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Abstract

In recent years, the three-phase three-level NPC rectifier has been widely used in high voltage and
high power fields. In order to improve the safety and reliability of NPC three-level rectifier opera-
tion, it is particularly important to study its fault diagnosis and fault-tolerant control. In this paper,
the changes of current flow path and fault characteristics of each switch device after open-circuit
fault are analyzed in detail, and a fault diagnosis method based on current path is adopted. Then,
the influence of the open-circuit fault of switch tube on space voltage vector is analyzed, and a
fault-tolerant control strategy based on reference voltage vector correction is proposed. The fault
detection method used in this paper can accurately locate the fault switch device, without a lot of
calculation and rapid diagnosis. The proposed fault-tolerant control method does not need addi-
tional hardware, which can effectively improve the reliability of NPC three-level rectifier. Finally,
the effectiveness of the proposed method is verified by simulation.
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Figure 1. Main circuit of NPC three-level rectifier
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Figure 2. Current path of external switch before and after open circuit: (a)
S,1 open circuit; (b) S,4 open circuit
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Table 2. The judgment basis of open-circuit fault of external switching devices
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Figure 3. Current path of internal switch before and after open circuit: (a)
S, open circuit; (b) S;3 open circuit
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Figure 4. 12 partitions of space voltage vector
4. FEBERE 12 57X

DOI: 10.12677/aepe.2021.95027 254 ML) 5 REYR L R


https://doi.org/10.12677/aepe.2021.95027

ERUNE

NPC ! = Hi PR 2% (11 2% B R R Sl LURI A SVPWM SRS HL. S5 du i 0 VT DL (1) P i
=R EA AR

« T T T
V' =aV, + NV, + N+ NV =L p=-"2y==2 1
alﬂVzmm(aTﬂTyZTj @

S S

Horp, ToR&RFEEW, ToRRE Vo RERI IR, T Z2RE V, KFERRIA], To /N RE V, MV, BRI T,
o & To TR To b b, B2 TofE Toh b EL, p & Tof2 76 Toh it IRIES B HIERE V'
W AR BRI R 100 5 4 Sap KA AR S R AR T 0 PRI 00« 1 00 1 J Wb 225 v s R BTSSR AE SR SR R R IX
TE 2 RS2 i R B R0 R IX . ARSCRE 1 4 Hig 4, 5. 6 B IXBEAT R4, 7. 8.9
X5 4. 5. 6 HIXXFR, FEFER 77 0] AT B A B 675
5@ OX SR T 1 FTHSHBERAE, 61 THRA - MEERRER AR, il
RUZHEREAT 5. 6 RXEFGIER). LA 5w X OYFI#AT . #bERAR, S FBEZH Vi V.
Vis =AM HEREESRE, K 5@), ZEHRERETENR).
V= Vis + BNy + Vg, + Vs, )
HIFRAE S KATFRE IR, WA E TP OCRETI 7 N RS B, NRE Va(OPO)-4R
Ko PRI R Vap(OPOYM L il T 2 i V(NPO), #2280 V1 i A 1 e 2 %5 W e
KRBV s WE 50)FTR. MESH BV, 7T ERRA(S).
Vi = @Vis + (ﬂ + 7)\/9 + Vg, ()
EMPERE AL 1T, $URIHEIERER Vap(OPO), &/NKkE, 1M NPC = HL B ds /N2 A TR
RtE, A PGB 5(c) s NN R Ve (NON) I Bt 8], DL SRR S i S E BIE R &, &
IEJRIS 2% B R Vo @) TR . B A SR AR 5L, WL E Rt i 1 R RIS %
RKEMEREEBITNNSEBERE. GUESFZBERELTH 6 IXE, FHEITESE 5 XA
.
Vc:)mpl = avls + ﬂvg + 27/V3n (4)

Vis V3 (OPN)

(PPP)
(000)
Vo (NNN)

DOI: 10.12677/aepe.2021.95027 255 ML) 5 REYR L R


https://doi.org/10.12677/aepe.2021.95027

R 2E

A :
Vo © Vo
Vi: Vis: Vo Vao Vo Vo Vis: Vg,

aﬁ%‘ o . . . N . -
TFIRAS ; ; : o

p— 1

Pl : R
b Be | s L
Frpra © : g : g g : ; gl

N .......................................................................

