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Flexibility Resource Aggregation Model Based on Improved

Boundary Shrinkage Algorithm

WENG Liangtao'-?, WANG Siyuan?®,ZHENG Weiye!", YANG Ling?,ZHU Jizhong'
(1.School of Electric Power Engineering , South China University of Technology , Guangzhou 510641, China;
2.School of Automation, Guangdong University of Technology , Guangzhou 510006, China;
3.Department of Electrical Engineering, Tsinghua University, Beijing 100084 , China)

Abstract: On the demand side, regulation of energy storage, electric vehicles and other types of flexibility resources is an
important regulator for improving the flexibility of the distribution system.In order to more accurately portray the aggregation
flexibility of flexibility resource clusters , a flexibility aggregation method based on an improved boundary contraction algorithm
is proposed. The flexibility resources are first inscribed into a equivalent energy storage model, followed by a boundary
contraction algorithm based on high—dimensional polyhedral to solve the parameters of the aggregate equivalent model.On this
basis, by adjusting the self-discharge coefficient of the equivalent energy storage model , the slopes of several hyperplanes of the
external polyhedron of the polymerized equivalent model are made adjustable, thus changing the shape of the contracted
internally connected polyhedral. Monte Carlo simulation is then used to sample the original aggregated feasible domains and
calculate the sample coverage of the feasible trajectories of the aggregated equivalent model , which is used as an assessment of
the effectiveness of the approximation. Finally, particle swarm optimization algorithm is used to find the self—discharge
coefficients when the model has a maximum internally connected polyhedron, thus obtaining the optimal parameters for the
equivalent energy storage.Example results show that the improved boundary contraction algorithm coverages to a larger space of
feasible domains and improves the approximation accuracy by 13.54% compared to the original method, and the results have a
lower conservatism.

Keywords:flexibility resources; flexibility aggregation; equivalent energy storage; improved boundary shrinkage algorithm
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Under Uncertainty

LIN Siyao!,MA Xiao?, HE Kun?, WANG Can?,SHEN Feifan'"
(1.College of Electrical and Information Engineering, Hunan University , Changsha 410007, China;
2.Changgao Electric Group Co., Ltd., Changsha 410007, China)

Abstract: Electric vehicles (EVs) are an important means of reducing energy consumption and carbon emissions in the
transportation sector, but their large—scale disorderly charging may cause congestion in distribution networks.Unlike conventional
loads, EV loads have temporal and spatial translatability. By guiding the temporal—spatial distribution of EVs through incentive
signals such as prices, the load distribution of the distribution network can be optimized, effective congestion management can be
achieved, and the safe and stable operation of the distribution network can be ensured. At the same time, the randomness and
fluctuation of the distributed energy resources and loads in distribution networks make the congestion management of the
distribution network more complex, thereby affecting the safe and stable operation of the distribution network.In response to the
congestion problem of distribution networks containing electric vehicles in uncertain environments , a robust optimization theory is
adopted to establish a distribution network congestion management robust optimization model that considers the temporal—spatial
coordination of electric vehicles.In the case of fluctuations in uncertain factors in the distribution network, the dynamic tariff is
used to guide the temporal —spatial distribution of electric vehicles, fully tapping into the spatiotemporal flexibility of electric
vehicles, optimizing the load of the distribution network, and achieving congestion management of the distribution network.The
effectiveness of using dynamic tariffs to achieve distribution network congestion management considering the temporal-spatial
flexibility of electric vehicles in uncertain environments was verified through the simulation of a set of networks.

Keywords:electric vehicles ; congestion management ; robust optimization ; dynamic tariff
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Reactive Power Optimization Method for AC/DC Hybrid Power

Grids Based on Improved Genetic Algorithms

LEI Yuli,ZHOU Chengjun, XING Ailing, NIU Tao", FANG Sidun
(School of Electrical Engineering, Chongqing University , Chongging 400044, China)

Abstract: With the continuous growth of China’s economy, the demand for energy is also rising steadily. However, due to the
inverse distribution of primary energy sources and load centers, the need for large—scale, long—distance transmission of new
energy has become an urgent requirement industry requirement. Among the many transmission technologies, line commutated
converters for high voltage direct current (LCC-HVDC) may aggravate the problem of voltage fluctuation and reactive power
balance in the power grid due to their reactive power consumption characteristics.In response to this challenge, this paper focuses
on the study of hybrid AC/DC power grids and constructs a mathematical model aimed at optimizing reactive power.To overcome
the problems of initial population selection and premature convergence in genetic algorithms, this paper introduces innovative
improvements to the traditional genetic algorithm.Through a series of experimental validations conducted on the improved IEEE
14-node and IEEE 39-node systems, the improved genetic algorithm proposed in this paper demonstrates its significant practicality
and effectiveness.The algorithm can effectively optimize the reactive power in the power grid, significantly enhancing the stability
and efficiency of the power grid’s operation,and it provides a new solution for reactive power optimization in power grids.
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Table 1 Control variable limits
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Table 2 IEEE 14 node system state variable limits

2% LB T
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S8 R T H
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Q./pu 05 0 0.1
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Zero Carbon Optimization Scheduling Technology for Electric
Hydrogen Thermal Coupling Microgrid Regions Considering

Load Operation Risks

XING Jiawei”, CHENG Yan,SUN Shumin, YANG Song, WANG Yuejiao
(State Grid Shandong Electric Power Research Institute , Jinan 250003 , China )

Abstract: In the zero carbon microgrid system based on hydrogen energy storage , there are problems such as low heat utilization
efficiency of electrolytic cells and fuel cells, as well as ignoring the subjective intention of users to generate load changes. We
propose a zero carbon optimization scheduling technology for an electric hydrogen thermal coupled microgrid region that takes
into account load operation risks. Firstly, establishing a zero—carbon microgrid model includes models of electrolytic cells, fuel
cells, hydrogen storage tanks, and batteries. Secondly, a load operation risk and economic compensation model should be
established. Finally, combining the zero carbon microgrid model and the load operation risk model, a zero carbon optimization
Scheduling technology model for the electric hydrogen thermal coupling microgrid region is constructed that takes into account the
load operation risk.The simulation results show that compared with scheduling techniques that do not introduce the heating system

and load operation risks, this method can effectively reduce system operation risks, improve system operation stability, and

improve the utilization rate of green and renewable energy.
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Table1 Operational risk penalty coefficients and

compensation coefficients

SRS 7 FREFE AR UIRATRT R AMEREL
1% 5 10 1
[IR73 8 15 L5
M2 12 20 2

*2 H[E3ISSHFE
Table2 Load guidance parameter table
B . E(Ef// gl SRR
Wh) R BHH%
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W BE 09:00—12:00,17:00—23:00 1.2 0.22 30
=3 RFIEITEH
Table3 System operating parameters
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UM E LR Pras / kY 6.6
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Fig.3 User load plan forecast chart
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Research and Application of Distributed Photovoltaic Flexible
Participation in Power Grid Peak Shaving Technology Based on the

Concept of Grading and Collaboration
ZHANG Qiang', LI Na2, LIN Chenhui®, WU Jiping*,ZHANG Wendong', LIU Honglei*
(1.Shandong Electric Power Dispatching and Control Center, Jinan 250001, China;
2.Statr Grid Shandong Electric Power Research Institute , Jinan 250002, China;
3.Department of Electrical Engineering, Tsinghua University , Beijing 100084, China;
4.NARI Group Corporation(State Grid Electric Power Research Institute ) , Nanjing 211106, China)

Abstract: Distributed photovoltaics are experiencing explosive growth in multiple regions, and there is an urgent need for
distributed photovoltaics to participate in automatic power generation control technology for grid peak regulation during
scheduling and operation. The existing scheduling automation system’s automatic power generation control is designed for
traditional centralized power sources, and cannot adapt to the demand for distributed photovoltaic normalized participation in grid
peak shaving from aspects such as system architecture, control strategy, and regulation performance indicators.To address this
issue, this paper first analyzes the challenges brought by the development of new energy to the peak shaving of the power grid , and
then deeply integrates the characteristics of distributed resources with the demand for regulation. It innovatively proposes a
distributed photovoltaic automatic generation control technology route and system architecture based on the "hierarchical

collaborative" idea. Based on this idea, the provincial and local two-level distributed automatic generation control strategy for

EEWE : [FH 5 SRR R 9% 5500 A SO BRI 95 250 [R5 R 7 (2022YFB2402900) 5 [ 23 ) A7 BR 2 W B3 H
T 7] 5 A1) 3 T RE R ) b DXL A 038 2 S B R R AR 7 BT (520626230061 ) 5 [ 19 LLUAR 487 1L 7 23 R BR300 I 0E i B i g AR 4 5
HEAE RS 9 22 ST IR E SR P R B9 (520626230003)

National Key Research and Development Program of China “Key Technologies for Highly Permeable Distributed Photovoltaic Adaptive Grid Connection
and Active Synchronization” (2022YFB2402900) ; Science and Technology Project of State Grid Corporation of China“Research and Application of Key
Technologies for Active Power Control in Regional Power Grids Targeting High Proportion Distributed New Energy” (520626230061) ; Science and
Technology Project of State Grid Shandong Electric Power Company “Research on Multi Resource Active Coordination and Control Technology to Address
the Adequacy Risk of New Power Systems” (520626230003 ).
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peak shaving of the power grid is elaborated. For the first time, the total peak shaving demand calculation method, instruction

allocation strategy, and transfer strategy when response rate is insufficient are provided.The regulation performance indicators for

distributed photovoltaics are defined, and an actual control system is developed.Finally, the practical application of the method

and system described in this article in provincial power grids is introduced, verifying the effectiveness and practicality of the

method described in this paper.

