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Reliability improvement based on optimized modulations and
rotating shedding frequency in modular DAB EV chargers
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ABSTRACT

Modular dual-active-bridge (DAB) converter is widely used for fast electric vehicle (EV) charging due to galvanic isolation and high
power processing capability. However, the increasing high power demand for EV chargers introduces new challenges in ensuring
the high reliability of power conversion systems. Various modulation techniques for DAB, such as single-phase-shift (SPS),
extended-phase-shift (EPS), and dual-phase-shift (DPS), have been proposed, while the combined impact of these techniques and
power sharing strategies on reliability remains underexplored. Therefore, this paper presents a comparative reliability evaluation of
SPS, EPS, and DPS under the optimization schemes of minimum backflow power and peak current, along with the power sharing
strategies of even sharing and module shedding with and without rotation. The results show that appropriate combinations where
DPS with minimum peak current under module shedding with a rotation strategy achieve the best balance between efficiency and
reliability. Furthermore, the investigation of the trade-off between rotation frequency and system-level reliability shows that high-fre-
quency rotation leads to excessive thermal cycling and reduces the lifetime, which provides a new guideline for optimizing module

shedding for increased reliability performance.
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goal of decarbonization. In 2024, EV sales exceeded 17 mil-
lion worldwide, rising by more than 25%, and they are
expected to achieve more than 40% market share in overall car
sales in 2030". As the adoption of EV's continues to accelerate, fast
and high-power EV supply equipment (EVSE) is demanded,
which requires high-performance DC/DC converters and robust
system power management strategies capable of high current and
power levels. For reliability, fast EVSE typically employs modular
configurations, as shown in Figure 1”. The dual-active-bridge
(DAB) converter has gained significant attention for EV fast-
charging applications due to its voltage step-up/-down, galvanic
isolation, high-power processing capabilities, and modularity”.
Single-phase-shift (SPS), extended-phase shift (EPS), and dual-
phase-shift (DPS) are the main modulation techniques for DAB
converters, which can control the output power and optimize the
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Figure1 Architecture of modular DAB for EV charging.

performance of the converter by adjusting the phase shift ratios"*.
SPSis the most traditional and straightforward modulation tech-
nique, and it can provide the highest power. However, the single
control variable in SPS limits its flexibility, resulting in a high value
of backflow power (BFP) and current stress, which can further
negatively affect the system efficiency”. EPS and DPS introduce an
additional degree of control freedom, enhancing the flexibility but
also the control complexity. Therefore, the optimization schemes,
minimum BFP and inductance peak current, have been proposed,
analyzing the various phase shift ratio combinations to reduce the
BEP or current stress to achieve enhanced performance”. These
studies focus on efficiency improvements, with limited exploration
of the reliability of power switching devices under different mod-
ulation techniques and optimization schemes.

In virtue of the specific requirements of EV charging applica-
tion, EVSEs experience stochastic and time-varying loads according
to the EV model, state-of-charge, and ambient temperature, which
can cause power converter junction temperature fluctuations and
suboptimal utilization"”. Therefore, to optimize system reliability
and efficiency, appropriate power-sharing strategies (PSSs) capable
of allocating charging loads among EVSE modules are necessary.

The simplest PSS can be realized by evenly sharing the charging
power across all modules simultaneously. However, this PSS tends
to result in low efficiency under light-load conditions™”. A common
solution is to dynamically activate the optimal number of modules
using a module-shedding approach based on the actual load con-
ditions"**. In the literature, conventional module shedding tends
to prioritize the first modules, while high-order modules are utilized
only during brief power peaks (e.g., low state-of-charge opera-
tions). In the long term, this results in an imbalanced distribution
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of loading and utilization among the modules, leading to uneven
thermal stress, thus reducing system reliability">'". To mitigate this
issue, Alharbi et al." proposed rotating phase shedding as an
improved thermal management strategy. This demonstrates that
rotating shedding can maintain a high efficiency identical to that
of phase shedding control with rotation while balancing the thermal
damage across all modules. However, the overall reliability per-
formance at the system level still requires further research. Mean-
while, the rotating frequency is a critical parameter that has not
yet been thoroughly analyzed. In fact, inappropriate values can
lead to junction temperature periodic fluctuations, which negatively
affect both reliability and overall efficiency™.

