
附件 2 

项目名称 
基于滑模观测器和电容电压变化率的 MMC 关键元件故障诊断方法

研究  

项目类别 □C 类 ☑D 类 

产业领域 
□信息 □环保 □健康 □旅游 □时尚 □金融 □高端装备制造 

□文化创意 □海洋经济 □生物技术 ☑新能源 □新材料 □其他 

所在平台 

□省级留学人员创业园 ：                     

□省重点企业研究院：                   

□省级产业集聚区：                     

☑其他 

是否回国来浙

从事博士后 

研究工作 

□是，海外博士授予学校：                                                       

回国时间：                    博士后编号：                  

☑否 

 

 

浙江省“钱江人才计划”C、D 类 

项 目 申 请 表 

 

姓       名             邵帅                

单       位           浙江大学              

部门（地区）        电气工程学院            

 

浙江省人力资源和社会保障厅 

填  表  说  明 



 

1、产业领域：请在以下相应产业领域栏目打“√”：信息、健

康、环保、旅游、时尚、金融、高端装备制造、文化创意、海洋

经济、生物技术、新能源、新材料；不属上述产业领域的，请在

“其他”栏打“√”。 

2．所在平台：若项目属省级留学人员创业园、省重点企业

研究院、省级产业集聚区的，请在相应栏打“√”，并填写相应名

称。不属于上述内容的，请在“其他”栏打“√”。 

3、是否回国来浙从事博士后研究工作：在“是”或“否”前打

“√”，若是的，填写相应栏目。 

4、表内各栏目填写内容的起讫时间均为最近 5 年，例如，

2016 年申请的，各栏目起讫时间为 2011 年 1 月至今。 

 



一、申请人基本信息 

姓  名 邵帅 工作单位 浙江大学 

职  务 讲师 从事专业 电力电子（新能源并网） 

联系地址 
杭州市浙江大学玉泉校区北门电工厂大功

率实验室 
邮  编 310027 

单位电话 0571-87953095 手  机 15868126530 E—mail 
shaos@zju.edu.

cn 

留学国别 英国 出国时间 2011.10.25 回国时间 2015.6.24 

留学机构 

名称 
诺丁汉大学 

留学性质 
☑公派 

□自费 
学习性质 

□大学   □硕士   ☑博士   □博士后 

□普访   □高访   □其他___________ 

主  要 

学  习 

工  作 

经  历 

 

 2015.11 至今     浙江大学        电气工程学院     讲师 

 2011.11-2015.7   诺丁汉大学      电气与电子工程   博士 

 2006.09-2010.10  浙江大学        电子信息工程     本科   

 2003.09-2006.06  湖南省沅江市第三中学             高中 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



从事专业 

工作情况 

（概述本人的专业研究领域、方向和主要业绩） 

 

 

申请人从事的专业为电力电子技术，依靠功率电力电子器件实现电能

的高效率变换与控制，是一门融合了电气工程、电子科学与技术、控

制理论三大学科的交叉学科。电力电子技术是太阳能、风能等新能源

并网，电网智能化，高压直流输电，电动汽车，高速铁路电机牵引，

以及多电飞机等高新领域的核心技术。 

 

申请人研究方向是柔性直流输电技术，作为新一代的直流输电技术， 

在大规模风电场并网、交流系统互联、城市配电网的增容改进等应用

场合要较强最具潜力的技术。一般的柔性直流输电系统由两个模块化

多电平变换器(Modular Multilevel Converter, MMC)背靠背构成。一个

MMC 可包含上千个子模块，这些子模块若发生故障，将损坏其他元器

件，可能造成系统瘫痪，造成较大的经济损失。申请人自 2011 年起研

究 MMC 的故障诊断工作，提出两种基于滑模观测器的诊断方法，在

MMC 发生故障后，能在 20 毫秒左右定位故障，有利于提高柔性直流

输电系统的可靠性，发表电力电子领域国际顶级期刊 IEEE Trans. 

Power Electron. （影响因子 6.008）论文 2 篇，其中一篇他引 33 次。 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



二、五年来主要成果 
           

1、参与过的主要项目 

项目名称 起止时间 
项目性质 

和来源 
经费总额 参与人数、本人排名和任务 

敏感负荷电

压暂降控制

器的研制 

2015.10- 

2016.09 
江苏金智

科技股份

有限公司

合作项 

60 万 5、3、系统设计和调试 

     

     

 

2、代表性论文、著作（不超过 20 项） 

论文、著作名称 
发表/出

版时间 
发表/出版载体 

论文索引

情况 
本人排名 

Fault Detection for Modular 

Multilevel Converters Based on 

Sliding Mode Observer 
2013 

IEEE Trans. 

Power Electron. 
33 1 

Robustness Analysis and 

Experimental Validation of a Fault 

Detection and Isolation Method for 

the Modular Multilevel Converter 

2016 
IEEE Trans. 

Power Electron. 
0 1 

Detection and isolation of multiple 

faults in a modular multilevel 

converter based on a sliding mode 

observer 

2014 
IEEE ECCE 

2014 
0 1 

Open-circuit fault detection and 

isolation for modular multilevel 

converter based on sliding mode 

observer 

2013 EPE 2013 0 1 

 

 

3、专利 

专利名称 专利类别 批准时间 授权国家 是否投产 本人排名 

      

      

      

 

4、产品（如有产品，说明目前的产业化程度） 

 



 

 

 

 

 

 

5、其他（包括获得的重要奖项、在国际学术会议做重要报告等情况） 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



三、项目可行性说明 

1、立项背景（说明项目意义、国内外研究现状和发展趋势）。 

 

最初的柔性直流输电系统(Voltage Sourced Converter based High Voltage DC 

Transmission, VSC-HVDC)普遍采用两电平或者三电平中性点钳位型(Neutral Point 

Clamped, NPC)变换器。单个电力电子开关器件耐压能力有限，为应对 HVDC 中的

高电压，需要将多个开关器件串联起来使用。开关器件串联存在两个问题，一是均

压，即如何在开关瞬态及关断状态下，使电压平均地分配在各个串联的器件之上；

二是开路故障，即单个器件的开路故障将使所有与之串联的器件失效。解决这两个

问题难度较大，目前只有 ABB 公司克服这些技术障碍，将基于两电平和三电平的

VSC-HVDC 成功商业化。除了上述问题，两电平或三电平的变换器的输出电能质量

差，需要采用较大的滤波器来滤除谐波；而且变换器损耗大，效率最高只有 98%左

右[1]。 

 

图 1.  MMC 拓扑图. 