Keywords: new power system; distributed photovoltaics; peak regulation of power system; grading; collaboration; two—stage

automatic generation control

0 3l

B R EE ) R G0 e LR R AE R LB RE TR N
A, 7 BE R B 0 DR AR M X 2R G A d ) R
7O A B A PR AR, F R AR R T
B IG AR VAT RE VR Hh R R A R 4
o3 AR ROGIRIE FARAE B N R A K. DU AR
HL R 451, 8 2R 2024 4E 5 B KUBL JBIR BAEPLA B
8 600 J1 kW, H 73 41 XOGAR 2L 4 400 T7 kW, 5
AR BBEHLAY 73%, i 2 RREHLE) 23%, TERTY
AR H AR AT 0, s g A R AR RIGAR R &
B AR 2 IS L K B/ NE AT 2R A
it BE A K & g A th R e RS 5T | H M 7
& AR AN L BEoR PR B s 173 V) 200 A 20k
RS 55 o G, L ) 2R HH ST A R Y S 55

SR, A I BE [ 3k R G A 3l &k i 2
e T AL ge g b U IR BT, R AR R A A5 OR
W T PR RE R A A T4 T 3 I A OB AR R
DALS MR . L, 2023 45 LUFT, A 55
A6 AR A FOCIR PR S 5/ T IRERN A 0, R
AR RV GE T4 N ThifE R ER TR, BEES
A5 AR L P &, %o H R R I A RICR RS ik
FREEFR I TS 2R, [ BT B afe A i

KTHR ) R T & oA 206k 0 A shid s
P [A) L, 22 R AL TR A A — S 5 A b 1R
Ko SCHR[ 16 14 H 7R L & XL T 2 i o " B ) 1)
AR 3 A 2 AR 2 T A R 24, E o DA 4 1) ]
W £ 7% DA PR A5 0 03 A ORI 3w . 3¢
k17 JEE X oA OB AR T s ), 42 3 N T3
FIE 7 1 1 A 7 B R B I — R Y R
SCHR L8 T LARSE AL Fu il 42 il by i, 48 b 7 — b B 43
A5 2GR AR BE R B R A AL 8 B i, T ALk e
HL ST SCHRL19 12 H 1 1) 43 A OGOk R FULSE

i

R A TG H, 9 22 R4 T 1, T LA AR v 0 R A R 1Y
PR R . SOk [ 20 48 3T RE 4 BY
PSR A OGARTC o R S, T B vh
Peil g T & 2R I i8-8, Sk 21 JoF5E oy
A AOGR L o DX B 9 7 AR 4, e X Bl i 9
PERTTER TR S BRI . SCIR[ 22 1RS80Ik e
uli N3 2504 20 H 3l & B 4% il (automatic generation
control, AGC ) , fiff P21 53 X AR H 3 428 i) 280 3 A Joit
A, BRI E, RPN E TR N A
DX R 3t 8 £ R 2% B8 A O AR 1 1 il 1), Js T
EREEA I WS E R ORI R o NN TN
PRS2 R 5

UTAEk , BEAE 0 A 206K 5 HE g PR SR T 7R
I 5 T, 22 ST DR A B A S B 2 AR
o SCHRL23 42 A5 0 A OBIRAE N YRR R
I BE PR AP T 2 =30 o R R K A A AL
P SCHR[24 152 HPR R MU ) RGE R 93 2 J2 R
85 o3 A R AR R /N g 2R g8 SCiR[25 ]
BEXT R g 43 A I IS A7 1Y F2 Sl e L 1), A 2
VAR 2RI R R R B IS N T4y
XA IR BE R MBS TR . RIS oA
OGRS 5 v 0 I i ) 4 4k 1 A 4 S L (E
TR N2 A 3l g 375 52 A7 o A FOGARBE DRI 2 1) .
PRBE , AR WA 48 9 I R RIS HI 28 481

W o3 A A PR ARE S PR TR R EERLS 1
P BT A0 - m] " AR B 0 A HOBAR AGC HiR
R, BT [ 2 L 2345 OB IR 2 5 H g 1] e 114 45
ARBERE . H R 10 kV A SO S 5 i W R g
AR 1L 20 A 20 AGC SR, B U 45 S R I 3R
TR D71 A2 70 TIC AR W R IV 3O T I 0 e % 3R
W, I SC T BEXF A ZOCARATE T PEREFE A5 , DT
TSEBRRAE R R G . SRR TR T E MR G R K
FL, 09 1) S5 o o7 A DL E AT 41, B e 1 A SCHIr iR Iy

47



5524 (B4R 326 )

L g ) HA

2025 455 114

LB AN S

1 ET“SH-HE"EENSHXRLRK
AGCHE AR

1.1 “GRE"EARER
DUHTRE Iy AR R ) R 4E, 200 A 20t
PG BT RE IR 1R ZHU5 |, T 0 A OB R AR
/N R 2 R RN O Ll A AR A A AR S
AR e h = IR R A, th A ORI B2 (LU
fRIPRA ) g 28 P R 45 (energy management system,
EMS) “ Bk 27, T I\ Eul RERE ), 6238
{5 AR Ty T PR LA R ak o b (B0 JR4E Ry oA
FOCIR AT A RENLA |, ik = 02 i 18 35 5 ) Bt o
L35 o AT SO IR R BE R G R BN
PRI SR, B R 20 P [ 7 RE e, i Ry B A
TR+ B A S A HOGK A Zh S 5
HARUE, inE 1 iR, 10 kV 20456 OGRSk H
A Hb DI )R B AL A A DR EE (AT R

PR b)) 953 A 3 AGC, 48 8 AGC AN 45 i i £
155, WA R EMS 22 Ge R BRI S IR e 5 5K, #e i o
1) 3 B 5 W i 22 45 b D 5 iR AG.C XS Jir il 23 A 5K
AR FAR BB IR G T R Fe e 1Y 43 L R
WM T & 245 10 kV 43 A 2GR 75 P BT o

BT RGEERE L BN R MR A A O
R (380 V I ) SR “ I B -5 85 D [F) " He R B 4k, B
JA AGC B IR W i) B R (B 4% &3k B8 A Al — K
HEREHRRS, R ARG RS T KNI
3, W f (4G 2R J5 126 s 2 Mk 8 o G ad Jon2e
TG A5 25 52 BGE 3 78 28 (A R 3 ) AIE oA =OAR
A VA b [ B R 1 SO SR 3R G TR A% A T 45 SR
TP, & 1 PR,

FEIZEHR TR, 5%F 10 kV 20 A0 OGRS UL, 1 ok
b DX AR AR A ThoA 28 1 A 4 D 08 4 9 1 R
G o b LA X T A X G R T A RE T R 4
A BERT LISR A DX ) 3 - 55 oK T T R R 3 B A
KT DIk [ 44 8 4 R I R oK, AT SIS0 Rl A
HS R GE— o RHCE A OB R, 8 ad i

- D5000 %mb(}l?g?)i%ﬁﬁ {JEEJ ﬂf;: @ ZE% S
ot . P SRS
}Jrﬂ | J(%AGC‘ | HrERAGC ‘ |PAS| I AGC ki) giﬁ}ﬁl%ﬂ’f?ﬁ
. | SCADA | SCADA(+) Gz )
fRIE A 28
BT
AR S A iRy MRS =
R | WX G | | R
S_— |
EMS ZoChRE RS (1T1X) 1@%}?{1&%
o iy LRSS
% PAS | i AGC | | PAS (LK ){ & gﬁgjﬁ%ﬁi‘ﬁ%ﬁ%ﬁ}@
i / ! YA
SCADA L AVC || SCADA(+
| | srfitAve | *) e
M X T Rt s
R g
B
L5 e -
W || eeRs By
R
10 kV 10 kV 10 kV MCE
I3 I3 I3A AITE=N

1 SHXRRS SR MEIERN S R-HERARZEEE

Fig.1 Hierarchical collaborative technology architecture diagram for distributed photovoltaics participating in

grid peak shaving

48



sk, A LT P R R AR A SO IR TN E S S H R e BRI S 0

JE CEAH R G0 1) P R] 52 IR R
1.2 10 KV KRR A M E R AGC 3= Fl KRB
12,1 AiEgEsskite
B SRR L 10 KV 2040 OB IR BRI sk
K HATEMS R4, B2 5 AGC J# =AY ki
BLA (LA A FR R B4 ) T 48 HSEm T8, Rk
KH
R,.=|R - R}|. R <R, (1)
KR, R 10 kV 434 LOGIR SRIGE RS K S R, Rk
L R B SE T A5 TR Ry, o R BECHLAR
A AT TR
T3, Syt e a3 A 2O R A IR e R A LK 2 4
R Z A B e, W E KR R AL T &
T AR R, 2 R>RY, B, A OB R IF IR
W RY <R <R BT, AMZZ X B, A WA T I,
1.2.2 4847 LR u
TE8 MDA ECR  BE X BRI TR R 8 i G
FHET s LA & LR RS 4 S RO SRS A
PE 53 A 2 AGC W IR 5 5K J3 TiE 2245 ML), 1l i1 43 A1
X AGC US4 b X R TE SR A 245 10 kV 43
A ZOCRuh
D) F i 2 HET o
TR EE T A2 G (b iA Sk ) 1) T g 3
L = P,/Pr™ (2)
Ao L ARG B FE 5 P, RS G Y i )
{8 P R RE 4 i LA
A A AN PR 75 R e 07 7 26 e o BUIRHE T
SYHC, bR SR G e 23 i B HE R A, 43 e 5
BRghsf . A2 ERRHy T R LK
AP, < S (3)
K AP, R X R AR A R 15 S SR
EIZR I8
2) ML L BIHET
TR EE T 2P G (i (k) B HLAS
=

