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Reliability Modeling and Analysis of High-Power
Medium-Voltage Power Electronic Transformers

Jun Jiang ¥, Senior Member, IEEE, Beibei Chen

Abstract—High-power medium-voltage power electronic trans-
formers (PETSs) are core equipment to convert and control elec-
trical power with high efficiency in hybrid ac/dc power grids.
PET typically consists of functional semiconductor devices and
high-frequency transformers (HFTs), and its reliability is vital to
be assessed for the upcoming utilization. In this article, a reliability
evaluation method for PETs based on one of the most prevalent
topologies, i.e., MMC configuration, is proposed, where the oper-
ational conditions and the main components are accounted. First,
the power losses and junction temperature distribution of insulated
gate bipolar transistor modules used in the rectification, isolation,
and inversion stages of the MMC-based PET are analyzed in
detail. The device failure rate is then evaluated based on reliability
assessment criteria. Second, considering that the insulation system
is a particularly vulnerable point in the HFT unit, a PET system
reliability model is constructed accounting for the series-parallel
connection among components in the topology. Finally, the mean
time to failure of the PET equipment with a 10 kW/20 kHz HFT
prototype is estimated to be 1.42 years according to the proposed
model, and the influence of switching frequency on PET reliability
is further analyzed. The proposed PET reliability can provide as
a theoretical reference for the optimized design and operational
maintenance of promising high-power medium-voltage PET equip-
ment in power grid.

Index Terms—Failure rate, high frequency transformer, mean
time to failure, power electronic transformer, reliability modeling.

1. INTRODUCTION

IGH-POWER medium-voltage power electronic trans-
formers (PETs) are supposed to convert and control elec-
trical power, leading to a compact design and efficient power
conversion. Due to their flexible power flow control capability
and high interface compatibility, PETs show broad application
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prospects in renewable energy grids, transportation, energy stor-
age, and EV fast-charging deployments [1], [2], [3]. PETs con-
tain numerous power electronic devices, such as insulated gate
bipolar transistor (IGBT) modules. Their operating conditions
are complex, and power losses are significant [4], [5]. Particu-
larly, under high-power-density and high-switching-frequency
conditions, the junction temperature of IGBT modules rises
sharply, accelerating equipment aging and reducing PET re-
liability [6], [7], [8]. Meanwhile, high-frequency transformer
(HFT) is another essential unit in a typical PET equipment,
and it endures high-frequency, high-voltage, fast-rising pulse
electrical stress and high thermal stress. The harsh environment
accelerates insulation material degradation and increases break-
down risks, further compromising system reliability. Insufficient
reliability has become a key bottleneck limiting the widespread
application of high-power medium-voltage PET. Accurately
assessing the operational reliability of these devices remains a
critical challenge that must be urgently addressed to ensure the
safety and stability of new-type power systems [9], [10].
According to the PET reliability research statistics, up to
34% of failures are attributed to malfunctions in power switch-
ing devices [11], underscoring their role as a primary factor
affecting PET reliability. In existing studies, the reliability of
power devices has been primarily examined in terms of voltage
levels and operational characteristics across various application
scenarios. In the field of renewable energy, such as wind tur-
bine converter systems, reliability is significantly influenced by
environmental factors. It has been demonstrated that junction
temperature swings in IGBT modules of doubly-fed induction
generator converters are drastically induced by wind speed fluc-
tuations. It is necessary to incorporate dynamic thermal stress
into fatigue accumulation calculation through failure mecha-
nism modeling [12]. Furthermore, multitime-scale operational
reliability evaluation methods have been proposed based on
junction temperature fluctuation characteristics, revealing the
coupling mechanism between thermal cycling and device aging
[13]. In medium-voltage scenarios such as locomotive trac-
tion, high power density and frequent load switching further
exacerbate reliability challenges. It’s indicated that power de-
vice failures in traction converters are directly associated with
abrupt temperature variations during start-stop phases, whereas
fatigue degradation is accelerated by dc-bus voltage fluctuations
through electrothermalmechanical coupling effects [14]. In [15],
a real-time operational condition-based reliability evaluation
method is reported, and a traction converter lifetime prediction
platform is established via online loss—junction temperature
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computation and rain-flow counting models. In high-voltage
flexible dc systems, modular multilevel converter (MMC) has
become the dominant topology, and the reliability depends
on submodule operational conditions and redundancy design.
Device failure mechanisms are explained and verified by de-
veloping an MMC reliability model that incorporates high
voltage/high power operational scenarios, and the vulnerabil-
ities are systematically identified [16]. The nonlinear impact
of redundancy on system reliability is quantified through a
multicomponent coupling model that integrates power devices,
capacitors, and thermal management [17]. Reliability model
of specific scenarios and equipment have been evaluated, but
it is difficult to be directly transferred to PET system due to
the complex integration of multistage power conversion units,
including ac/dc, dc/ac, and high-frequency isolation.