2001年德国的R. Marquardt教授提出了模块化多电平变换器（Modular Multilevel 

Converter），拓扑如图 1 所示，具有以下优点[2]： 

 由大量相同模块（半桥或全桥结构）级联而成，可适应不同等级电压，

且降低了制造成本； 

 输出交流电压为多电平阶梯波，电能质量高，大大减小了滤波器； 



 易于实现冗余，发生故障后，只需将故障子模块旁路并插入冗余子模块

即可； 

 效率高，最高效率可达到 99.5%。 

由于以上优点，加之具有公共的直流母线，MMC 极为适合高压直流输电场合，

迅速被工业界采用。2010 年 11 月，由西门子承建的世界上第一个基于 MMC 的柔

性直流输电系统 Trans Bay Cable 便已投入使用，展现了良好的技术特性 [3]。ABB

和 Alstom 也相继开展研究，推出了类似产品。目前，MMC 取代两电平和三电平变

换器，成为柔性直流输电的主流拓扑。国内对柔性直流输电技术的研究起步于 2003

年，取得了快速发展，目前已有上海南汇示范工程（20MW/±30kV，2011 年），南

澳多端口（200MW/±160kV，2013 年），舟山多端口（400WM/±200kV，2014 年），

厦门示范工程（1000MW/±320kV，2015 年）等工程投运[4]。 

MMC 由大量模块级联而成，含有数目众多的电力电子器件和电容，例如 Trans 

Bay Cable 项目中，就包含超过 2400 个 IGBT 和 1200 电容器[3]。而根据 S. Yang 等

学者的工业调查结果，电力电子器件和电容是变换器中故障率最高的元器件[5]。因

而，MMC 元件的故障率要天然地高于其他变换器。单个元件的故障会降低输出电

能质量，并产生局部高电压大电流，波及其他元器件（即引起二次故障），进而可

能造成整个 HVDC 系统瘫痪。纵观国内外投入使用的 MMC 柔性直流输电系统，功

率范围一般在数百到数千兆瓦，未来更有可能再提高一个数量级。系统一旦因故障

而瘫痪，将造成大面积停电。现代工业高度依赖电力，停电将造成巨大的国民经济

损失，例如 2013 年 5 月 21 日，泰国南部多地停电 3 小时左右，就造成了约合 3.5

亿美元的经济损失[6]。如何提高 MMC-HVDC 系统的可靠性，保证其不间断运行成

为了一个极为重要而富有挑战性的研究课题，这其中一个很重要的分支就是 MMC

关键元件 IGBT 和电容器的故障诊断。 

本项目针对 MMC 中功率器件 IGBT 和电容器可能出现的故障：IGBT 开路故障、

短路故障和电容老化，提出一整套简单可靠的解决方案。这些方案能准确快速地定

位故障。被定位的故障子模块将被旁路，并插入冗余子模块，保证 MMC 系统的不

间断运行。下面先对已有故障诊断方法进行归纳总结。 

IGBT 的故障诊断 

电力电子器件的故障分为开路故障和短路故障。IGBT 开路故障是指器件一直处



于断开状态，不受门极信号控制，产生原因有模块内部焊接层、绑定线疲劳断裂，

或者门极驱动故障[7]。IGBT 短路故障则是指器件处于导通状态，不受控制，器件

过流或者过压皆可能导致短路故障。对于电力电子器件的故障诊断，国内外学者已

经做过大量工作。总结起来，根据采用的手段，功率器件的故障诊断方法可分为两

类，一是硬件方法，二是软件方法。硬件方法添加额外的传感器来检测电压、电流

和温度等信号，并通过逻辑电路处理这些信号，当它们超过一定的阈值，即认为电

路发生了故障。下面分析各类 IGBT 故障诊断硬件方法的优缺点： 

1）Vce 退保和检测。IGBT 的集电极-发射极压降 Vce 与流经 IGBT 的电流在一定

范围内存在线性关系，当 IGBT 因短路出现过流时，Vce 将显著高于正常值，利用这

个特性可判断 IGBT 是否有短路故障[8]。这种方法简单有效，能在 IGBT 过流时及

时关断器件，使其免受损坏，很多门极驱动芯片都集成了此项功能。但是该方法只

在 IGBT 损坏前有效，且无法检测过压导致的短路故障。 

2）IGBT 电流 ic 检测。通过检测流经 IGBT 的电流 ic 来判断故障，传感器可采

用霍尔元件、罗氏线圈（Rogowski Coil）或者高可靠电阻，通过一个逻辑电路产生

故障信号[9]。这种方法可以分辨开路或者短路故障。然而在 MMC-HVDC 中，流经

IGBT 的电流可达上千安培，采集如此大电流的霍尔元件或罗氏线圈成本较高；电

阻则损耗大，不适合于大电流应用场合。  

3）镜像电流检测。利用镜像电路来获取 IGBT 的电流，镜像电路由一个小型 IGBT

和电阻串联而成，与主 IGBT 并联。流经主 IGBT 的电流可由镜像电路中电阻的压

降算得。根据该压降及门极信号，可判断 IGBT 的开路或者短路故障[10]。此方法

将增大主功率电路的复杂度，且成本较高（需要一个额外的 IGBT）。 

4）dic/dt 检测。美国田纳西州立大学的 L. Tolbert 等学者把 IGBT 电流斜率 dic/dt

作为反馈以提高 IGBT 的开关速率，dic/dt 也可以来检测过流故障[11]。该方法速度

快，但是电路很复杂，其本身就有发生故障的可能性。 

4）门极信号检测。M. A. R-Blanco 等学者通过检测门极电压上升沿米勒平台时

间，来判断 IGBT 器件是否有开路或短路故障，检测时间只需要 3μs [12]。L. Chen

等学者通过检测 IGBT 门极的充放电电流来诊断开路或短路故障[13]。这类方法速

度快，成本低，但是只在开关瞬态起作用，对于在导通状态时发生的故障，要到下



一个开关周期方能检测，不适用于开关频率较低的场合。 

硬件诊断法虽然可靠性高，检测速度快，但是额外的传感器和电路增加了体积

和成本，而且这些传感器和电路本身也有发生故障的可能性。软件诊断法则另避蹊

径，利用已有的信号如用于反馈控制的电压、电流及门极驱动信号，来诊断故障。

这些信号具有一定相关性，且这种相关性在正常和故障情况下不一致，利用此差异

可将故障诊断出来。变换器信号的相关性可根据变换器的解析模型获得。 

两电平逆变器输出电流可用来检测 IGBT 开路故障，包括平均电流 Park 矢量法、

三相电流平均值法、基于傅里叶变换的归一化方法等，哈尔滨工业大学的于咏副教

授对电流检测法进行了很好的总结[14]。这一类方法不适合 MMC 等多电平变换器，

因为无法定位故障的具体位置。另外，变换器的输出电压也能用于故障诊断。

Meynard 等学者从飞跨电容钳位型（Flying Capacitor Clamped）多电平变换器的输

出电压中提取开关频率分量 sv ：正常情况下，该分量幅值 sv 很小；出现故障时， sv

显著变大， sv 的角度可用来指示故障的具体位置[15]。A. Yazdani 等学者则在时域内

分析输出电压，通过比较实际与理想的输出电压找寻故障[16]。这类方法能够用于

各类多电平变换器，但是当电平数目变大时，故障诊断的正确率会急剧下降：故障

引起输出电压的变化将非常之小，无法分辨是噪声还是故障，此外这些方法在多个

故障并发时无法有效诊断。L. Tolbert 等学者还将人工智能应用于多电平变换器的

故障检测，但是诊断准确率在有些情况下只有 76%，易发生误诊断[17]。申请人在

诺丁汉大学攻读博士期间从事 MMC 子模块 IGBT 的开路故障诊断，基于滑模观测

器（Sliding Mode Observer, SMO），采用猜想-验证的思想，能在 20 毫秒左右定位开

路故障[18, 19]，但是该方法在多个开路故障并发时亦无法有效诊断，因为有过多的

故障位置需要猜测，导致计算量过大。 

 

电容的故障检测 

常用于直流母线的电容有三种：铝电解电容、金属薄膜电容和多层瓷片电容[20]。

相较于其他两类电容，金属薄膜电容在可靠性、纹波电流承受能力、寄生电阻和成

本等方面达到了一个较好的均衡，实际的 MMC-HVDC 工程项目一般采用这种电容

作为子模块电容[20]。然而金属薄膜电容仍会随时间而老化，老化的机理一是金属



化膜自愈，二是金属化膜腐蚀[20, 21]。一般，当电容量的下降超过 5%～10%时（因

不同厂商而异），金属薄膜电容性能急剧恶化，通常把电容量损失达到初始值的

5%～10%作为电容寿命终结的标志[20, 21]。 

为了提高电容的寿命，一方面可以采用更加先进的制造工艺。根据前期调研，

国内 MMC-HVDC 供应商为了提高工程的可靠性，电容一般从国外 Vishay 等公司进

口，确保其使用寿命在 20～30 年。显然，先进的工艺的意味着高成本。另一方面，

也可以通过软件方式监测电容的健康状况，提高工程的可靠性。 

国内外学者一般采用 ( ) /c cC i dt v  来估计电容量，其中 ic 是流经电容的电流，

cv 是电容电压纹波[20, 22, 23]。A. Wechsler 等学者利用此方法在线估计航天器上

电机驱动的直流母线电容值，使其具有容错功能，但是精确度低，最大误差达

4.3%[22]。Y.-J. Jo 等学者添加低频滤波器，并借助递归最小二乘法在线估计 MMC

子模块电容量，将估计误差减小到了 1.3%[23]。但是该方法算法复杂，计算量大，

实施难度较大。K.-W. Lee 等学者用离线方式估计电容量以调高准确率：在变换器空

闲时，添加一个低频、固定占空比的 PWM 信号，增大 cv 的值，减小因噪声造成

的误差[24]。然而，离线方式不适合 MMC 子模块电容量的估计—MMC-HVDC 需

要不间断工作。 

从国内外研究的最新进展可以看出，MMC 的子模块 IGBT 的故障检测虽然已有

多种方法，但是均存在着不足：硬件诊断方法中，1）退保和检测简单可靠、应用

广泛，但只在 IGBT 损坏前有效，且无法检测过压导致的短路故障；2）ic 检测、镜

像电流法需要测量流经 IGBT 的大电流，额外的传感器成本高，增加了主功率电路

的复杂度；3) dic/dt 检测电路过于复杂，其本身就有可能发生故障；4) 门极信号检

测不适合于低频电路如 MMC。软件诊断方法中，传统的基于分析输出电流或输出

电压的各类方法不适合于模块数众多的 MMC，申请人提出的基于滑模观测器的诊

断法，能快速准确地（20ms）诊断单个开路故障，但是对多个故障并发时仍存在问

题。 

为此，申请人针对 MMC 中 IGBT 的开路和短路故障，以及电容的老化，提出

一套可靠、快速、简单的诊断方法。对于子模块 IGBT 的开路故障以及电容的健康

状况监测，提出基于滑模观测器的诊断方法：利用已有的子模块电流、电容电压和

门极信号，给每个子模块建立观测器，实时估计电容电压和电容量，通过比较估计



与实际的电容电压，判断是否有开路故障；通过电容量的减少程度，判断电容的健

康状况。 

MMC 子模块由半桥（或 H 桥）和一个电容组成（见图 1），IGBT 短路将造成

子模块桥臂直通，电容急剧放电，电容电压迅速下降，下降速度远远大于因功率交

换引起的波动。本项目利用 MMC 这一特有现象，提出一种基于判断电容电压变化

率的 IGBT短路故障诊断电路。该电路结构简单(只需要无源元件、比较器和逻辑门），

通过检测电容电压的变化速率，并结合门极信号，诊断 IGBT 的短路故障。 

IGBT 的开路或短路故障被定位后，故障子模块将被切除，冗余子模块被插入，

使 MMC 不间断运行；子模块电容的老化状况则可用来微调各模块的使用率：电容

老化严重的模块少使用一点，电容较健康的模块多使用一点，最终提高 MMC 电容

的整体寿命。本项目的开展，能较大幅度的提高 MMC 的可靠性，为 MMC 柔性直

流输电系统的不间断运行保驾护航，为柔性高压输电系统的推广、及未来高压直流

大电网的建设做出贡献。 
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2、主要内容和预期成果（说明研究开发的主要内容，技术关键（难点）以及