N
K = Prly P (4)
=1

K X GR R HLA R L s PP DX R @ 9%

LA N XS 50E

A A JE A 1 S0 5 5K R 45 X R LA
i LR, A R R R R R K E 2 K
B, 2k (3)
1.2.3 Mol 384N J2 B 1 2 AL SR

FPRIEPATROR , % FE R G L5 YR 0 R, Y
HE P AETT X G e B R AT T AR (A A, )G 3%
B ELIR IS AR A 2 IR o

o R R R R R

n = (AP./AP,) % 100% (5)

bn XG0 EARE R AP, X4 i BRI PR
T AP XA L R

XGIASE I L b=
min (S, HK)

l

TR RAAE FRIATR = TR -
X GUARE S BL LR LUn

Rk =0 A 4 S

2 Mo Rr R A B B B R RS SR M
Fig.2 Transfer strategy when the response rate is

insufficient

1.3 10 kV S sk Sk 7 ik 8 5 RIS 4R
o 5 52 55 PR ER AR 5 1503 2Ok 5.
R PR BRGSOV S R
B A S A
1.3.1 T HeR
Vi =|Pr, = Pu|/T., (6)

KV, FIEIR 0l a 25 b W R, MW /min;

49



5524 (B4 326 1)

L g ) HA

2025 455 114

Py, N b AR A RIAZE A AR5 o SEFR 7,
MW ; P, , A5 b IRAE2 I GG B 6 R 0h a SEPR
B, MW T, R b dE 4 R N BRI 0 o SEBR
PEATEF ], min, BP A 3235 F & AGC HbrTe 2 26
R ik i 7 A A 4D R[] ) B , e AN 48 4 SR
132 PR
AP, =|Py, - P,,| (7)

K AP, IR o 5 b WIS , MW P,
FEAR I, o RS b IR AGC HERFES MW,
1.3.3 LR

P Y0 B BR AE A : 0~100% ML, S2B F R
ZOCHRSR EERZ A, T FRAR I 17 e A 1

2 MAER

F A SCAAR AR, © 58 B HI T2 A =X L U
P P B A HU 950 A =X AGC THARETT & , 3T 75
] P 3 A A RO AR B LS s T R TR
FUETNE 3 R

111111

(a) A R SR8

S}REJDJRMKQ waan

(b) ¥l 2 %@
3 MARSGSE
Fig.3 Application system interface

Oy 6 UE A ) 32 A TE A R A O R T e
T T PAY 2 2 i T 55 0 A O DR v 8]0 52
T 2 o ASEAULFE Y 40 1] 4 19 T P, 67 £ RO [l 9, £

50

HLZE AL RN T R T 90 I8 28 1 5 24 H A (1B B i
REVR & LR MG, 76 A1 R 28 B fIX L ki e/ Nas AT 7
B WG 3 B i i S N A S R W o
5 e I E ) 0 TS AN T R SR AR A i PR
JRURS: o IR rpc 23 [ 3 A A 20 2 St 4 A 20
RS5O G R A U 953 A 2 AGC, H shiz
R 10 kV o34 XOGIR B HEARH T, IR 4R
B HRRGE N RS m2ORE R4 %A
17 b XA E8 2 5 2, 45 10 kV 204 0GR 0
589 JiE ML 2 360 MW (IR OIR 76 481 7
LA 2 070 MW,
21 SEMEKRKZE

SRR LB 26 1 R o & I il o A
A AGC A3 HILL 2 min, 1 min AT & g HE 4, 4
KR TR 1Y 10% , 484 73 Fe 5 W 18 171 20 R HE

FR1 SEHNRMEEE

Table 1 Parameter and strategy selection

IS
a4 S ety
o =
R™ R" 300 MW 400 MW
X Ja
BLIX 10 MW
il JE1 4 2 min
10 kV B4R
B 74 il & 752 L0 fih
PN 10% 278 =
10V bR RRE Hu X |k
L U S
X G A
R TR
RS SRS I T TR (i 1oy ) 30%
BLIX 1 MW
X Jf
T84l & 75 = JE 0 fi
il JE1 49 1 min
HiH 10 kV BE4 B P A 2
PN 10% M7
10 kV & R RR A BeHLA =
RE S TR 5% B LAt
R4 TR

22 MAMR
B AGC FHIBA B ahJEgE”, HijH AGC %



FH AH

EANYIANY

w0, AE R TR

70 A5 2GR A E S 15 v R IR AR B 5 S H]

AN o BRI TR SR IR B 2R A Tl R U A
10 kV FEL N 4THC, 26 2 4 14:26:39 F5 I Z 4
17 Hi1X 10 kV 434 OGRS ) 58 R s
JETaE SERR T R AL, o E s AR IR
i 07 R T 1 TAAE 30% , F e vk 4 Be it e 2.2.3 firk
Je GRS SR s N b by 198 35 75 SR /N F i 38 A1 =X
AGCHEIX (1 MW) , ARFFEASA T Ko LRI T45 31
6 R AR mg FE 4

4 R 2010 (14:00) 10 kV 2341 200G R R B
FTuhFe 4 N TR 2, B AR BRI 2, AR AR
FEA AGC IR 10 kV 4345 OCIR A Th ol A48 .
14:26—14:45, 44 10 kV 0 i 206K 70 2R
P& 50 J7 kW, P23 55 3 KT 5% FEHLA B /min
PE T ORE /N T 3% B LA f 980 M B T R I

BHHR RS ZXOER 15 min 00T
FIRF90% L b, R E R 1 1 50 5 kW, TR
4 A7 2GR 1 4 il AR SCH A, Be A AN PR R T

TR UM GRREN o

POB REEEE RGN0 @i @ NENBSAMER, @ v 5§ o8-

4 =H10kV AWK LERIET 4k
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Table 2 The actual instructions and execution status in various regions of the province in a certain round

g 840 HiL X B R TR AT SRR SRR WA /%
104 3% 4 AH10 kV AUTO 119.5 78.1 -41.4 -29.6 71.50
104 31 B 10 kV AUTO 31.6 17.8 -13.8 -10.6 76.81
104 31 CHiL 10 kV AUTO 19.4 12.6 -6.8 -32 47.06
104 3 D H1 10 kV AUTO 23 14.1 -8.9 -4.3 4831
104 3% EHi1 10 kV AUTO 81.3 49.5 -31.8 -4.9 15.41
104 3% 4 F i 10 kV AUTO 49.5 22.8 -26.7 -21.2 79.40
104 3% 4 G 10 kV AUTO 61.2 38.3 -22.9 -23.2 101.31
104 34 H Hi 10 kV AUTO 22.7 15.6 -7.1 -5.3 74.65
14:26:39
104 3 4 I3 10 kV AUTO 6.2 3.7 -2.5 -1 40.00
104 3% JHi 10 kV AUTO 61.5 40.4 -21.1 -15.7 74.41
104 31 K #5510 kV AUTO 26.2 14.4 -11.8 -8.4 71.19
104 3 L3 10 kV AUTO 25.7 17.1 -8.6 -8.6 100.00
104 3 M 10 kV AUTO 26.9 16.8 -10.1 -7.9 78.22
104 3% N 10 kV AUTO 1.3 0.7 -0.6 0.1 -16.67
104 3 04 10 kV AUTO 30.5 21.1 -9.4 -4 42.55
104 34 P10 kV AUTO 8 4.9 -3.1 -2.6 83.87
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Temperature Control Strategy for Air Source Heat Pump Heating

System Based on Deep Reinforcement Learning

LIU Wei', GAO Song>*,SONG Zongxun', XU Xiaokang', LIU Meng?
(1. State Grid Weihai Power Supply Company, Weihai 264204, China;
2.State Grid Shandong Electric Power Research Institute, Jinan 250003, China)

Abstract: The air source heat pumps (ASHP) exhibits good adjustability, and the accuracy of its modeling and the design of
control sirategies are key to fully exploiting its regulation potential.This paper considers the thermal storage characteristics of air
source heat pump heating systems and proposes a temperature control strategy based on deep reinforcement learning (RL) for
ASHP heating systems.First, a mathematical model of the ASHP heating system is established based on parameter identification.
Then, a Markov decision process (MDP) model for the ASHP heating system is developed, and a temperature control strategy
based on deep reinforcement learning is designed using the ()~learning algorithm.Simulation results based on real operating data
demonstrate that the proposed heating system mathematical model , which accounts for heating delays, can accurately predict the
variations in supply and return water temperatures as well as indoor temperatures. Furthermore, the proposed deep reinforcement
learning—based temperature control strategy effectively reduces electricity costs while maintaining the indoor temperature at the
set value.

