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Abstract—The hybrid modular multilevel converter (HMMC)
has attracted extensive attention due to its dc fault ride-through
capability. However, the research on its insulated gate bipolar
transistor (IGBT) open-circuit fault (OCF) diagnosis is still barely
seen, which becomes a research gap that may jeopardize the relia-
bility of the HMMC system. To address this issue, this article first
proposes an improved switching method, which can ensure all six
types of IGBT OCFs unveil their fault characteristics thoroughly
by using an extra bypassed switching sequence. Furthermore, the
improved switching method remains the same switching loss as
the existing switching method. Afterward, a diagnostic method
is brought forward to identify the faulty SM by its fixed specific
sequence in a period of time while the switching sequences of other
SMs with the same type are dynamic. On this basis, an improved
switching method-based diagnostic strategy that consists of various
types of diagnostic methods is proposed, which can diagnose all
six types of IGBT OCFs in the HMMC within 20 ms and have
immunity to dc faults and load change. Experimental results in
a hardware-in-the-loop platform verify the effectiveness of the
proposed switching method and diagnostic strategy.

Index Terms—Diagnostic strategy, hybrid modular multilevel
converters, open-circuit fault, switching loss, switching method.

NOMENCLATURE
N Number of SMs in each arm.
L Arm inductor.
Ugc, lgc  DC voltage, current.
j Phase j.
u, | u: upper arm, l: lower arm.
i Sequence number of SM.
uc; Capacitor voltage of SM.
Ugmi Output voltage of SM.
S; Switching sequence of SM.
SFun-i Switching function of SM.

Received 1 February 2024; revised 9 June 2024 and 26 September 2024;
accepted 31 October 2024. Date of publication 6 November 2024; date of current
version 18 December 2024. This work was supported in part by the National
Key R&D Program of China under Grant 2023YFB2406700 and in part by
the Science and Technology Projects of State Grid Corporation of China under
Grant J2023001. Recommended for publication by Associate Editor M. Liserre.
(Corresponding authors: Yue Wang; Yufei Li.)

The authors are with the State Key Laboratory of Electrical Insulation and
Power Equipment, Xi’an Jiaotong University, Xi’an 710049, China (e-mail:
wuhong30@stu.xjtu.edu.cn; davidwangyue @mail.xjtu.edu.cn; 4121104089 @
stu.xjtu.edu.cn; yh.liu@xjtu.edu.cn; yfliee@xjtu.edu.cn).

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/TPEL.2024.3492236.

Digital Object Identifier 10.1109/TPEL.2024.3492236

, Senior Member, IEEE, Yi Liu, Student Member, IEEE,
, Member, IEEE, and Yufei Li

, Senior Member, IEEE

M, AC modulation index.

Un Amplitude of the output ac voltage.

Uden Rated dc voltage.

M. DC modulation index.

Non Number of inserted SMs.

F; Bypassed switching sequence selection flag.

Iag Initial flag.

B Set of SMs whose switching sequence remains in a
same value.

A Set of SMs whose switching sequence equals to a
same value.

Nsw Number of SMs whose switching sequence switches
from a same value.

New-sum Sum of Ngs during several control periods.

Nin Diagnostic threshold.

E.. Turn-ON loss of IGBT.

Eo Turn-OFF loss of IGBT.

Eicc Reverse recovery loss of diode.

Epvo Switching loss of the proposed switching method.

Eeyi Switching loss of the existing switching method.

Jfow IGBT switching frequency.

Nrt Faulty type of faulty SM.

NN Sequence number of faulty SM.

1. INTRODUCTION

HE modular multilevel converters (MMCs) feature mod-
T ular structure and excellent scalability, which is regarded
as the most promising converter in high-voltage scenarios, espe-
cially in flexible-high voltage direct current (Flexible-HVDC)
[11, [2], [3]. The most common submodule (SM) in an MMC
is the half-bridge submodule (HBSM), which contributes to
the lowest number of power devices and costs [4]. However,
the half-bridge MMC (HBMMC) does not have dc fault ride-
through capability due to anti-parallel diodes equipped in IGBTs
[5]. The full-bridge submodule (FBSM) stands out as a perfect
solution for dc fault ride-through capability among all other
novel SM topologies proposed by both academia and indus-
try [6], [7], [8]. Unfortunately, the cost of full-bridge MMC
(FBMMC) is much higher than that of HBMMC because of
the doubled number of power devices [9]. The hybrid MMC
(HMMC) is proposed in [10], which combines the advantages
of both HBMMCs and FBMMCs. The HMMCs comprise both
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FBSMs and HBSMs, which have been applied in the Wudongde
Flexible-HVDC Project in Southwestern China [11]. As the
number of SMs increases, the number of potential failure points
also increases correspondingly, which becomes severer when it
comes to HMMC:s since they consist of more power devices than
the HBMMCs do [12]. Therefore, the reliability of the HMMC
deserves further investigation.

The power device, such as the insulated gate bipolar transistor
(IGBT) is one of the key components that affect the reliability
of HMMC s [13]. The fault of an IGBT can be classified into
two types: short-circuit faults (SCFs) and open-circuit faults
(OCFs) [14]. The SCFs are extremely destructive and some
well-established diagnostic strategies have been proposed to
address them [15]. On the contrary, the OCFs may not be as
destructive as the SCFs immediately but can jeopardize the
normal operation of MMC:s later, and even cause further faults in
other normal components [16]. Moreover, the complicated fault
characteristics of IGBT OCFs also complicate their diagnoses.
Hence, this article mainly focuses on the diagnosis of IGBT
OCFs.

Over the past few years, several IGBT OCF diagnostic strate-
gies have been proposed. However, most of them only consider
the cases in HBMMCs. For instance, strategies in [17] and [18]
rely on the hardware to diagnose faults. A hardware circuit-based
on a rearranged bleeding resistor is proposed to diagnose IGBT
OCFs for HBMMC:s under light load [17]. In [18], the objects of
the voltage sensors are changed from the SM capacitor voltage
to the SM output voltage by adjusting the installation locations.
However, the extra hardware circuits increase cost and bring
in more potential failure points. Moreover, the adjustment of
the installation locations is still not permitted for commercial
MMCs. To avoid reliance on hardware, strategies in [19], [20],
and [21] use artificial intelligence (AI) algorithms to diagnose
faults. In [19], binary neural networks are employed for diagno-
sis, which entails a slight reduction in accuracy but a significant
reduction in storage space. A sliding-time window is used to
record data of the operating parameters in the HBMMC and
then the data are used to train a two-dimensional convolutional
neural network (2-D CNN) [20]. Then, the OCF can be easily
diagnosed with the trained 2-D CNN. In [21], it proposes a
diagnostic strategy that can still work correctly in the presence
of missing data and severe noise, whose diagnostic process
is conducted through an extreme gradient boosting algorithm.
These diagnostic strategies based on Al algorithms do not rely
on hardware-circuit revamps but usually suffer from tremendous
computational burdens. Thus, the requirement of enhancing
the computational power of industrial controllers limits these
strategies’ further applications. Except for the strategies based
on hardware circuits or Al algorithms, there exists another type
of diagnostic strategy based on system models. In [22], it first
constructs a matrix that consists of SM capacitor voltages and
uses the single-ring-theorem as a mathematical tool to analyze
the matrix for fault detection. The malfunctioning SMs can be
further located using a boxplot. In [23], the proposed strategy
first obtains the number and the type of malfunctioning SMs
by comparing the measured value of the arm voltage with its
estimated value. Then, the specific malfunctioning SMs can
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be confirmed rapidly by virtual capacitor voltages. A repetitive
signal generator is used to judge the periodicity of the capacitor
voltage deviations, then the malfunctioning arm can be con-
firmed [24].

All the above diagnostic strategies target at HBMMCs. The
strategies in [25] and [26] consider the cases in FBMMCs. How-
ever, paper [25] only considers the case under the carrier phase
shift pulsewidth modulation but ignores the case under the near-
est level modulation (NLM), which is more widely used in high
power-level scenarios. Although paper [26] considers the case
under the NLM, it is forced to ignore some malfunctioning types
due to the limitations of the existing switching method [26].
Compared with HBMMCs and FBMMCs, HMMCs have more
types of IGBT OCFs, more complex fault characteristics, and
greater difficulties in their diagnosis due to the co-existence of
HBSMs and FBSMs, which also renders the existing diagnostic
strategies unable to be used in HMMCs directly. Consequently,
there is still a research gap in the diagnostic strategies of IGBT
OCFs in HMMCs. Therefore, it is necessary to conduct in-depth
research on IGBT OCF diagnosis in HMMCs to guarantee its
reliability.

Toward this end, an improved switching method that com-
plements the missing operating modes of the existing switching
method by adding a bypassed switching sequence is proposed.
Through the analysis of fault characteristics under two switching
methods, it is demonstrated that the proposed switching method
can ensure all types of IGBT OCFs reveal their fault character-
istics thoroughly, while certain characteristics are missing in the
existing switching method. Then, it is shown that all six types of
malfunctioning SMs remain in specific switching sequences in
the corresponding parts while the switching sequences of normal
SMs with the same type in the HMMC are all in dynamic change
in most cases or all remain at a specific value at special case (the
parts are divided by the polarity of the arm current and the num-
ber of inserted SMs). Based on this feature, a diagnostic method
is proposed to identify the SM with the fixed specific sequence in
a period of time while the switching sequence of other SMs with
the same type is still dynamically changing. Further, an improved
switching method-based diagnostic strategy for IGBT OCFs in
HMMCs consisting of various types of diagnostic methods is
proposed. By activating corresponding diagnostic methods in
each part, the proposed strategy can diagnose all types of IGBT
OCFs. The main contributions of the proposed switching method
and the improved switching method-based diagnostic strategy
are summarized as follows.

1) The improved switching method-based diagnostic strat-

egy proposed in this paper addresses the gap in IGBT
OCEF diagnosis for HMMCs, which can diagnose all types
of IGBT OCFs of HMMCs within 20 ms.

2) The improved switching method proposed in this paper
eliminates the adverse effects of the existing switching
method, which can ensure that all types of IGBT OCFs
reveal their fault characteristics thoroughly and keep the
switching loss unchanged compared to the existing switch-
ing method.