In power electronic systems, thermal stress manifests through
temperature cycling, characterized by temperature variations and
average operating temperatures. These thermal dynamics necessi-
tate a detailed analysis of device temperatures under real-world
conditions and the development of strategies to manage them for
enhanced reliability™ . Notably, these temperature fluctuations
are closely tied to operating conditions and environments, com-
monly referred to as mission profiles®. In high-power converters,
power switching devices and DC-link capacitors are generally
identified as critical and failure-prone components. However, the
lifetime of DC-link capacitors is mainly determined by low-fre-
quency thermal cycles dictated by the global mission profile and
does not change appreciably with different modulations, while the
influence of modulation techniques or power-sharing strategies on
their stress is negligible. Therefore, this work focuses on switching
devices, whose operating conditions are directly affected by the
studied modulation techniques and power-sharing strategies™.

Therefore, the main contributions are given as follows:

e A comprehensive analysis is conducted on EPS and DPS with
minimum BFP and peak current schemes, covering all the
operating modes and power ranges.

e The impact of different modulation techniques and power
sharing strategies on the reliability performance of the modular
DAB converter is evaluated, revealing the influence of the
current stress and the thermal distribution across the parallel
modules.

e The trade-off between the rotation frequency in module
shedding power sharing strategies and system-level reliability
is explored, showing how varying the rotation frequency
affects thermal cycling and overall system damage.

The rest of the paper is organized as follows. Section 1 introduces
the fundamental operating principles of SPS, EPS, and DPS, high-
lighting their performance across different operating conditions.
Section 2 further analyzes the minimum BFP and peak current
schemes and compares the resulting current stress and backflow
power characteristics under each modulation technique. Section 3
presents the design of the modular DAB converter, detailing the
system architecture and the thermal model. Based on this thermal
model, the temperature swings of the switches are examined, and
the junction temperature profiles over all operating conditions are
compared. The mission profile generation procedure and the
power sharing strategies are described in Section 4. Section 5 inte-
grates all the above elements to perform a comparative reliability
evaluation across modulation techniques, optimized schemes, and
power sharing strategies and analyzes the trade-off between the
power rotating frequency in modules and reliability using the
mission profile established in Section 4. Section 6 provides an in-
depth discussion of potential cost and future reliability enhance-
ment methods. Finally, Section 7 summarizes the key findings and
outlines possible directions for future research and development.

iEnergy | VOL 5 | June 2026 | 148-162

ARTICLE

1 Modulation techniques of DAB

1.1 Single-phase shift

SPS is the simplest and most commonly used modulation technique
for DAB converters®. The operational waveforms, including volt-
ages on the primary V, and secondary sides V, of the transformer,
leakage inductance current i;, and transmission power P of the
DAB under SPS for V,<nV, and V,>nV,, are shown in
Figure 2(a) and Figure 3(a), respectively. Under SPS, the outer
phase shift ratio denoted as d between V, and V, is involved,
which changes the voltage across the leakage inductor to control
the transmission power and the power flow direction®. To simplify
the analysis, the maximum power is used as the base value, which
is defined as
nV,V,

P =" M

where L is the leakage inductance and f is the switching frequency
equal to 1/T. Therefore, the normalized power P,, equation under
SPS is given in Table 1, and the transmission power is expressed as
P=P;,Ppy.

SPS has a great attraction due to its high dynamic performance,
ease of realizing soft switching, and high power processing capa-
bility, achieving good efficiency when V, and nV, are matched.
However, when V,/nV, deviates far from 1, the SPS modulation
will result in a limited zero-voltage-switching (ZVS) range and
circulating power™. The shaded regions in Figures 2(a) and
3(a) depict the BFP, which is sent back to the source. With high
BFP, an increase in positive power is required to compensate for
the losses, enhancing the current stress and significantly con-
tributing to conduction loss and magnetic losses”.

