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Abstract: Establishing a distribution transformer model in the high-frequency range is of great significance for studying
the propagation characteristics of fault transient traveling waves and medium-voltage, low-voltage power line communi-
cation signals. Based on the low frequency electromagnetic transient model, this paper proposes a high frequency model
of transformers. The impedance analyzer is used to measure the ports impedance characteristics of the two types of trans-
formers, and the parameters of the transformer model are calculated equivalently. The high frequency model of
transformers is established, and the impedance characteristics of the model’s ports are obtained by simulation. The com-
parison between the measured and simulated results shows the accuracy of the transformer model in the frequency domain;
the experimental platform for studying the propagation characteristics of pulse signal in the transformer is built, and the
effectiveness of the transformer model in the time domain is verified by comparing the measured and simulated voltage
waveforms. The results show that the model proposed in this paper is suitable for different types of distribution trans-
formers and it can be used to study the propagation characteristics of high frequency signals in distribution transformers
between 100 Hz and 1 MHz.
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Fig.1 Physical structure of transformer
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Fig.2 Low frequency electromagnetic transient model of

transformer
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Fig.3 HF transformer model proposed in this paper
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Table 1 Leakage impedance parameter of two distribution

transformers
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T2 46.8 0.10
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Fig.7 Measurement of magnetizing impedance of phase a,c

TG, W& a-n BHATTARR M, X6 N 0 S5 30 B an 1] 7(b)
HH A T (<10 kHz)Zy iz iz /N T-REAC BT, ] 208,
MAR PP B AE Za A1 Zo FEIE, B 2 A Z FFREX

Kl 8 NP AR L 2% a-n 7E b FHAEEKIE UL T ARH
PukptE, WHIEBGEIRBES R, Lis G (553, @

E(5), TLASE] a. ¢ MBLIHITSECN:

&:&:mzndfﬂ%gzqz%-(ﬁ

1>™a

T 2AS S 2878 100 kHz AMAEAE — DSR2,
X & A B PTIE B, R E R B — Rus Lins
Cii FFEGEHR
Ral :Rcl :2R117La1 :Lcl :2L119Cal :Ccl :% (6)

222 b MEALBAST Zo WS THE

& L N ] 9(a) s, A BEAT 2 BT A 42
TERC F AR R S AICEMI 2 b-n PSR, B 9(b) N
SRS, TG IS R BT AT DA AR Hh (AR R
A BRI A R A A BEL B 2 R SR

PR IR A R AE R 10 R, nl B IRE
WIRBEE Ra Lov Co 53 RN AR S S5 20 R 1A
GIES:

2R,R,
"R, +2R

2L L,
T L 2L

Ca

G, =G +7

TS, WA R b A B A 2 O

2

()

2

B8 RS K 4 a-n(b AT ST
Fig.8 a-n(phase b short circuit) impedance characteristic of

two transformers

9 b HEALBEHTIN E

Fig.9 Measurement of magnetizing impedance of phase b

b~ Zifa_R;Z oL, = 2iaLa_Lsz G, =G, _% (®

TS RN 2 Pos,  Hvh 545 H A B R R
NEHAURAMEN I 8. 10 MEZR PR, RIS AH A
VRIS HHER IO TR o i TRDAT 0T ISL AT A FELA7C ) HL G
KT PP R, S RSO Hr s SRS .
223 FECEAMETH

RECRANERTH 3 JORgesR], EERE 1
Ps g e, 3R 3 HABEAESE Cpry Caps

Cap3o FAERTHI(O)FEI

1
= =123
. ©)

api
ci

X, Ze R R BT



B DK, REVERE, TR, S TR SRR A e A AR I A e T A 1503

K10 PIAhAE 4% b-n FHATRAE

Fig.10 b-n impedance characteristic of two transformers

E N R R R A SE T

Table 2 Magnetizing impedance parameters of two

B A

Fig.11 Measurement of parasitic capacitances

R3O RRECAES

Table 3 Parasitic capacitance parameters of two distribution

distribution transformers transformers
A % Z A AR ColpF Cio/pF
70
B3t RJQ  LJmH  Ci/pF Ry/Q  RymH  RyuF T 736 476
T1 330 52 2.55 600 150 2.55
™ 330 4.0565 0.2 550 8.074 0.2 T 400 »