Keywords: air source heat pump; time of use pricing; reinforcement learning; water temperature control strategy
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Optimal Scheduling of Power System With New Energy High

Penetration and Deep Peak Regulation of Thermal Power Units
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Abstract: In order to solve the problem of abandoning wind and photovoltaic power under a high proportion of new energy
integration, an optimal model of a power system with new energy consumption and deep peak regulation is established. The
optimization objective of this model is the smallest system operating cost, including the operation cost of thermal power units,
compensation of deep peak regulation of thermal power unit, operation cost of wind—photovoltaic—energy storage , and penalty cost
of abandoned wind and photovoltaic power.CPLEX solver is utilized to obtain the optimal scheduling model of a power system with
five thermal power units, one wind farm, one photovoltaic plant, and one energy storage power station. The peak regulation of
energy storage and thermal power units is analyzed.The results show that the high proportion of new energy integration easily leads
to the phenomenon of abandoned wind and photovoltaic power, but the energy storage power station can decrease the ratio of
abandoned wind and photovoltaic power and reduce the system operating cost. However, relying solely on energy storage for peak
shaving can easily increase the construction cost of energy storage power stations.Deep peak regulation of thermal power units can
reduce the capacity of energy storage configuration and improve new energy consumption.Greater depth of peak shaving leads to a

lower ratio of abandoned wind and photovoltaic power and the system operating cost.
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Independent Research and Development Project of State Grid Shandong Electric Power Research Institute “Quantitative Analysis Research on the Effect
of Energy Storage Operation on Carbon Reduction in the Power Grid” (ZY-2023-05).
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Table 1 Parameters of Thermal power units

T 24 600 MW 300 MW
1 B 3 2
2 KR IV 600 300
3 I/ NEHRIPRIMW 300 150

4 (CEOIEFRERE o/(V(MW)?)  0.000 030 995  0.000 121

(GO IEFEREL o/ (V(MW)?) 0.000 472 6
5 D BAEREL b/ (UMW) 0.2515 0.232
(B BAERE b/ (UMW) 0.085 3
6 CHOIEFERE et 19.501 9 16.507
(O IEFERE et 37.096 9
7 i) [ &3 35 %/ (MW /min ) 6 3
8 I & 4/ (MW /min ) 6 3
9 A RA T 30 000 15 000
10 BB T (LK 6 4
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Fig.7 Influence of energy storage capacity on total cost and
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Table 2 Operation Cost for different energy storage capacity

SYPN

%Z KRR W=k AL TRRERLIEIEFT AR
rE . . _

aw RRRATE EEPRATE TRYORATE  EATRADTE RGOS AT RDTE DI

300 605.75 16.50 6.00 182.92 10.27 130.85 4.41 946.43
600 584.22 21.00 6.07 190.76 6.42 81.85 6.79 890.69
900 575.78 21.00 5.60 194.20 4.74 60.35 9.50 866.43
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Research on Resistance Reduction Strategy of Terminal Tower-level

Connection Ground in Adjacent Substation
MAO Huiqing', GAO Tao'!,ZHANG Jianwei?, ZHANG Kai',MU Mingliang', TTAN Haipeng?"*
(1.State Grid Binzhou Power Supply Company , Binzhou 256600, China;
2.School of Electrical and Electronic Engineering , Shandong University of Technology , Zibo 255000, China)

Abstract: In the terminal tower grounding grid near the substation, the grounding area of the terminal tower grounding grid is
limited, the grounding resistance is high, and the metal grounding material is easy to corrode, so the terminal tower cannot be
effectively grounded.In order to solve the above problems, the application of flexible graphite grounding material in terminal tower
grounding grids is studied by using finite element software, and the strategy of cascade grounding resistance reduction under a
limited area is proposed, and the grounding characteristics are compared with other grounding resistance reduction types. The
simulation results show that the flexible graphite grounding grid can reduce the grounding resistance slightly under the traditional
grounding structure. Under the same conditions, with the increase of soil resistivity, the resistance reduction efficiency and shunt
coefficient of the cascade grid increase gradually, while the other resistance reduction types of the grid basically do not change.
With the increase of the length of the grounding pole, the resistance reduction efficiency and shunt coefficient of the three types of
grounding grids are gradually increased, and the resistance reduction efficiency of the cascade grounding grid is always higher
than that of other grounding grids.It can be seen that the cascade grounding grid can effectively reduce the grounding resistance
and improve the scattering efficiency of the grounding grid.

Keywords:flexible graphite; level connection ground; grounding resistance reduction; finite element

0 37
A28 L e e O 2 R I i A P e R R R R R 1B

EEWHE :FH 5 [ AR 40 (52304068 ) 5 [ 9 1L 44 L ) 24 F
FHEITH (520615220001)

National Natural Science Foundation of China (52304068 ) ; Science and
Technology Project of State Grid Shandong Electric Power Company
(520615220001).

72

A7 B M S R R I 7 LR A L e o
BAMET N B M f 5 4, EXHEEANAE i R G
FOE BT B OCHE B FEIEBRE AL, I 3L A2 H o
F1% £ S 5 b, ) T s 5 7 ) S ok PR Ay PRAIEAS
L, 3l PR 180 22 4, B0 ol 4% iy B 1) HICU e PHL S 0R 4K
PR HO T AR AR L T A S M T 4 it
T A2 BIBR ] o DI, A7 iR DR R ORL B4 1 o
[ RL, X 4 il 28 e A A T 5 P DA R P e v



T FEUUR, 25 - IS LS FL ol 2 i P IR M e BHL SR W AT

T RGN G RO 77 % A 2 2T

O AR 5 14 e i L B, [ A 38 X i P T
e 10 F) e A BEL S R T T RIS A S
BRLI1=12 J32 ) 7 M 5 32 e b A i 1975 | A3
18 12 3 R LSRG, 3 i 95 5 | M 5 L 51 e i X
RRLA R A e B AR AE DA R AR AL A5 1 T 51 5%
Mo BT e AR M R B T 58 . SCR[ 13 A —A>
55 MR AR I 28 2514 7 S (AR SE BRI FH, FLd it 5
H5 I UE, B T7 ik nl A R BT A4 e
BHo Az e 1 R R BELR) R B A S BRASCR . fH
TESE B O Fp S G L 7 2 i e 2 3t I Jgg ke, - L
B2 PR BTG e DR R REL R ) el A2 21 T
AR HBRE . SCHRL17-19 & TR Hesth il 2%
P X 2 R AR P 2 P, L 4 3 B SR

SCHP I S o A v A i B S E TR 4t A
BRIC O AR, XS Fe oM 1 e A7 S5 RS SR 4
JeE PR i A 1 2 M o BHL S RO AR s LR T
A FRTET RS B G e R BT 58, OFIESE T b e
IEL 3% % A X 0 B 4 e L -5 4 e SO e

RN , Ry AT R 2 S P MR AR S

1 SEBEFTHE T B AT AR 50

BT M SRR A O R A T Pk RE L S
i R 3 7 P 3 8 i S 4 i 2 e P) TR I ) g ok )
FOU, 47 T R ok A 25 1) A R 0 Ry R M R AR
FEH IR RL . S S A 7 S8 A 4 i B 422 R
T T TN AT ATYE SR FH A BR T 5 AT 3 AL A
IE 432 iy ) 5 LR AR | ST 3 2% i B A/ iE AR 22 3 7
wmE 1 s,

SR SE 3 A Ty R N Sk 3 A S
HE (1] F) B 85, 1L, Ay A 2 o T BRLARE 71 i 422 b W 719 4
o PJiEH Ly HC10 m L, B 40 m (L, B 10 m, BLH
D5 BRI A B S 80N 3% 1 R,

(a) AT Sh3E 2o )

.

\\\Lz
SNEREHIRE \Y
L
g
PEHIRA BB

(b) 12 43 4o P AR AL B
B ruhfgimiEiME R TR E
Fig.1 The extension grounding diagram of the

near—station terminal tower

F1 RUGEMBERSHY

Table 1 Basic parameters of materials in the simulation

e EXCVer! R
L 5%/ (S/m) 30 769.23 520 833.33
A A HEL B AR 12 1
15 EAG AL PR i e B3
U
R= n (1)
A U 42 M R Lt T 5 1 R A0 A 2 A4 11 5 e

LA ER
Sy T LU A i b 2 42 b IO 114 42 b 43 3 AR
LA R o o WA 2 B I — A G R 2 X622
oA 22 b AR 4338 14D 5 T LR, i SCE b I 114 3 T AR B
o H
SJ J

1
=—x100% = — x 100% = — x 100%
#7100 =gy 00 =g 100% (@)

P 1, U A I K422 A Y L 5 L ST
2 b, D 22 b 5 | T e 0 S5 FRL IR 5 J, DRy 2 L I KT 42
B HL VL B 5 S A 5 | S LI B S
2 b I AR} AT AR

SR HIME A R 100 kA BARIETR HLIL , gL PH =R
[ 100 Q-m 3 A1 %] 1 200 Q-m, 2853 47 2 Al 15 + 3
FL BEL 3R M B b Ak L5 B e 2 b 9 1) 42 F L
KR BHACR R R, an & 2 Fis .