最终成果形式和对经济社会发展产生的效益）。 

 

2.1 主要研究内容 

 

图 2.  MMC 子模块拓扑. 

本项目中，MMC 的子模块为半桥结构，如图 2 所示，但是提出的方法可用于子

模块为其他拓扑的 MMC（若拓扑为其他结构，只需要将方法中的电路模型进行修

改即可）。 

 

开路故障  

当 IGBT出现开路故障时，对应子模块的电容电压会不断上升。图 3是一个 24MW

的 MMC 仿真结果，发生开路故障（0.1s）后，故障子模块电容电压不断上升，最

终将损坏该模块其他的 IGBT 和电容。为防止二次故障，IGBT 的开路故障须在 40ms

内诊断出来。 

本项目拟采用滑模观测器诊断 IGBT 的开路故障。观测器框图如图 4 所示，图中

MMC Submodule 虚线框部分是 MMC 子模块（见图 2）的电路模型，S 表示子模块

的开关状态，取值见表 I；i、vc、C 分别为子模块的电流、电容电压和电容值。图

4 中 SMO 虚线框部分是滑模观测器框图，其中 L1 为观测器增益， ( )sat x 为饱和函数，

ˆ
cv 是 cv 的估计值（也称作观测值）。可以证明，当 L1 取值合适且电路工作正常时 ˆ

cv 与

cv 收敛；而当 IGBT 发生开路故障时， ˆ
cv 与 cv 发散。通过这个差异可判断该子模块

是否有开路故障。 



 

图 3.  24MW MMC 仿真结果，0.1s 时发生 IGBT 开路故障，从上至下：输出电压（vo）、输出

电流(io)、桥臂电流(ip, in)和子模块电容电压(vc). 

 

图 4.  估计电容电压的滑模观测器框图. 

 

表 I  子模块开关状态 S 取值表 

S 驱动信号 

1 g1=1, g2=0 

0 g1=0, g2=1 



 

电容健康状况监测 

金属薄膜电容的电容量会随着其老化而逐渐减小，本项目采用滑模观测器估计

电容量，根据电容量历史记录来判断其老化程度。 

 

图 5. 估计电容量的滑模观测器框图. 

在图 4 的基础上，添加一条估计电容 C 的支路，得到滑模观测器图 5，其中 Ĉ 表

示电容量的估计值， sgn( )i 表示符号函数，当 i>0, sgn( ) 1i  ；当 i<0, sgn( ) 1i   。

滑模观测器估计电容值的工作原理如下：若 Ĉ 与 C 不一致时， ˆ
cv 与 cv 会有微小的差

异，此差异将以反馈的形式修正 Ĉ ，使 Ĉ 逼近于 C。Ĉ 与 C 的收敛性亦可以在数学

上证明。滑模观测器对外部干扰、建模误差具有较高的免疫性强，确保了 Ĉ 的估计

精度。 

根据不同子模块电容的老化情况，可以微调各个子模块的使用率：电容老化严

重的模块少使用一点，电容较健康的模块多使用一点，最终提高 MMC 系统的电容

的整体寿命。 

IGBT 短路故障 

IGBT 发生短路故障后，对应 MMC 子模块内半桥直通，电容迅速放电，电容电

压急剧下降。图 6 为 MMC 一个子模块 IGBT 短路故障的示意图和仿真波形，子模块

上管 T1 在 0.5s 时发生故障，电容电压在短路故障之后迅速降低，仿真结果如图 6 (b)

所示。 



 

图 6.  MMC 子模块 IGBT 短路故障: (a)T1发生短路故障 (b)电容电压的仿真结果. 

利用 MMC 这一特性，本项目提出一个简单电路诊断 IGBT 的短路故障。所提

电路的示意图如图 7 所示，该电路先采用微分电路分离 vc 的变化率，当变化率大于

一个阀值时，结合门极信号 g1 即可得知短路故障的具体位置。该电路简单易行，只

需要无源元件、比较器和逻辑门三种元件。该电路可检测出由各种原因造成的 IGBT

短路故障。 

Differentiate

Circuit

Logic 

Circuit

vc

Comparitor

g1

Fault Flag

 

图 7.  IGBT 短路故障诊断示意图. 

 

 

2.2 技术关键 

1) 在存在测量噪声和建模误差的情况下，准确地估计 MMC 子模块电容电压和

电容值。 

状态观测器根据已有的电压、电流和门极信号，在数字处理器内部对 MMC 子

模块进行重构，估计出电容电压和电容量。然而，采用的电压、电流信号必然存在

测量噪声，重构时所有的解析模型必然与实际电路存在差异，这些测量噪声和建模

误差将有可能导致估计的电容电压和电容值与其实际值存在差异。如何调整滑模观



测器的参数，最大化减小测量噪声和建模误差对估计值的影响；如何选择合适的阀

值，准确快速地诊断开路故障是本项目要解决的关键问题之一。所幸的是，滑模观

测器具有部分卡尔曼滤波器额特性，对外部干扰的免疫性强，是理想的电容电压和

电容值估计算法。 

2）准确快速地诊断短路故障并进行电路保护。 

IGBT 短路故障将造成子模块半桥直通，形成大电流，为了防止损坏其他 IGBT，

在 10μs 之内要将故障 IGBT 定位、关断该子模块内其他 IGBT，并将该子模块从

MMC 主电路中切除，并插入冗余子模块，保证 MMC 的不间断运行。要达到这个

目标，一方面需要 IGBT 短路故障诊断电路检测速度快，另一方面需要子模块能根

据短路故障信号及时关断其他 IGBT。诊断电路的参数也需要认真设计，消除测量

噪声、电路瞬态响应的影响。 

3）总结一套有实际工程价值的 MMC 关键元件故障诊断设计方法。 

本项目的最终目标是为MMC柔性直流输电系统的关键元件设计一套简单可靠、

具有实际工程价值的故障诊断方法。在实验过程中需要测试各方法中重要参数对诊

断的准确性和快速性的影响，并分析各参数影响诊断方案的内部机理，修正方案，

得到最佳的参数，并以此总结设计方法。 

 

 

2.3 预期成果 

1) 针对 MMC 中故障率最高的元件 IGBT 和电容，提出一整套简单有效的诊断

方案。对于子模块中 IGBT 开路故障和电容老化，提出基于滑模观测器的诊断方案。

实验验证这些方案的有效性，并总结出行之有效的设计方法。 

2) 在 IEEE、IET 国际著名期刊、国际重要会议及国内一级刊物上发表 SCI/EI

论文 2~3 篇，参加国内外学术会议。 

3) 申请具有完全自主知识产权的国家发明专利 1~2 个，为今后产业化开发做

好技术储备。 

 

 

 



3、项目实施方案和计划进度安排。 

 

本项目计划2年内完成，研究计划如下： 

 

2017.1-2017.4 完善三种故障诊断方案的设计，并通过仿真验证。 

2017.5-2017.8 设计单个子模块样机主功率电路，控制板等硬件，并开始搭建样

机。 

2017.9-2017.12 完成单个子模块样机调试。在 FPGA 内构建滑模观测器，估计

子模块电容电压和电容值。 

2018.1-2018.4 模拟开路故障，测试开路诊断方法的有效性。整定重要参数对诊

断方案鲁棒性和快速性的影响，总结设计方法 

2018.5-2018.8 制作短路故障诊断电路，并进行实验调试，整定重要参数对诊断

方案准确性和快速性的影响。 

2018.9-2018.12 撰写验收报告，准备验收。 

4、现有工作基础和条件（包括配套经费、人员配备等情况）。 

 

申请人在诺丁汉大学攻读博士期间（2011.11-2015.07），从事 MMC 功率器件故

障诊断的研究工作，对 IGBT 开路和短路故障的原因、已有的诊断方法，以及 MMC

的工作原理有深入的研究，并取得了良好的研究成果。申请人提出了基于滑模观测

器和猜想-验证思想的功率器件开路故障诊断方法，该原创性方法的初步结果在

IEEE Trans. Power Electron. 发表，并在电力电子国际会议上进行了宣读。为了验证

该故障诊断方案，申请人搭建了一台单相 MMC 样机，其图片见图 8。 

本项目是对申请人博士课题的深入。原方案只在单个功率器件开路故障时有效，

本项目克服上述难点，对多个并发的 IGBT 开路和短路故障能有效诊断出来，且能

监测电容的健康状况。本项目已进行了部分的前期预研工作，如各个方案的仿真、

参数设计等。 

 



 

图 8.  申请人在诺丁汉大学搭建的单相 MMC 样机. 