65 17.2x1073 0.19 65 17.2x103  0.19

i 2 BRI AR, HESE G G Ci
1 Capt Capzn Caps KAWIF(10), FHAETTH Capis
Capzn Cap3 THHEAFH]
Cp =3C,+6C,
Cap2 =6C,16C), (10)
Cyps =3C,+6C,
THEERINGE 3 s, Horp 13048 5 248 1 2R K
R/ NT MR AR g . [N AR T AR R A, IR
JEAN X H A EUK

3 TEEES RSN IE

NIAEA SCHE AR B R, R R
HEAT RIS IO AIF o 76 A3 T %o A5 70 W 7 1 B0 S 2 i
ELa m A R AE PSCAD #4 vh i 11 A BEL 47 4 4 A1
BELPT 20 B A4S0 245 A5 3.

31 REMIEIE

TE AR 0] 43 590 48 FH L7020 B ASORT 194 v 742 s s
a-n. a-n(c AHFER)A a-n(b. ¢ FHFE IR )LE = 5 ) I %
LR AT I R EI . b, SRR R Al
SRy BB LA AT AT R

12(a)+ (b)+ (c)SEL 53 M iR A R 45 (T1)
[ a-n fEHERE . o AHAEER A by o AR AE B 15 1t
NIRRT, LA EA A R AR TR AR AR A
PR B0 R LT RIBRBTRETE o 7 BRSNS 7E
BT (>1 kHz) 34—, ARSI (<1 kHz)%
FEEA SV w2, R 12(a). (b)1HE 5 Sl 47
TE 22 57 10 5 DR S Jh R v J3 o 4 A0 238 164 o 7 g% el 144
K, AETEARLRMEREE o 1T R 12(c)r™ A M 22 1 R
DRI U 2 4 Bl A7 AR R JERA5ONE , FL L K /Il A %6 484 T
AR Horr, Bl 12(b) B A BE ST AN IR BB i )
R, £ 13 kHz AWAATEERA, X2HT ¢



1504 i LR AR

2022, 48(4)

12 iR AR AR a-n fEAN R RLIR 1% 0 F O BEBTRAE
Fig.12 Impedance characteristics of oil-immersed transformer

a-n under different short-circuit conditions
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BI17 iR oA e o i Sl Bk B (K 52 =5 ps)
Fig.17 Time domain measurement experiment of

oil-immersed transformer (pulse width=5 ps)
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Fig.18 Time domain measurement experiment of

oil-immersed transformer (pulse width=10 ps)
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Fig.19 Time domain measurement experiment of dry-type Fig.20 Time domain measurement experiment of dry-type
transformer (pulse width=5 ps) transformer(pulse width=10 ps)

A AR S AN O H R PTAF S N— 2. @ BEIREHTN L, IR TR LA R,
EEBKENT G J5 R b S BIE S0 iR A 845 21 ) 115 FRT S N S 2 SEAR 121



1508

i LR AR

2022, 48(4)

A SCHRE H A C H AR e 2 AR R 5 A R RROAS ) AR R
2 BERS T 100 Hz~1 MHz 36 4 0 & 4SS 18
i FEL AR 1 2 R AL PR R T 9T

(1

(2]

B3]

(4]

(3]

(6]

(7]

(8]

(9]

[10]

(1]

S22 #k References

¥ IR, PhMS, FIESCEE, A5 THIF R AE R R St LR RIS
BRI TR ], R ROR, 2019, 45(2): 349-367.

YANG Qing, SUN Shangpeng, SIMA Wenxia, et al. Progress of ad-
vanced voltage/current sensing techniques for smart grid[J]. High
Voltage Engineering, 2019, 45(2): 349-367.

F %, MRS ARPBR, R AR R SR T IR S 0], B
NRG A, 2006, 30(16): 66-71.

JI Tao, SUN Tongjing, XU Bingyin, et al. Traveling waves measure-
ment with distribution transformers[J]. Automation of Electric Power
Systems, 2006, 30(16): 66-71.

X, IR, BHE, & JET Zum RTINS ZE A 4 Al
FRL TR R PO A 3 BT T IRLT). UL TR S 4R, 2018, 38(15):
4399-4409.

