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Reliability evaluation model of cascaded multiport power electronic transformer and its application
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Abstract: The cascaded multiport Power Electronic Transformer (PET) is a key equipment for future distribution grid
with multi-voltage level and AC/DC hybrid feature, whose reliability has significant effect on the distribution grid
reliability level. First, the typical topological structure and working principle of cascaded multiport PET are analyzed.
Secondly, the reliability evaluation model for PET considering the device redundancy is established based on the
engineering reliability theory. Then the effect of cascaded multiport PET on the AC/DC hybrid distribution network
reliability is analyzed. Finally, the case studies are provided with a ‘hand in hand’ AC/DC hybrid power distribution
network structure. The PET reliability levels under different design patterns and the redundancy levels are calculated. The
influence of PET on reliability of AC/DC hybrid distribution system and its sensitivity analysis are carried out, which
verifies the correctness and validity of the proposed algorithm.
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Fig. 1 Topological structure of cascaded multiport PET
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Fig. 2 Topological structure of DAB submodule
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Fig. 3 Equivalent reliability model of PET
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Fig. 4 Reliability evaluation model of PET
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Table 2 Reliability data of PET component and auxiliary system
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Table 3 Reliability data of AC/DC distribution devices
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Table 4 MTTF and failure rate of PET under different redundancy
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under different number of submodules
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Table 5 Load reliability indices under different types of PET
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Table 1 System reliability indices under different types of PET
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systems under different scenarios

fE 1A PUEH: 1) PET EICRBEGHHER T,
PLH AT H T Ao SRR, B ARG
SEVE SRR T R G, (HRATR TR R
W5 R RS AT AR s 2) B PET JUARE 48 N,
R E g T B A AT SR KO R B, IR ARG AT A
PEAKCT 25 358118 B AT A R ] Sk K75 3) X1
FEUMEZM, 4 PET JURSEN 2004 Lufsl 8%)f, LA

H R H i T SEVE K, HLR AR S 5

JEIE T IR SR R AC T R G TSR ORI
2 AUUAR LB 16%) I, BT R g L1 B rTEE 1R K
FREE, BRI AR AT T M SR

FIAIR RS
5 g

AR SCEERE AR v S IE R DY (1) 00286 22 3 1)
PRI ) H AR S e AT AT FEVE R, 0
JE T AR BRITUR AR R, T n(G) R
SnSEPE IR B S T PET nlSEMEi AL, JEar
T PET X A2 ELURUC W9 ] SEPE RS0 o Sl BIFFUe i
PLF 4518,

(1) PET el A bt O A% 8 S A AU LA o 30K
., HIREAE TUAREROHIIN, b At d T HAR L
AN o

(2) PET RHAIBE 2 IR GE w] FEPE it i T4
T TR ATFENESR bR, Pl 2% 18 PET ¥t
Bz, PET RATUAR B AT LUK KHRETH R
T G Gy o

(3) PET JoyuAR it ing, £ H iy i Jy W1 oo fF el
SRR, BRGNS T AR S B AR
g8, AHRILAG T TP TF0 M SR AT AT SEE

(4) B#F PET JURJZRIHIIN, RMEH i1
P ATEEME K TR, HIR ARG SR AR e T
FEGT R S R AT AR G

(5) X FHEAERB, 4 PET JUAREE AN 2004
Bl 8%)i,  LLH AT HL TR T SR, B
MARG T SEVE i TR G S AR G vl 5 4
PET JUARERGINE 40UA L] 16%)I, RIMEH )
ML TSR R I, EIR ARG AT SV K
D8R T IR S R AT R G
&30
(1] VLIS, K. ERAC MR 5 R[] )

ARG ABIE, 2012, 36(8): 98-104.

JIANG Daozhuo, ZHENG Huan. Research status and

developing prospect of DC distribution network[J].

Automation of Electric Power Systems, 2012, 36(8): 98-104.
(2] APFR, BRIk, KB ZE. R EREBEMAET )R

IEBLZRR[T]. TR, 2018, 31(4): 1-8.

FU Dong, CHEN Bing, ZHANG Yongjun. Review on

connection mode and modeling of flexible DC power

distribution network[J]. Guangdong Electric Power, 2018,

31(4): 1-8.



_48 -

@A &R B R

(3]

(4]

(5]

(6]

(7]

(8]

(9]

[10]

[11]

Ha%, mioe, TR, BT M Y545 i 4 i) EL VRN P
BT R WEFN). D RG], 2018, 46(9):
62-68.

