclules, and each batery module 5 composed of several
hottery monomers and forms an ssembly  box The
thermal control ofhatiery cell soquines the heat d sspaton
af exh battery madule, and the heat halance hetween
each maodule musd he besed on the imemal  the ol
halance of esch haftery madule Therefore, 3 twoe-stame
thermal control scheme should be adopted, 1.2 miemal
thermal control and mier madule thermal contral.

I HEAT MESIPATION INSIBE THE MDIULE

The mienmal thermal cntral of the module hes wo
pumposes: o ool the femperature between  the
mmamer withmn the safe operdion range; 0 ensure th
the empersture differonce ol the masuring paims m the
aox 15 within the speci fied range The fommer 15 reshized by
omnimllmg the verdilaton raie, snd 1 & easy fo reshze by
wmmng the convection foroed cooling mode. The  bafter
needs b0 control different Fans separstely and adpus the
wind speed acconding o the empersture difference.

A, Hear disspation de agn af aogle hatery

A rezsonashle ventilation duct should be designed for
the hattery cell The messures that can be adopied 2w 1o
make protuheranoss an the oulside of the hattery shell.
'When the battery & combined, the protuberances o’ emch
cel] comact each ather, and the grooves form a spoce for
air flow, and the fan conls the hattery I the groove design
15 mol camied out, the heat af the adjacent batiery contact
surface cm not be diffused in time, resulting m the rapd
s of local fempemtre, resulimg 1n uneven femperature
deirbution Therelore, there must be a2 cram imerval
between  the battery  cells

T uremen .

o med the coolmg

B. Hear dissdpetion de agn af hasery modile

When desimning the bax of hattery group module,
the heat dissipation of baftery in the bax should be fully
oomsklered . The ciflerence between the ventibtion held
and the box edge will resull 1n wneven lempersture
dembubonFor the reson, two kindk ol wmiorm
ventilstion field box desgn modes |
o k. Twer o four kange caliber adjustable speal fans
are iredalled on dhe rom o hack of the box (the surlace
peqpend culsr do the conial axes of the baltery odl) 1o
cover the front of the whaole box, 50 25 0 emune Lthe
uni form: venti kstion at all points on the plane

Fg I=i) ane
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Parallel ventilation mode.Ventilation ducts are
desiigned on both sides of the box, 33 shown in Figune 5.
Cold air is Hown in from the lefi side and blown out
froum the right side. The wedge-shaped inket and outlet
ventilation channe] makes the presswe difference of
different monoaser gaps comnsident, 40 23 W0 ensude the
same air flow through each gap, 50 as o realize the
consigency of lemperalure [eld disr bution This
scheme needs less cooling fans and achieves bemer
ventilation uniformity However, itis difficult i reduce
the temperatwe difference between the high
temperature poin and other points if the per formance
ofa single cell batiery & too high.

V. HEATHSSIPATIN BETWEES MAODBULES

The thermal contral hetween modules 15 1o emsure
that the tempersture difference between modules =
conimlled within the requised range. The lemperstune af
the whale madule 15 regulsted by controlling the speed of
all fansin the hax,

* Comrmesponding ushon: by feegucds vahoo com

In order o reduce the Eemperstue difference
e modules, {113 v mot oy fo adjust the
fan speed, b akio bo contral the inld @irtemperasture. The
lavot of the hettery unit and the imtel Bion position af
the fan will afibet the inld ar empestiue of the
madule 1T the batiery cells are amanged in parallel and
compuct, the adjzcen cells are open and the ad et ar
inlet & opposie o the air oulle, then the air inled of the
fira unit will graduslly incresse tempersture affer pasng
through esch unit, and the later unit will have higher air
inlet temperature and poorer heat dssipation capacity. In
arder i ensure that the inlet air lempe otune of each unit is
comBlen, i & necenary o sl the ar sowce and ar
inlet path resssomabhy, and the channel of the unit
should he specially designed to make the thermal contral
of e=ch unit independent.
The room tem perature can he adjusted fexibly due
1o the imtlbtion of ar conditiones in the room. The
temperature of the inkd dr source should be the ssme =
that af the sreenhowse 2= far a5 pessible. For esample, =l
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and the heat i3 ducharped fom the botiom 1o the top. For
the hettery modules not ot the same height, the top or
Tty ke (e, i onifiet sl vk be ol il
venti lstion duct paralld o the growund should e designed.