For PET systems with their unique multistage conversion
architectures, existing research has primarily focused on the
impacts of power electronic topologies and redundancy designs
on reliability. Device losses are calculated based on operational
characteristics across different stages, the distribution of junc-
tion temperature in multitime scale components is analyzed, and
reliability levels under varying operating modes are specifically
evaluated for MMC-based PET [18]. Furthermore, researchers
have proposed a failure rate calculation method incorporating
redundancy design, establishing a reliability model for mul-
tiport cascaded PET systems [19]. While these efforts focus
on the reliability evaluation of power electronics, the HFT is
neglected, the critical component in the system. Under high-
frequency and high-dv/dt electrical stress, the synergistic effects
of partial discharge and dielectric loss-induced heating in HFT
insulation materials lead to cumulative electro-thermal damage,
accelerating insulation failure and significantly shortening in-
sulation lifespan, which constrains the long-term stable oper-
ation of PET [20]. Agarwal et al. [21] analyzes the influence
of high-frequency square wave voltage frequency and dv/dt
on the lifespan of typical HFT insulation materials, indicating
that insulation lifespan decreases with increasing frequency and
dv/dt. Specifically, when frequency increases from 10 to 50 kHz,
the insulation lifespan was reduced by 90%. The synergistic
effects of frequency and temperature are further considered.
The breakdown voltage characteristics of epoxy resin under
operational frequencies of 0.5-8 kHz and temperatures of 30°C
—120°C are investigated. Experimental results demonstrate that
both increasing frequency and temperature reduce insulation
breakdown voltage, with frequency playing a more dominant
role [22]. Current studies mainly focus on the insulation materi-
als, emphasizing the characteristics under different parameters,
but fail to account for the impact of insulation lifespan on PET
systems. Moreover, there is a lack of comprehensive analysis
integrating the combined effects of power electronic topologies
and HFT insulation characteristics on the overall reliability of
PET equipment.

Therefore, the comprehensive reliability assessment model
for PET systems that considers both power electronic devices
and HFT insulation is proposed. Initially, an enhanced analytical
model for component losses is established by considering the
topology and operational characteristics of PETs. The module
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junction temperature distribution is obtained by using the Foster
thermal network model. The failure rate is analyzed by combin-
ing the reliability assessment criteria. Second, considering the
insulation system as a critical weak point in HFT unit, inter-
layer insulation lifespan and reliability are investigated through
HFT prototype testing. A multistage PET reliability assessment
model is developed accounting for the series-parallel connection
among components in the topology. Finally, the effectiveness of
the model is verified through specific case studies, and the impact
of switching frequency on PET reliability is analyzed. The re-
search results provide a theoretical basis for the optimized design
and operational maintenance of PET, while also contributing to
the improvement of future distribution network reliability and
stability.

II. TYPICAL STRUCTURE OF MMC-BASED MEDIUM-VOLTAGE
POWER ELECTRONIC TRANSFORMER

The input stage of ac/dc PETs is primarily divided into two
structures: one based on the MMC and the other on the cas-
caded H-bridge. The MMC-based PETs require fewer switching
components and HFTS, has a relatively lower cost [23], and has
been more widely adopted in demonstration projects. Therefore,
our work takes MMC-type PET as a typical example to model
and analyze the reliability of the PET system. As shown in
Fig. 1, the topology of an MMC-based PET system includes
the rectification stage, the dual active bridge (DAB) isolation
stage, and the inversion stage, forming three subsystems: the
input stage, the isolation stage, and the isolation stage.

1) The input stage adopts a MMC as the rectifier, using
submodules (SMs) as the basic power units. The SM
adopts a half-bridge topology, consisting of two IGBT
modules. The working states of the SMs can be categorized
into locked, turned ON, and turned OFF. In the turned-ON
state, the upper switch is turned ON and the lower switch
is turned OFF. The capacitor is charged and discharged.
The upper bridge arm IGBT and the lower bridge arm
antiparallel diode are in a complementary relationship.