3) The improved switching method-based diagnostic strat-
egy proposed in this paper has a wide range of applications
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Fig. 1. Topology of an HMMC.

that are also applicable to HBMMCs and FBMMCs and
has immunity to dc faults and load change.

The rest of this article is organized as follows: Section II
introduces the basic configuration and operating principles of
HMMCs. Section III introduces the existing switching method
and proposes an improved switching method. The fundamental
characteristics of IGBT OCFs are analyzed in Section IV. The
advantages of the proposed switching method are also high-
lighted based on the comparisons of IGBT OCF characteristics
under two switching methods in Section IV. The switching
sequence characteristics of normal SMs and SMs under IGBT
OCFs in the HMMC are analyzed in detail in Section V. The im-
proved switching method-based diagnostic strategy is proposed
in Section VI. Further discussions of the proposed improved
switching method and the improved switching method-based
diagnostic strategy are given in Section VII. The comprehensive
hardware-in-the-loop (HIL) experimental results are given in
Section VIII. Finally, Section IX concludes this article.

II. BASIC CONFIGURATIONS AND OPERATING PRINCIPLES OF
HMMCs

A. Basic Configurations of HMMCs

The topology of a three-phase six-arm HMMC is shown in
Fig. 1. Each arm includes N SMs and one arm inductor L.
Among N SMs, there are Npg FBSMs and Ngg HBSMs. The
ratio Npp/N is the SM hybrid ratio. Uq. and /4. are the dc-side
voltage and current, respectively. ij,, i;1 represent the upper
arm current and the lower arm current, respectively. u;, and
u; represent the output voltages of all the SMs in the upper
arm and in the lower arm, respectively. The topologies of the
FBSM and the HBSM are also shown in Fig. 1. u¢; and gy
represent the capacitor voltage and the output voltage of the
SM, respectively. To distinguish between variables related to
the FBSM and HBSM, this article uses the “FB” and “HB” in
the subscripts, where the variable with “FB” is associated with
FBSMs and the variable with “HB” is associated with HBSMs.
The “a,” “b,” and “c” in the subscripts stand for variables related
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TABLE I
FBSM OPERATING MODES IN NORMAL STATE
Mode | iam | Srunrsi | Sri Path SM state UCFBi

1 1 1 Di,Ds Positively-insert T
2 -1 2 To, Ts Negatively-insert !

=0
3 0 3 Dy, Ts Bypass —
4 0 4 T2, Ds Bypass —
5 1 1 T, Ta Positively-insert l
6 -1 2 D», Ds Negatively-insert il

<0
7 0 3 T, Ds Bypass —
8 0 4 Do, T4 Bypass —

to Phase A, Phase B, and Phase C, respectively. The “u” and “1”
in the subscripts stand for variables related to the upper arm and
lower arm.

For an FBSM, it has eight modes as shown in Table I, where
Srp; and Spun.pp; represent the switching sequence and the
switching function of the FBSM, respectively. i, represent the
arm current. During the normal operation, Sgyy_Fp; is controlled
by the voltage balancing strategy (VBS) as follows:

1, when SM needs to be inserted positively
when SM needs to be bypassed
when SM needs to be inserted negatively.

ey

In an FBSM, its ug,, _pp; is controlled by Spuy-rp; as follows:

SFun—FBi = 07
_]_7

Usm-FBi = SFun-FBiUC-FBi- (2

The value of Sgp; depends on the value of Sgy;,pp; as follows:
17 SFun—FBi =1
2,  Spun-rBi = —1
3, Srun-rBi =0 )
4,  Srun-rpi = 0.

Then, switching states of the Ty, Ts, T3, and T, in the FBSM
can be confirmed based on Sgp;, which can be expressed as

Skpi =

1, T;and T, are ON while T and T3 are OFF
2, Ty and T3 are ON while Ty and T4 are OFF
3, Tjand T3 are ON while Ty and T4 are OFF
4, 'Tsand Ty are ON while T and T3 are OFF.
“4)
For an HBSM, it has four modes as shown in Table II, where
Sup; and Spyn pps represent the switching sequence and the
switching function of the HBSM. Similar to the FBSM, Srun-uB;
is also controlled by the VBS as:

Skpi =

g ~_ J1, when SM needs to be inserted positively.
Fun=HB? =30, when SM needs to be bypassed.
&)

In an HBSM, its g, 11 is controlled by Spun-r; as follows:

Usm—HBi = SFun—HBiUC—HBi- (6)
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TABLE II
HBSM OPERATING MODES IN NORMAL STATE
Mode Tarm SFun-HBi Susi | Path SM state UC-HBI
1 1 1 Dy Positively-insert 1
=0
2 0 2 T2 Bypass —
3 1 1 T Positively-insert |
<0
4 0 2 D» Bypass —

The value of Syp; depends on the value of Spu,.pp; as
1, Stun-1Bi = 1
Fun—HB 7

follows:
SHp; =
Hp {27 SFun—HBi =0.

Then, switching states of the Ty, T in the HBSM can be
confirmed based on Syp;, which can be expressed as follows:

G — 1, Ty is ON while Ty is OFF ®)
HBi = 12, T, is ON while T; is OFF.

B. Operating Principles of HMMCs

Defining M, as the ac modulation index of the HMMC, which

can be expressed as follows:
Un
My = —— 9
0.5U4cn ©)

where Uy, and U, represent the amplitude of the output ac
voltage and the rated dc voltage, respectively.

According to papers [4], [5], and [10], the HMMC can still
output rated ac voltage under low dc voltages, thus a dc modu-
lation index M. can be defined as follows:

o Udc
Udcn '

According to paper [4], the range of u,, and u, can be
obtained as follows:

0-5Udcn(Mdc - Mac) < {Uamual} < 0~5Udcn(Mdc + Mac)'
1D
It can be observed from (11) that the u,,, and u,; have the same
range. Thus, this article only targets at u,, for analysis. Based
on the analysis in Section II-A, u,, is the output voltages of all
the SMs in the upper arm, which can be expressed as follows:

Mdc

(10)

i=NFrB
Uau = Z SFunau-FBiUCau-FBi
1=1
i=Nyp
+ Z SFunaufHBiuCaufHBi-
=1

(12)

When the HMMC is not operating under overmodulation or
low dc voltage scenario, there exists M,. < | and My, = 1.
Under this operating condition, it can be obtained from (11) that
U,y 18 always positive, which means the arm need not generate
negative voltage. Thus, the negatively inserted state of FBSMs
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is not used and the HMMC operates in the same way as the
HBMMC do [10]. When M. > 1 or M4. < 1, it can be obtained
from (11) that u,, needs to be a negative value, which means
the arm needs to generate negative voltage. According to (12),
some FBSMs need to work in the negatively-inserted state to
generate negative voltage, whose switching functions are —1.
Based on the negatively inserted state of FBSM, the HMMC
can output rated ac voltage under low dc voltage or output high
ac voltage under rated dc voltage, which cannot be realized in
the HBMMC.

C. Generating Process of the Driving Signals to IGBTs

The flowchart of the VBS adopted in the HMMC is depicted
in Fig. 2 [10], where Ny, and Ny, pre represent the number
of inserted SMs in the current control period and previous
control period, respectively. When Ny, > 0, the VBS does not
discriminate between FBSMs and HBSMs and the VBS is the
same as the VBS adopted in the HBMMC. When N,,,, < 0, only
FBSMs are used while all HBSMs are bypassed.

The generating process of the driving signals to IGBTs is
shown in Fig. 3, where Nyy_j; is the number of inserted SMs
in the x arm of phase j. The function of the switching method
is to output proper switching sequences based on switching
functions, whose working process will be introduced in detail in
the next section. Finally, the driving signal generator generates
proper driving signals based on switching sequences according
to (4) and (8).

III. PROPOSED IMPROVED SWITCHING METHOD OF FBSMsS

The switching method of HBSMs is unique because the
Supq and Srun.pB; are on a one-to-one correspondence basis
according to (7). Therefore, this section focuses on the switching
method of FBSMs.

The flowchart of the existing switching method is shown in
Fig. 4 [25]. When Srun-rBi €quals Spun-FBi-pre, it indicates that
the switching function does not need to change at the current
period. Thus, the switching sequence remains unchanged at the
current period. When Sgyn-rp; does not equal Spun-FBi-pre, it
indicates the switching function needs to change at the current
period. Then, the switching sequence can be derived based on
the following equation:

la SFun-FBi =1
SrBi = { 2, SFun-rBi = —1
4) SFun»FBi =0.

(13)

The flowchart of the improved switching method proposed in
this article is shown in Fig. 5, where Frp; represents the flag
for the bypassed switching sequence selection. Frp; is a logical
signal that can be 1 or 0, corresponding to the two bypassed
switching sequences of the FBSM. Frp; can be determined
based on the following equation:

Flns — !FFBi7 SFun—FBi 7£ SFun-FBi—pre and SFun—FBi =1
FBi FFBiv

in other cases.
(14)
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Both FBSMs and HBSMs are used

Only FBSMs are used

Fig.2.  VBS in the HMMCs.

Ucix1Ucia Ucjen

Nonje VBS SFunjx-FBi

—
SFunjx-HBi

Switching
Method

ij-FBi

S/’x-HBi

Driving Signals
Generator

~Driving
Signals

lie

Fig. 3. Generation process of the driving signals.

Skun-rBi=1

Fig. 4. Flowchart of the existing switching method.

Skun-rpi=1

Seun-rp=0

Skun-rai=-1

Fig. 5. Flowchart of the proposed improved switching method.

According to (14), when Spu,-rB; does notequal Spun-FBi-pre
and Spun-FB; 18 1, Frp; needs to be inverted. While in other
cases, Frp; remains unchanged.

When Seun-rBi €quals Spun-FBi-pre, the switching sequence
also remains unchanged at the current period. When Sgyy,_rp;
does not equal Srun-FBi-pre, the switching sequence can be
derived based on the following equation:

]-7 SFun—FBi =1

2, SrkunrFBi = —1

3, SpPun-rBi = 0and Frp; = 1 (15)
4, Srun-rs; = 0 and Frp; = 0.