Bl
c g o

L N S I

(b)
A :
V3n Vl5 V9 V9 V15 V3n
Pl T T
a i a
XA O e
N
Pl p . e
b B | ] -
Tk © ; : : : : e
N ........................................................................
P ................ ........ ........ ........ ........ ................ . ..
o Biig : : : : : ‘-
N : S e _
2y ot B
(c)

Figure 5. Reference voltage vector and switching mode in case 1: (a) distortion and correction of reference voltage; (b)
switching mode in fault condition; (c) fault-tolerant switching mode
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Figure 6. Reference voltage vector and switching mode in case 2: (a) distortion and correction of reference voltage; (b)
switching mode in fault condition; (c) fault-tolerant switching mode
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Figure 7. Sy, fault diagnosis: (a) a phase bridge arm switch state; (b) a phase current i; (c) clamp diode current
i_VD,y; (d) a phase arm voltage U,,; (e) fault diagnosis results
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Figure 8. AC side three-phase current and DC side voltage waveform: (a) three phase current waveform before and after
fault; (b) three-phase current waveform before and after fault-tolerant control; (c) voltage waveform of DC side before and
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F 5. ZHHERM THD (&

ERE1T S JT % BHEAT
THD(iz) 1.52% 30.64% 26.92%
THD(is) 1.50% 8.48% 3.82%
THD(ic) 1.49% 24.38% 19.83%

5. &

MR A RRY], AT a2 W SR8 o BN [F) LB AR T AR R AR, REMERR DU

W2 W BT R AR i th K A B B IR B S R R R, T8 R AT B R 52
UERTE 3/ % NP vk NG ERY N R o TR L P N = R L N AN i 22 P B €75 W = e o
PEMIFTEEYE, HICR GBS, FEIR T ARG A .

SEEk

[11 &40, 48=BF, MRk, BRfh, ZBI0ZR, EhANE, & =¥ PWM B3 SOA 4R S Hh o o e P A il
RIGFFFI]. o E oL LR 24, 2006, 26(20): 64-68.

[2] Yang, S., Xiang, D., Bryant, A., Mawby, P., Ran, L. and Tavner, P. (2011) Condition Monitoring for Device Reliabili-
ty in Power Electronic Converters: A Review. IEEE Transactions on Power Electronics, 25, 2734-2752.
https://doi.org/10.1109/TPEL .2010.2049377

[3] Li, X., Xu, D., Zhu, H., Cheng, X., Yu, Y. and Ng, W.T. (2018) An Indirect IGBT Over-Current Detection Technique
via Gate Voltage Monitoring and Analyzing. IEEE Transactions on Power Electronics, 34, 3615-3622.
https://doi.org/10.1109/TPEL .2018.2856777

[4] Azer, P., Ouni, S. and Narimani, M. (2020) A Novel Fault-Tolerant Technique for Active Neutral Point Clamped In-
verter Using Carrier-Based PWM. IEEE Transactions on Industrial Electronics, 67, 1792-1803.
https://doi.org/10.1109/T1E.2019.2903764

[5] Chen, ZW., Ding, S.X., Peng, T., Yang, C. and Gui, W. (2018) Fault Detection for Non-Gaussian Processes Using
Generalized Canonical Correlation Analysis and Randomized Algorithms. IEEE Transactions on Industrial Electronics,
65, 1559-1567. https://doi.org/10.1109/T1E.2017.2733501

[6] Mendes, A.M.S., Abadi, M.B. and Cruz, S. (2014) Fault Diagnostic Algorithm for Three-Level Neutral Point Clamped
AC Motor Drives, Based on the Average Current Park’s Vector. IET Power Electronics, 7, 1127-1137.
https://doi.org/10.1049/iet-pel.2013.0416

[7] Sanchez, J.P., Campos-Delgado, D.U., Espinoza-Trejo, D.R., Valdez-Fernandez, A.A. and De Angelo, C.H. (2019)
Fault Diagnosis in Grid-Connected PV NPC Inverters by a Model-Based and Data Processing Combined Approach.
IET Power Electronics, 12, 3254-3264. https://doi.org/10.1049/iet-pel.2018.5237

[8] Ge, X., Pu, J., Gou, B. and Liu, Y.-C. (2018) An Open-Circuit Fault Diagnosis Approach for Single-Phase Three-Level
Neutral-Point-Clamped Converters. IEEE Transactions on Power Electronics, 33, 2559-2570.
https://doi.org/10.1109/TPEL.2017.2691804