2) The isolation stage adopts DABs as the dc—dc link. The
typical nonresonant DAB topology consists of three 1
stages, including two H-bridges and a HFT. Each DAB
unit includes eight IGBT modules.

3) The isolation stage is the three-phase inverter stage, with
IGBT modules in each bridge arm.

III. LOSSES AND JUNCTION TEMPERATURE ANALYSIS OF
POWER ELECTRONIC TRANSFORMER

The operating conditions directly determine the losses of the
power electronic components, which mainly include IGBT on-
state losses and switch losses, diode on-state losses and reverse
recovery losses.

A. Component Losses Calculation

Figs. 2 and 3 show the voltage, current, and power waveforms
of the IGBT and diode in different operating states. In Fig. 2, I,
represents the current flowing through the IGBT,
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Fig. 1. MMC-based PET topology.
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Pon, 16BT, Poft, 1cBT, and Pcqy,, 1gBT represent the turn-ON,
turn-OFF, and ON-state losses of the IGBT, and V. and Vi set
represent the OFF-state and ON-state voltage drop. In Fig. 3, Ip
represents the current flowing through the diode, Vr and Vp
is the ON-state voltage and turn-OFF voltage. Pcon, Doide and
P, Doide are the ON-state and turn-OFF losses of the diode.

Due to the influence of the ON-state resistance and PN junction
potential in the IGBT, the IGBT in the ON-state maintain a certain
saturation voltage drop Vee(sat), Which together with the ON-state
current /, produces the ON-state loss. The ON-stage losses of
IGBT can be calculated using (1). The ON-stage losses of diode

Isolation
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can be expressed by (2)
Pcon,IGBT = ‘/ce(sat)lc + rOIc2 e))
Pcon,Doide =Vrip + rDII% 2

where rg is the ON-state resistance of the IGBT and rp is the
ON-state resistance of the diode.

When the IGBT operates in the switching mode, there will be
a period of overlap between the voltage and current waveforms
during the turn-ON and turn-OFF transient processes, resulting
in switch losses. Additionally, due to the tail current during the
turn-OFF process, the turn-OFF losses of the IGBT are larger than
the turn-on losses during the overlap time. The switch losses of
the IGBT can be expressed as

Psw = fswEsw (3)
Esw = Lion + Eoff (4)

P _ropw Uclc
sw,IGBT — fsw off
Ucgol
CEO04CEO

)
where fs, is the switching frequency; Es,, is the energy losses of
IGBT one switch cycle. Efjf} is the IGBT turn-OFF loss under
rated operating conditions. Ucgg and Icgg are the voltage and
current under rated conditions, which can be found in the device
datasheet.

The diode has fast recovery characteristics, and its turn-ON
losses can be considered negligible compared to the reverse
recovery losses (less than 1%). When the diode is turned OFF, the
recovery of its reverse blocking capability requires a transitional
period, during which the current flowing through the diode
overlaps with its terminal voltage, resulting in reverse recovery
losses. This can be expressed as

Uplp

]Dsw7 oide — fswErefi (6)
b Ucgolcro

where E..f is the reverse recovery losses of diode one switch
cycle.
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Fig. 4. Phase a of output voltage and upper bridge arm current.

1) Component Losses of MMC Rectification Stage: In the
MMC, all SMs in each bridge arm are periodically switched
according to certain rules and stacked to form a nearly sinusoidal
output voltage. The bridge arm current contains two parts, one
is the dc current flowing from the positive dc bus to the negative
dc bus, and the other is the ac phase current distributed in the
upper and lower bridge arms. Ideally, the dc current is equally
distributed among the three-phase units, and the ac phase current
is equally distributed in the upper and lower bridge arms. The
situation is similar for each phase in a three-phase system. For
simplicity, the analysis is conducted using phase a as an example,
as shown in Fig. 4. The phase voltage u, and phase current i,
can be expressed as

{ua = U, sin(wt)

iqu = Im sin(wt — ¢)

@)

where U,, and I,, are the amplitude of ac output voltage and
current, Iq. is the dc current, w is the fundamental angular
frequency, and ¢ (power factor angle) is the phase difference
between the ac output voltage and current of phase a.