 

图 9.  申请人所在实验室研制的基于 MMC 的固态变压器样机. 

申请人所在的浙江大学电力电子高压高功率实验室，负责人为张军明教授，拥

有充分的软件资源，如电路仿真软件 Saber、PLECS，3D 设计软件 Solidworks，热

仿真软件 Ansys，电路板绘制软件 Altium Designer 等。课题组具有多年的硬件研发

经验，曾与多家公司合作开发产品，从主电路设计、控制到硬件调试、效率优化，



具备一套完整的经验。课题组所依托学科建有先进的电力电子技术国家专业实验室

和电力电子技术应用国家工程研究中心，1988 年成为国内首批重点学科。近年来，

荣获国家科技进步二等奖等众多奖项。本学科在国际同行中有着较好的学术声誉，

与许多国际知名大学、研究机构建立良好的合作关系。实验室具有多年研制大功率

电力电子样机能力，曾与多家公司开展项目合作开发产品，具有丰富的工程经验。

图 9 是实验室研发的基于 MMC 的固态变压器样机图片。本项目实验所需的三相

MMC 样机可在此样机基础上改装获得，这为项目的实验打下了良好的基础。 

申请人所在实验室现有 3 名博士研究生、9 名硕士研究生，这些研究生具备扎

实的基础知识和一定的工程能力，可以参与方案仿真、电路设计与调试、数据采集

与分析等工作。浙江大学为本项目配套了 20 万的研究经费，分两年发放。这些配

套的人员和经费有助于本项目的顺利开展。 
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Letters

Fault Detection for Modular Multilevel Converters Based on Sliding
Mode Observer

Shuai Shao, Patrick W. Wheeler, Jon C. Clare, and Alan J. Watson

Abstract—This letter presents a fault detection method for mod-
ular multilevel converters which is capable of locating a faulty
semiconductor switching device in the circuit. The proposed fault
detection method is based on a sliding mode observer (SMO) and
a switching model of a half-bridge, the approach taken is to con-
jecture the location of fault, modify the SMO accordingly and then
compare the observed and measured states to verify, or otherwise,
the assumption. This technique requires no additional measure-
ment elements and can easily be implemented in a DSP or mi-
crocontroller. The operation and robustness of the fault detection
technique are confirmed by simulation results for the fault con-
dition of a semiconductor switching device appearing as an open
circuit.

Index Terms—Fault detection, modular multilevel converter
(MMC), sliding mode observer (SMO), switching model.

I. INTRODUCTION

THE modular multilevel converter (MMC) has drawn con-
siderable interest, as it offers very attractive features

[1]–[4]:
1) modular construction with scalable, manufacturable, stan-

dardised cells (half-bridge);
2) submodules are fed by floating dc capacitors, no multi-

pulse transformer is required;
3) high power and high voltage capability, extendable by

adding additional cells;
4) flexible control of the voltage level and simple realization

of redundancy if required.
Fault detection is an important issue for an MMC. When an

open-circuit fault occurs, the output voltage and current are dis-
torted, moreover, the voltages of the dc floating capacitors will
keep increasing, leading to further, vast destruction. Therefore,
it is vital to locate the fault after its occurrence and take measures
such as bypassing the faulty cell to reconfigure the MMC.
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Given the large numbers of identical cells (half-bridge) and
the symmetrical structure of the converter, the process of fault
location in an MMC is challenging if significant extra cost is
to be avoided. An effective but inefficient way to detect faults
is to add additional sensors to each semiconductor switching
device [5], to each cell [6], or to use a gate drive module ca-
pable of detecting faults and providing feedback [7]. These
additional sensors and signals increase not only the cost but
also the implementation complexity. Some conventional fault
detection methods for voltage source converters (VSCs), such
as the calculation of the output current trajectory using Park’s
Vector [8], [9], or comparison of the actual ac voltage and the
reference quantity [10] are, however, not suitable for an MMC,
as there is not enough information present to locate the fault.

Fault diagnosis methods for a cascaded H-bridge (CHB) are
applicable to an MMC because of the similar structure. The
authors in [11] presented a detection approach for a CHB mul-
tilevel converter, which analyzes magnitude of the switching
frequency component (vs) of the output phase voltage: vs be-
comes significantly larger after the occurrence of a fault due
to the imbalanced cancellation of the switching frequency har-
monics. The faulty cell can be located according to the angle
of vs [11]. However, the faulty switching device cannot be lo-
cated, and it is complex to implement and easy to get the wrong
diagnosis in transient operation. In [12], the authors proposed
an artificial intelligence (AI)-based algorithm to detect the fault
of a CHB, the major drawbacks are the accuracy (only 76% in
some cases) and the long training time required for the circuit
and all the fault scenarios.

This letter proposes a sliding mode observer (SMO)-based
fault detection method for an MMC. The method uses the con-
verter arm currents and the cell capacitor voltages as the inputs,
which are already available as measurement inputs to the control
system, no additional sensors are required. Using this method
not only the faulty cell, but also the faulty switching device can
be located. Moreover, inherited from the easy implementation
and robustness of the SMO [13]–[15], this method has good
immunity to conditions such as transient operation, degradation
of capacitance over time, and measurement inaccuracies.

II. SWITCHING MODEL OF A HALF-BRIDGE

A half-bridge (see Fig. 1) is the basic cell of an MMC. In
order to diagnose an open-circuit fault, it is essential to identify
the characteristics of a half-bridge as observed from its dc-side
and ac-side both in normal and fault conditions.

0885-8993/$31.00 © 2013 IEEE
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Fig. 1. Switching model of half-bridge. (a) Normal condition. (b) Fault con-
dition (an open-circuit fault at T1 ).

TABLE I
SWITCHING STATE S IN NORMAL CONDITION

g1 and g2 in Fig. 1 are the gate signals for the switches, and
are complementary. When the gate signal is 1, the corresponding
switch turns ON; when it is 0, the corresponding switch turns
OFF.

The analysis assumes ideal devices and instantaneous com-
mutation. The fault detection method is, however, robust against
nonideal device characteristics. This is verified in the all of
the simulation results where generous values of 5 V and 1μs
are included for the device voltage drop and dead-time delay
respectively.

1) Normal (Fault-Free) Condition: As shown in Fig. 1(a),
when g1 = 1, g2 = 0, T1 is ON and T2 is OFF, thus Vac =
Vdc , idc = iac ; alternatively, when g1 = 0, g2 = 1, Vac =
0, idc = 0. Therefore, the relationship between the ac-side and
dc-side voltages and currents can be calculated as{

Vac = S · Vdc

idc = S · iac
(1)

where S is the switching state given by Table I.
2) Fault Condition: In the fault condition (one open-circuit

fault of the switch), the switching models can still be described
as (1), but the switching states S have to be modified.

Consider the half-bridge with an open circuit fault at T1 , as
shown in Fig. 1(b). When g1 = 1, iac < 0, iac is forced to go
through D2 instead of T1 as the result of the open-circuit fault.
Thus, the switching state S should be changed from 1 to 0. For
all other conditions, the half-bridge operates just as normal.

When the open-circuit fault occurs on T2 , the switching state
can be modified in a similar way. Table II demonstrates the
modifications of switching states of a faulty half-bridge.

III. SLIDING MODE OBSERVER

An observer is a contrivance designed from a real system,
generally in the same mathematical form as the original sys-
tem, so as to estimate its internal state [13], [16]. The SMO

TABLE II
SWITCHING STATE S IN FAULT CONDITION

Fig. 2. (a) Eight cell MMC circuit (each cell represents a half-bridge).
(b) SMO simulated results in normal conditions.

uses high-gain feedback in the observer vector (normally in
the form of a high-frequency switching function, for example
the saturation function of an observed-measured error, as (3)
and (4) present) to force the observed output to converge to
the actual output [13], [15]. The SMO offers desirable features
such as robustness to parameter uncertainty and insensitivity to
measurement noise [13]–[15], [17]. With simple realization, the
SMO can be implemented in the field-programmable gate array
(FPGA) [16], [17].