SFBi =

By introducing the bypassed switching sequence selection
flag, the corresponding switching sequence alternates between
the two bypassed switching sequences when the FBSM transi-
tions from the positively inserted state or the negatively inserted
state to the bypassed state. In contrast to the existing switching
method, the switching sequence can take 1, 2, 3, and 4 under
the proposed switching method, while the switching sequence
can only take 1, 2, and 4 under the existing switching method.
Based on Table I, it can be observed that the proposed switching
method contains all eight modes of the FBSM, while the existing
switching method misses Mode 3 and Mode 7.

Due to the complement of the missing Mode 3 and Mode 7,
IGBT OCFs can more fully reflect their fault characteristics
under the proposed switching method compared to the existing
switching method, which will be analyzed in detail in Sec-
tion I'V-C.

IV. FUNDAMENTAL CHARACTERISTICS OF IGBT OCFs
A. Characteristics of IGBT OCFs in HBSMs

The IGBT OCFs of an HBSM can be categorized into two
types: Type Iyp fault and Type Ilyp fault, corresponding to
Ty and Ty OCEF, respectively. These two types of faults can
disrupt the normal operation of the HBSM, as summarized in
Table III. Type Iy fault affects the operation in Mode 3, where
the capacitor is bypassed instead of being discharged as shown in
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TABLE III
ABNORMAL MODES IN IGBT OPEN-CIRCUIT FAULTS

Type Abnormal OP Path SM state uci
Type Ius 3 T1—D> Bypass —

Type Ius 2 T,—D Positively-insert 1
5 T, Ts—> T4, Do Bypass —

Type I 7 T, D3—D,, D3 | Negatively-insert 1
2 To, T:—>D1, T Bypass —

Type llrs 4 Ty, Ds—D1, Dy | Positively-insert 1
2 Tz, T3—>T27 Dy Bypass —

Type lllrs 3 D1, Ts—Dy, Ds | Positively-insert | 1
5 T, Ts—Ds, Ty Bypass —

TypeIVis 8 D», T4—Ds, D3 | Negatively-insert 1

I+
Fig. 6. Two abnormal modes of IGBT OCFs in HBSMs. (a) Mode 3 of type

Igp fault. (b) Mode 2 of type Ilgg fault.

Normal - - -~
Malfunctioning

7
153

(a) (b)

Fig. 7. Two abnormal modes of Type Irp fault. (a) Mode 5. (b) Mode 7.

Fig. 6(a). Type IIp fault affects the operation in Mode 2, where
the capacitor is charged instead of being bypassed as shown
in Fig. 6(b).

B. Characteristics of IGBT OCFs in FBSMs

An FBSM has more complex IGBT OCFs than those of an
HBSM, as it can be classified into four types. These four types are
Type Irp fault, Type llyp fault, Type lllpp fault and Type [Vyrp
fault, corresponding to Ty, T, T3, and T4 OCEF, respectively.
Table IIT summarizes how these four types of faults can affect
the normal operations of an FBSM. As depicted in Fig. 7, Type
Irp fault affects the operations in Mode 5 and Mode 7, where the
capacitor is bypassed instead of being discharged in Mode 5 and
the capacitor is charged instead of being bypassed in Mode 7.
Similarly, the affected operations of Type Ilrp fault, Type llrp
fault, and Type IVyp fault are shown in Figs. 8—10, respectively.

3583

Normal --------
Malfunctioning

Fig. 8. Two abnormal modes of Type IIpp fault. (a) Mode 2. (b) Mode 4.
Normal ~——------
Malfunctioning
s 4
T D;r%i i Ds i
T | cax °
S L — } (p—
TiH( 4D, T+ JD4 ‘
(a)
Fig. 9. Two abnormal modes of type Illgg fault. (a) Mode 2. (b) Mode 3.
(a) (b)
Fig. 10. Two abnormal modes of type IVyp fault. (a) Mode 5. (b) Mode 8.

C. Comparisons of IGBT OCF Fault Characteristics in
FBSMs Under Two Switching Methods

The four parts can be divided according to the polarity of the
arm current and the polarity of the number of inserted SMs. In
Part I, both the arm current and the number of inserted SMs are
positive. In Part II, the arm current is positive and the number
of inserted SMs is negative. In Part III, both the arm current and
the number of inserted SMs are negative. In Part IV, the arm
current is negative and the number of inserted SMs is positive.
According to paper [27], the existence of Part I and Part III
depends on the operating mode of the HMMC. For example, the
numbers of inserted SMs and arm current under two operating
modes are shown in Fig. 11. It can be observed from Fig. 11(a)
that only Part I, Part III, and Part IV exist when the HMMC
operates in the rectifier mode. Regarding the inverter mode, it
can be seen from Fig. 11(b) that only Part I, Part II, and Part IV
exist.

Combing Fig. 4 and Table III, the abnormal modes of IGBT
OCFs in FBSMs and their corresponding parts under the existing
switching method can be depicted in Fig. 12. A comparison of
Table III and Fig. 12 reveals that certain fault characteristics of
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Numbers of inserted SMs — Numbers of inserted SMs
—— Arm current Time base:500us/div. — Arm current Time base:500us/div
/7 N\ /~ \ : / ,"/ \
\
\\
fa U/ TaN \ \
________ fem\ /]
\ N d \
2
Part I Part 111 Part IV Part 1 Part IT Part IV
(a) (b)
Fig. 11.  Arm current and number of inserted SMs in HMMCs under two

operating modes. (a) Rectifier mode. (b) Inverter mode.

A
arm
Part I(iyy>0and Noy>0)
! Mode 1(Sip=1) !
| |
+ Mode 4(Smi=4) - > Type lpp _!
| .
Part [1(iy,<0 and Ny,<0) Non

Fig. 12.  Abnormal modes of IGBT OCFs in FBSMs under the existing
switching method.

the Type Irp fault and the Type Illpp fault are missing due to the
absence of Mode 3 and Mode 7, which are not beneficial to their
diagnosis. The Type Irp fault cannot exhibit fault characteristics
in Part III. When the HMMC operates in rectifier mode and a
Type Ipp fault occurs in Part 111, the Type Ipp fault cannot be
diagnosed in Part III and can only be diagnosed in the next Part
IV, which prolongs the time required for diagnosis. The Type
IIyp fault is more severely affected and it can only exhibit fault
characteristics in Mode 2 of Part II. However, when the HMMC
operates in rectifier mode, only Part I, Part ITI, and Part IV exist,
which results in a complete miss of fault characteristics for Type
Illpp fault, and thus cannot be diagnosed. When the HMMC
operates in inverter mode, although Part II exists, the number of
negatively-inserted SMs is low due to the presence of dc voltage
bias [4], [10]. Therefore, the probability of a Type III faulty SM
being able to operate in Mode 2 is lower, which may prolong
the time required for diagnosis and is likewise detrimental to its
diagnosis.

Based on the above analysis, the absence of Mode 3 and
Mode 7 in the existing switching method is not conducive to
the diagnosis of some types of IGBT OCFs and may result in
specific IGBT OCFs not being diagnosed. Therefore, this article
proposes an improved switching method that complements the
missing Mode 3 and Mode 7. Combing Fig. 5 and Table III,
the abnormal modes of IGBT OCFs in FBSMs and their cor-
responding parts under the improved switching method can be
depicted in Fig. 13. A comparison of Figs. 12 and 13 reveals
that the improved switching method can completely reflect the
fault characteristics of the Type Irp fault, which is advantageous
for its fault diagnosis. More importantly, Type IlIrp faults can
not only reflect the fault characteristics in Part II but also in
PartI, which is common to both rectifier mode and inverter mode.
This avoids the problems of undiagnostic in rectifier mode and
potentially long diagnostic time in inverter mode.
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Fig. 13.  Abnormal modes of IGBT OCFs in FBSMs under the proposed
improved switching method.

Based on the above analysis, compared to the existing switch-
ing method, the proposed improved switching method enables
IGBT OCFs in FBSMs to reflect their fault characteristics more
thoroughly, which is beneficial for the subsequent diagnosis of
IGBT OCFs.

V. SWITCHING SEQUENCE CHARACTERISTIC OF NORMAL SMS
AND SMS UNDER IGBT OCFs IN THE HMMC

A. Switching Sequence Characteristic of Normal SMs in the
HMMC

The objective of the VBS is to maintain the dynamic bal-
ance of the SM capacitor voltages within the arm. To achieve
this objective, the switching functions of normal SMs are in
the dynamic change in most cases to adjust the charging and
discharging time of capacitors. Correspondingly, the switching
sequences of normal SMs are in the state of dynamic change in
most cases [11], [28]. For the HMMC, its switching sequence
characteristic are a little bit more complicated. In Part II and
Part III, only FBSMs are used. Therefore, the switching se-
quences of normal FBSMs are in a dynamic change in these
two parts. In Part I and Part IV, the switching sequences of
normal FBSMs and HBSMs are all in dynamic change when
the SM capacitor voltages of two types are basically the same.
However, there may exist a special period in which the switch-
ing sequences of normal SMs remain at a specific value. For
example, when the HMMC operates in inverter mode, FB-
SMs are being negatively-inserted in turns and all HBSMs are
bypassed in Part II. Therefore, a capacitor voltage deviation
between FBSMs and HBSMs is generated since the capacitor
voltages of FBSMs grow lower and the capacitor voltages of
HBSMs remain unchanged. Then, even though the VBS does
not discriminate FBSMs from HBSMs in the adjacent Part I, the
inserted prioritization of the FBSMs is higher than HBSMs in the
next Part I until the capacitor voltages of the two types of SMs
are basically the same. Before that, the switching sequences of
normal FBSMs are still in the dynamic change, while the switch-
ing sequences of normal HBSMs are not dynamic but remain
at 2.

Based on the analysis, the switching sequences of normal
SMs with the same type in the HMMC always have consistent
trends. In particular, the switching sequences of normal SMs
with the same type are all in the state of dynamic change in
most cases or all remaining at a specific value in special cases.
However, the switching sequence of the faulty SM has a different
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Fig. 14.  Switching process for different types of IGBT OCFs.

trend from the normal SM, which will be analyzed in detail as
follows.