If the double-frequency circulating current and other har-
monic components in the bridge arm current are ignored, bridge
arm current of each phase consists of a dc component and a
fundamental frequency ac component. The upper and lower
bridge arm currents, i,, and i,;, of phase a can be represented
as the following equations [24]:

. 1 1-
lay = gIdc + 3%

- 1 1, °
tal = §Idc — 5%

®)

Assuming that the losses of the inverter are neglected, power
balance gives

3
Ugclyc = §UmIm cos . ©)

According to Kirchhoff’s voltage law, the duty ratios n,, and
n, for the upper and lower SMs of phase a are as follows:

{nau = 1 (1 —msin(wt))
2

1
(1 + msin(wt)) (10)

Nal =

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 41, NO. 3, MARCH 2026

b
Current

Fig. 5. DAB current waveform.

where m is the modulation ratio, and m = 2U,,/Uq.. Thus, the
currents in SMs S; and S5 can be calculated as

(1)

i51 = Naulaw = 5 (1 — msin(wt)) ia
is2 = naia = 3 (1+msin(wt)) iy

In order to better estimate the thermal stress of the fully
controlled devices in the inverter, the current stress in IGBT
T1 and Ts, as well as diodes Dy and D5, must be calculated
separately. The upper bridge arm current waveform crosses zero
at phase angles 0, m+2p-60, and 27+0, respectively. Since the
devices only allow one-way current flow, the effective operating
range for T; and Dy is (7+2p-0, 2n+6], and for T5 and D; is
(0, m+2¢-0]. Equations (12) and (13) can be used to calculate
the average value and RMS value of the 7; current

) 1 2m+4-6 1 )
lavgT1 = 5~ . (1—msin (wt))
Toc | I .
. (; + . sin (wt — ga)) d (wt) (12)
1 27+6 1
i = — (1-msin (wt))
rmsT1 27T 7r+2gp79 2
Ie I, 2
. (;C + -5 sin (wt — 4,0)) d(wt). (13)

2) Component Losses in the DAB Isolation Stage: The cur-
rent in the DAB subsystem is a trapezoidal waveform, as shown
in Fig. 5 for a voltage conversion ratio k<1. The expression for
this current waveform is given by

{i51 = Nyl = & (1 — msin(wt)) ia

) ) 1 . ) (14)
is2 = Naila = 5 (1 +msin(wt)) ia

According to the symmetry of the current waveform, the
expression can be written as

i = 1+ (2D = 1)K
iy = 4f€{¢1LS 2D — 1+ k]

5)

where i1 and i are the current values at times #; and #5; D is the
phase-shift ratio of the H-bridge on the primary and secondary
sides of the HFT (ranging from 0 to 1); fs, is the switching
frequency; L is the inductance value (480 pH in this case); Uq
is the voltage on the primary side of the HFT; and n is the turns
ratio of the transformer. Consequently, the average value and
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RMS value of the current for each semiconductor device within
the switching cycle can be obtained.

Based on the above derivation, the expression for the trans-
mitted power P can be further solved as

kU?
P = D(1—-D). 16
22D (10
Conduction losses
Peon = VOiavg + ROi?ms (17

where V; and Ry are IGBT or diode conduction characteristic
curve fitting parameters.

Since the reverse parallel diodes in the DAB operate in natural
commutation mode and their losses can be neglected, and the
turn-ON losses of the diodes are small and can be ignored. The
turn-ON action of the IGBT occurs in natural commutation mode
as well. Therefore, the losses of the power device modules within
the switching cycle are mainly caused by the turn-OFF of the
IGBT

Uhria
off
}Dsw,Sl = fswEoff - swtyp
Uceolcro
nUgil off
F)SW,S5 = fswEoff = swyp (18)
Uceolcro

where E,g is the turn-OFF loss of the IGBT under rated con-
ditions, and Ucgg and Icgg are the voltage and current under
rated conditions, respectively, which can be found in the device
datasheet.

3) Component Losses in Three-Phase Inversion Stage: There
has been extensive research on the calculation of losses in three-
phase inverter circuits, and the expressions for conduction losses
and switching losses are as follows [25], [26]:

— fSWESWUdCITN. L M cos
Piopr = “paiia, ™+ Uoln (37 + 8 )

FRe I, (4 + Mogese
19)

o fewEBrecUsedm 1  Mcosa
PDOlde —  Ucrolcro + UOIm (Qﬂ. 8 )
2 (1 _ MZ2cosa
+Rply, (8 3 )

where Eg, represents the energy loss during IGBT turn-OFF,

E\. represents the reverse recovery loss of the diode, /., is the
amplitude of the three-phase current, Uy, is the dc voltage, M
is the three-phase pulsewidth modulation index, Uy represents
the voltage drop across the devices during conduction, « is the
power factor angle, and R.. and Rp represent the conduction
resistances of the IGBT and diode.