H & 2 45 EL 45 ST A5, 8 AR 7] 32 Hh ) A0 28 4 4
R, B 2 1 58 L BH 3R 0350, AN [R)RA e 422 1 P g 22
MR BHBE 22 TF i AR S Ik TR AR R
MR BHE A 100 Q-m BEHFE] 1200 Q-m B,
Ay 5 b Y A H LB 2.54 Q FHisr $1) 29.78 Q,

73



5524 (B4R 326 )

L g ) HA

2025 455 114

T 27.24 Qs T B A B9 4 Hb I Y 42 R BH A
2.85 Q A= 33.73 Q3 T 30.88 Q. kA
2 b ) £ 5 BRI 36 AN 40.16% 125 5] 40.57% , AL 14
JNT 041 AN 43 155 T B B 4 422 b I 17%) 4 BEL 5503 I
32.88% FEAKH 32.68% AL T 0.2 N EH 4T H
AR R BR AR A AR A B TT A Bif o - 9 L BER 1Y)
A AN TR) A Akt 1) 1) 3R BEL A% 38 A8 AR AR /), FTA
R AN T A Akt 1) P 638 BEL 2850 3 R AR B AR AN R 2 W 3
Ak BEAR, FEAR R L B AR B LR AR TR
BEANAE R HE b A4 B SR FH 22 1 B ) ) 2 b H BH 4
JIN T LR RS0 o T4 A 2 b XY

40

VA s LR

—is {44
= B AU ]
o T EEILCR =l
301 —o— BERFRE AR ]
c = a0
g — s
= — lsg %
220 | 38 j%i
o 136 2
* &
10 134
m 132
g 30

100 200 500 800 1000 1200
THERBHA/(Q-m)

B2 igEeE BE AR i I e it 5 1 A S 0
Fig.2 The influence of soil resistivity on the grounding

resistance reduction characteristics of grounding grid

HYEL DL AR A A SRR Ry - AR TR AN,
A A 1 3 9 BE 0 B0 T A JE 2 M A R A T
RO 1) B LU 0 e B 22 5 17 Bl A S BHR A 3
12 1l ) B A7 R B ) RO BB D A2 PR S A B b
F14) 32 H P30 A/ A0 2 b AR R B AR G TR, PRI I R A
B T P e ot o LR Ko ARG, AR LR 3R X o 5
SRtk — 25 50 B R AR SRR 42 0 LA - 4
F, BHL 35X AN [ A ek 2 1t 19X 7 42 i R T 2R 1 2
e, an &l 3 fTm .

& 3 5 A5 R4, 2 A A K AR
10 m MFEHLE Bl 3 A B A &, A T) A Rt
2 1 I 1) 53T 2R B 2 TR, G M B A b
FR) 3 Tt 22 H0O28 AR AR G5, B A 0 4 1 T 1) 4 Tk
BOBAARRT N . 2 A H 100 Q- m HE 0]
1200 Q- m B, 22 P A 55 5 o Y 43 9 &R 50

74

59.72% I F+5 60.19% , % BF 8472 1 W (1) 53T 22 A
57.47% LT+ % 57.53% , AR K T A G4 )42 1
M) 53 T 72 B TR BN AR IR R R I AR
fer s, MAEM G OLT X HAS [ R A 42 b ]
5 R B, B R A T R A B, 7
AN [) - 48 F LR A3 0 T, 2 A 8 b ) A1 S 4
HOR ) 53 T RE o T R AR e )

61
e AL
o PR

D
(=

S ZHU %
W
O

58+
o—— —o
57 : : : ‘ - :
0 200 400 600 800 1000 1200
e BH A /(Q - m)

B3 iz BE AR R A e i I 43 R AR S0
Fig.3 The influence of soil resistivity on the shunt

coefficient of grounding grids with different materials

Hi Lt , AT RLIA A SR S P A s AU B AN 1A
T b AR B4 75 582 RTAT Y, BE A8 Ak DR I B 4N 4
PO T ) ke ) A, ] R 05 s 00 528 A 42 3 19X ) 42
Hur B

2 ITIHATEE REkHE i B PR IR RE AT 5T

SRk A A B R TCROR T, 550 A i e
TSR A7 TR AT Sl 24 ity B 42 b ) A e P 0 1 RO XK
T T AR AR AT 3 20 it 15 1) 2 b el B, 35 13 4 8 422 b
oA AR I 30 7 L 3l ) i L 8 B 22 o 325 v ) 1 4
H — A S 2% ity B 0 R i ) b O A L SR
e 4 iR

P 4 v s 2o B i B b ) A 5 B2 i I B
A 3 KPR AR A T B . H A G A Y K
S HEIR] R 1, S5

I AP A FE 122 1L ) ) LRt b 38 ] S SiE B2k
Pz T 5 Bl 1T T 2 A R BELR ), gk A A 4
W = ANEL S B .



T FEUUR, 25 - IS LS FL ol 2 i P IR M e BHL SR W AT

(a) 3 3k 24 5 ¥ R Ak 1 3 W)

L
<--- >
. LB
s
FEHL A HeH B
(b) =4, W 8 B AR AL A

B4 iEuhfkinB B iR ERE
Fig.4 The schematic diagram of tower—level

connection of near—station terminal

/ . . Lo
£ Fias &
\\%%ﬁﬂ y
S 1
P 4 \
4 LO
PRI P B

(a) Pkt 9 3E 3 3 W 1AL

AR
<> ~
PN i —

HIBMITHE I G A R Ik
(b) Bt sh st Hsb s
E5 Lk Bt s it N R R E
Fig.5 The schematic diagram of the improved epitaxial

grounding grid of the near—station terminal tower

S, A JE 2 A e 15 1) 232 M 8 TR LA
FE4 0.2 m, JEFEH 0.004 m, AR BRI 1 m, 54k
JEFE AR AR R 0.2 m, 3 35 5| 26 55 AP e 45 oo AR AH B
Az

Sk BT B A X L 0B Bl T |y A E AR 4
A L5 i 15 2 P 3 DR P AR 1 el A S T 27 b A 1)
2 b o2 BELRA M TP 3 s AT R 0000 4 b P A BEL SR
FRAYE LR =z b I ) 7 A, R A BR T R 4%

S = 3l 2 S B 1 M ) 7 LA TR AT oF LA
TEGHRAE L R G, 4 ) AN [ 12 M e SR Xy
i o0 SMAE A 18 SR BE AR ], ARSI PR 1,=8L,
SN IE 1 b I 55 2k ik A SiE 5 3 0 g L A 455 Y 2 4
—H

D7 AR A T AE R B IR 10 m, $2 A4
B BA RAFBTIEYERE R SE R A1 S5 AR R AR
W14 mm , SRR 0.8 mo SR FA BROTOT FLAR 14
3 04 R G M Ry 40 m G Ml ) | AR S
FEFEHOAR N 5 m A4 SN E T4 3 10 L2 R Bl i~ T A2
IR BELAA ASH A B i A1 08 TR 45 s ) 5 ELASE TR

3 RExEMPEFRRHIEXTEE

3.1 TEEEMEERMEMm

Xof A 15 4, Tt A S Ry 100 KA L HEL I D5
1] 2R 2.6 s BRI TE] A 50 s Y B HLACHB LU
75 W AN TA) A 1 fp BH A 0 A [ B2 BELIE X 1) 42 b )
2 b FeL BH R B BHASCR AN 6 TR o

40 80
35¢
30 (] 160
ol
a 25¢ ﬁ .
2 %
L .1 L B N
ES20 40$§
— =
= 15¢ =
2 &
10 120
5
0 0
100 200 500 800 1000 1200

I AR /(Q- m)
(] M5 3t )3 b, F L A 7 42 b R BEL
I I [ Fe M L B —=— S e b Do e L 2
o= BCHESMIEFE b I FERH AR = SRR He b AR A%

6 -igErE PE X it BB BE 5 P PR S EE O 250
Fig.6 The influence of soil resistivity on grounding

resistance and resistance reduction efficiency

HiPE 6 R, B -9 B AR T, A ) e R
SR 42 19 2 3 L LA Bl 22 S o {EUR A AR 7] £
S R BHL AT 0T, SR T 20 B 92 BEL 5 i F) 2% K 42 3t o
F18 42 b HR, BEL 49 EC T A1 A2 8 4 s [0 5 ke P b S 42
P o T = AR Xl 0 ) 2 3 R BEL S, AR [
b S R B AR DL, SR04 3 1) ) o BEL A R 147 02 1
THIHE 12 i 0 -5 A A S e R B S T L

75



5524 (B4 326 1)

L g ) HA

2025 455 114

i B BELIE 2, 2K ) g I BELSS5 SR s -

M6 8 AT LAt Bl 25 48 o BH R 0 T
A HE 12 M ) 55 A A SIE 5 b O £ A BEL AL R SR AR AN
KA AR I Hb T ) e BEL A% 2 T i T
FHa, Y 3 B ER H 100 Q-m B3] 200 Q-m
B, B BHASCREE = T 1.7 AN B 4 5 i e BH e
1000 Q-m ¥ F] 1200 Q- m B, FHFEBHSCR (R T
0.04 M H 43 i o 31X ZE I K Ry Bl 47 4 58 i BH R 1% T
1R R b X 1 e o BHLASCRS SR 31 1 B, 9 D B B
R TR,

Sk k25 3 AT - 4 F BH XA [R] A0 2 K 4
I {45 M 38 3 ek A A R B R 80 m L 140 m A AN [F]
TE 342 Hb O R A7 05 L4347 R A5, 4 H BH R X6 R[]
TV X4, 1) 32 b L 55 e BELAC 3 19 5 e R 331
E7.E 8 fiss

30

70

53 3}

[=] w
[o)
(=]

wn
(=]

2 4 L BH/Q
|
FABH S % %

._.
=)
|

W
~
(=]

0 30

100 200 500 800 1000 1200
+3E B B E/(Q m)
0 Gz b X 42 1, F, B EE A1 A0 4 i 427 b L FHL
O AR A A [ bl R R —=— 2362 [0 2R S sk %%
—o— HMIEFHI R RHASCR. —= B A ME HE 3 W B AR
7 TIEERPERITIME S K 80 mHEih I Ay RN
Fig.7 The influence of soil resistivity on the extension

of the total length of 80m grounding grid

A 7 0145 FEAMNE B KB R 80 m B, Bl % 148
P BH S5 AR R, =t 3 LT 2K 178 4 e D) 422 b L L
Bl TR R AR 2 IR A DG 2 HL 4 b I Fr 2
iy FEL BH AR 2T T A e 2 b o 5 etk A IR B,
HY 3 BHEE 100 Q-m #KF] 1200 Q-m B,
G K M I 5 A A 2 b T 1) 5 b e B 22 B Ok
K ARHZE 4.08 Q, fi/MAZE 0.12 Q.