[9] Caseiro, L.M.A. and Mendes, A.M.S. (2015) Real-Time IGBT Open-Circuit Fault Diagnosis in Three-Level Neu-
tral-Point-Clamped Voltage-Source Rectifiers Based on Instant Voltage Error. IEEE Transaction on Industrial Elec-
tronics, 62, 1669-1678. https://doi.org/10.1109/TIE.2014.2341558

[10] Caseiro, L.M.A. and Mendes, A.M.S. (2015) Real-Time Multiple IGBT Open-Circuit Fault Diagnosis in Three-Level
Neutral-Point-Clamped Converters with No Additional Sensors. IECON 2015-41st Annual Conference of the IEEE
Industrial Electronics Society, Yokohama, 9-12 November 2015, 3181-3186.
https://doi.org/10.1109/IECON.2015.7392590

[11] Cheng, S., Chen, Y.T., Yu, T.J. and Wu, X. (2016) A Novel Diagnostic Technique for Open-Circuited Faults of Inver-
ters Based on Output Line-to-Line Voltage Model. IEEE Transactions on Industrial Electronics, 63, 4412-4421.
https://doi.org/10.1109/T1E.2016.2535960

[12] #rfhar, skowt, BCE. 2T o0 HoW v AU I 38 1) = A )\ JF 0 25 85 300 A48 #8 IR 3 7k 1k [R] 2 s L 3R 45 TG A% ik 4%

FCS-MPC [J]. #3115 M H], 2018, 35(7): 1037-1049.

DOI: 10.12677/aepe.2021.95027 261 CIVARST ) biid


https://doi.org/10.12677/aepe.2021.95027
https://doi.org/10.1109/TPEL.2010.2049377
https://doi.org/10.1109/TPEL.2018.2856777
https://doi.org/10.1109/TIE.2019.2903764
https://doi.org/10.1109/TIE.2017.2733501
https://doi.org/10.1049/iet-pel.2013.0416
https://doi.org/10.1049/iet-pel.2018.5237
https://doi.org/10.1109/TPEL.2017.2691804
https://doi.org/10.1109/TIE.2014.2341558
https://doi.org/10.1109/IECON.2015.7392590
https://doi.org/10.1109/TIE.2016.2535960

R 2E

[13]

[14]

[15]

[16]

Li, J., Huang, A.Q., Liang, Z. and Bhattacharya, S. (2012) Analysis and Design of Active NPC (ANPC) Inverters for
Fault-Tolerant Operation of High-Power Electrical Drives. IEEE Transactions on Power Electronics, 27, 519-533.
https://doi.org/10.1109/TPEL.2011.2143430

Lee, J.S. and Lee, K.B. (2015) Open-Switch Fault Tolerance Control for a Three-Level NPC/T-Type Rectifier in Wind
Turbine Systems. IEEE Transactions on Industrial Electronics, 62, 1012-1021.
https://doi.org/10.1109/T1E.2014.2347912

Lee, J.S. and Lee, K.B. (2015) Open-Circuit Fault-Tolerant Control for Outer Switches of Three-Level Rectifiers in
Wind Turbine Systems. IEEE Transactions on Power Electronics, 31, 3806-3815.
https://doi.org/10.1109/TPEL.2015.2464803

Katebi, R., He, J. and Weise, N. (2018) An Advanced Three-Level Active Neutral-Point-Clamped Converter with Im-
proved Fault-Tolerant Capabilities. IEEE Transactions on Power Electronics, 33, 6897-6909.
https://doi.org/10.1109/TPEL.2017.2759760

DOI: 10.12677/aepe.2021.95027 262 ML) 5 REYR L R


https://doi.org/10.12677/aepe.2021.95027
https://doi.org/10.1109/TPEL.2011.2143430
https://doi.org/10.1109/TIE.2014.2347912
https://doi.org/10.1109/TPEL.2015.2464803
https://doi.org/10.1109/TPEL.2017.2759760

	三相三电平NPC整流器开路故障诊断与容错控制策略的研究
	摘  要
	关键词
	Research on Open-Circuit Fault Diagnosis and Fault-Tolerant Control Strategy of Three-Phase Three-Level NPC Rectifier
	Abstract
	Keywords
	1. 前言
	2. 故障诊断方法
	2.1. 外部开关器件故障诊断
	2.2. 内部开关器件故障诊断

	3. 容错控制方法
	4. 仿真结果
	5. 结论
	参考文献