B. Component Junction Temperature Evaluation

According to the thermal-electric analogy theory, the thermal
characteristics of IGBT modules can be described by an RC
equivalent network. Among the thermal parameters, thermal
resistance, thermal capacitance, temperature, and power (heat
flow) can be analogized to resistance, capacitance, voltage, and
current in electricity, respectively. Therefore, the thermal charac-
teristics of power devices can be described by the Foster network.
Fig. 6 shows the thermal impedance curve of power devices, the
corresponding Foster thermal network, and its corresponding
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Fig. 6. Foster thermal network model.

parameters at all levels

TH: (ch + ZCh) Pioss + T (20)
Z]C(t): Z;r;l Rl (1 — e*t/RiCi) (21)
Zalt) = oo (1 — e ¥/MaC)

T; is the steady-state junction temperature of the device,
Zi. is the thermal impedance from the chip of IGBT / Diode
to the copper substrate; Z., is the thermal impedance from
the copper substrate of IGBT / Diode to the heat sink. Pjosg
is the average power loss over the device’s switching period.
The parameters R; and C; correspond to the n-order thermal
impedance components between the junction and case, whereas,
R¢n and C.y, characterize the thermal impedance from case to
heatsink. T, indicates the heatsink temperature.

The time constant of the heat sink is generally on the order of
tens of seconds to minutes. For short-term reliability analysis,
this is a relatively long process. Therefore, it can be considered
that under a short time scale, the temperature of the heat sink
has no time to change, that is, it can be regarded as constant.
To ensure its reliability, the temperature of the heatsink can be
selected as the temperature under the worst working condition,
which is set at 50°C.

C. Component Failure Rate Analysis

The MIL-HDBK-217 guideline is the basis for the reliability
assessment of civilian power electronic equipment. This reli-
ability assessment model adopts the stress analysis method,
taking the product of the acceleration factor and the basic failure
rate as the basic form of failure rate assessment. According to
MIL-HDBK method, the failure rate for an IGBT module is as
follows:

A= MTSTCTQTETT (22)
where A, is the basic failure rate, mg is the electrical stress
acceleration factor, related to the actual operating overvoltage
level. m¢ is the structural impact factor, related to the materials
and structure of the IGBT. 7 is the quality management level
impact factor. mg is the environmental impact factor, related
to the natural environment of operation, including pollution
level; The values of each parameter are given in Table I [27],
[28]. The thermal stress acceleration factor w7 is related to
the junction temperature level during operation, and can be
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TABLE I
VALUES FOR EACH PARAMETER

)\b Ts e TQ T
IGBT 0.012 3.49 1 55 6
Diode 0.064 0.06 1 55 6
Component
parameters
I
+ v r ¥
Losses [P Foster |7j| Thermal |77 A
Calculation| | network | "|stress factor| | Failure rate | — Reliability
t k) |
i \ R
Operating MTITF
conditions

Fig. 7. Reliability assessment flowchart for power electronic devices.

specifically expressed as

(23)

where T is the average junction temperature of the IGBT under

steady-state operation, and «, [ are constants with specific
values varying for different components. « = 1 and 5 = 8122.8
for IGBTs and diodes, while o = 0.85 and 8 = 4641.6 for
capacitors [27], [28].

IV. POWER ELECTRONIC TRANSFORMER RELIABILITY
ANALYSIS

For a power electronic device or a specific electrical equip-
ment module, its failure is considered as an accidental event,
hence its failure rate is constant, and the reliability can be
calculated as

R(t) = e, (24)

The average of mean time to failure (MTTF) can be obtained

as

ool

MTTF = /

1
t)dt = —.
[ Rityar =5

(25)

The overall process of reliability assessment for power elec-
tronic devices is shown in Fig. 7. The diagram illustrates the
data transmission flow of a full-chain computational model
spanning from current distribution to system lifetime evalua-
tion. Specifically, it begins with an analysis of the operating
current waveforms of IGBTs and diodes to establish a precise
loss model incorporating both conduction and switching losses.
Next, the Foster thermal network model is employed to convert
power losses into junction temperature distributions. Combined
with the MIL-HDBK-217 standard, this enables the quantitative
assessment of failure rates by linking junction temperature to
thermal stress factors. Finally, the model completes the multi-
level system lifetime evaluation through the interconversion of
failure rate, reliability, and lifespan.
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Fig. 8.  MMC rectification stage reliability assessment model.