TIAN Xin, GAO Liang, ZHANG Junfeng. Research on
current limiting scheme of DC distribution based on
voltage source converter[J]. Power System Protection and
Control, 2018, 46(9): 62-68.

WeAW, 20N, BEAE, S5 EVRIC BB R BRI SUSR
R, RGP 5 HEH, 2017, 45(16): 163-170
YAO Gang, JI Feipeng, YIN Zhizhu, et al. Review on the
research of DC power distribution power quality[J]. Power
System Protection and Control, 2017, 45(16): 163-170.

Ko, B, XIS, . B REELUAC H BT SRR T].

T EHUHLC R4, 2013, 33(25): 9-19.

SONG Qiang, ZHAO Biao, LIU Wenhua, et al. An
overview of research on smart DC distribution power
network[J]. Proceedings of the CSEE, 2013, 33(25): 9-19.
AR, BFEW]. A ERAC B R SE X L
[7]. HLMEIAR, 2014, 38(9): 2582-2589.

ZENG lJiasi, XU Xidong, ZHAO Yuming. Reliability
comparison of AC and DC distribution network[J]. Power
System Technology, 2014, 38(9): 2582-2589.
SITHIMOLADA V, SAUER P W. Facility-level DC vs.
typical ac distribution for data centers: a comparative
reliability study[C] / TENCON 2010-2010 IEEE Region
10 Conference, November 21-24, 2010, Fukuoka, Japan:
2102-2107.

SEETT, AR, BT TR N B
WA R SEPE R IAT]. HL IR, 2016, 40(3): 725-732.
SHI Qingfang, XU Xidong, ZHAO Yuming. Effects of
power electronic devices on DC distribution reliability[J].
Power System Technology, 2016, 40(3): 725-732.
BABOLI P T, MOGHADDAM M P, HAGHIFAM M R,
et al. Serving flexible reliability in hybrid AC-DC

microgrid using demand response and renewable energy

1

o,

resources[C] // Power Systems Computation Conference,
August 18-22, 2014, Wroclaw, Poland: 1-7.

SR, R, AR, A R TSI IS R AR
FL O G PR P R SE M AT D). D RS IR A S 4,
2018, 46(21): 25-31.

HU Shunwei, ZHOU Hui, CONG Li, et al. Reliability
analysis of distribution network with power electronic
substation based on fault tree[J]. Power System Protection
and Control, 2018, 46(21): 25-31.

TR, TV, Ry, S TH ) i A AR R R 1 H
I T A A TAE[T]. A, 2013, 37(9): 2592-2601.

(12]

[13]

[14]

[15]

[16]

[17]

(18]

LI Zixin, WANG Ping, CHU Zunfang, et al. Research on
medium-and high-voltage smart distribution grid oriented
power electronic transformer[J]. Power System Technology,
2013, 37(9): 2592-2601.

HE Yuqing, CHEN Yuehui, YANG Zhiqiang, et al. A
review on the influence of intelligent power consumption
technologies on the utilization rate of distribution network
equipment[J]. Protection and Control of Modern Power
Systems, 2018, 3(3): 183-193. DOI: 10.1186/s41601-
018-0092-2.

WRorE, 28, WERIEAR, & RO ARG AR
I EERLEIR[T]. BT HEAEHIHEIAR, 2015(3): 41-48.
CHEN Qichao, JI Yanchao, PAN Yanlin, et al. Review of
power electronic transformer topologies applied to
distribution ~ system[J]. Advanced Technology of
Electrical Engineering Energy, 2015(3): 41-48.

VTR, HIBUE, PME. JET MMC SR L AR
Jis g 4 40 S5 K S 27 I SRS T ST (0], v s LS, 2016,
52(1): 142-147.

SUN Guangxing, GOU Ruifeng, SUN Wei. Research on
topology and control strategy of power electronic
transformer based on MMC structure[J]. High Voltage
Apparatus, 2016, 52(1): 142-147.

R, S, WA PR ) AR TR A S b A5
L FEHISRIE[)]. PR, 2017, 41(2): 596-603.

LIU Chuang, ZHI Yuemei. Hybrid cascaded power
electronics transformer topology and control scheme[J].
Power System Technology, 2017, 41(2): 596-603.
Milel, FSIRR, fEoE, . BIULZ PR
MR LR SRR ). BRIHA, 2016, 40(1): 1-10.
YANG Xiaofeng, ZHENG Qionglin, XUE Yao, et al.
Review on topology and industry applications of modular
multilevel converter[J]. Power System Technology, 2016,
40(1): 1-10.

T, ERiG, R BT (GBI ek B
ARG T SE MR S TR T[], R EOR
2008, 32(21): 32-36.