B. Switching Sequence Characteristic of SMs Under IGBT
OCFs in the HMMC

Based on the analysis in Section IV-C, four types of IGBT
OCFs in FBSM can exhibit their fault characteristics thoroughly
under the proposed improved switching method. As for two
types of IGBT OCFs in HBSM, the Type Iyp fault can exhibit
its fault characteristic in Part IV, Type Ilgyp fault can exhibit
its fault characteristic in Part I and Part II based on Table III.
On this basis, the switching sequence characteristics of IGBT
OCFs under the proposed switching method are analyzed in this
section. The switching sequence of the faulty SM remains at a
specific value during a specific part. The detailed characteristics
are analyzed as follows.

1) Partl: Based on Fig. 13 and the above analysis, Type llpp
malfunctioning SM, Type IlIrp malfunctioning SM, and Type
II1;p malfunctioning SM exhibit fault characteristics in Part 1.

For a Type Ilpp malfunctioning SM, it operates normally in
all modes except for Mode 4, where its Sgp; is 4. As shown in
Fig. 14, if the Sgg; of the malfunctioning SM does not switch
to 4, its Sgp; still switches like a normal FBSM. Once the Sgg;
of the malfunctioning SM switches to 4 under the control of
VBS and the proposed switching method, it indicates that its
capacitor voltage is relatively higher in the arm and should re-
main unchanged. However, the capacitor of the malfunctioning
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SM is charged instead of being bypassed in Mode 4, causing
the rise of its voltage. Therefore, a conflict between the control
objective of the VBS and the impact of the Type Ilgp fault
creates. Correspondingly, the VBS forces the malfunctioning
SM to remain bypassed to prevent its capacitor voltage from
increasing, which exacerbates the conflict continuously. Finally,
the improved switching method forces the Sgg; of malfunction-
ing SM to be 4 as shown in Part I of Fig. 14. For a Type Illpp
fault, its analysis process is similar to that of the Type Ilrp
fault. The improved switching method forces the Sgg; of the
malfunctioning SM to be 3 in Part I as shown in Fig. 14.

For a Type Iliyp malfunctioning SM, it operates normally ex-
cept for Mode 2. Once the Sp; of malfunctioning SM switches
to 2 under the control of VBS and the switching method, it
indicates that its capacitor voltage is relatively higher in the
arm and should remain unchanged. However, the capacitor of
the malfunctioning SM is charged instead of being bypassed in
Mode 2, causing the rise of its voltage. Therefore, a conflict
between the control objective of the VBS and the impact of
the Type Ilyp fault creates. Correspondingly, the VBS forces
the malfunctioning SM to remain bypassed to prevent its ca-
pacitor voltage from increasing, which exacerbates the conflict
continuously. Finally, the switching method forces the Syp; of
malfunctioning SM to be 2 as shown in Part I of Fig. 14.

2) Part II: Based on Fig. 13 and the above analysis, Type
IIrp malfunctioning SM, Type Illpp malfunctioning SM and
Type lIyp malfunctioning SM exhibit fault characteristics in
Part II.

For a Type llpp malfunctioning SM, it operates normally
except for Mode 2 and Mode 4, where its Sgg; is 2 and 4,
respectively. If the Sgp; of the malfunctioning SM switches to 4
under the control of VBS and the proposed switching method, it
indicates that the capacitor voltage of the malfunctioning SM is
relatively lower in the arm and should remain unchanged. Due to
the fault behavior in Mode 4, the capacitor of the malfunctioning
SM is charged instead of being bypassed, causing the rise of its
voltage. Therefore, the VBS controls the malfunctioning SM to
switch from the bypassed state to the negatively inserted state
after a period of time. Once the Sgp; of the malfunctioning SM
switches to 2 under the control of VBS and the proposed switch-
ing method, it indicates that its capacitor voltage is relatively
higher in the arm and should grow low. However, the capacitor of
the malfunctioning SM is bypassed instead of being discharged
in Mode 2, causing its voltage to remain unchanged. Therefore, a
conflict between the control objective of the VBS and the impact
of the Type Il fault creates. Correspondingly, the VBS forces
the malfunctioning SM to stay in the negatively-inserted state to
make its capacitor voltage grow higher, which exacerbates the
conflict continuously. Finally, the improved switching method
forces the Syp; of malfunctioning SM to be 2 as shown in Part IT
of Fig. 14. For a Type llgp fault, its analysis process is similar
to that of the Type Ilgp fault. The improved switching method
forces the Sgp; of the malfunctioning SM to be 2 in Part II as
shown in Part IT of Fig. 14.

For a Type Ilyp malfunctioning SM, it operates normally
except for Mode 2, where its Sgp; is 2. In Part I1, the VBS controls
all HBSMs to operate in the bypassed state, while the switching
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method controls the Syp;s to be 2 accordingly. Since all the
Sup;s remain consistent in this part, the switching sequence
characteristic of the Type Iliyp malfunctioning SM is hidden.

3) Partlll: BasedonFig. 13 and the above analysis, Type [yp
malfunctioning SM and Type IVpg malfunctioning SM exhibit
fault characteristics in Part III.

For a Type Ipp malfunctioning SM, it operates normally in all
modes except Mode 7, where its Sgp; is 3. The analysis process
of the Type lllgp faultin Part Il is similar to that of the Type llyp
fault in Part I. The proposed switching method forces the Sgg;
of the malfunctioning SM to be 3 as shown in Part III of Fig. 14.
For a Type IVrp malfunctioning SM, its analysis process of the
Type IVpp fault in Part IIT is also similar to that of the Type llrp
fault in Part I. The proposed switching method forces the Sgg;
of the malfunctioning SM to be 4 as shown in Part III of Fig. 14.

4) Part1V: Based onFig. 13 and the above analysis, Type Irp
malfunctioning SM, Type IVgp malfunctioning SM, and Type
Iz malfunctioning SM exhibit fault characteristics in Part I'V.

For a Type Ipp malfunctioning SM, it operates normally in
all modes except Mode 5 and Mode 7, where its Sgg; is 1 and 3,
respectively. The analysis process of the Type Irp faultin Part IV
is similar to that of the Type Ilpp fault in Part II. The improved
switching method forces the Sgp; of the malfunctioning SM to be
1 as shown in Part IV of Fig. 14. For a Type IVrp malfunctioning
SM, its analysis process of the Type [Vyp fault in Part IV is
similar to that of the Type IIpp fault in Part II. The proposed
switching method forces the Sgg; of the malfunctioning SM to
be 1 in Part III of Fig. 14.

For a Type Igp malfunctioning SM, it operates normally
except for Mode 3. Once the Syp; of the malfunctioning SM
switches to 1 under the control of VBS and switching method, it
indicates that its capacitor voltage is relatively higher and should
decrease. However, the capacitor of the malfunctioning SM is
bypassed instead of being discharged in Mode 3, causing its
voltage to remain unchanged. Therefore, a conflict between the
control objective of the VBS and the impact of the Type IIrp fault
creates. Correspondingly, the VBS forces the malfunctioning
SM to remain in the positively inserted state as much as possible
to make its capacitor voltage grow lower, which exacerbates the
conflict continuously. Finally, the switching method forces the
Skg; of the malfunctioning SM to be 1 in Part IV as shown in
Fig. 14.

Based on the above analysis, the switching sequence is a
significant fault characteristic for IGBT OCFs in HMMC:s. This
finding provides a theoretical basis for the improved switching
method-based diagnostic strategy proposed in the next section.

VI. PROPOSED IMPROVED SWITCHING METHOD-BASED FAULT
DIAGNOSTIC STRATEGY

A. Proposed Improved Switching Method-based Fault
Diagnostic Strategy

Based on the analysis in Section V, all six types of mal-
functioning SMs remain in specific switching sequences in the
corresponding parts while the switching sequences of normal
SMs with the same type in the HMMC are all in dynamic change
in most cases or all remain at a specific value in special cases.
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Fig. 15. Diagnostic process for identifying the type IIgp malfunctioning SM
in Part I.

To avoid mistaking the normal SM as the faulty SM, an SM is
diagnosed as a faulty SM only if the SM remains in a specific
sequence for a period of time while the switching sequences of
other SMs with the same type are still dynamically changing.
Therefore, a diagnostic method is proposed to identify the SM
with the fixed specific sequence in a period of time while the
switching sequences of other SMs with the same type are still
dynamic. Taking the diagnostic method of identifying the Type
IIzp malfunctioning SM in Part I as an example to illustrate
how the proposed method works, whose flowchart is shown in
Fig. 15. Byp-2 represents the set of HBSMs whose switching
sequence remains in 2. Agp_o represents the set of HBSMs
whose switching sequence equals to 2. Nyp_o is the number of
elements in App.2. Nip_o¢h 18 the diagnostic threshold. Ngp_gwe
is the number of HBSMs whose switching sequence switches
from 2 to 1 at a control period. NgB_sw2-sum 1S the sum of the
Nup-sw2 during several control periods. Iq,,, k are the initial
flag and the counting flag, respectively. The initial value of /g,
is 0. Therefore, the initialization process is executed firstly as
shown in Fig. 15. Byp_2(0) is initialized as the Afp_2(0). Then,
Nup-2th 1S selected based on Nyp.2, which will be discussed
in next section. The initialization process is not executed again
unless Byp.2 becomes an empty set. If /g,, does not equal 1,
Byp_2(k) is updated according to the following:

Bup-2(k) = Aup_2(k) N Bup_2(k — 1).

NuB_swa (k) is recorded. Nyp_sw2(k) can be calculated accord-
ing to the following equation:

(16)

k
Nup-sw2-sum (k) = > Nup-swa(i). (17)
i=1
To identify the Type Il malfunctioning SM in Part I, two
conditions must be met concurrently. The first condition is that
the switching sequence of the faulty SM remains in 2 for a period
of time. The second condition is that the switching sequence
of other HBSMs is dynamically changing during the period of
time. To ensure that both conditions are met, it is only necessary
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Fig. 16.  Overall structure of the proposed diagnostic strategy.

to ensure that Byp_o(k) is a nonempty set and Nyp_sw2-sum (k)
exceeds the diagnostic threshold. Byp_2(k) is a nonempty set,
indicating that there exists HBSMs whose switching sequence
remains in 2. The increase in Nyp_swo-sum (k) reflects the dy-
namics of switching sequences in normal HBSMs. In particular,
if the switching sequences of HBSMs all remain in a specific
value as in the aforementioned special case, Ngp_sw2(k) is 0 and
NHB-sw2-sum (k) remains unchanged. Therefore, Niyp_sw2-sum (k)
does not exceed Npp.oth and the diagnostic method does not
mistake the normal SM as the faulty SM.