A. MMC Rectification Stage Reliability Calculation

First, the SMs of the MMC module are modeled for reliability.
Taking a half-bridge SM as an example, it includes two antipar-
allel diodes IGBTs, a driver circuit, capacitors, and a charging
power supply. If any component fails, the SM will also fail,
therefore the reliability assessment model is depicted in Fig. 8.

According to reliability principles, the reliability of the MMC
half-bridge SM is calculated as follows:

Rsm = (Riger)*RoRpsRsc

where RigpT, Rc, Rpo, Rgc represent the reliabilities of the
IGBT module, capacitor, charging power supply, and driver
circuit, respectively.

Assuming each bridge arm consists of n SMs and considering
redundancy, the bridge arm can operate normally when no less
than k SMs are functioning, and fails when more than (n-k) SMs
are faulty. The reliability of the bridge arm is evaluated using
an n-out-of-k voting system reliability model, and the reliability
function of a single-phase bridge arm is

(26)

n

Rum = {ZL] (Rsw)'(1 — Rsw)" .

i=k

27)

Considering the reliability function of the valve base con-
troller as Ry, the reliability function of the three-phase MMC
section is

Rumic = (Ram Roe ). (28)

B. Isolation Stage Reliability Calculation

Inside the isolation stage, assuming there are n DAB modules
in parallel, it can be considered that the DAB isolation stage can
work properly when no less than k DAB modules are operating
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Rectification Isolation Inversion
«—
ign || tow
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ot [[ e[|
DAB,

Fig. 9. DAB isolation stage reliability model.

normally. Therefore, the reliability assessment model for the
isolation stage is illustrated in Fig. 9.

The reliability of the isolation stage and a single DAB module
is as follows:

5 [ 0

i=k

RISO = (29)

Roap = Rurr - R'y 1ot - R'L 167 - Rov - Ry - RE
(30)

where Rjs, is the reliability of the isolation stage, Ry_igpT 18
the reliability of the high-side IGBT, R;,_jgpr is the reliability
of the low-side power device, Ryp is the reliability of HFT,
and R¢, Rer, Ry, represent the reliabilities of the stabilizing
capacitor, resonant capacitor, and resonant inductor.

For HFTs, the weak point primarily lies in the insulation
system, particularly the interlayer insulation, which is subjected
to the most severe electrical stress. When defects occur in the
windings, they can damage the interlayer insulation and expand
the defect area, thereby affecting the overall lifespan and reli-
ability of the HFT. It is generally believed that the interlayer
insulation subjected to the highest stress is the first to fail,
leading to transformer damage. Assuming that the interlayer
insulation under the highest stress in the HFT consists of ny
layers, each with a reliability of R; (where i = 12..., ny), the
overall reliability of the transformer can be expressed as follows:

Rurr=Ri1-Ry...- Ry, 31)

C. Isolation Stage Reliability Calculation

The inverter stage consists of 6 IGBT modules with the
reliability expressed as

Rivv = (Riger)°. (32)

D. Power Electronic Transformer Reliability Calculation

Any failure in the rectification stage, DAB isolation stage, or
inverter stage of the system will lead to PET system failure, thus
can be viewed as a series reliability system

Rper = Rvmc Riso Rinv .- (33)

V. CASE ANALYSIS

The case aims to evaluate the reliability of the PET and
its components under operational conditions. The operating
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TABLE II
IGBT MODULES JUNCTION TEMPERATURE IN EACH STAGE (°C)

IGBT Modules in

Fach Stage IGBT Diode

SM upper bridge arm 50.41 50.20
SM lower bridge arm 50.21 50.46
DAB primary side 57.59 51.47
DAB secondary side 57.88 51.42
Inversion 52.87 51.62

parameters of the PET are as follows: The rated capacity of the
MMC-type PET is 10 kW, 10 kV/380 V, and the HFT operates
at a rated frequency of 20 kHz. The IGBT modules used in
the MMC rectification stage and DAB isolation stage are SSNA
0800N330100 with a voltage design of 1900 V. 10 SMs are
required for both rectification stage and DAB isolation stage. The
inversion stage IGBT modules used are SSNA 3600E170300.

A. IGBT Module Losses and Junction Temperature Analysis

When transmitting the same power, the IGBT losses in the
various conversion stages of PET are different. In the above
case study, the loss situation of each module can be obtained as
shown in Fig. 10.