DENG Feng, LI Xinran, ZENG Xiangjun, et al. A novel multi-terminal
fault location method based on traveling wave time difference for ra-
dial distribution systems with distributed generators[J]. Proceedings of
the CSEE, 2018, 38(15): 4399-4409.

THEE, ZHE, B, & AR T PLC SoR[]. B
THARZAR, 2013, 28(14T) 2): 378-382.

DING Guanjun, LAN Haibin, FAN Bangkui, et al. The power line
communication technologies for smart grid application[J]. Transac-
tions of China Electrotechnical Society, 2013, 28(Supplement2):
378-382.

VSR, kW, AR, S5 BRGRIE D A ) T R RS
W B ERAIED]. mHREBOR, 2021, 47(7): 2350-2358.
HUANG Biyao, ZHANG Ming, LI Jianqi, et al. Automatic identifica-
tion of medium-voltage power distribution network topology based on
high and low frequency power line communication[J]. High Voltage
Engineering, 2021, 47(7): 2350-2358.

B HE, FITRE, SNIRIN, S THE IR 2SR B R
A5 R VR TR EEAR L], BMEOR, 2021, 45(8): 3257-3267.
Yang Ting, HE Ziyang, SUN Zhaoshuai, et al. Research on cross-layer
resource allocation algorithm for concurrent multi-service in broad-
band power line carrier communication[J]. Power System Technology,
2021, 45(8): 3257-3267.

SATHLER L H, DE CONTI A. Single-phase distribution transformer
modeling for narrowband power line communications[J]. IEEE Trans-
actions on Power Delivery, 2020, 35(2): 674-683.

FROABY, Wi, AR, T 2 SR LK Tk B 2l 5
R[], AL LR, 2014, 34(7): 1183-1190.

GUO Yihe, XIE Zhiyuan, SHI Xinchun. Modeling of medium voltage
power line communication channel based on muti-conductor lines[J].
Proceedings of the CSEE, 2014, 34(7): 1183-1190.

CHIMKLAI S, MARTI J R. Simplified three-phase transformer model
for electromagnetic transient studies[J]. IEEE Transactions on Power
Delivery, 1995, 10(3): 1316-1325.

TRAN-ANH T, AURIOL P, TRAN-QUOC T. High frequency power
transformer modeling for power line communication applications[C] /
Proceedings of 2006 IEEE PES Power Systems Conference and Expo-
sition. Atlanta, USA: IEEE, 2006: 1069-1074.

CATALIOTTI A, COSENTINO V, DI CARA D, et al. Oil-filled

MV/LV power-transformer behavior in narrow-band power-line com-

(12]

(13]

[14]

[15]

[16]

(17]

(18]

(19]

(20]

(21]

(22]

(23]

[24]

(25]

munication systems[J]. IEEE Transactions on Instrumentation and
Measurement, 2012, 61(10): 2642-2652.

LEFORT R, VAUZELLE R, COURTECUISSE V, et al. Influence of
the MV/LV transformer impedance on the propagation of the PLC
signal in the power grid[J]. IEEE Transactions on Power Delivery,
2017, 32(3): 1339-1349.

MASOOD B, USMAN M, GUL M U, et al. Measurements and char-
acterization of power transformer and low voltage access network for
NB-PLC[J]. International Journal of Communication Systems, 2017,
30(17): e3344.

GUSTAVSEN B. Wide band modeling of power transformers[J]. IEEE
Transactions on Power Delivery, 2004, 19(1): 414-422.

GUSTAVSEN B. Frequency-dependent modeling of power transform-
ers with ungrounded windings[J]. IEEE Transactions on Power
Delivery, 2004, 19(3): 1328-1334.

GUSTAVSEN B. A hybrid measurement approach for wideband char-
acterization and modeling of power IEEE
Transactions on Power Delivery, 2010, 25(3): 1932-1939.
BADRZADEH B, GUSTAVSEN B. High-frequency modeling and

simulation of wind turbine transformer with doubly fed asynchronous

transformers[J].

generator[J]. IEEE Transactions on Power Delivery, 2012, 27(2):
746-756.

HOLDYK A, GUSTAVSEN B, ARANA 1, et al. Wideband modeling
of power transformers using commercial sFRA equipment[J]. IEEE
Transactions on Power Delivery, 2014, 29(3): 1446-1453.
PAPADOPOULOS T A, CHRYSOCHOS A I, NOUSDILIS A1, et al.
Simplified measurement-based black-box modeling of distribution
transformers using transfer functions[J]. Electric Power Systems Re-
search, 2015, 121: 77-88.