Based on the above analysis, the Type Ilyp malfunctioning
SM can be effectively diagnosed when Byp_o(k) is a nonempty
set and Ngp_sw2-sum (k) exceeds the diagnostic threshold.

The above process targets malfunctioning HBSMs whose
Sup; remains in 2 in Part I, which can be easily adjusted to
use for other types of malfunctioning SMs. While adjusting the
process, the principle remains unchanged and the parameters
change correspondingly. For instance, the method in Fig. 15 can
be modified to another method to target malfunctioning FBSMs
whose Sgg;s remain in 2 in Part II by following adjustments:
adjusting Byp.2(k) to Brp-2(k), NuB-2¢h t0 NrB-2th, NuB-2 tO
NrB.2, NaB-sw2(k) t0 Npp_swa(k), where Bpp_o(k) is the set
of potential Type Ilpp and Type Illpp malfunctioning SMs,
Nrp_2tn 18 the diagnostic threshold, Nyp_2 is the amount of the
number of elements in Agp.o, and Ngp.gwo(k) is the number
of FBSMs whose switching sequence is transferred from 2 to
3 or 4 from (k-1)T. to kT.. Based on the above method and
Fig. 14, a diagnostic strategy for IGBT OCFs in HMMCs can be
proposed as shown in Fig. 16. By activating the correspond-
ing methods in each part, the proposed improved switching
method-based diagnostic strategy can diagnose all six types of
IGBT OCFs. Moreover, it can be observed that the targets of
Parts I and IV encompass all six types of faults, the whole
diagnosis can be completed within 20 ms regardless of fault

type.

3587

T. | [SMUSMGITISML Biso(0)
S —

N, HB-2 SMs

2T, SM, SM,| ... 'SM, Bypa(l)

S —
(NuB2-Nup-sw2(1) )SMs

SM; SM, ... SM, Bug(p)

-
0 SMs

pT.

Fig.17.  Executions of the diagnostic process while no type IIiyg fault existing.

B. Principle of Selection to Diagnostic Threshold

The selection to diagnostic threshold is crucial to the proposed
diagnostic strategy, whose principle is discussed in detail in this
section.

Taking the Nyp_o¢1, as an example to illustrate the principle of
selection to the diagnostic threshold. If there are no Type Ilyp
faults in Part I, the executions of the corresponding diagnostic
method can be depicted in Fig. 17. Since the switching sequences
of normal HBSMs exhibit dynamic switching processes in most
cases, Bpp.2 becomes an empty set after a period of time. At
time T., Byg-2(0) is initialized to Agp.2(0) and have Nygp_o
elements. Assuming it takes p control periods for Byp.s to
become an empty set. Defining Cyp_2(k) is the set that includes
NuB.swo(k) HBSMs whose Syp;s switch from 2 to 1 in k7.
During each of these p control periods, Cyp_2(k) can be divided
into two subsets: the first subset belongs to Byp.o(k—1) and
the second subset does not belong to Byp_o(k—1). Extremely,
if the second subset is always empty in these p control periods,
NHB-sw2-sum (P) can be minimized to Nyp_o. In such an extreme
case, Npgp_otn only needs to be selected greater than Nyp_o.
However, Nup_sw2-sum(P) always takes a higher value than
Nyp_o due to the existence of the second subset. Compared
to the elements not in Byp.o(k—1), the capacitor voltages of
elements in Byp_o(k—1) have remained unchanged for a longer
period. Due to the rotation mechanism of VBS, the elements
in Bpp.o(k—1) are more likely to exit the Agp o(k—1) than
the elements not in Byp.o(k—1) [28]. Therefore, the second
subset accounts for a lower proportion than the first subset.
When the second subset accounts for the same proportion as
the first subset, the Nyp_sw2-sum (P) takes the value as 2Nyp_o
in this article. Based on the above analysis, if the Nyp_o¢y, 1S
selected too lower, Nip_sw2-sum (P) may exceed Nygp.o¢, before
the Byp_2(p) becomes an empty set when no IGBT OCFs occur,
which means the diagnostic process may mistake normal SM
as the faulty SM. To avoid misdiagnosis, Nyp_otn 1s selected as
two times of Ngp_o in this article. It should to be emphasized
that the selection of threshold in this article may not be the
optimal choice since the optimal selection for the threshold is
hard to determine. However, the threshold selected in this article,
which is based on both theory and experience, is capable of
guaranteeing the effectiveness of the proposed strategy in our
scenario. All diagnostic methods in Fig. 16 follow this principle
when selecting the thresholds.
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Fig. 18.  Comparisons of switching losses when arm current is positive.

VII. FURTHER DISCUSSION OF THE PROPOSED IMPROVED
SWITCHING METHOD AND THE DIAGNOSTIC STRATEGY

A. Comparisons of the Switching Losses Between the Two
Switching Methods

The existing switching method only uses Mode 4 and Mode
8 as the bypassed state for the consideration of switching loss.
However, the proposed improved switching method remains the
switching loss unchanged compared to the existing switching
method. The switching losses between these two switching
methods are compared in detail as follows.

According to paper [11], switching losses in the FBSM are
composed of three main parts: the turn-ON loss of IGBT E,,(?),
the turn-OFF loss of IGBT E,#(f), and the reverse recovery loss
of diode E,c.(t). Eon(t), Eon(t), and E,..(f) are all functions
relative to time [11]. To simplify the analysis, it is assumed
that all IGBTs and diodes generate the same switching losses.
Therefore, switching losses in the FBSM are relevant to two
indices. The first index is the switching moment of the switching
sequence, which depends on the control period and the adopted
VBS. The proposed improved switching method is not related
to the control period or the adopted VBS and therefore does
not affect the switching moment of the switching sequence. The
second index pertains to the devices involved in each switching
moment of the switching sequence, which will be discussed as
follows.

For the existing switching method, if Spp; needs to switch
from 1 to 4 and the arm current is positive, Dy turns OFF and
T, turns ON, thus generating E,,(f) and E,..(f), respectively.
If Sggp; needs to switch from 4 to 1 and the arm current is
positive, D turns ON and Ts turns OFF, thus generating E,g(f)
correspondingly. If Sgg; needs to switch from 2 to 4 and the
arm current is positive, Dy turns ON and Ts turns OFF, thus
generating E,g(f), respectively. If Sgg; needs to switch from
4 to 2 and the arm current is positive, D4 turns OFF and T3 turns
ON, thus generating E,,, (f) and E.(?), respectively. Based on the
analysis, the switching losses of the existing switching method
when the arm current is positive Ecyi-pos(?) can be expressed as
(18) and shown in Fig. 18

Eon(t) + Erec(t), Sepi=1— Spg; =4
Eoi(1), Srgi =4 — Spp; = 1
Eof(t), Srpi = 2 — Sppi = 4
Eon(t) + Erec(t), Segi =4 — Spgi = 2.

(18)

Eexifpos (t) =
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Similarly, the switching losses of the existing switching
method when the arm current is negative Eqyineg(f) can be
expressed as (19) and shown in Fig. 19

Eot(t), Sri =1 — Spgi =4

Fo nea(l) = Eon(t) + Erec(t), Srsi =4 — Sppi = 1
TN ) Eon(t) + Erec(t),  Sei =2 — Spg; =4
Eos(t), Srpi = 4 — Sppi = 2.

19)

The proposed improved switching method has the same
switching losses as the existing switching method when Sgg;
switches between 1 and 4 or 2 and 4. Compared to the
existing switching method, the proposed switching method adds
the switching processes of Sgg; between 1 and 3 or 2 and 3. If
Skp; needs to switch from 1 to 3 and the arm current is positive,
D, turns OFF and T3 turns ON, thus generating E,;,(f) and E;¢.(7),
respectively. If Sgg; needs to switch from 3 to 1 and the arm
current is positive, D4 turns ON and T turns OFF, thus generating
Eo() correspondingly. If Sgg,; needs to switch from 2 to 3 and
the arm current is positive, D; turns ON and Tq turns OFF, thus
generating Eq(f) correspondingly. If Sgg,; needs to switch from
3 to 2 and the arm current is positive, D; turns OFF and T,
turns ON, thus generating E,,(7) and E,.(f), respectively. Based
on the analysis, the switching losses of the proposed improved
switching method when the arm current is positive Epro-pos(?)
can be expressed as (20) and shown in Fig. 18

Eon(t) + Erec(t), Sepi=1— Spg; = 3/4

E (t) _ Eoff(t)a SFBi = 3/4 — SFBi =1
pro—pos Eog(t), Srpi = 2 — Spp; = 3/4
Eon(t) + Erec(t), Segi = 3/4 — Spgi = 2.
(20)

Similarly, the switching losses of the improved switching
method when the arm current is negative Epro-neg(f) can be
expressed as (21) and shown in Fig. 19

Eos(t), Skgi = 1 — Sppi = 3/4

E (t) = Eon(t) + Erec(t), Srsi =3/4 — Sppi =1
proheg Eon(t) + Erec(t), Sesi =2 — Spg; = 3/4
Eo(t), Skei = 3/4 — Sepi = 2.

ey

According to (3), when Sryn.rp; needs to switch between 1
and 0, Sgp; needs to switch between 1 and 4 under the existing
switching method, while Sgg; needs to switch between 1 and
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3 or 1 and 4 based on Fpp; under the improved switching
method. Based on (20) and (21), the switching losses of Sgp;
when switching between 1 and 4 are equivalent to those when
switching between 1 and 3. According to (3), when Srun-rB;
needs to switch between — 1 and 0, Sgg; needs to switch between
2 and 4 under the existing switching method, while Sgg; needs
to switch between 2 and 3 or 2 and 4 based on Fgp; under
the improved switching method. Based on (20) and (21), the
switching losses of Sgg; when switching between 2 and 4 are
equivalent to those when switching between 2 and 3. Therefore,
it can be verified that the improved switching method remains
the switching loss unchanged compared to the existing switch-
ing method. Combining the analysis in Section IV-C with this
section, it is demonstrated that the proposed switching method
can thoroughly exhibit the fault characteristics of IGBT OCFs
without adding extra switching losses.