Due to lower power transmission, the IGBT losses in the rec-
tification and inversion stages are relatively low. Specifically, in
the rectification stage located on the high-voltage side, operating
at higher voltage than the inversion stage, the equivalent current
passing through each IGBT module in the inverter stage is larger,
resulting in higher IGBT losses in the inversion stage compared
to the rectification stage. Additionally, the high switching fre-
quency (20 kHz) in the DAB stage leads to relatively higher
IGBT losses.

Based on the loss results in Fig. 10, the junction temperature
of each stage’s IGBT modules is calculated as given in Table II.

Itis evident that higher component losses correspond to higher
junction temperatures, with the DAB isolation stage having the
highest temperature, followed by the inversion stage and then
the MMC rectification stage. This is mainly due to the high
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TABLE III
ANNUAL FAILURE RATES OF IGBT MODULES IN EACH STAGE

IGBT Modules in Failure Rate (times/year)
Each Stage IGBT Diode Module
SM upper bridge arm 0.0009 0.0009 0.0018
SM lower bridge arm 0.0009 0.0009 0.0018
DAB primary side 0.0038 0.0010 0.0048
DAB secondary side 0.0039 0.0010 0.0049
Inversion 0.0015 0.0010 0.0025

Fig. 11.

Physical implementation of the HFT prototype.

switching frequency in the DAB isolation stage, resulting in
significantly higher switching losses than the IGBT modules in
the MMC stage. The three-phase inversion stage has a low volt-
age and a high on-state current of the IGBT module. Therefore,
it has a larger on-state loss than the components in the MMC
stage.

B. IGBT Module Failure Rate Analysis

Based on the junction temperature analysis results, the annual
equivalent failure rates of the IGBT modules in each stage are
calculated as given in Table III. The DAB isolation stage’s
IGBT modules have the highest failure rates, with primary and
secondary side failure rates of 0.0048 and 0.0049 times/year.
The three-phase inversion stage has a failure rate of 0.0025
times/year. The SMs in the upper and lower bridge arms of the
MMC have failure rates around 0.0018 times/year.

C. HFT Insulation System Reliability Analysis

For the interlayer insulation lifespan, breakdown tests under
different pulsed voltage levels can be conducted on the HFT
prototype. The physical implementation of the HFT prototype
is illustrated in Fig. 11. The transformer windings adopt a
concentric structure, with the low-voltage winding placed on
the inner layer and the high-voltage winding on the outer layer.
Polyimide insulating film is applied between layers to enhance
dielectric strength.

Based on the transformer’s structural, artificial defects were
introduced into the windings of the prototype. A step-by-step
voltage method was applied to conduct withstand voltage testing
and lifetime evaluation of insulation defects in the HFT under
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pulsed voltage conditions, with the experimental setup detailed
in Fig. 12. The experimental setup employed a pulse voltage
with 50 ns rise time and 50% duty cycle, while varying the
frequency from 10 to 100 kHz. Test voltages were applied at 25%
to 100% of the breakdown voltage threshold (in 10% increments)
under different parameter conditions. For each voltage level,
five tests were conducted with replacement of PI film after each
breakdown event. The insulation lifetime results under various
voltage and frequency conditions are presented in Fig. 13.
The data demonstrate that: at a given frequency, insulation
lifetime progressively increases with decreasing voltage; at a
fixed voltage level, higher frequencies result in shorter insulation
lifetimes.

The voltage-lifetime (U-L) characteristics at different fre-
quencies were effectively modeled using an inverse power func-
tion, with all fitted equations demonstrating excellent goodness-
of-fit (R*>>0.8) as given in Table IV The regression analysis
shows the constant term in the fitted equations increases with
higher frequencies while the power exponent exhibits a corre-
sponding decrease.

The insulation lifetime under different voltage and frequency
conditions can be obtained by fitting experimental data, which is
then converted into single-layer insulation reliability using (25),
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TABLE IV
EQUATIONS FOR U-L VOLTAGE CHARACTERISTICS AT DIFFERENT FREQUENCIES

Fr?ﬁ;fzr;cy U-L characteristics (s) R?