M & 7 7] LUE Y, G 3 PR T, Ah
IE 22 b 0 5 A 1 S 2 i ) ) AR BEL RO S AR AN 2
A, G 1 X 1 o BEL A8 S T s T ) i T 74

76

H AR E A, 16 R 156 42 b 2+ 98 mi BHL R (14 52 e 45
Ko Horf A1 GE 5 b 1) R BHL A3 i o 61.02% , it
A1 2 1l D 1) o BT e o 62.21% , R4 b 1)
B BHACR 5 =i R 69.14%

FEH R H/Q
FABH 3% 1%

077500 200 500 800 1000 1200
+ A BH2/(Q m)

VR DO 42 P BEL 0 S1MHEE4 b, P00 422 b i B
AR A AE el [ el LB —=— 2 B3 [ R REL 20
—o— SN F b PO R BFL AR —=— BB A i b 0 2 L 23 5

E8 THEErPEEITIMNE R 140 m i B0
Fig.8 The influence of soil resistivity on the extension
of the total length of 140m grounding grid

&l 8 I, 7EAME B B R 140 m B, A +
S8 v H S5 14 18 K, = Tl 4 b A BEL TR XA 42 M I 42
by FEL BH B 2 T e, O R A 2 I A DG A (H K
T2 b 00 11 422 i R BHL 7RIS R SR PR B R, W
T A HE 2 Hb X 5 e A E 7 b T B
FEL L 58 114 T 8, 42 b L BB 2 T s (RIS T A0 S 42
W0 55tk N E B 0, 24 IR [ 100 Q- m 3
FF 1200 Q- m B, ZH 42 1l I 104 22 1 F BHL L 5 T
HNETE 29 0.17 Q FEAR BN T 51 28 T8 2Bz b )
1.9,

i 1 8 i mT LU i, Bl % + e ra BH R 1 T
A HIE 7 iy 19X -5 B A1 FE 2 b I 4 oA EL 20 6 i 22 g
Tt H R AR AR R AR | G 00K 422 b ) 1) o8 L
BRI TS R AR, e A AE 2 b 1) B BHL
BRI N 70.61% , BCHE A AE 322 Hb ) A [ BH 55k R
I RN 72.61%, G Bk 2 M%) R BH 0K I
74.39% . 0] DL, 0F G e I ke 1, A LR R
SR AEAR A 98 L B R IRHIE T A0 J2E 422 1 R {H Bl
- 9 FBH S T, S A i A R B R A X A1
SIE 22 b 5 O A/ SE 42 M ) ) e e R A, 24 4 0
HL BH 2235 3] 500 Q- m B, 2 B 42 1l I 1) B L5 3R



T FEUUR, 25 - IS LS FL ol 2 i P IR M e BHL SR W AT

B T AN E 2 b 5 A A1 FE 2 b I L B R R
A JE A AR T Y e BRI, B K
JEE 19 7K - 22 i 27 b IO RE 0 oK 2 B BRI, 322
e 119 38 7 B 7 B ) T G 2 RO RE T, T A SE 4
iy P G A 2 7 b b A B A, 0l HL 3 9 e
F15Z BREE/IN AT AT 55 T0) A1 S 42 Hb A 328 v AR 4T 40 3
WACRE A AT 2 M B 5 1T 4 6 2 b T Fl T G
Bz b i ) K K, S5 BOHE R ) I A7 B A
T, TO IR X A5 555 i) G K 2 b W i 3 A A
0 422 b AR 114) 43 AR X A 2 2 b ) G IR 32 B L Pl
5 BN AE 2 b 9 5 e i A E 47 1 I ) 42 b Fi B
IR T 0K b D) 5 {2 Bl 2 48 P BEL R 1 T o,
A7 B B 7K T 2 b A B4 B0 37 R, 38 A M H 3
Tia) 7 1t O 37 35 308 0, 1717 0% K 42 e I A7 7 4 056 2 b
5 HE TR0 A A b IR AT M T DA IR 2 Ml A Y
R BHL 850 2% 320 ¥ T e, T i 8 T 1 A0 E 42 s )
550l 0 S SiE 2 1 )
3.2 EHiRKEREN

[#] 5 43 HLBH R R 500 Q- m, 25038 AM E 15 Hb B
B, K05 BT AT B S0 e 4 Al B
BA) B T, A T) 2 bt o BEL TR X e b IOX 1) 42 Pl L 45
FHAL AR AN 9 TR o

20 100

._.
=
]
]
3 ©
S S

K BHACR 1%

AL RH/Q
IS % I~
\
ARV \\
ERBS &L &

050 40 60 80 100 120 140

HMESE AR 5 1< B /m
1 AINE-f il [0 15 F L O E8E 7 EE 3 1 [ 4 i L
O Kl [ i M L B, —=— A i s o [ B Ak ¢
—o— U NIEH i PR A —— SRIPRH bR R 283

B9 SMEREEMIAR S X AN B 2 R B it W /Y 51
Fig.9 The influence of the total length of the epitaxial

=]

grounding electrode on different forms of grounding grids

H1 9 nT AT, B A/ A AR K JRE ) 8
T, AN 5] 22 AR X4 10 )4 el P BEL X472 7 i/ , e
BHASCR B AP o FEAH R SN SE R AR T, 2

X2 ) 4 42 b L BEL AT b A/ S8 42 b ] 5 e /M AE 32
Hby DT /)N 2 BHL AR 3 0 26 1 T A0 S0 42 b ) 5 el st A
JEFZ M, 2 MR K A 20 m B, I 1 T 11
R BHLAS 0K 42.41%, 2 T AR [R) B B2 110 A1 4iE $2 i o)
S AN E S ) o o R R A TRl A E 42
A B BRI, 22 1t T P FRC L T LR A 48 O, HL A
ROV e 72 W hn , DA) ik b R B 28 S R 5 i >4 b
S 2 b AR K 3 AH R B g T S 00k 42 M o 3 3o R K %
bR g A 422 by HE 3 2 SCM A R X TR Y
T MR TR, P O S B B b X (1 42 b b BEL A
X BRI, 17T R BHL SR A X B 1

M9 HR v LLE Y G0 3 i K B
20 m 34 I E] 40 m B, G K 2 Hh W B B RLCR
43.64% Ftim 2 52.14% , 7+ T 8.50 4 H 43 5 5 1
120 m 3N E] 140 m B, o4z 1B B30 H 65.76%
THE R 67.14% AU T 1.38 A4, mtkrrg
i 2 I 2 AT A B T 1, S E0k 42 b A g 64 BEL &K
RBAR LB W E TR B Wi TR A L
B I AR TR R A 4 M A ) 3 O B A — e BR
Tl 24 G B 2 i B ) B Tk ) — e R B A, HL T A
TR BRI, i TR RO RE AR,
W — A5 BN B A2 b 1) K AN R (5 4R T2
IXR] 4y I3 BEL A8 %8

4 REREEM BRI L

41 LTIEBEERAHIM

S5 A 1 R BH 238 X6 A [ i BELI 242 il D) )
TR R, SR AR SRS 1 AN R - 4
BH RO, AN [R) B2 BELIE 242 b o 32 AR 1) 93 3R
BN 10 fis .

Hi &1 10 AT A%, Bl & 1 598 i BE A8 I 8, A [R] %
REL 5 7l %) 122 1t I 43 3 R B Bl 2 38 . (F2 AEAH
[i] 9 F BH A8 B0 T, SR FH B0k 9 L i 11 £ Bk
T b B4 43 3 28 K00 T A E 2 b ) AR T et
HMEFE LR o B IR A E 100 Q- m F 5 2]
1200 Q- m, % Bk 32 L 5 40 JE 42 1 9 (1) 43 3t 22 B00HH
ZARK, H 3.74% B 5] 6.38% ;5 it A1 4E 4 4 )
[ 433 2 BOHH 2278 /N 3.1019% FEAIRE] 0.414%
X F = ORI ) 2 b OO R | AE N [ 1 3
B B SRR LR, B 422 T X A O e v 2 i 1
HMNEREHIE R

77



5524 (B4R 326 )

L g ) HA

2025 455 114

70
65t
60 —B- YA

° —O— AN ]

B 557 —A— P AMIE B I

Esot

R A—BA A A A
45t
40+ © ©
35

0 200 400 600 800 1000 1200

HHEHBHAE/(Q-m)
E10 e pE R MRS R R AT
Fig.10 The influence of soil resistivity on the shunt

coefficient of grounding electrode

A & 10 38 0] DU Bl 3 PR T,
ANE 4 3 9 5 RO A AT 22 i I 11 3 2R B AR R
He AR Ak, 2B A BELTE X422 i I £ 0 3 2R 805 T e i
Jo H T OF AR, Hv A AE 2 M 4 T R B A
59.73%, 2 E A1 HE 4 B A i R BB
66.52% , IR LI 43 1 R B =N 66.11%. 24+
HEra BHAEH 100 Q- m 355 2] 200 Q- m B, 7391 R 5L
P25 T 164 4A S 1 IR BHEEH 1000 Q- m
W3 1200 Q-m B, HAp 0 R BRI 0.06 A
Oy R X TR R R B A 9 R B R T, Gk
F2 1 ) 7 A ) 38 b B O RE DA B R, A
Uit 5 T A A E b AR AT RO, BT DA R B
THIF
4.2 BRI EMNRIG