B. Range of Application

According to papers [4] and [10], HMMCs, HBMMCs, and
FBMMC:s all operate in the same way during Part I and Part IV.
Since the diagnostic targets of both Part I and Part IV encompass
two types of faults within the HBSM and all four types of faults
within the FBSM, it is confirmed that the proposed ISM-based
diagnostic strategy is applicable to HBMMCs and FBMMC:s as
well.

C. Performance of the Proposed Diagnostic Strategy When the
HMMC Operates Under Reduced DC Voltage or Rated DC
Voltage

As indicated in Section IV-C, only Part I, Part III, and Part
IV exist when the HMMC operates in the rectifier mode under
reduced dc voltage. In this sense, the proposed strategy corre-
sponding to Part II in Fig. 16 is not activated. However, the
existing three parts contain all six types of IGBT OCFs based
on Fig. 14. Therefore, the proposed strategy can diagnose all
six types of IGBT OCFs in HMMCs effectively under such
operation conditions by activating the appropriate methods in
each part. When the MMC operates in the inverter mode under
reduced dc voltage, only Part I, Part II, and Part IV exist. In
this sense, the proposed strategy corresponding to Part III in
Fig. 16 is not activated. However, the existing three parts contain
all six types of IGBT OCFs based on Fig. 14. Therefore, the
proposed strategy can also diagnose all six types of IGBT OCFs
in HMMC:s effectively under such operation conditions.

As indicated in Section II-B, there exists M,. < 1 and
Mgy, = 1 when the HMMC operates under rated dc voltage.
Therefore, it can be obtained from (11) that u,,,, is always
positive, which means the arm need not generate negative volt-
age. According to paper [27], regardless of whether the MMC
operates in rectifier mode or inverter mode, it always contains
Part I and Part I'V. It can be observed from Fig. 14 that Part I and
Part IV also contain all six types of IGBT OCFs. Therefore, the
proposed strategy can diagnose all six types of IGBT OCFs in
HMMCs effectively under such operation conditions.
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Based on the above analysis, the proposed diagnostic strategy
can diagnose all types of IGBT OCFs effectively under different
dc voltage levels.

D. Performance of the Proposed Diagnostic Strategy Under
Load Change

Due to the VBS, the capacitor voltages of the same type
SMs in the arms are still well-balanced when the load changes.
Therefore, the switching sequences of the normal SMs with the
same type still have consistent trends. In particular, the switching
sequences of normal SMs with the same type are all in the state
of dynamic change in most cases or all remaining at a specific
value in special cases. Since an SM is diagnosed as a faulty SM
only if the SM remains in a specific sequence for a period of
time while the switching sequences of other SMs with the same
type are still dynamically changing, the proposed diagnostic
strategy does not mistake normal SMs as faulty SMs during load
change.

Furthermore, since the trends of switching sequences in the
normal SMs have few differences under different loads, the
diagnostic threshold is insensitive to load changes [28]. There-
fore, the proposed diagnostic strategy works effectively under
different loads without readjusting the diagnostic thresholds.

E. Performance of the Proposed Diagnostic Strategy Under
DC-Side Fault

According to papers [11], [29], and [30], the main advantage
of HMMC is its ability to actively ride-through dc-side faults, the
performance of the proposed diagnostic strategy under dc-side
fault is discussed in this section.

When a dc-side short-circuit fault occurs, the SM capacitor
voltages change. However, the capacitor voltage deviation be-
tween the same type SMs in the arm can still be controlled due
to the VBS, thus the capacitor voltages of the same type SMs
have an overall offset. Therefore, the switching sequences of
the normal SMs with the same type still have consistent trends.
In particular, the switching sequences of normal SMs with the
same type are all in the state of dynamic change in most cases
or all remaining at a specific value in special cases. Since an SM
is diagnosed as a faulty SM only if the SM remains in a specific
sequence for a period of time while the switching sequences of
other SMs with the same type are still dynamically changing,
the proposed diagnostic strategy does not mistake normal SMs
as the faulty SM during dc faults.

F. Impact of the IGBT Switching Frequency on the Speed and
Performance of the Proposed Diagnostic Strategy

Taking the diagnostic process of identifying the Type Ilyp
malfunctioning SM in Part I as an example to illustrate how the
IGBT switching frequency affects the speed and performance of
the proposed strategy.

In order for the Type Iy malfunctioning SM to be identified
in Part I, two conditions must be met concurrently. The first
condition is that the faulty SM is included in Byp_2 monitored by
the diagnostic process. The second condition is that Nyp_sw2-sum
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exceeds Nyp_oth in Part I. Therefore, the time taken to diagnose
the Type Il malfunctioning SM can be expressed as follows:

ta—tuB = t1 +tn (22)

where 1 represents the time taken for the faulty SM to be in-
cluded in Byjp_2 and #11 represents the time taken for Nyp_sw2-sum
to exceed NyB-2th-

If the faulty SM is initially included in Byp.2, f1 is 0. If the
initial switching sequence of the faulty SM is 1, it should switch
to 2 to be included in By 2. The lower the IGBT switching fre-
quency fsvw, the slower the switch of the SM switching sequence
is. Therefore, the time taken for the switching sequence of the
faulty SM to switch from 1 to 2 is longer when the f,, is lower.
In other words, a lower f;,, results in a longer #;.

For 11, it depends on the growth rate of Ngp_sw2-sum. The
lower the fs, the slower the switch of the SM switching se-
quence is. Therefore, the lower the f;, the slower the growth
rate of NgyB.sw2-sum 1. In other words, a lower f,, results in a
longer t11. When the fy,, is too low, 74 11y may exceed the time
of a single part and result in a delay in the diagnostic process of
more than one part.

Based on the above analysis, it can be concluded that the IGBT
switching sequency affects the speed and the performance of
the proposed strategy: the lower the IGBT switching frequency,
the slower the speed of the proposed strategy is. In particular,
if the IGBT switching frequency is too low, this may result
in a delay in the diagnostic process of more than one part.
Therefore, the proposed diagnostic strategy is not recommended
for applications where the IGBT switching frequency is too low.

VIII. EXPERIMENTAL VERIFICATION

As a consequence of the restricted number of SMs in the
reduced-scale MMC prototype, it is difficult for the scaled-down
prototype to demonstrate the working process of the proposed
diagnostic strategy well. The HIL platform represents the opti-
mal choice for the verification in this article, given its frequent
utilization in multiple similar studies. Therefore, a HIL platform
is constructed in our lab, as shown in Fig. 20. Therein, the
power-stage model of an HMMC in Fig. 1 is first built and com-
piled on the host machine. Subsequently, it is downloaded to the
Advantech IPC-610L target machine for real-time simulation.
The conversion and communication of the signals between the
target machine and the DSP control board are realized by an
I/O card. The oscilloscope enables real-time monitoring of the
experimental waveforms. Table IV lists the parameters adopted
by the HMMC.

A. Verification of the Proposed Improved Switching Method in
FBSM

To verify the effectiveness of the proposed improved switch-
ing method, experiments under the proposed switching method
and the existing switching method are both conducted. Exper-
imental waveforms of two switching methods are shown in
Fig. 21, where SauFBi-pro and SauFB1-ori Fepresent the switching
sequence of the SM with sequence number 1 under the proposed
improved switching method and the existing switching method,
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TABLE IV
EXPERIMENTAL PARAMETERS

Parameters Value
AC side rated voltage 290 kV
AC side voltage frequency 50 Hz
DC side rated voltage 500 kV
Rated active power 750 MW
Number of FBSMs per arm 160
Number of HBSMs per arm 84
Arm inductance 0.1H
SM capacitance 8 mF
DC modulation index 0.8
1 I SauFB1-or(1/d1v) u e
e L. o
I | ol
I | L
TR SaurBl-me/diV)W H H [
e o |
D :: :: FauFBl(l/dIV) 1 ” H P
[N
[ A N
B [ L
T |\ | |Time(400us/div)
AP AN 17 RN
Fig.21. Experimental waveforms of the proposed improved switching method

and the existing switching method.

respectively. F,,rp1 represents the flag for the bypassed switch-
ing sequence selection of the SM with sequence number 1.
Attime 11, SauFBi-ori SWitches from 4 to 2, indicating that the
SM needs to switch from the bypassed state to the negatively
inserted state. Thus, F,,rp1 is negated at this moment, which
aligns with the flowchart of the proposed switching method.
Then, S.urBi-ori SWitches from 2 to 4 at time 75, indicating
that the SM needs to switch from the negatively inserted state
to the bypassed state. Since F,,rp1 equals 1 at this moment,
SauFB1-pro SWitches from 2 to 3, which aligns with the proposed
switching method. Similar to 71, F,,rp1 is negated again at t3.
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Experimental waveforms of experiment I.A. (a) Arm current and number of inserted SMs. (b) SM capacitor voltages and switching sequence. (c) Type

and sequence number of faulty SM. (d) Relevant variables in the diagnostic method of identifying the FBSM whose Sgp; remains at 4.

TABLE V
EXPERIMENTAL SCENARIOS

Number  Part to be verified Faults
LA I A Type Ilrs fault
I.B 1 A Type Iz fault
IL.C I A Type Ilus fault
11 11 A Type lIrs fault and a Type IlIs fault
1L A 111 A Type Irp fault
1. B 111 A Type IV fault
IV.A v A Type Irp fault and a Type [Veg fault
IV.B v A Type Ius fault

Then SaurB1-pro switches from 2 to4 at 4 because F,, rp1 equals
0 at this moment, which aligns with the proposed switching
method. Based on the above analysis, it is demonstrated that
the proposed improved switching method can function correctly
when N, is negative. The effectiveness of the proposed ISM
when N, is positive can be proved at f5, 76, t7, and g, whose
analytical process is similar to that when N, is negative. More-
over, it can be observed from Fig. 21 that the proposed switching
method does not affect the switching moment of the switching
sequence. Combining the analysis in Section IV-B with the
experimental verification in this section, it can be concluded that
the proposed improved switching method keeps the switching
loss unchanged compared to the existing switching method.