DING Ming, WANG Jingjing, SONG Qian. Reliability
modeling and redundancy analysis of converter valves for
VSC-HVDC power transmission system based on
k-out-of-n: G model[J]. Power System Technology, 2008,
32(21): 32-36.

PR, B, KR, &GP R EREC M 2 H
SV EL R B [ A AR S g [T]. b E AL LR AR R, 2016,
36(14): 3717-3725.

LI Jianguo, ZHAO Biao, SONG Qiang, et al. DC solid state



i, & 2um D GRIBRa L ) AR s A T SE PR AN AR S LR H - 49 -

[19]

[20]

[21]

[22]

[22]

[23]

transformer based on multilevel DC link for medium-voltage
DC distribution application[J]. Proceedings of the CSEE,
2016, 36(14): 3717-3725.

FKEE. MR G FEVE S ATIM]. Bt TR
i#t, 2003.

EIFN, FREN, P, . B 2 BT RS 1 4
FIRTEEME T[], R I B Pl AR 254, 2016, 36(7):
1908-1914.

WANG Xiuli, GUO lJingli, PANG Hui, et al. Structural
reliability analysis of modular multi-level converters[J].
Proceedings of the CSEE, 2016, 36(7): 1908-1914.
ook, ATEEME TR RIIM]. dbat: MR R AT,
2002.

FUME, EER, M, S TR REYE ELE M A AR AR
Fe s h XA P ERAR B OE )], D RS RS
¥4, 2019, 47(6): 141-150.

LU Linyu, WANG Luyang, BAI Yang, et al. Research on
dual-active-bridge DC-DC converter in solid state
transformer for energy internet[J]. Power System Protection
and Control, 2019, 47(6): 141-150.

B, EXT, WIS, & b H R M TR DAL T
LRI, MR, 2013, 37(11): 3295-3302.
ZHAO Hua, WANG Zhuding, XIE Kaigui, et al.
Comparative study on reliability assessment methods for
medium voltage distribution network[J]. Power System
Technology, 2013, 37(11): 3295-3302.

T, akER, R TR RIS R P B A
PRI FEPEVPAT L[], L BIAR, 2004, 28(3): 38-42.
DING Ming, ZHANG lJing, LI Shenghu. A sequential
Monte-Carlo simulation based reliability evaluation model
for distribution network[J]. Power System Technology, 2004,
28(3): 38-42.

(24] EF5W, DV, T, & FETR/DFIERE IR

HLAR G AT SETEVEAG D). B0 RGOk 5 #2011,
39(9): 52-58.
WANG Xiuli, LUO Sha, XIE Shaoyu, et al. Reliability
evaluation of distribution systems with meshed network
based on the minimum-cut set[J]. Power System Protection
and Control, 2011, 39(9): 52-58.

[25] &5 M. ML EAC R I AT SEPE PP DT i 5T [D]. A
M WK, 2015.

ZENG liasi. Research on reliability evaluation method of
flexible DC distribution network[D]. Hangzhou: Zhejiang
University, 2015.

[26] FRERVL, BIOI, Bhaor, 45, FET RS TULBIK RS

A H W B SR AI]. M OF M ECR, 2018, 12(2):
64-69.
CHENG Tiehan, JIA Na, ZHONG lJianying, et al. Research
of hybrid HVDC circuit breaker based on inductance
coupling circuit[J]. Southern Power System Technology,
2018, 12(2): 64-69.

s HER: 2018-11-13; f&E HEf: 2019-05-06
EEEN:

Wit (1982—), 4, Hd, AT, HRFTEH
KHAY ) 2%, E-mail: yang-fenyan@]163.com

Zik (1990—), B, HE, BEMALR, AT aH
BWOITHARRE ) ZAAAXLARSBLRAXNSETE
t;  E-mail: lihaibo@tsinghua.edu.cn