¥. TEMPERATURE SEXSDR LAYOLUT

Todesign a the mal marsgemeni or control sysiem,
1 15 mecessary to know the emperture of the hettery.In
engineermg application, lempersture sensor 15 usually
wed o obtain femp infommation. T

P T

sensor canonly mezsre the empersture ol a cestain pomi
o & sl ] rnge. For lrge space with uneven temperature,
i & mecesary o camy ol mulb=poind  femperstune
k. oé " temy
array. Therelore, whether the haftery coaling sy stem meets
the design requirements i closely relbsted 1o the menber of
fempersture snsors and the selection of messurement
pomis
Cenerally, the temperature distribation of the cellin
the attery box 5 uneven, 5o 1t 15 necesary 10 know the
thermal field disiribution of the hatery pack under
different  wodking condtionsThe thermal  field
chistrihudioin can be smmulsted by themmal snslvis soliwarne,
o mexsused by infrared imapmg of multi=pont
tempersture messurement echnology According, o the
thermal Field dstribution map, the importan temperatune
rinis are delermined, includ mg the highe st temperature
paomt, the lowes emperaue point and the averape
femperasture pomLAs for the mmber of temperature
sensors, there should be & leas two, messurng the
high=at empersture pomt 2 the lowes! tempersiure
pomt Considering thet the temperstuse distribution may
change under different conditions, mone semsars should be
amanged The increase of meassaring semsors has the
advantage of comprehensive temg e,
but it wall increase the syslem cost Therdiore, 3 — 5
femperatune sersors shoukd be amanped i each module,
and 2 ~ 4 femperature sensors should be ananged outside
ar hetween different madules F1
The selection of femperature messurement poimnt is
also a problem worthy of comsdestion In pinciple, the
i al diffierent pomts can be obtained by wsing a
* e ding aarthee: b ‘iF yahoocom

gradient map of the thermal fieldn practical engineering
apphcston, the mamum b and
lemperature vahie are morne concemned, thal w5, the rang
of femperature change i the moduleWhen the
lemperature  difference 15 small, the significance ol
avempe empemiue B omae obviows. The femperaiune
sersor & wsually indalled sithe ar mnlet and outled, but a
certan disance mus he kepl from the fan do improve the
acouray and swhidy of messuement The plsce ment
area of the semor should not be repeated, and the semar
should not be placed in the symmetncal postion of the
struchie a5 far a5 passibleIn the desn ol the box, hales
suitshle for the maallaton of semsor probe should be
reserved, and the sensor masd keep mough imsulstion
detenoe fiom the mann circu.

VL MODULEINTERNAL THERMAL DONTIROL

Accordmng to the emperatue mesamement value,
the masamum #nd mimmum lemperature hmd value and
the tempersture  difierence lima value between the
maodules, the thermad oconrol dgorithm on BMLU and
BME 15 used 1o calculste the vemtilation rate, owutput the
Ian speed control signal and contral the fan gpeed In this
way, the ckaedslaop lemperatune control 15 fonmed ¥

When the lempenitue mside the module readhes
differen vahues, the thermal contro] sy em takes di ferent
mexaires, nchuding bw temperatuse  hestng, high
lemperature cooling, ouwl of hmit darm of profedion
action, & shown i Figure 6,