Based on [16] and [18], the SMO can be developed for a
single-phase eight cell MMC as shown in Fig. 2(a). The equa-
tions which characterize the upper arm can be expressed as

diP
dt

= − 1
l

(
S1vc1 + S2vc2 + S3vc3+S4vc4 + vo −

E

2

)

dvci

dt
=

1
C

SiiP (i = 1, 2, 3, 4) (2)

where l is the arm inductance, as shown in Fig. 2(a), C is the dc-
capacitance, vc1 , . . . , vc4 are the capacitor voltages of cell 1 to
cell 4, respectively, S1 , . . . , S4 are the corresponding switching
states of the half-bridges given by Table I.

If iP and one of the capacitor voltages (vc1 , . . . , vc4 , we
consider vc1 in this case) are selected to be observed, then the
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SMO equations are

dîP
dt

= − 1
l

(
S1 v̂c1 + S2vc2 + S3vc3 + S4vc4

+ vo −
E

2

)
− L1sat(̂iP − iP )

dv̂c1

dt
=

1
C

S1 îP − L2sat(−lS1L1sat(̂iP − iP )) (3)

where îP and v̂c1 denote the observed states associated
with the actual states iP and vc1 ; L1sat(̂iP − iP ) and
L2sat(−lS1L1sat(̂iP − iP )) comprise the observer vector,
whose derivations are detailed in [16], [18]; L1 and L2 are
the observer gains (large constant, for example 20000) to guar-
antee the sliding mode; sat(x) is the saturation function, which
is defined as

sat(x) =

⎧⎪⎨
⎪⎩

1 x ≥ 1
x −1 < x < 1
−1 x ≤ −1

. (4)

According to the analysis of [16], the system described in (3) is
observable when S1 = 1.

The MMC circuit is simulated using Simulink/PLECS. The
observed and actual simulated states are shown in Fig. 2(b),
from which one can see that îP and v̂c1 accurately match iP and
vc1 , respectively. The lower arm current and capacitor voltage
can be observed in the same way.

IV. FAULT DETECTION ON AN MMC USING SLIDING

MODE OBSERVER

The basic idea of this detection method is to compare the
observed state and the actual simulated state of the MMC, and if
they are different for a predefined period of time, then a fault has
occurred, and a procedure including assumption, modification,
and judgement to locate the open-circuit fault begins.

The fault detection systems consists of two modes, as speci-
fied in Fig. 3. The process of each mode is detailed as follows.
Consider the upper arm of the MMC circuit in Fig. 2(a), and
suppose that it initially operates in normal, steady conditions.

A. Monitor Mode

The aim of this mode is to determine whether the MMC is
operating normally. iP and one of the any capacitor voltages
(for example vc1) are observed.

If |̂iP − iP | ≥ IThreshold , where Ithreshold is the threshold
value of current error, and it lasts for 700 time steps (2μs per
step), then an open-circuit fault has occurred. We denote this
moment as t0 and go to the detection mode; else, repeat the
monitor mode. Note that the decision of fault occurrence is
made only if the observed-simulated error (|̂iP − iP |) lasts for
a period of time (700 time-steps in this letter, empirical value),
this is useful to prevent “false positives”, as the measurement
noise may also lead to |̂iP − iP | ≥ IThreshold .

Fig. 3. Flowchart of the fault detection system.

B. Detection Mode

The aim of this mode is to locate the open-circuit after its
occurrence.

D1 (Assumption and Modification): Set the assumed faulty
switch as Cell i(i = 1, 2, 3, 4), Tj (j = 1, 2), modify Si (replace
S with SF ) of SMO in (3) based on the Table II, set îP (t0) =
iP (t0), v̂ci(t0) = vci(t0), and observe iP and vci . For example,
if the assumed faulty switch is Cell 4, T1 , then iP and vc4 are
observed, and the observer equations are

dîP
dt

= − 1
l

(
S4(F ) v̂c4 + S1vc1 + S2vc2 + S3vc3

+ vo −
E

2

)
− L1sat(̂iP − iP )

dv̂c4

dt
=

1
C

S4(F ) îP − L2sat(−lS4(F )L1sat(̂iP − iP )). (5)

D2 (Judgement): If |̂iP − iP | < IThreshold and |v̂ci − vci | <
VThreshold , where Vthreshold is the threshold value of voltage
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. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . N. Rocha, Í. A. Cavalcanti de Oliveira, E. C. de Menezes, C. B. Jacobina, and J. Artur Alves Dias 3704
Synchronous Switching of Non-Line-Start Permanent Magnet Synchronous Machines From Inverter to Grid Drives . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . R. Ni, D. Xu, G. Wang, G. Zhang, and C. Li 3717
Feedback Linearization Direct Torque Control With Reduced Torque and Flux Ripples for IPMSM Drives . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Y.-S. Choi, H. H. Choi, and J.-W. Jung 3728
A New Predictive Direct Torque Control Method for Improving Both Steady-State and Transient-State Operations of the PMSM . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .M. H. Vafaie, B. M. Dehkordi, P. Moallem, and A. Kiyoumarsi 3738

Passive Components & Materials
Loss Modeling of Coupled Stripline Microinductors in Power Supply on Chip Applications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C. Feeney, N. Wang, S. Kulkarni, Z. Pavlović, C. Ó Mathúna, and M. Duffy 3754
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Robustness Analysis and Experimental Validation
of a Fault Detection and Isolation Method

for the Modular Multilevel Converter
Shuai Shao, Alan J. Watson, Member, IEEE, Jon C. Clare, Senior Member, IEEE,

and Pat W. Wheeler, Senior Member, IEEE

Abstract—This paper presents a fault detection and isolation
(FDI) method for open-circuit faults of power semiconductor de-
vices in a modular multilevel converter (MMC). The proposed FDI
method is simple with only one sliding-mode observer (SMO) equa-
tion and requires no additional transducers. The method is based
on an SMO for the circulating current in an MMC. An open-circuit
fault of power semiconductor device is detected when the observed
circulating current diverges from the measured one. A fault is lo-
cated by employing an assumption-verification process. To improve
the robustness of the proposed FDI method, a new technique based
on the observer injection term is introduced to estimate the value
of the uncertainties and disturbances; this estimated value can be
used to compensate the uncertainties and disturbances. As a result,
the proposed FDI scheme can detect and locate an open-circuit fault
in a power semiconductor device while ignoring parameter uncer-
tainties, measurement error, and other bounded disturbances. The
FDI scheme has been implemented in a field-programmable gate
array using fixed-point arithmetic and tested on a single-phase
MMC prototype. Experimental results under different load condi-
tions show that an open-circuit faulty power semiconductor device
in an MMC can be detected and located in less than 50 ms.

Index Terms—Fault detection and isolation (FDI), modular mul-
tilevel converter (MMC), sliding-mode observer (SMO).

I. INTRODUCTION

THE modular multilevel converter (MMC) is the state of the
art in multilevel converters and is receiving great interest

both from academia and industry. It has a number of desirable
features such as modular configuration, low harmonic distortion,
low-voltage stress on the semiconductor devices, high-voltage
and high-power capability, and simple realization of redundancy
[1]. In addition, the cells of an MMC are fed by capacitors and
no multiphase transformers are required. A comprehensive in-
troduction of the operation of the MMC is given in [2]. The
review paper [3] summarizes the latest achievements regarding
the MMC in terms of modeling, control, modulation, applica-
tions, and future trend.
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Power semiconductor switches are among the most failure-
prone components in a power converter and each of these devices
is a potential failure point [4]. With large numbers of semicon-
ductor devices, the possibility of fault occurrence is much larger
than for normal two-level voltage-source converters (VSCs).
Faults in power semiconductor devices cause a power converter
operating far away from its setting point and this abnormal oper-
ation cannot be overcome by a feedback controller. If the faulty
operation is allowed, other devices may be damaged and a shut-
down of the plant may follow. Therefore, it is vital to detect and
isolate these faults immediately after their occurrence.

Fault detection and isolation (FDI) deals with detecting
anomalous situations [fault detection (FD)] and addressing their
causes (fault isolation, FI) [5]. An FDI scheme can be im-
plemented either by hardware method or analytical (software)
method [5], [6]. Hardware FDI employs repeated components
or additional sensors, and a fault can be obtained if the behav-
ior of the process components is different from the redundant
ones, or the additional sensors detect anomalous signals. It is
straightforward and reliable but increases the cost, size, and
hardware complexity of the plant. The basic idea of analytical
FDI is to check the consistency between the actual system be-
havior and its estimated behavior [7]. The estimated behavior
can be obtained either from a mathematical model of the system
(for example, using observers) or an analysis of the histori-
cal data (for example, using data mining or neural networks).
Although the algorithm is more sophisticated, the cost and hard-
ware complexity of employing the analytical method is less than
that for the hardware method. The application of the analytical
FDI methods is boosted by the great advances of the computer
technology in recent decades [6].