A R092—), F, A+, FAIEF, HLTEH
W, F AR AR, E-mail: 13602755152@139.com

(%% 5 B



	DOI: 10.19783/j.cnki.pspc.181417 
	多端口级联式电力电子变压器可靠性评估模型及其应用 
	Reliability evaluation model of cascaded multiport power electronic transformer and its application 
	[1]  江道灼, 郑欢. 直流配电网研究现状与展望[J]. 电力系统自动化, 2012, 36(8): 98-104. 
	JIANG Daozhuo, ZHENG Huan. Research status and developing prospect of DC distribution network[J]. Automation of Electric Power Systems, 2012, 36(8): 98-104. 
	[2]  付东, 陈冰, 张勇军. 柔性直流配电网的运行原理与建模综述[J]. 广东电力, 2018, 31(4): 1-8. 
	FU Dong, CHEN Bing, ZHANG Yongjun. Review on connection mode and modeling of flexible DC power distribution network[J]. Guangdong Electric Power, 2018, 31(4): 1-8. 
	[3]  田鑫, 高亮, 张俊峰. 基于电压源换流器的直流配电限流方案研究[J]. 电力系统保护与控制, 2018, 46(9): 62-68. 
	TIAN Xin, GAO Liang, ZHANG Junfeng. Research on current limiting scheme of DC distribution based on voltage source converter[J]. Power System Protection and Control, 2018, 46(9): 62-68. 
	[4]  姚钢, 纪飞鹏, 殷志柱, 等.直流配电电能质量研究综述[J]. 电力系统保护与控制, 2017, 45(16): 163-170. 
	YAO Gang, JI Feipeng, YIN Zhizhu, et al. Review on the research of DC power distribution power quality[J]. Power System Protection and Control, 2017, 45(16): 163-170. 
	[5]  宋强, 赵彪, 刘文华, 等. 智能直流配电网研究综述[J]. 中国电机工程学报, 2013, 33(25): 9-19. 
	SONG Qiang, ZHAO Biao, LIU Wenhua, et al. An overview of research on smart DC distribution power network[J]. Proceedings of the CSEE, 2013, 33(25): 9-19. 
	[6]  曾嘉思, 徐习东, 赵宇明. 交直流配电网可靠性对比[J]. 电网技术, 2014, 38(9): 2582-2589. 
	ZENG Jiasi, XU Xidong, ZHAO Yuming. Reliability comparison of AC and DC distribution network[J]. Power System Technology, 2014, 38(9): 2582-2589. 
	[7]  SITHIMOLADA V, SAUER P W. Facility-level DC vs. typical ac distribution for data centers: a comparative reliability study[C] // TENCON 2010-2010 IEEE Region 10 Conference, November 21-24, 2010, Fukuoka, Japan: 2102-2107. 
	[8]  史清芳, 徐习东, 赵宇明. 电力电子设备对直流配电网可靠性影响[J]. 电网技术, 2016, 40(3): 725-732. 
	SHI Qingfang, XU Xidong, ZHAO Yuming. Effects of power electronic devices on DC distribution reliability[J]. Power System Technology, 2016, 40(3): 725-732. 
	[9]  BABOLI P T, MOGHADDAM M P, HAGHIFAM M R, et al. Serving flexible reliability in hybrid AC-DC microgrid using demand response and renewable energy resources[C] // Power Systems Computation Conference, August 18-22, 2014, Wroclaw, Poland: 1-7. 
	[10] 胡顺威, 周晖, 从黎, 等. 基于故障树的含电力电子变电站配电网可靠性分析[J]. 电力系统保护与控制, 2018, 46(21): 25-31. 
	HU Shunwei, ZHOU Hui, CONG Li, et al. Reliability analysis of distribution network with power electronic substation based on fault tree[J]. Power System Protection and Control, 2018, 46(21): 25-31. 
	[11] 李子欣, 王平, 楚遵方, 等. 面向中高压智能配电网的电力电子变压器研究[J]. 电网技术, 2013, 37(9): 2592-2601. 
	LI Zixin, WANG Ping, CHU Zunfang, et al. Research on medium-and high-voltage smart distribution grid oriented power electronic transformer[J]. Power System Technology, 2013, 37(9): 2592-2601. 
	[12] HE Yuqing, CHEN Yuehui, YANG Zhiqiang, et al. A review on the influence of intelligent power consumption technologies on the utilization rate of distribution network equipment[J]. Protection and Control of Modern Power Systems, 2018, 3(3): 183-193. DOI: 10.1186/s41601- 018-0092-2. 
	[13] 陈启超, 纪延超, 潘延林, 等. 配电系统电力电子变压器拓扑结构综述[J]. 电工电能新技术, 2015(3): 41-48. 