1.2 Extended phase shift

EPS introduces an additional inner phase shift ratio, denoted as
D,, between the two legs of the primary side, resulting in a three-
level voltage waveform for V, instead of the two-level voltage of
SPS¥. This additional degree of freedom makes EPS more flexible
to control, and various combinations of d and D, can achieve the
same power conversion value. Two main modes of EPS, D, > d
and D, <d, are analyzed with the corresponding waveforms
shown in Figures 2(b)-2(c) and Figures 3(b)-3(c). The power
transfer equations under these two modes are given in Table 1.
Full-range power can be achieved when D, > d, and when D, < d,
the transmission power is limited to half of the full power®.

In contrast to SPS, EPS has the potential to reduce BFP. As
shown in Figures 2(b) and 3(b), the presence of the 0-level voltage
in V; shortens the duration of BFP occurrence, thus enabling a
lower BFP. Furthermore, Figures 2(c) and 3(c) illustrate a mode
where BFP is completely eliminated. However, this condition can
lead to higher switching loss as a result of the non-ZVS condition
of the switching devices.

1.3 Dual-phase shift

DPS is conceptually similar to EPS but applies the inner phase
shift to both bridges. Consequently, both V, and V, exhibit three-
level waveforms. The complex combinations of d and D, in DPS
provide more flexible control advantages”. In this condition, the
DPS is analyzed in three modes where 0.5—d < D,, d<D, <
05—d, and D, <d, as illustrated in Figures 2(d)-2(f) and
Figures 3(d)-3(f). The power equation can be expressed in
Table 1. The analysis in Ref. [6] indicates that full-range power is
attainable when 0.5—d < D,. In the mode where d <D, <
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Figure3 Operational waveforms when V; > nV, for (a) SPS, (b) mode 1 of EPS with D, >

d, (c) mode 2 of EPS with D, < d, (d) mode 1 of DPS with 0.5 — d <

D, (¢) mode 2 of DPS with d < D, < 0.5 — d, and (f) mode 3 of DPS with D, < d.

0.5 —d, the maximum power can reach up to two-thirds of the
full power. When D, < d, only half of the full power can be deliv-
ered.

Similar to EPS, DPS solves the limits of SPS. The 0-level voltage
in V; helps reduce the BFP. Meanwhile, the 0-level voltage in V,
decreases the voltage across the leakage inductor during this
interval, resulting in a lower peak current.

In fact, if D, =0.5, the power expression of EPS and DPS
reverts to the SPS modulation. In all cases, the inner and outer
phase shift values are 0 < d < 0.25,and 0 < D, < 0.5.
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2 Minimum backflow power and peak current

According to the above analysis, SPS involves only one degree of
freedom, which makes it easy to determine the phase shift ratio
based on the required power value. In contrast, EPS and DPS offer
multiple combinations of d and D, for the same transmission
power. To select an optimal solution for enhancing converter per-
formance, the minimum backflow power and the minimum leakage
inductance peak current based on the Lagrange multiplier algo-
rithm are widely used”. The former aims to reduce the circulating
power, while the latter focuses on minimizing the current stress
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Table1 Normalized expressions of input power, backflow power, peak current under SPS, EPS, and DPS

Description Py P;Fp Ijﬁp
SPS 8d(1—2d) (4d+k—1)2 2k+8d—2,V, > nV,
2k+2 —2k+8kd+2, Vi < nV;
EPS D >d d(lGDl — 16d) + D (4 — SDl) (2kD1 +4d— 1)2 8d+ D, (4k — 8) +2,Vi >nV;,
2k+2 4k (2d — D) +2,V1 < nV,
2 2
D <d Dy (4— 16d+8Dy) (0.5kD; — 0.25 4 d) (0.5kDy — 0.25 4 d)
0.8k+0.8 0.8k+0.8
DPS 0.5—d < Dy d(8—16d) —8(0.5— Dy)? 2(1—2d— kD, —Dy)* 8d+ Dy (4k—4),Vi > nV,
TS i (h) =0
2(k—1)2D2 4 2k(1— 2D, — 2d)* i (8) <0 8kd+ Dy (4 — 4k),V, < nV,
d<D <05-d d(16D; — 8d) 2(k—1)*D? 8d+ Dy (4k—4),Vy > nV,
T,Vl >nV,
0,Vi < nV, 8kd + D, (474](),V1 <nV,
2(k—1)*D?
Dy <d 8D? (I‘T)I’V1 >V, D, (4+4k)
0,V1 < an