B. Verification of the Proposed Fault Diagnostic Strategy

To verify the effectiveness of the proposed diagnostic strat-
egy, it is only necessary to verify that the proposed strategy
works effectively in all four parts. Therefore, the experimental
scenarios are considered based on Figs. 14 and 16, as listed in
Table V. The part to be verified in Table V represents the part of
the proposed strategy that is to be verified for effectiveness in the
corresponding experimental scenario. It should be emphasized

that the reason for setting up two types of faults in Experiment
IT and Experiment IV. A is that both two types of faults have the
same switching sequence characteristics in the corresponding
part. Moreover, such a setup also verifies that the proposed
diagnostic strategy can handle cases where multiple faults exist
in the arm simultaneously.

1) Experiment I. A: Experimental waveforms of Experiment
I. A are shown in Fig. 22. To improve the display of SM capacitor
voltage in the oscilloscope, the dc bias Uq./N is subtracted from
the SM capacitor voltage. The meaning of Npp_pr is defined as
the following equations to better reflect the diagnostic results:

1, Type Igg fault
2, Type Ilgg fault
)3, Type Illgg fault
Neg-pr = 4, Type IVgp fault (23)
5, Type Igg/IVgg fault
6, Type IIgg/Illgp fault.

As shown in Fig. 22(a), the Type llyp fault occurs during
Part III. Therefore, the Type Ilpp fault cannot exhibit fault
characteristics immediately. Upon entering Part I, the Type lIgp
fault can exhibit fault characteristics. As shown in Fig. 22(b),
the switching sequence of the Type Ilpp faulty SM remains at 4
during Part I, which is consistent with the previous analysis in
Section V-B. Therefore, the faulty SM can be diagnosed by the
diagnostic method of identifying the FBSM whose Sgg; remains
at4 during PartI. As shown in Fig. 22(d), NrB_sw4-sum 1nCreases
continuously and eventually exceeds Nrp_4¢, - From the zoom-in
figure of Fig. 22(d), Nrp.4 equals 1 when the threshold is ex-
ceeded, which indicates that a Type Iy faulty SM is identified
through the diagnostic method. As shown in Fig. 22(c), Nyrp_rr
is 2 and Npp_pn is 1, which represents the sequence number and
the faulty type of the faulty SM correctly. The diagnosis takes
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Experimental waveforms of experiment I.B. (a) Arm current and number of inserted SMs. (b) SM capacitor voltages and switching sequence. (c) Type

and sequence number of faulty SM. (d) Relevant variables in the diagnostic method of identifying the FBSM whose Sgp; remains at 3.

8.2 ms. Based on the above analysis, the proposed diagnostic
strategy can diagnose Type Ilyp fault correctly in Part I.

2) Experiment I. B: Experimental waveforms of Experiment
I. B are shown in Fig. 23. As shown in Fig. 23(a), the Type
[lIpp fault occurs during Part I11. Therefore, the Type Illpg fault
cannot exhibit fault characteristics immediately. Upon entering
Part I, the Type Illpp fault can exhibit fault characteristics.
As shown in Fig. 23(b), the switching sequence of the Type
IlIpp faulty SM remains at 3 during Part I, which is con-
sistent with the previous analysis in Section V-B. Therefore,
the faulty SM can be diagnosed by the diagnostic method of
identifying the FBSM whose Sgp; remains at 3 during Part I.
As shown in Fig. 23(d), Nrp_sw3-sum increases continuously
and eventually exceeds Ngp_3¢h. From the zoom-in figure of
Fig. 23(d), Nrp.3 equals 1 when the threshold is exceeded,
which indicates that a Type Illpg faulty SM is identified through
the diagnostic method. As shown in Fig. 23(c), Npp.pr i
3 and Npp.pn is 1, which represents the sequence number
and the faulty type of the faulty SM correctly. The diagno-
sis takes 8.6 ms. Based on the above analysis, the proposed
diagnostic strategy can diagnose Type Illpp fault correctly in
Part I.

3) Experiment I. C: Experimental waveforms of Experiment
I. B are shown in Fig. 24. The meaning of Nyp_pr is defined as
the following equations to better reflect the diagnostic results:

1, Type Igp fault

2, Type Ilyp fault ° 24

Nup rr = {

As shown in Fig. 24(a). the Type Ilyp fault occurs during
Part III. Therefore, the Type Ilyp fault cannot exhibit fault
characteristics immediately. Upon entering Part I, the Type Il
fault can exhibit fault characteristics. As shown in Fig. 24(b),
the switching sequence of the Type Ilip faulty SM remains at

2 during Part I, which is consistent with the previous analysis
in Section V-B. Therefore, the faulty SM can be diagnosed by
the diagnostic method of identifying the HBSM whose Syp;
remains at 2 during Part I. As shown in Fig. 24(d), NuB_sw2-sum
increases continuously and eventually exceeds Nyp_oty,. From
the zoom-in figure of Fig. 24(d), Nyp.2 equals 1 when the
threshold is exceeded, which indicates that a Type Ilyp faulty
SM is identified through the diagnostic method. As shown in
Fig. 24(c), Nup.r1 is 2 and Nygp_py is 1, which represents the
sequence number and the faulty type of the faulty SM correctly.
The diagnosis takes 8.5 ms. Based on the above analysis, the
proposed diagnostic strategy can diagnose Type Illpp fault
correctly in Part L.

4) Experiment II: Experimental waveforms of Experiment
II is shown in Fig. 25. As shown in Fig. 25(a), the Type llrp
fault and the Type Illpp fault occur during Part II. Therefore,
both two faults can exhibit their fault characteristics immediately
as shown in Fig. 25(b) and (c). The capacitor voltages of mal-
functioning SMs remain unchanged during Part II as shown in
Fig.25(b). As shownin Fig. 25(c), the switching sequences of the
Type llpp faulty SM and the Type HIpp faulty SM both remain at
2 during Part I, which is consistent with the previous analysis in
Section V-B. Therefore, the faulty SMs can be diagnosed by the
diagnostic method of identifying the FBSM whose Sgg; remains
at2 during Part II. As shown in Fig. 25(d), Nrp_sw2-sum 1NCreases
continuously and eventually exceeds Nrp_o¢h, and Nrp_2 equals
1 when the threshold is exceeded, which indicates that two faulty
SMs are identified through the diagnostic method. As shown in
Fig. 25(e) and (f), Npp-rn1 is 1, Npp-rn2 is 2, Npp.pr1 is 6,
and Npp_pr2 is 6, which represent the sequence numbers and
the faulty types of two faulty SMs correctly. The diagnosis takes
0.3 ms. It should be noted that the proposed diagnostic strategy
cannot identify whether they are Type [Ipp faults or Type [llpp
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Experimental waveforms of experiment I.C. (a) Arm current and number of inserted SMs. (b) SM capacitor voltages and switching sequence. (c) Type

and sequence number of faulty SM. (d) Relevant variables in the diagnostic method of identifying the HBSM whose Syp; remains at 2.
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Experimental waveforms of experiment II. (a) Arm current and number of inserted SMs. (b) SM capacitor voltage. (c) SM switching sequence.

(d) Relevant variables in the diagnostic method of identifying the FBSM whose Sgg; remains at 2. (e) Sequence numbers of faulty SMs. (f) Faulty types of faulty

SMs.

faults because both two faults share the same switching sequence
characteristics in Part II. Based on the above analysis, the pro-
posed diagnostic strategy can diagnose Type lIrp fault and Type
Ilpp fault correctly in Part II.

5) Experiment III. A: Experimental waveforms of Experi-
ment III. A are shown in Fig. 26. As shown in Fig. 26(a), the
Type Ipp fault occurs during Part III. Therefore, the Type Irp
fault can exhibit fault characteristics immediately. As shown
in Fig. 26(b), the switching sequence of the Type Irp faulty
SM remains at 3 during Part III, which is consistent with the
previous analysis in Section V-B. Therefore, the faulty SM

can be diagnosed by the diagnostic method of identifying the
FBSM whose Sgg; remains at 3 during Part III. As shown in
Fig. 26(d), NrB-sw3-sum increases continuously and eventually
exceeds Npp_3th. From the zoom-in figure of Fig. 26(d), Nrp_3
equals 1 when the threshold is exceeded, which indicates that a
Type Ipp faulty SM is identified through the diagnostic method.
As shown in Fig. 26(c), Ngp.pr is 1 and Npp_py is 1, which
represents the sequence number and the faulty type of the faulty
SM correctly. The diagnosis takes 2.4 ms. Based on the above
analysis, the proposed diagnostic strategy can diagnose Type
Irp fault correctly in Part II1.
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Experimental waveforms of experiment III.B. (a) SM capacitor voltage and switching sequence. (b) Arm current and number of inserted SMs. (c) Type

and sequence number of faulty SM. (d) Relevant variables in the diagnostic method of identifying the FBSM whose Sgp; remains at 4.

6) Experiment III. B: Experimental waveforms of Experi-
ment III. B are shown in Fig. 27. As shown in Fig. 27(a). the
Type IVpp fault occurs during Part III. Therefore, the Type
IVep fault can exhibit fault characteristics immediately. As
shown in Fig. 27(b), the switching sequence of the Type IVyp
faulty SM remains at 4 during Part III, which is consistent with
the previous analysis in Section V-B. Therefore, the faulty SM
can be diagnosed by the diagnostic method of identifying the
FBSM whose Sgg; remains at 4 during Part III. As shown in
Fig. 27(d), NrB_sw4-sum increases continuously and eventually

exceeds Npp_4¢n. From the zoom-in figure of Fig. 27(d), Nrp_4
equals 1 when the threshold is exceeded, which indicates that
a Type IVpp faulty SM is identified through the diagnostic
method. As shown in Fig. 27(c), Nyp_pr is 4 and Npp_pn 1S
1, which represents the sequence number and the faulty type of
the faulty SM correctly. The diagnosis takes 2.1 ms. Based on the
above analysis, the proposed diagnostic strategy can diagnose
Type IVgp fault correctly in Part III.