ST 5 A1 HIE 422 b AR A X AN (] g BEL I =X 42 b
D ) AL AR P 1 s i), 7 A A 2 b AR K B, 220
T4 5] i &0 SiE 27 b s B AR Ak, S [] [ BHLTE
242 b Do) S SiE 2 1 AR 1) 43 2R B AR Bl an T 11
FR o

i & 11 RIS, AR R B BH 5 =X i B b ) o, b
IE 22 bR R B 2R T R o, S A 1 403 AR B
WhfiZ Tt Hoh 2z b A BE N 20 m B, 2K 3%
Hb B 1443 B2 BGA 54.41% , 8 v T ) A A BE 1y 41
E 32 b ) 5 D 0E A SIE 42 3 R0 PR R R N
140 m B, G567 53T 3R B8 74.96% , WAL T
) AR B ) A 2 4/ S 42 b I, 5 471 S 42 b o) 3 AR

78

¥ o DARERFN], MR K BB I, S
b A 4 53 2R KR T D SE Sl 19 5 D5 b S 4
P, Tt e Al RE A I, IR e 19 73 I AR K
AR AR XS /N T A/ A 2 b 5 S D S b Y 53
FBUEACBR, th AT 75 2 AR B A B — i
JE I, A1 2 3 [0 -5 TR i 7 S 3 i A ) R ORE
[ER R SE S AT

I3 R EU %
W (=)
(=) <

IS
=

—e— R
—— AL
—A— i AME R ]

(9%
(=)
T

090 40 60 & 100 120 140
B M AMEL S KB /m
B 11 SMEEMARIC BT AR 53 i R B 00

Fig.11 The influence of the length of the epitaxial

grounding electrode on the shunt coefficient of the
grounding electrode

MIEL 1T i al LAFE H 6 R i A 5 1Y
R, i 3 0 1 3 U 28 AR A 2 B o i v T
TR AR S o H b SIS i R 1) i 3R 5
T 0 B A S A T A S b ) 5 e Ak
S 2% b PO TP AT Y R AR RS B /N o X R BRI
W e AT S R P 8 o, K 2 M A Y e i E
BT 1 BRI R ) 52 BR Ul 1 R = AR
Ui A4 FEL DA ¥ D/, T pR T D SE e A XY PR 4
HOARA Ry R IR 5 M 149 )\ 22—, BT LA AP S 5 s il
F1%) 368 7 BE 3 B 52 FR 4 R X 48/, AR TH AT LUK X A 2%
b 308 YL 2 R AR S A IO, PR 2 e A
R EIRE 140 m B, HME$2 14 70 U R K% T 9
VK2 4t 1), TSP /I AEE e 3R 14 939 R e T R
H I, AR DT 2 R b 72 e A ok — 20 B N e
KB G A 70 R B IR T AME L R

5 JEEJE Bk P BE A A SE A
BT L AR 48 5 v s DX S 28 3l B0 3l 226 S SR B



T FEUUR, 25 - IS LS FL ol 2 i P IR M e BHL SR W AT

PAL AT MR R OE o D X HE G A
T I i LT 4 o 14 4 o i BEL AR AR 20, 0 B
R 1) 4 4 g BEL AR , SR JH 4 b R 9 ) 1
T AR T i A O IS T B 28 R K e
RO DU A S | 2R R B, AN 2 s o

R2 MEH/EWAEMERNEER

Table 2 Grounding resistance of transmission tower before

and after transformation i, Q
EDS NN AN
LTINS -
A i s I
& T, 47.18 10.4
AT, 5245 8.48
& T, 36.63 9.47

e 2 T A, 280 G 2 o G I B F T I
T, T, F1 T, F4 422 i e BELAF o 2l s B 24 % 2k KR E R
R, HNGESE I 5 i TR S, 5 2R R o AR
S, BN N
S, =(Ly+V2L,)x2 (3)
S, =L, x (2L, + L)) (4)
R P = A A T e T 1) T T ME R BE 4R
10 m, By L FFIE T, 5 T, 6] 9 d 6 1 25 24 28 90 m, %t
BT T, 5 T, (B A f G R 2 20 75 m, K2 1)
o7 LT AR 0 1100 m? 2 950 m?, Y A1 A 22 3 X0
KBEESF 90 10 m 15 m J% 20 m B, AMSE 422 i W) 5 3l
A3 1165 m®. 1 948 m>.2 931 m?, Myt T 7%
TiUH AT DL, 9 3¢ 42 b 2% BHL SR s BE A8 AE S B v i T, O
LT DA e AV Do A ISt T 1 B[] s i 3 A A1
27 b ) ) 422 b FL B

6 it

T I8 1L 78 R v % S B AT PR M TR BR T A e
BEL 7] RLEA T 7 L0 A, B 1 B X 08 0 2% i o 2 i
B B G M R BELAE G, 75 1 1 LA 48

1) 76 Mt 700 4 i g L 42 3t T PO A9 00, AR T
PRI I, SR AT S bR Y R LS CR B , 7
AR L e A B AR A DL, Ve A7 S5 M W) LU B B
B b o 114 i BEL AR 17 7.89 AN 1 70 i, AME R LA
473 Z K0 2.66 A1 23 A, AT UL SR A7 SRR AT

DA B A TR B BB S H 3 A

2) % T oty 2 S B A PR T AR ) 5K A g L
SR, 7 3 P BH AR 5 AN R R —E I, )
K 2 by o 114 2k BEL SRR T 3K 69.14% , G M0k H b 1)
Ui B BT 3K 65.85% , B BHAL AR 5 71 BE 1 2498 T4
JE A 3 0 5 AR AME L R0 . - HLRERE 3R A
SN, GBI 4 i X ) e BEL A0 3R 5 0 R B Bt =2
TR T, 12 AR R Rt 2 (o IR i A £
e B3R 5 0 I 2R O T T o

3) LAR AR 5 H M DX 8 v 3l 30 ity 228 i SR B
IR b A REL Mt o ) HE R3S T B 4 3 P BEL R A7 )
FEA3 BT, BAIE T K e b T DA 3R AT 4 s I A7 PR
T TR A ) o 2 5 R e o ) 42 3 LB

S 3Lk

(U] 20T, PTG , 220 , 255 |75 A il e b ) 5 | 2 Sk 22 i
DrEHEOIELT ] AR 4R, 2023,50(9) : 1-9.
AN Yunzhu, TIAN Haipeng, JIANG Yinghui, et al. Simulation
calculation of oxygen concentration difference corrosion of
grounding grid lead—down line in substation[ ] ].Shandong Electric
Power,2023,50(9) : 1-9.

(2] FEMCEF, EATCH, 220, 45 . 78 P 3 4 i 0 A sk 8 15 4 b 2 B
L] K AL REJERL 2% ,2017,35(12) : 178-182.
WANG Hongli, HU Yuanchao, LI Xun, et al.Study on selection of
grounding network material and contrastive calculation of
grounding parameters [ J ]. Water Resources and Power, 2017, 35
(12):178-182.

(3] Z=fh, TA6, 7k, 55 10 FH CDEGS #E17 25 i vl He 3 I 50T
FERYRFFEL)]. LR kTR, 2022(5) : 113-118.
LI Wei, WANG Wei, SUN Yongchun, et al. Application of CDEGS
in substation grounding grid design process [J]. Insulators and
Surge Arresters,2022(5):113-118.

(4] 230 456 1 SR 4 1) 75 H 3l 22 4 DO T RS B 9 [0 ). o
A ,2021(5):93-99.
LI Ke. Corrosion state of substation grounding grid combined with
magnetic field extension [ ] ].Insulators and Surge Arresters, 2021
(5):93-99.

(5] JEIRIAS AT 20 BRAI, 55 . 2 b S A fod o e 1) 42 1, bt BEL 11 5%
WG 7 i ()] BRI 241, 2018, 40(2) : 39-44.
ZHOU Lijun, HE Zhijie, CHEN Ying, et al. Impact of grounding
conductor corrosion on grounding resistance of grounding mesh
and improvement method[J ].Journal of the China Railway Society,
2018,40(2):39-44.

(6]  FWel], EA R, BRI, 45 o ) TR e b RHIF 7T SR & e
) AR AR, 2016,44(9 ) :10-12.

79



5528 (E5 326 )

L g ) HA

2025 455 114

[10]

[11]

[12]

[13]

[14]

[15]

80

MENG Xiaoming, WANG Limin, CHEN Simin, et al. Research
status and prospect of grounding material in power engineering[ J |.
New Chemical Materials ,2016,44(9):10-12.

B2, 5P . Ty B GE M e e R M2 W BoR )
TR 2F2F41,2023,46( 11 ):26-41.

DAN Yihua, ZHANG Ruixuan. Corrosion characteristics and
diagnosis technologies of grounding devices in power systems|[ J |.
Journal of Chongqing University ,2023 ,46( 11 ):26-41.

ZE I 25 IR RR AR AT 55 Al Bt o 0 b R P L D 1L 3

i I AR B TR, 2021,

B HHE AR5 B AR B X SRR A SR S
485 180 B e B B AT S8R BEXT LU AIF LT . o R s R A
2018(1):58-63.

ZHANG Chang,GAN Yan,ZOU Jianming,et al. Comparative study
on the effective length between flexible graphite composite
grounding material and round steel grounding material in high soil
resistivity[ J .Insulators and Surge Arresters ,2018( 1):58-63.
Wi AR IR, S D7 HEA S AR Rt A e RS ) [
FLJ ] B HEHAR ,2016,42(5):1548-1555.