In the fimme, # has been ssumed that the Bn s
adjustshle i two gears, with lower wind speed in fist
wear and higher wind speed in second pear I a fan with
mare gears 5 used, the desazn will follow the analogy in
the figure In thermal control, in order o prevent the ar
oo fimer and fan from freguently startmg and stoppmnz
or swilching spaed @ the critical femperature point, a
certan emperdure theeshokd or time threshold should be
seL 10 tem perature values of 10 ~ To should be 2=t by
batiery manufsciwer sccordmg i the lemperstue
chamderstics of hettery.
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The o the uneven heat dssipstion ol natural
emvection or firced comection, and the exceisive hast
senerated by the hattery, the emperature di ffermce nade
the module 13 o large. Therefore, different fan speeds
should be commlled and adpeied 1o xhieve uniform
femperature  effect The averspe lempersture  needs
temperature difference index and threshald value I the
overall emperature difference range {5 controlled within
A T, the temperature difference maide the module &
contmlled within A T1, and the empersture difference
between medules 5 contrallad @ A T2, the relstiomhip
shown m equation 115 2 follows:

ATI-ATICAT

(1

The contral methads are discussed in several cnes
amly when the femperature 15 oo high

Ip 17 the module tempersture & below T2 (fan
Aopped |, bt the temperature di flesence mside the madule
exceeds A T, start the fan cormesponding io the highest
femperature poind, and wse the kow gear for air cooling;

ﬂ]t’ﬂ:rmdu.irlmmmnmﬁardbehw
T3 {low speed), and the tlemperature diffierence mside the
midule exoeeds A T1, adjust the fan comessponding to the
highes empaaiure point o high speed gear 1o rengthen
aur coaling,

3 If the madule tempersture & ahove T3 and helow
T4 (high speed), and the temperature diffesence nside the
midule exceeds A T, the emperaure diference cannod
e reduced. If the tempersture difference is too luge,
alam or star the profechon device.

* Conmesponding aushor: b negwo|T vahoo com

WVIL  THERMALCONTIROL EETWEES MO LES

The principle of tempessture difference  control
hetween modules 13 hsically the same a5 that of miemal
temperatune dilfessnce control. The diffierence is that
when the modul e temperature 15 high, adjust the speed of
all fansom the bos i 1 divided mio four situations

1i 1 the maamum madule lempersture & below T2
{ fam stopped j, but the temperature di ference betwee n the
mirdules exceeds A T2, stari all fans on the module with
the highest temperature and wse low gear bor ar coolmg,

Zﬂ]l'll‘:nmmur:rruﬂ.lhlﬂ'rqﬂi.ln & above T2
and below T3 (low speed ), and the emperature d ifference
hetween madules exceeds A T2, all fans on the maodule
with the highest tempesture shall be adjusted 1o high
speed o srengthen air cool ing

i When the mandmum module fempersture 15 showe
T3 and below T4 (high speed), the Bn of the module with
the lowest fempesstuse 15 m the high gean, and the
temperature difference hetween the modules excasds &
T2, adpust the EBn of the module with the lowest
temperature o law e or stop.

4} When the madimum module temperature {3 shove
T3 amd below Td (high speed), the fan of the module with
the lowest temperature 5 not danted, and the empemsture
difference  between the maxdules exoeeds & TZ, the
temperature difirence cannot be ad prted o alam or gan
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WIIL. CoNCLUSE0N

The ventilstion, heai despation and thermal control
edmolozy of battery pack in energy storage Syslem 15
rebsted to the sakk and stable operation of energy stomge
sydem. Ressonable venttlahon and hes dssipston and
thermal contral can alo prolong the service life of hattery
mExk n energy skorEme syitem. Electrochemistry and
struciure design are the key o the miennal thermal destgn
al the hattery cell, and the con figurstion and byout af the
cell = the decive [actors of the thermal dstnbution in
the madule.The brced convection cooling mode of fan
s evoellent perfomamce in most aspects. Selaimg a
reasnahle Bn, sefting necesmany lom perature sensoss o
the appropnate posiion acoording o the tempersture field
distribution, and optmtzing the Muxd organisstom can
mprove the themmal contral sbihty and scowrscy, and
emure the salie and gahle operation of the energy storase

sylem.
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