7) Experiment IV. A: Experimental waveforms of Experi-
ment [. B are shown in Fig. 28. As shown in Fig. 28(a). the Type
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Fig.29. Experimental waveforms of experiment IV.B. (a) Arm current and number of inserted SMs. (b) SM capacitor voltage and switching sequence. (c) Type

and sequence number of faulty SM. (d) Relevant variables in the diagnostic method of identifying the HBSM whose S, remains at 1.

Ipp fault and Type IVEp fault occur during Part I'V. Therefore,
the Type Ipp fault and Type IVyp fault can exhibit fault char-
acteristics immediately. As shown in Fig. 28(b), the capacitor
voltages of both two malfunctioning SMs remain unchanged
during Part IV. As shown in Fig. 28(c), the switching sequences
of the Type Irp faulty SM and the Type IVgp faulty SM both
remain at | during Part IV, which are consistent with the previous
analysis in Section V-B. As shown in Fig. 28(d), NrB_swi-sum
increases continuously and eventually exceeds Npp_1¢,. From
the zoom-in figure of Fig. 28(d), Nrp.; equals 2 when the
threshold is exceeded, which indicates that two faulty SMs are
identified through the diagnostic method. As shown in Fig. 28(e)
and (f), Nrp.rN1 18 1, Nr-FN2 18 3, NpB.FT1 18 5, and Npp.rr2

is 5, which represent the sequence numbers and the faulty types
of two faulty SMs correctly. The diagnosis takes 0.4 ms. It
should be noted that the proposed diagnostic strategy cannot
identify whether they are Type Ipp faults or Type [Vyp faults
because both these two faults share the same switching sequence
characteristics in Part IV. Based on the above analysis, the
proposed diagnostic strategy can diagnose Type Irp fault and
Type [Vpp fault correctly in Part IV.

8) Experiment 1V. B: Experimental waveforms of Experi-
ment IV. B are shown in Fig. 29. As shown in Fig. 29(a). the
Type Iyp fault occurs during Part IV. Therefore, the Type Iyp
fault can exhibit fault characteristics immediately. As shown
in Fig. 29(b), the switching sequence of the Type Iyp faulty
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Fig. 30.

Experimental waveforms under load change. (a) SM capacitor voltage and switching sequence. (b) Set active power and real active power. (¢c) Arm

current and number of inserted SMs. (d) Relevant variables in the diagnostic method of identifying the FBSM whose Spp; remains at 1. (e) Relevant variables in
the diagnostic method of identifying the FBSM whose Spp; remains at 3. (f) Relevant variables in the diagnostic method of identifying the FBSM whose Sgg;

remains at 4. (g) Type and sequence number of faulty SM.

SM remains at 1 during Part IV, which is consistent with the
previous analysis in Section V-B. Therefore, the faulty SM
can be diagnosed by the diagnostic method of identifying the
HBSM whose Syp; remains at 1 during Part IV. As shown in
Fig. 29(d), NuB_swi-sum increases continuously and eventually
exceeds Nyp_1¢h. From the zoom-in figure of Fig. 29(d), Nyp.1
equals 1 when the threshold is exceeded, which indicates that a
Type Igp faulty SM is identified through the diagnostic method.
As shown in Fig. 29(c), Nyp.pr is 1 and Ngp_py is 1, which
represents the sequence number and the faulty type of the faulty
SM correctly. The diagnosis takes 0.3 ms. Based on the above
analysis, the proposed diagnostic strategy can diagnose Type
Ip fault correctly in Part IV.

C. Effectiveness of the Proposed Diagnostic Strategy in
HBMMCs and FBMMCs

Based on the verification of Experiment I. A, Experiment I.
B, Experiment I. C, Experiment IV. A, and Experiment I'V. B, it
is clear that the diagnostic targets of Part I and Part IV contain
all six types of IGBT OCFs. Therefore, the proposed diagnostic
strategy can diagnose two types of IGBT OCFs in the HBSM
and four types of IGBT OCFs in the FBSM. Since HBMMCs,

FBMMCs and HMMCs have the same operating principles
during these two parts [4], [10], the proposed diagnostic strategy
can still work effectively in both HBMMCs and FBMMC:s.

D. Verification of the Performance of the Proposed Diagnostic
Strategy Under Load Change

To verify the performance of the proposed diagnostic strat-
egy under load change, the experiment under load change is
conducted, whose experimental waveforms are shown in Fig. 30.
To imitate load change, the active power dips from 1.0 to 0.8 p.u.
at 11 [14], [24]. It is worth noting that the diagnostic threshold
remains unchanged during load change. Since the diagnostic
principles of the HBSM and the FBSM are similar, taking the
FBSM as an example for simplicity.

As shown in Fig. 30(a), the capacitor voltages of normal
FBSMs are still well-balanced during load change. Therefore,
the switching sequence of the normal FBSM is still in dynamic
change as shown in Fig. 30(a). As shown in Fig. 30(b), the
active power dips from 1.0 to 0.8 p.u. at #;. The arm current
of upper arm in phase A and the number of inserted SMs of
upper arm in phase A are shown in Fig. 30(c). As shown in
Fig. 30(d)—(f), there are no thresholds that are exceeded in their
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Fig. 31.  Experimental waveforms under DC faults. (a) DC voltage, output vo

Itage and output current. (b) Set active power, real active power, set reactive power

and real reactive power. (c) Arm current and number of inserted SMs. (d) HBSM capacitor voltages. (¢) FBSM capacitor voltages. (f) SM switching sequences.
(g) Relevant variables in the diagnostic method of identifying the FBSM whose Sgp; remains at 1. (h) Relevant variables in the diagnostic method of identifying

the FBSM whose Sgp; remains at 2. (i) Relevant variables in the diagnostic m

ethod of identifying the FBSM whose Sgg; remains at 3. (j) Relevant variables in

the diagnostic method of identifying the FBSM whose Sgp; remains at 4. (k) Relevant variables in the diagnostic method of identifying the HBSM whose Sugp;
remains at 1. (1) Relevant variables in the diagnostic method of identifying the HBSM whose Syp; remains at 2.

activated parts of all diagnostic methods during load change.
Therefore, it is demonstrated that the proposed diagnostic strat-
egy does not mistake normal SMs as faulty SMs during load
change.

Furthermore, a Type Ilpp fault is set to occur at #, to prove
that the proposed strategy works effectively under different loads
without reselecting the threshold. As shown in Fig. 30(f) and (g),
the sequence number and the faulty type can be diagnosed cor-
rectly by the proposed diagnostic strategy. Since the diagnostic
process is similar to that in Experiment I. A, it is not repeated
here. Based on the above verification, it is demonstrated that the

proposed diagnostic strategy works effectively under different
loads without reselecting the threshold.

E. Verification of the Performance of the Proposed Diagnostic
Strategy Under DC Faults

To verify the performance of the proposed diagnostic strategy
under dc faults, the experiment under dc faults is conducted,
whose experimental waveforms are shown in Fig. 31. The
HMMC adopts the fault ride-through strategy proposed in [29]
and operates equivalent to zero dc voltage conditions. As shown
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in Fig. 31(a), the output current and output voltage still can
be output normally with the ride-through strategy [4], [29]. As
showninFig. 31(b), the Pg.; decreases to 0 and the Q. increases
to 150 MVar when a dc fault occurs [29]. The arm current of
upper arm in the phase A and the number of inserted SMs of
upper arm in the phase A are shown in Fig. 31(c). As shown
in Fig. 31(d) and (e), the capacitor voltages of the same type
SMs have an overall offset but still are well-balanced after dc
faults, which is consistent with the analysis of Section VII-E.
As aresult, the switching sequences of the normal SMs with the
same type still have consistent trends: all in dynamic change
in most cases or all remain at a specific value in a specific
case during the overall offset. For example, since the capacitor
voltages of FBSMs are overall higher than those of HBSMs
during time interval 77, the inserted prioritization of the HBSMs
is higher than FBSMs, so switching sequences of all FBSMs
remain at 3 or 4 as shown in Fig. 31(f). As shown in Fig. 31(i)
and (j), NrB-sw3-sum and Npp_sw4-sum bOth remain unchanged
and do not exceed their respective threshold during 77, thus the
diagnostic methods do not mistake the normal SM as the faulty
SM. As shown in Fig. 31(g)—(1), there are no thresholds that
are exceeded in their activated parts of all diagnostic methods
after dc faults. Therefore, it is demonstrated that the proposed
diagnostic strategy does not mistake normal SMs as faulty SMs
during load change.

IX. CONCLUSION

In this article, an improved switching method is proposed
that complements the missing operating modes of the existing
switching method by adding a bypassed switching sequence.
Compared to the existing switching method, the proposed
switching method can ensure all types of IGBT OCFs exhibit
fault characteristics in a more thorough way, which is beneficial
for their diagnosis. Moreover, the improved switching method
keeps the switching loss unchanged compared to the existing
switching method. Afterward, it is indicated that the faulty SMs
remain in specific switching sequences in the corresponding part
while the switching sequences of normal SMs with the same type
in the HMMC are all in a dynamic change in most cases or all
remain at a specific value in a specific case. On this basis, a diag-
nostic method is proposed to identify the faulty SM with the fixed
specific sequence during a period of time while the switching
sequences of other SMs with the same type are dynamic. Since
six types of IGBT OCFs remain at different switching sequences
in specific parts, a diagnostic strategy that consists of various
types of diagnostic methods is proposed. By activating the proper
diagnostic methods in each part, the proposed diagnostic strategy
can diagnose all six types of IGBT OCFs within 20 ms. In this
sense, the proposed strategy fills the gap in the IGBT OCFs
diagnosis for HMMCs. Moreover, the proposed strategy is also
applicable to HBMMCs, FBMMCs and have immunity to load
change and dc faults. The effectiveness of the proposed improved
switching method and the improved switching method-based
diagnostic strategy is successively verified by HIL experimental
results.
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