10 L(U)=8031.60-U™** 0.84

20 LU)=7762.87-U" 0.88

60 L(U)=1751592.U07" 0.93

100 L(U)=48071.86-U 0.90
TABLE V

FAILURE RATE OF COMPONENTS FROM REFERENCE

Failure Rate
(times/year)

Individual components
in Each Stage

Capacitor 0.0017

Rectification 1y Circuit 0.0014
stage

Power Supply 0.0350

DAB Capacitor 0.0176

isolation Drive Circuit 0.0003

stage Power Supply 0.0143

TABLE VI

FAILURE RATE AND LIFESPAN ACROSS PET STAGES

Failure Rate Lifespan

(times/year) (years)

SM Sub-Module 0.0417 23.98
Rectification 0.0848 11.79
Single DAB 0.1876 5.33
Isolation 0.6024 1.66
Inversion 0.0150 66.67
PET 0.7022 1.42

thereby enabling the calculation of the overall HFT reliability
through (31).

D. PET System Reliability Analysis

In the MMC rectification stage and DAB isolation stage, the
failure rates of IGBT modules are calculated using the algorithm
proposed in this article. The failure rates of the capacitors, drive
circuits, and power supplies can be obtained by referring to
literature [17], [19], [25], as given in Table V.

The failure rates and lifespan across PET stages are calculated
and given in Table VI. The DAB isolation stage exhibits the
highest overall failure rate, representing the weakest link in the
PET system. The MMC rectification stage, due to its higher
component count, demonstrates the second-highest failure rate.
Since the failure of any single component leads to system-wide
dysfunction, the PET can be modeled as a series reliability
system. The system failure rate and lifespan are calculated using
(33), the MTTF of the PET system is 1.42 years.

By employing exponential distribution-based reliability mod-
els, the reliability variation curves of each stage in the PET
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TABLE VII
COMPARISON BETWEEN OUR WORK AND PREVIOUS STUDIES

Study Rescarch Lifetime Limitations/Advantages
target (years)
Wang et al. Converter 13782 Only the converter is
[17] (200 MW ) ) considered
Cheng etal. MMC-based 10014 HFT was not
[18] PET (2 MW) ) considered
Yang etal.  MMC-based HFT was not
[19] PET (2 MW) 0.7 considered
on  MMcher |, s
work PET ’

insulation

are derived and illustrated in Fig. 14. In the PET system, the
reliability of the inversion stage changes most slowly and has
the longest life, while the isolation stage reliability function
decreases the fastest with the shortest life.

The model developed in this article innovatively incorporates
both power electronic devices and HFT insulation into a uni-
fied framework for coordinated analysis. It precisely models
the electrothermal stress of power devices, such as IGBTs un-
der complex operating conditions through current-loss-junction
temperature networks, while also quantifying the aging process
of HFT insulation under high-voltage and high-frequency con-
ditions via experimentally established voltage-lifetime models.
A comparison between this article and previous studies is given
in Table VIIL.

The loss of power electronic devices is closely related to the
switching frequency. Changing the switching frequency of the
isolation stage affects the reliability and life of PET, as shown
in Fig. 15. An increase in switching frequency leads to elevated
power losses and higher failure rates in the isolation stage of
the DAB, consequently reducing the overall lifespan of the PET
system.
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V. CONCLUSION

A reliability model of the PET is developed in this arti-
cle, where operational condition-dependent component fail-
ure rates are rigorously integrated. Based on the theoretical
and practical case analysis, the key findings are concluded as
follows.

1)

2)

3)

For the PET system, the higher the component losses,
the higher the junction temperature and failure rate. The
overall failure rate of the DAB stage is the highest among
the different three main power conversion stages forming
a MMC-PET, making it the weak link in the PET system.
Due to large number of components used in the MMC
rectification stage, its failure rate is second only to that of
the DAB inversion stage.

The insulation lifespan characteristics of the HFT under
typical operating conditions were investigated. A proto-
type HFT with a rated frequency of 20 kHz was developed
and tested to study the withstand time of internal defects
at different voltage levels, and the inverse power law
was used to establish the voltage-life (U-L) characteris-
tic equation. This enabled the construction of a lifespan
assessment model for the HFT’s multilayer insulation.
Based on the constructed reliability assessment model for
PETs, the MTTF of the PET equipment under 10 kW/20
kHz HFT prototype is calculated as 1.42 years. Anincrease
in switching frequency leads to elevated power losses and
higher failure rates in the isolation stage of the DAB,
consequently reducing the overall lifespan of the PET
system.

Based on the aforementioned research analysis, the service
life of PET systems can be effectively enhanced through the
following measures: reducing DAB switching frequency, op-
timizing HFT insulation design, implementing redundant con-
figurations, and improving thermal management systems. The
current model validation is limited to laboratory-scale case
studies under controlled conditions, and future research will
focus on field verification and optimization of PET thermal
design.
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