There are two types of faults seen in a fully controlled power
semiconductor device: short-circuit fault (remains ON regard-
less of the gate signal) and open-circuit fault (remains OFF
regardless of the gate signal). Any short-circuit fault needs to be
detected within 10μs to save the semiconductor devices from
destruction and to avoid a shoot-through fault with the comple-
mentary device [8]. A short circuit in an insulated-gate bipolar
transistor (IGBT) is usually detected using a hardware circuit,
often with additional sensors and associate circuits. These sen-
sors and circuits are usually integrated in a gate driver to form
an active/smart gate driver [9], [10]. The additional sensors and
circuits add extra cost and size to the system. Furthermore, these
active gate drivers can fail themselves due to their complexity
and hence decrease the reliability of the power converter.

0885-8993 © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information.
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Fig. 1. Simulation results of an MMC with parameters same as an industrial
24-MW MMC and an open-circuit fault occurs at 0.1 s: from top to bottom,
output voltage (vo ), output current (io ), arm currents (ip and in ), and capacitor
voltages (vc ).

This paper deals with detection and isolation of an open-
circuit faulty switch in an MMC. The typical characteristics of
an MMC in the event of an open-circuit fault in a power de-
vice is shown in Fig. 1, where the parameters are same as an
industrial 24-MW MMC [11] and an open-circuit fault occurred
at 0.1 s. Only one of the phases is considered. It can be seen
that an open-circuit fault is not fatal immediately to an MMC;
however, the fault needs to be detected and removed within
0.1 s to avoid secondary damages on other devices. The cause
of an open-circuit fault can be various: lifting/fusing of bonding
wires, a driver failure, or a communication problem between the
controller and driver. The gate driver is recognized as the third
most failure prone components according to an industry-based
survey [12]. The simplest detection method is to use an active
gate driver as mentioned previously. Analytical redundancy can
be used to detect an open-circuit fault as this type of fault is not
fatal immediately and can be tolerated by the power converter
for some time [13]. Several analytical FDI methods based on
the analysis of the output voltage waveform are reported. In
[14], a faulty cell in a flying capacitor converter is detected and
localized by analyzing the switching frequency of the output
phase voltage. This technique has also been applied to a cas-
caded H-bridge [15] where an open- or short-circuit fault can be
detected. In [16], the characteristics of the output phase voltage
are analyzed in the time domain, and the occurrence of a fault is

detected by the degradation of the output voltage, while the fault
is located by comparing the output phase voltage with all the
possible phase fault voltages. In [17], an artificial intelligence
FDI algorithm is proposed, where the historical data of the out-
put phase voltages both in normal and faulty conditions are used
to train a neural network. Survey [18] has presented a compre-
hensive review of the reliability of power electronics systems
including methodologies of assessing reliability, methods to de-
tect and locate faults as well as fault tolerate operation. Survey
[19] has summarized the recent fault tolerance techniques for
three-phase VSCs.

A sliding-mode observer (SMO)-based FDI technique for an
MMC was proposed in [20] and [21], where a faulty power
semiconductor device can be detected and located within 100
ms. The work presented in this paper is an improved method.
This method is simpler using only one SMO equation and can
detect and locate an open-circuit fault in less than 50 ms. Fur-
thermore, a technique is proposed to compensate for any pa-
rameter uncertainties, measurement errors, and other bounded
disturbances. The resultant FDI scheme can detect an open-
circuit faulty power semiconductor device while rejecting any
uncertainties and disturbances. The practical implementation of
the SMO-based FDI scheme in a field-programmable gate array
(FPGA) is also discussed in this paper and the experimental
results at different load conditions are presented.

II. SLIDING-MODE OBSERVER

A. Introduction

An observer is a mathematical replica of a system to estimate
its internal states, driven by the input of the system and a signal
representing the discrepancy between the estimated and actual
states [22]. In the earliest observers such as the Luenberger
observer, the differences between the estimated outputs and the
actual outputs of the plant are fed back to the observer linearly,
and the estimated states cannot converge to the measured states
in the presence of a disturbance [22], [23]. The SMO employs
a high-gain switching function of the discrepancy between the
estimated and actual outputs to force the estimated states to the
actual states asymptotically.

A first-order system (1) is used in this paper

ẋ = ax + u. (1)

An SMO for (1) is introduced

˙̂x = ax̂ + bu + Lsgn(x − x̂) (2)

sgn(x) =

⎧⎪⎪⎨
⎪⎪⎩

1, x > 0

0, x = 0

−1, x < 0

(3)

where x̂ donates the estimated/observed state of x and L de-
notes the observer gains designed to drive x̂ → x in finite time.
Subtracting (2) from (1) yields the dynamic error between the
observed and measured states

˙̃x = ax̃ − Lsgn(x̃), x̃ Δ= x − x̂. (4)
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Fig. 2. Single-phase eight-cell MMC converter used for simulation.

TABLE I
CIRCUIT PARAMETERS USED IN THE SIMULATION

DC voltage Ep + En 6000 V

Average circulating current Iz 120 A
Nominal voltage of the cell capacitors Vc 1500 V
Capacitance of cell capacitors C 4 mF
Inductance of the arm inductors l 3 mH
Load 5 Ω , 4 mH

Choosing L > |ax̃|, we obtain

x̃ ˙̃x = x̃(ax̃ − Lsgn(x̃)) = |x̃|(|ax̃| − L) < 0 (5)

which will force x̃ and ˙̃x to zero and keep zero thereafter, this
motion along a line is the so-called sliding mode [24].

B. SMO for an MMC

An SMO can be built for an MMC based on (2). In this paper
a single-phase eight-cell MMC is considered; nevertheless, the
method is versatile and can be used for MMC with hundreds of
cells.

The circuit diagram and parameters of the MMC used for
the analysis and simulation are presented in Fig. 2 and Table I,
respectively. T1 and T2 in Fig. 2 represent the upper and lower
power semiconductor devices in a cell.

According to the Kirchhoff’s voltage law, we obtain the fol-
lowing equation for the MMC (see Fig. 2):

l
dip
dt

+ l
din
dt

= −
8∑

i=1

Sivci + Ep + En (6)

where ip and in are the upper and lower arm currents, l is the
inductance of arm inductors, Ep and En are the dc voltages, and
vci and Si are the capacitor voltage and switching state of the
cell i, respectively. Si is defined in Table II, where g1 and g2 are
the gate signals for the upper and lower switch in a cell.

Since the circulating current of the MMC converter is iz =
(ip + in )/2 [25], (6) can be rewritten as

2l
diz
dt

= −
8∑

i=1

Sivci + Ep + En. (7)

TABLE II
SWITCHING STATE S IN NORMAL CONDITIONS

S Driving signals
1 g1 = 1, g2 = 0
0 g1 = 0, g2 = 1

Fig. 3. Simulation waveforms of iz and îz when the MMC is fault free.

Based on (2) and (7), an SMO can be obtained for the MMC

dîz
dt

= − 1
2l

(
8∑

i=1

Sivci − Ep − En

)
+ Lsat

(
iz − îz

)
. (8)

It is noted that a saturation function sat(x) (9) is utilized
instead of sgn(x) for less chattering of the observed states ac-
cording to [26]

sat(x) =

⎧⎪⎪⎨
⎪⎪⎩

1, x ≥ h

x/h, −h <x < h, h > 0

−1, x ≤ −h

(9)

where h is a constant.
A simulation has been carried out in SIMULINK/PLECS to

verify the SMO (8). The parameters of the MMC are listed in
Table I and the observer gain L is 6 × 104 and h = 1. Fig. 3
shows the simulation results where it can be seen that îz follows
iz closely.

III. FAULT DETECTION AND ISOLATION USING SMO

A. Mathematical Basis

The FD is first considered and a fault is added to the first-order
system

ẋ = ax + bu + kf (10)

where f represents the value of the fault and k the corresponding
coefficients. It is noted that f is often a very large value and
cannot be overcome by the feedback control.

The difference between the observed and measured states can
be obtained by subtracting (10) from (2)

˙̃x = ax̃ + kf − Lsgn(x̃). (11)

If we choose

L < |kf | (12)
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However, this method is not suitable for the detection and isola-
tion of a short-circuit faulty device due to the very fast response
requirement (10μs). It is suggested that the proposed method
works together with the hardware detection methods (for short-
circuit fault) to achieve a more reliable MMC.

To improve the robustness of the FDI method, a technique
is proposed to estimate parameter uncertainties, measurement
errors, and other bounded disturbances, and the estimated value
is used to compensate for the influence of the uncertainties and
disturbances. As a result, the proposed technique can detect
and locate an open-circuit faulty power semiconductor device
while ignoring the parameter uncertainties, measurement noise,
or other disturbances.

The FDI algorithm has been implemented in an FPGA using
fixed-point arithmetic and has been tested on an experimental
scaled-down, single-phase, eight-cell MMC converter. Experi-
mental results have verified the analysis and simulation results.
According to the experimental results, it is possible to use a
smaller threshold value to detect and locate an open-circuit fault
in less than 20 ms.