MORK B A. Five-legged wound-core transformer model: derivation,
parameters, implementation and evaluation[J]. IEEE Transactions on
Power Delivery, 1999, 14(4): 1519-1526.

7 S TS, 75 iR, % Dynll BUAR TR ARANUE A R BRI
TP R, 2020, 46(9) @ 3044-3053.

AN Yi, YU Zongchao, FANG Ni, et al. Intelligent checking method for
rated capacity of type Dynl1 transformers[J]. High Voltage Engineer-
ing, 2020, 46(9): 3044-3053.

TEZ, KR w B, 5 MR FE A A A AR AR T
[7]. mEERA, 2019, 45(3): 968-974.

DING Yuqin, ZHANG Qiaogen, GAO Meng, et al. Distributed ther-
mal circuit model of oil-immersed distribution transformers[J]. High
Voltage Engineering, 2019, 45(3): 968-974.

A T B SN PR A A A A P T A AT e L AR R
PR EIR[D]. FK: FRKAE, 2018 26-28.

ZOU Mi. Low-frequency transformer model considering hysteresis
behavior and its application in ferroresonance[D]. Chongqing, China:
Chonggqing University, 2018: 26-28.

ZEgbR, A Y OCER, IMEAE, 55 HET Jiles-Atherton REHTEIE I« =
ARTURE” AR A PR R T A BB FE (0] T ARy, 2017,
30(2): 65-69.

LI Jianbiao, SIMA Wenxia, SUN Tingxi, et al. Research on
low-frequency electromagnetic transient model in three-phase
five-legged transformer based on jiles-atherton hysteresis theory[J].
Guangdong Electric Power, 2017, 30(2): 65-69.

RN, VEOLR, FEFER, 5. B TR IER =M =40 s
SHCARBT R SRR ]. RS E L, 2011, 35(15): 52-57.
SUONAN Jiale, XU Ligiang, JIAO Zaibin, et al. Mathematical model
and equivalent circuit for three-phase three-limb transformer based on

magnetic circuit characteristics[J]. Automation of Electric Power Sys-



B PR, BEVERE, WAL, S5 SR TORHEE R PR EC A AR IR g e S A R S A 1509
tems, 2011, 35(15): 52-57. 2013, 62(8): 2185-2196.

[26] MORK B A, GONZALEZ F, ISHCHENKO D, et al. Hybrid trans- [30] WANG Z Y, HE S Y, LI Q, et al. A full-scale experimental validation
former model for transient simulation-Part I: Development and of electromagnetic time reversal applied to locate disturbances in
parameters[J]. IEEE Transactions on Power Delivery, 2007, 22(1): overhead power distribution lines[J]. IEEE Transactions on Electro-
248-255. magnetic Compatibility, 2018, 60(5): 1562-1570.

7] & X B F, sk, & AT HIEIRSIOAC AR AR A A
EARIETTED]. FFEEOR, 2019, 45(9): 2842-2848. # IROEEEH)

AN Yi, CHEN Chun, FAN Ruixiang, et al. On-line correcting method 1981—, 9, {4, #P%, #S
of the distribution transformer capacity based on data-driven[J]. High K HA M T S R 400 H s R HL e i & F A 2
Voltage Engineering, 2019, 45(9): 2842-2848. BT R PR LR B A R KT FE LB T

[28] 26 &, W&z, RT%, % ZMH=HRESE T EPUN S E-mail: yangqing@cqu.edu.cn

IS MHI]. RTHARYR, 2009, 24(3): 80-85.

GUO Jian, LIN Heyun, XU Zihong, et al. Calculation and analysis of

zero-sequence impedance of three-phase and three limbs transformer YANG Qing
based on field circuit coupled method[J]. Transactions of China Elec- Ph.D., Professor
trotechnical Society, 2009, 24(3): 80-85. Corresponding author

[29] CATALIOTTI A, COSENTINO V, DI CARA D, et al. Measurement

issues for the characterization of medium voltage grids communica-

tions[J]. IEEE Transactions on Instrumentation and Measurement,

WeRsE#E 2021-03-03 &EIHHE 2021-09-08  HifE DA