	CHEN Qichao, JI Yanchao, PAN Yanlin, et al. Review of power electronic transformer topologies applied to distribution system[J]. Advanced Technology of Electrical Engineering Energy, 2015(3): 41-48. 
	[14] 孙广星, 苟锐锋, 孙伟. 基于MMC结构的电力电子变压器拓扑结构及控制策略研究[J]. 高压电器, 2016, 52(1): 142-147. 
	SUN Guangxing, GOU Ruifeng, SUN Wei. Research on topology and control strategy of power electronic transformer based on MMC structure[J]. High Voltage Apparatus, 2016, 52(1): 142-147. 
	[15] 刘闯, 支月媚. 混合级联式电力电子变压器拓扑结构及控制策略[J]. 电网技术, 2017, 41(2): 596-603. 
	LIU Chuang, ZHI Yuemei. Hybrid cascaded power electronics transformer topology and control scheme[J]. Power System Technology, 2017, 41(2): 596-603. 
	[16] 杨晓峰, 郑琼林, 薛尧, 等. 模块化多电平换流器的拓扑和工业应用综述[J]. 电网技术, 2016, 40(1): 1-10. 
	YANG Xiaofeng, ZHENG Qionglin, XUE Yao, et al. Review on topology and industry applications of modular multilevel converter[J]. Power System Technology, 2016, 40(1): 1-10. 
	[17] 丁明, 王京景, 宋倩. 基于k/n(G)模型的柔性直流输电系统换流阀可靠性建模与冗余性分析[J]. 电网技术, 2008, 32(21): 32-36. 
	DING Ming, WANG Jingjing, SONG Qian. Reliability modeling and redundancy analysis of converter valves for VSC-HVDC power transmission system based on k-out-of-n: G model[J]. Power System Technology, 2008, 32(21): 32-36. 
	[18] 李建国, 赵彪, 宋强, 等. 适用于中压直流配网的多电平直流链固态变压器[J]. 中国电机工程学报, 2016, 36(14): 3717-3725. 
	LI Jianguo, ZHAO Biao, SONG Qiang, et al. DC solid state transformer based on multilevel DC link for medium-voltage DC distribution application[J]. Proceedings of the CSEE, 2016, 36(14): 3717-3725. 
	[19] 郭永基. 电力系统可靠性分析[M]. 北京: 清华大学出版社, 2003.  
	[20] 王秀丽, 郭静丽, 庞辉, 等. 模块化多电平换流器的结构可靠性分析[J]. 中国电机工程学报, 2016, 36(7): 1908-1914. 
	WANG Xiuli, GUO Jingli, PANG Hui, et al. Structural reliability analysis of modular multi-level converters[J]. Proceedings of the CSEE, 2016, 36(7): 1908-1914. 
	[21] 郭永基. 可靠性工程原理[M]. 北京: 清华大学出版社, 2002.  
	[22] 卢林煜, 王鲁杨, 柏扬, 等. 面向能源互联网的固态变压器中双有源桥直流变换器研究[J]. 电力系统保护与控制, 2019, 47(6): 141-150. 
	LU Linyu, WANG Luyang, BAI Yang, et al. Research on dual-active-bridge DC-DC converter in solid state transformer for energy internet[J]. Power System Protection and Control, 2019, 47(6): 141-150. 
	[22] 赵华, 王主丁, 谢开贵, 等. 中压配电网可靠性评估方法的比较研究[J]. 电网技术, 2013, 37(11): 3295-3302. 
	ZHAO Hua, WANG Zhuding, XIE Kaigui, et al. Comparative study on reliability assessment methods for medium voltage distribution network[J]. Power System Technology, 2013, 37(11): 3295-3302. 
	[23] 丁明, 张静, 李生虎. 基于序贯蒙特卡罗仿真的配电网可靠性评估模型[J]. 电网技术, 2004, 28(3): 38-42. 
	DING Ming, ZHANG Jing, LI Shenghu. A sequential Monte-Carlo simulation based reliability evaluation model for distribution network[J]. Power System Technology, 2004, 28(3): 38-42. 
	 [24] 王秀丽, 罗沙, 谢绍宇, 等. 基于最小割集的含环网配电系统可靠性评估[J]. 电力系统保护与控制, 2011, 39(9): 52-58. 
	WANG Xiuli, LUO Sha, XIE Shaoyu, et al. Reliability evaluation of distribution systems with meshed network based on the minimum-cut set[J]. Power System Protection and Control, 2011, 39(9): 52-58. 
	[25] 曾嘉思. 柔性直流配电网可靠性评价方法研究[D]. 杭州: 浙江大学, 2015. 
	ZENG Jiasi. Research on reliability evaluation method of flexible DC distribution network[D]. Hangzhou: Zhejiang University, 2015. 
	[26] 程铁汉, 贾娜, 钟建英, 等. 基于耦合负压回路的混合式直流断路器研究[J]. 南方电网技术, 2018, 12(2): 64-69. 
	CHENG Tiehan, JIA Na, ZHONG Jianying, et al. Research of hybrid HVDC circuit breaker based on inductance coupling circuit[J]. Southern Power System Technology, 2018, 12(2): 64-69. 