This FDI method can be applied to other converters with
modular topologies employing similar analysis and principles.
Furthermore, it is possible to apply this method for the detec-
tion and isolation of multiple open-circuit faults in an MMC,
although it will take longer to find the faults as there are many
possible fault scenarios to be assumed.
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Abstract—This paper proposes a technique able to detect and
isolate multiple open-circuit faults of power switches in an MMC.
Based on a sliding mode observer (SMO), the basic idea of this
FDI method is to compare the observed states with the measured
states. The fault occurrence is detected when the difference
between the observed and measured arm current is larger than a
threshold value; while a cell is identified as faulty if the difference
between the observed and measured capacitor voltage is larger
than a threshold value. The implementation is simple and requires
no additional sensors. Simulation results demonstrate that open-
circuit faults occurring simultaneously on four different cells in
an MMC can be detected and isolated within 200ms.

I. INTRODUCTION

One of the most important applications of the modular mul-
tilevel converter (MMC) is high-voltage direct current (HVDC)
transmission [1], [2]. The first commercial HVDC project
using MMC, the Trans Bay Cable project, went in service
in 2010 transmitting up to 400MW and a few other similar
projects with power rating between 576MW and 1000MW
have been reported [3]. With hundreds of cells per converter
arm in these practical MMC systems, the possibility of a fault
occurrence in the semiconductor switching devices increases
significantly compared with two- or three-level voltage source
converters.

For a power switch, there are two types of faults: short-
circuit fault (remains ON regardless of the gate signal) and
open-circuit fault (remains OFF regardless of the gate signal).
Short-circuit faults are often detected by a de-saturation detec-
tor integrated in the gate driver. This paper deals with open-
circuit faults on power switches. The causes of an open-circuit
fault of a semiconductor switching device can be various:
an open-circuit fault of the device itself (i.e. lifting/fusing of
bond wires), failure of the driver or communication problems
between the controller and driver. In the presence of an open-
circuit fault of a device in an MMC, the capacitor voltage of
a cell cannot be controlled. This can lead to possible damage
of capacitors and other switches, and a shut-down of the plant
may follow. Therefore, it is vital to detect and isolate these
faults immediately after their occurrence.

Fault detection and isolation (FDI) deals with detecting
anomalous situations (fault detection) and addressing their

causes (fault isolation) [4]. An FDI scheme can be im-
plemented either using hardware redundancy or analytical
(software) redundancy [4], [5]. Hardware redundancy employs
repeated components or additional sensors, and an fault can be
obtained if the behaviours of the process components are dif-
ferent from the redundant ones, or the additional sensors detect
anomalous signals. Hardware redundancy is straightforward
and reliable but increases the cost and complexity in the case
of an MMC plant. The basic idea of analytical redundancy is
to check the consistency between the actual system behaviour
and its estimated behaviour [6]. The estimated behaviour can
either be obtained from a mathematical model of the system
(for example observers) or analysis of the historical data (for
example using data mining or neural networks). Although it
requires a rather sophisticated algorithm, the cost and hardware
complexity of an analytical solution is less than a hardware
redundancy solution.

For the FDI of a multilevel converter, the simplest way
is to add additional current and voltage transducers to sense
the current through and voltage across each power switch, this
is however very costly. In [7], the characteristics of the gate
signal are analysed to detect an open-circuit fault or short-
circuit fault of a switch. The phase voltage is also used to
detect and locate a fault: in [8], [9], the phase voltage is
analysed in the frequency domain, while in [10] the phase
voltage is analysed in the time domain.

In [11], [12], a single open-circuit fault has been detected
and isolated using a sliding mode observer (SMO). This paper
presents a method using an SMO to detect and isolate faulty
cells when there are multiple faults occurring simultaneously in
power switches. This method uses the inputs which are already
available in the control system and requires no additional sen-
sors. A detailed simulation study has shown that the potential
to locate one or more open-circuit faults within 200ms.

II. SLIDING MODE OBSERVER

An observer is a contrivance designed from a real system,
generally in the same mathematical form as the original
system, so as to estimate its internal state [13]. An SMO
uses a high gain feedback in the observer vector (normally in
the form of a high frequency switching function, for example
the saturation function of an observed-measured error, as (3)

978-1-4799-5776-7/14/$31.00 ©2014 IEEE 3491
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of capacitors and other switches, and a shut-down of the plant
may follow. Therefore, it is vital to detect and isolate these
faults immediately after their occurrence.

Fault detection and isolation (FDI) deals with detecting
anomalous situations (fault detection) and addressing their

causes (fault isolation) [4]. An FDI scheme can be im-
plemented either using hardware redundancy or analytical
(software) redundancy [4], [5]. Hardware redundancy employs
repeated components or additional sensors, and an fault can be
obtained if the behaviours of the process components are dif-
ferent from the redundant ones, or the additional sensors detect
anomalous signals. Hardware redundancy is straightforward
and reliable but increases the cost and complexity in the case
of an MMC plant. The basic idea of analytical redundancy is
to check the consistency between the actual system behaviour
and its estimated behaviour [6]. The estimated behaviour can
either be obtained from a mathematical model of the system
(for example observers) or analysis of the historical data (for
example using data mining or neural networks). Although it
requires a rather sophisticated algorithm, the cost and hardware
complexity of an analytical solution is less than a hardware
redundancy solution.

For the FDI of a multilevel converter, the simplest way
is to add additional current and voltage transducers to sense
the current through and voltage across each power switch, this
is however very costly. In [7], the characteristics of the gate
signal are analysed to detect an open-circuit fault or short-
circuit fault of a switch. The phase voltage is also used to
detect and locate a fault: in [8], [9], the phase voltage is
analysed in the frequency domain, while in [10] the phase
voltage is analysed in the time domain.

In [11], [12], a single open-circuit fault has been detected
and isolated using a sliding mode observer (SMO). This paper
presents a method using an SMO to detect and isolate faulty
cells when there are multiple faults occurring simultaneously in
power switches. This method uses the inputs which are already
available in the control system and requires no additional sen-
sors. A detailed simulation study has shown that the potential
to locate one or more open-circuit faults within 200ms.

II. SLIDING MODE OBSERVER

An observer is a contrivance designed from a real system,
generally in the same mathematical form as the original
system, so as to estimate its internal state [13]. An SMO
uses a high gain feedback in the observer vector (normally in
the form of a high frequency switching function, for example
the saturation function of an observed-measured error, as (3)
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Fig. 1. An eight-cell single phase MMC.

TABLE I. SWITCHING STATE S OF A SUBMODULE

S Driving signals
1 g1 = 1, g2 = 0
0 g1 = 0, g2 = 1

and (4) present) to force the observed output to converge to a
measured output [13][14]. The SMO offers desirable features
such as robustness to parameter uncertainty and insensitivity
to measurement noise [13], [15], [14].

Fig. 1 is an eight-cell single phase MMC. According to
the Kirchhoffs voltage law (KVL), its characteristics can be
described by

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

lP i̇P + lN i̇N = −
8∑

j=1

Sjvcj + E

Cv̇cj = Sj · iP (j = 1, 2, 3, 4)

Cv̇cj = Sj · iN (j = 5, 6, 7, 8)

(1)

where iP and iN are the upper and lower arm currents, lP and
lN are the inductances of the upper and lower arm inductors, E
is the DC voltage, vc1, vc2, · · · , vc8 are the capacitor voltages
of Cell 1 to 8, C is the capacitance of the capacitors of cells
and Sj is the switching state of the SM j and it is defined in
Table I.

If we let ia = k · iP + iN , where k = lP /lN , the first line
of (1) can be rewritten as

i̇a = − 1

lN
(

8∑
j=1

Sjvcj − E). (2)

An SMO can be constructed to observe the arm current
based on (2):

dîa
dt

= − 1

lN

⎛
⎝ 8∑

j=1

Sjvcj − E

⎞
⎠+ L1sat

(
ia − îa

)
. (3)

where îa donates the observed current, L1 is the observer gain
and sat(x) is the saturation function define as

sat(x) =

{
1 x ≥ h
x/h −h <x < h, h > 0
−1 x ≤ −h

(4)

When the MMC converter works normally, îa converges to
ia. Indeed, subtracting (3) from (2) yields

˙̃ia = −L1sat
(̃
ia
)
, ĩa

Δ
= ia − îa. (5)

Choosing L1 > 0, we obtain ĩa
˙̃ia = −L1ĩasat(̃ia) < 0,

which will force îa → ia in a finite time. A larger number
is often chosen for L1 to overcome the influence of the
disturbances and uncertainties.