YANG Shuai, LI Chaoying, TAN Bo, et al. Influence factor of
impulse characteristics of box and ray grounding device[ J |. High
Voltage Engineering ,2016,42( 5 ):1548-1555.

W SCET L SENFUL S S S M I S R 5T T . FL I
K ,2016,40(6):1916-1920.

PAN Wenxia, CHAI Shoujiang, ZHOU Jianwen. Research of
optimal parameters of the external grounding grid[ J ].Power System
Technology ,2016,40( 6 ):1916-1920.

B EAR BRI AR TS AR G| S b Xl R AR e s o) e b BEL T )
VEHIGA LT ) s R ,2006,32(6):119-121.

LU Zhiwei, CHANG Shusheng, DONG Fang, et al. Grounding
impedance analysis of grounding grids connected with buried
conductors| J ].High Voltage Engineering ,2006,32(6):119-121.
EL MGHAIRBI A, AHMEDA M, HARID N, et al. Technique to
increase the effective length of practical earth electrodes :
simulation and field test results [J]. Electric Power Systems
Research,2013,94:99-105.

i P2 ST e b P A BEL AR e A R AR5 D L 3%
LR RS ,2019.

PR . By B 4 M v R LR 147 X 35
HERL S AT ,2020,45(7 )1 138-141.

BRI .

CHEN Junjie. Study on impact of using drag reducing agents on

lightning protection and grounding on soil pollution [J].
Environmental Science and Management ,2020,45(7 ):138-141.
AR, T TTA AL 30k v 2 e M 2 R PR BEL TR0 1 B 5 1)
AL ) SRR ,2004,3007 ) :17.

HU Yi, WANG Linong, ZHENG Chuanguang. Analysis of

[16]

corrosion—proof problem in grounding equipment of transmission

line using resistance-reducing [J] High Voltage
Engineering ,2004,30( 7 ):17.

ZEGIN A AR AR B R 2 AR BELATL AR 14 7 LR
TR | AR ,2013,37(1):211-217.

LI Jingli ,JIANG Jiandong, LI Lili.Simulation and experiment study

agent

[17]

on resistance — reducing mechanism of grounding device with
spicules] J ].Power System Technology ,2013,37(1):211-217.
RS B AL R A AR SRR R B X
P e RS ) ] d sl R4 ,2023( 1):11-20.

LI Jingli, SHI Yongkai ,ZHU Zizhuo et al.Resistance reduction of

[18]

needle — punched grounding device considering soil spark
breakdown characteristics| J |.Insulators and Surge Arresters, 2023
(1):11-20.
XIGE . A H 2R PR AT ok 1 b BEL T R BEL SR M A 5 D 1L
ARELTR#%,2023.

XURSHE . 25 LTI A A ) i PR 2 A 254 b e LB AR BT 52

[ D LI 0 ZR 30T k% ,2023.

[19] Tl

[20]

Y #5 B #:2024-03-21
&3 B #3:2024-05-19
1E& BT
THEIW(1973), %, m g TARIN , FTERFSE 7 1 A8 L i i
T4 i R GBI
W OW(1987), 5 i T g TR, SR B A 5 1) O AR FRL 1A
BT U 0 RGBT R
SR 1999), 55 W4 7£ 52, F BEHF5E 7 1) i A8 L I A B AT
SEEANEPIES PRI VS T
i HL1983), 55 Wit , BT I b A st S
SANEVIES iR e
FEISE( 1987 ), 55 A1 g TR , 3= 205 ) i AR ik
é‘zi“ﬁéﬁ%hﬂ HL 71 R GE BT 9 9 A
5 1999 ) , 3 15 7F # ( tianhaipeng1999@163.com ), 5 , il 1
B, I%Iﬁﬁﬁﬁ?’ﬂ%ﬂ’iﬁﬁm% BT A ) R G A
&
(e FiK%R)



g & ) B A

524 (A 3261)

SHANDONG ELECTRIC POWER

2025 455 14

DOI:10.20097/j.cnki.issn1007-9904.2025.01.009

ER A AR I D R IR AR T S I o A e PEF Y
XA E S KURERALREEY, R &

(LEMLEAE S AN S NS, LA 1 255000;2. b AR I RKFeA 58 F TR K, LA EH  255000)
FEZE < B0 A 0 A 11 AR 2 T B TR S SR A TR T R I 5 R SR A 2 2 A, R AT A T R, ) 2 i 24
SRR TS AR SR o Fl ) 78 P ok T A R R R A S5 R eS8 T G A 1) A S TR B A 8 A 2 B v e LA AR B, G
HAZAR TG G A8 R AR SRUL R AL 548, 1 R B3 e 3o 1 1) 1 28 e BB XU B K, DA — 5 SBHIS BUE i & A8 R4
51, SR A COMSOL 5 BLHEAROGS T A H 1 B B S5 8 2 )38 38 40 A SRR R IR A TR 9, 8 705 ¥R BE VR R 4 1) A A T R A
M . BFRCRIT ARG A AR TE Sl iR Sl i T B s Tl A TR RS T M S AR EE Ak T RS T Y
SRR T PR AR R S A R Rl A s fre )i, AR s L AARE 7 42 i T BAR GRS i .
KEIR ARN A 4 AR EAR IR SRAL CUE B PUSIR

FE %S TM401 XERPRERD: A T EHS :1007-9904(2025)01-0081-08

Research on Temperature Distribution of Outlet Short—circuit Hot

Spots in Amorphous Alloy Transformer Winding
LIU Xinghua!, LI Fei',ZHAO Yanlong',XIAN Richang?, CHEN Lei?
(1.State Grid Zibo Power Supply Company , Zibo 255000, China;
2.School of Electrical and Electronic Engineering , Shandong University of Technology , Zibo 255000, China)

Abstract: The occurrence of an outlet short circuit fault on the load side can cause a rapid increase in the temperature of the
transformer winding. Mild cases can cause insulation aging of the winding, reduce equipment durability, further can lead to
insulation failure and damage to the distribution transformer.The special winding structure used in power transformers determines
that the hot spot temperature and position of the winding are difficult to obtain in practical tests, especially when the winding of
amorphous alloy transformers adopts a rectangular structure , the risk of equipment burnout caused by outlet short circuit faults is
greater.This article takes an SBH15 amorphous alloy transformer as an example and uses COMSOL simulation modeling to study
the temperature distribution characteristics of the winding after the outlet short circuit fault, revealing the distribution law of
temperature along the winding and the hot spot temperature value.Research has shown that the rectangular winding of amorphous
alloy transformers has a higher temperature along the long axis than the short axis.The winding temperature in the low voltage
state is higher than that in the high voltage state, and the maximum temperature is reached at the junction of the long axis in the
low voltage state of the winding.Finally, specific suggestions were proposed to improve its heat resistance.

Keywords:amorphous alloy ; transformer; rectangular winding; short—circuit ; hot spot temperature
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Fig.1 Insulation burn loss diagram after short circuit fault
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Table 1 Basic technical parameters of transformers
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BUE R Mz 50
BR4EHbn S Dynll
U HLL/A 13.33 577.35
B LRIV 10 000 400
LR AL 693 16
LR HLRH/Q 3.928 40 0.001 71
AR mm 403%262x195 304x206x195
A& RS fmm 522%322x195 401x259%195

R2 MREERESH

Table 2 Physical property parameters of the material

BH g4l B A5 AR
%/ (kg/m3) 400 10 000 1053 -0.584T

TR /(W/(m-k)) 51.9 400 0.151 = 7.1x10°5T

L2/ (31 (kg K)) 446 385 807.163+3.58T

S hFE (kg/(m+s)) — — 11.71e-0027
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Fig.2 3D simulation model mesh generation diagram
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Research on Analysis and Prediction of Distortion Phenomena of
Power Frequency Electric Field Around Human Body Based on

Regression Analysis

GONG Quanquan'*, YANG Liugian' ,HOU Chen?, LI Xi?,ZHANG Zhaobo'
(1.State Grid Shandong Electric Power Research Institute , Jinan 250003, China;
2.State Grid Shandong Electric Power Company , Jinan 250001, China)

Abstract: In order to explore the distribution pattern of power frequency electric field surrounding the human body beneath
transmission lines and quantitatively analyze the distortion effect of the human body on the field strength when it is situated within
the power frequency electric field, this paper takes the power frequency electric field generated by the side conductor of a 500 kV
overhead line as the research object.A portable power frequency electric field measurement device is used to detect the electric
field strength at various positions and distances in the vertical and horizontal directions relative to the human body, thereby
obtaining the distribution pattern of the power frequency electric field around the human body beneath transmission lines.The
results show that the head, shoulders, upper arms, waist, buttocks, knees and feet of the human body all have different distortion
effects on the electric field strength. When the distance between the measuring position and the human body is greater than 100
cm, the distortion effect of the human body on the electric field in the surrounding air domain can be ignored.On this basis,
through regression analysis of the results of the electric field strength detection at different points in the horizontal and vertical
directions relative to the human body, a correction equation is obtained for the impact of different parts of the human body and
different positions from the electric field center on the power frequency electric field strength, laying an important foundation for
proposing protective measures for workers.

Keywords: transmission lines; power frequency electric field; distortion effect; regression analysis
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Fig.2 Comparison of power frequency electric field strength at different positions and distances of the human
body with and without people
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Table 1 The average electric field strength at different
positions from the safety helmet in the vertical direction
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Table 2 Analysis results of the ratio of power frequency
electric field intensity at different positions and distances of
the human body
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