A simulation is carried out in SIMULINK/PLECS with
circuit parameters in Table II. Fig. 2 shows the simulated
results. In the upper part of Fig. 2, the MMC converter operates
normally and the observed current îa follows the measured
current ia closely. In the bottom part of Fig. 2, an open-circuit
fault occurs in the switches of both Cell 1 and 6, and îa
diverges from ia significantly. This phenomenon, which will
be detailed in the following sections, can be used for fault
detection and isolation.

TABLE II. CIRCUIT PARAMETERS USED IN THE SIMULATION.

DC voltage E 12800V
DC capacitor voltage Vc 3200V
Upper arm inductor lP 3.3mL
Lower arm inductor lN 3mL

Cell capacitors C 2.2mF
Observer gain L1 320,000
Observer gain L2 10,000

Threshold value for FD Ith 300
Threshold value for FI Vth 400

III. FAULT DETECTION AND ISOLATION ALGORITHM FOR
MMC

The FDI algorithm has two parts: fault detection (FD) and
fault isolation (FI). The FD mode monitors whether the MMC
is healthy and the FI mode is used to locate the faulty cells
and bypass them.

A. Fault Detection (FD)

As we noticed from Fig. 2 in Section II, the observed
current diverges from the measured current after the occurrence
of the open-circuit faults. In general faults at any cell will be
reflected in îa, and under faulty conditions (2) becomes

i̇a = − 1

lN
(

8∑
j=1

Sivcj − E) + f1. (6)

where f1 donates the value of a fault, it is a large value and
cannot be eliminated by feedback control and thus it needs
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Abstract
This paper presents a fault detection and isolation (FDI) method for a Modular Multilevel Converter
(MMC). This method can locate an open-circuit faulty device accurately and quickly. Based on a sliding
mode observer (SMO) and a switching model of a half bridge, the approach is to assume the location of
the fault, modify the observer equation and then compare the measured and observed states to verify, or
otherwise, the assumption for possible fault locations. This technique requires no additional measure-
ment elements and can easily be implemented in a microcontroller. The operation and robustness of the
proposed method are confirmed using simulation results.

Introduction
After being proposed in 2001 by Marquardt [1], the modular multilevel converter (MMC) has gained
more and more attention. Besides the normal features of multilevel converters such as a modular struc-
ture, higher voltage capability, reduced voltage derivatives (dv/dt) and high quality output voltage [2],
the MMC does not require a multipulse transformer as its modular cells are fed by floating capacitors [3].
Fault detection and isolation (FDI) deals with monitoring a system, detecting anomalous situations (fault
detection) and addressing their causes (fault isolation) [4, 5]. FDI can be implemented using hardware
redundancy or analytical (software) redundancy. Hardware redundancy employs additional sensors, or
redundant components in parallel with the process components, and an indication of the occurrence of a
fault can be obtained if the behaviours of the process components are different from the redundant ones,
or if the additional sensors detect abnormal signals [4, 6]. Analytical redundancy indicates a fault based
on the discrepancy between the measured outputs and their estimations obtained through mathematical
calculations. These mathematical approaches include the model-based approach and signal processing
technique. The performance of an FDI scheme can be assessed using criteria such as [4]: (a) speed
of detection/isolation, (b) sensitivity to incipient faults, (c) fault alarm rate, (d)missed fault detections,
(e)incorrect fault isolation.
FDI is an important issue for an MMC. Although the MMC can tolerate an open-circuit fault for a number
of cycles, the output voltage and current are distorted, moreover, the capacitor voltages of faulty arm will
keep increasing, leading possibly to further destruction on other switches and capacitors (or the need to
shut-down). Therefore it is vital to locate the open-circuit fault after its occurrence and take measures to
reconfigure the circuit.
Given the large numbers of identical cells (half-bridges) and symmetrical structure of the converter, the
process of addressing an open-circuit fault in an MMC is challenging if significant extra cost is to be
avoided. Hardware redundancy can be used to detect faults by adding additional sensors to each semi-
conductor switching device [7], to each cell [8], or employing a gate drive module capable of detecting
faults and providing feedback [9]. These additional sensors and signals increase both the cost and imple-
mentation complexity.
There are a number of analytical FDI methods available for voltage source converters(VSCs) [10, 11].
For a two-level VSC, an open-circuit fault can be located by detecting the current trajectory employing



Park’s Vector [12] or by comparing the actual AC voltage with its reference [13]. These methods are
however not suitable for an MMC, because there is not enough information to locate the fault.
In [14] the high frequency harmonics of the output voltage are used to locate the faulty cell of a cascaded
H-bridge (CHB). Potentially this technique can also be employed for an MMC. The technique analyses
the magnitude of the switching frequency component (vs) and the faulty cell can be located according
to the angle of vs. Nonetheless, the faulty device cannot be located and it is easy to misdiagnose during
transient operation [14].
Artificial intelligence (AI)-based techniques can also be applied to fault diagnosis of an MMC or to
other multilevel converters with the advantage of not requiring models of the converters. Fault detection
using a neural network (NN) approach for a CHB was proposed in [11]. The major drawback of these
techniques is accuracy, only 76% in some cases. Moreover, it can take a long time to train the algorithms
for the circuit topology and all the fault scenarios.
This paper proposes a sliding mode observer (SMO) based fault detection method for an MMC (Fig. 1).
The method uses the inputs which are already available as measurement inputs to the control system.
Using this method not only the faulty cell, but also the faulty switching device can be located. Due
to the SMO robustness [15, 16, 17], this method can discriminate an open-circuit fault (for whatever
reason, including gate drive failure) from the disturbance caused by measurement noise and parameter
uncertainty. The fault condition of a semiconductor switching device appearing as an open circuit will
be investigated in this paper.
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Figure 1: A single phase MMC

Model of A Half-bridge
This section presents the switching model of a half-bridge both in normal and faulty conditions, as these
models are vital for the FDI of an MMC.
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Figure 2: Switching model of half-bridge. (a)Normal condition. (b)Fault condition (an open-circuit fault at T1).



Fig. 2 shows the submodule of an MMC, where g1 and g2 are the gate signals for switches, and are com-
plementary. When the gate signal is 1, the corresponding switch turns on; when it is 0, the corresponding
switch turns off.

Normal (fault-free) condition
As shown in Fig. 2(a), when g1 = 1,g2 = 0, T1 is on and T2 is off, thus Vac =Vdc, idc = iac; alternatively,
when g1 = 0,g2 = 1, Vac = 0, idc = 0. Therefore, the relationship between the AC-side and DC-side
voltages and currents can be calculated as{

Vac = S ·Vdc
idc = S · iac

, (1)

where S is the switching state given by Table I.

Table I: Switching state S in nor-
mal condition

S Driving signals
1 g1 = 1,g2 = 0
0 g1 = 0,g2 = 1

Table II: Switching state S in fault condition

Location of the fault Condition Switching State
Normal Fault

T1 g1 = 1, iac < 0 1 SF = 0
Other conditions S SF = S

T2 g2 = 1, iac > 0 0 SF = 1
Other conditions S SF = S

Fault condition
In the fault condition (one open-circuit fault of the switch), the switching models can still be described
as shown in (1), but the switching states S in (1) have to be modified. Consider the half-bridge with an
open circuit fault at T1, as shown in Fig. 2(b). When g1 = 1, iac < 0 , iac is forced to go through D2
instead of T1 because of the open-circuit fault. Thus, the switching state S should be changed from 1 to
0. For all other conditions, the half-bridge operates as normal. When the open-circuit fault occurs on T2,
the switching state can be modified in a similar way. Table II presents the modifications of the switching
states for a faulty half-bridge.
The analysis assumes ideal devices and instantaneous commutation. The fault detection method is how-
ever robust against non-ideal device characteristics. This is verified in the all of the simulation results
where generous values of 5V and 1μs are included for the device voltage drop and dead-time delay
respectively.

Sliding Mode Observer of an MMC
An observer is a contrivance designed from a real system, generally in the same mathematical form as
the original system, so as to estimate its internal state [15][18]. An SMO uses a high feedback gain
in the observer vector (normally in the form of a high frequency switching function, for example the
saturation function of an observed-measured error, as (3) and (4) present) to force the observed output
to converge to a measured output [15][17]. The SMO offers desirable features such as robustness to
parameter uncertainty and insensitivity to measurement noise [15, 16, 17]. With a simple realisation, the
SMO can be implemented in a field-programmable gate array (FPGA) [18][19].
A sliding mode observer for a second-order system using the equivalent control method will be developed
first[20, 21], then the SMO equations for an eight-cell MMC and the corresponding simulated results will
be given.
Consider a second-order system which is observable,[

ẋ1
ẋ2

]
=

[
a11 a12
a21 a22

][
x1
x2

]
+

[
b1
b2

]
u, (2)

we can use the high-gain feedback L · sat(x− x̂) to obtain the observed states{ ˙̂x1 = a11x̂1 +a12x̂2 +b1u+L1sat(x1 − x̂1)
˙̂x2 = a21x̂1 +a22x̂2 +b2u+L2sat(x2 − x̂2),

(3)
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