*Normalized input power; T Normalized backflow power; ¥ Normalized leakage inductance peak current.

on power devices. The Lagrangian function in this paper is given
by the following:

L£(d,D,A) =T(d,D)+A[P(d,D)—P], )

where T (d, D,) is the target function, which represents the formula
for BFP or peak current. P(d,D,) refers to the transmission
power, and the constraint condition is given by P(d,D,) = P*. A is
the Lagrange multiplier.

In this section, BFP and peak current for EPS and DPS modu-
lations are analyzed across all possible operating modes, and the
results after optimization are compared. With respect to the opti-
mization of BFP, maintaining ZVS is the primary focus wherever
possible to minimize switching losses. The detailed calculation
results are provided in the Appendix.

2.1 Backflow power analysis

Under mode 1 of EPS, when the inductor current satisfies
i, (t,) < 0 and i, (#,) > 0, the switching devices operate in the ZVS
conditions. Similarly, for EPS mode 2, the case i, (t,) <0 also
occurs during low power. The corresponding BFP in these cases
are listed in Table 1, where k= V,/nV,. By substituting these
expressions into the power equation (2), the solutions for d and
D, can be obtained. It is worth noting that under the constraints
of d and D, these conditions do not cover the full range power.
Therefore, the ZVS boundary where i, (t,) = 0 is considered, and
the BFP is reduced to 0.

For DPS, the BFP for all modes are summarized in Table 1. In
mode 1, when i, (¢,) <0 and i, () > 0, ZVS is maintained, but
this condition achieves only a portion of the full power. To enable
a wider power range, scenarios with i, (f;) <0 are considered. In
mode 2, when V, < nV,, i (t,) is always larger than 0, resulting in
no BFP in this case. When V, >nV,, i, (t,) <0, and the corre-
sponding BEP is shown in Table 1. For mode 3, its current behavior
is similar to mode 2 and therefore is not discussed in detail.

2.2 Peak current analysis

Compared with BFP, the analysis of peak current is easier, and the
results for various modulation cases are illustrated in Figures 2
and 3. For EPS mode 1, the peak current occurs at time #, when
Vi < nV, and occurs at £, when V, > nV,. This indicates that two
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cases must be considered separately when determining the optimal
solution of d and D,. In EPS mode 2 with D, < d, the value of
V/nV, does not affect the shape of the inductance current wave-
form, as shown in Figures 2(c) and 3(c). In this case, the peak current
occurs consistently at #,. All the corresponding equations of the
peak current are provided in Table 1. For the current normaliza-
tion, the maximum value of the peak current is used as the base
value, which can be expressed as

nV,
L = SIf 3)
For DPS, the peak current behavior in mode 1 and mode 2 is
influenced by the relationship between V, and nV,. As illustrated
in Figures 2(d) and 3(d), the peak current occurs at ¢, when
Vi < nV, and at t; when V, > nV,. Similarly, in mode 2, the peak
current appears at ¢, and f, under the two respective voltage con-
ditions, as shown in Figures 2(e) and 3(e), respectively. In mode 3,
where D, <d, V, and nV, donot stress the inductor simultane-
ously. As a result, the voltage magnitude has no impact on the
shape of the current waveform, and the peak current occurs at t,
in both cases, as depicted in Figures 2(f) and 3(f). All corresponding

expressions are summarized in Table 1.

2.3 Backflow power and peak current comparison

Based on the above analysis, Figure 4 shows the values of d and
D, for EPS and DPS under different optimization schemes, along
with a comparison with SPS, at voltage conversion ratios of
k=0.5, k=1, and k=15. For both EPS and DPS operating
under the minimum BFP scheme, the modulation parameters
tend to converge with those of SPS at high power levels. For EPS
under the minimum peak current scheme, when k= 0.5 and
k=1, the optimized value yields D, = 0.5, which corresponds to
SPS. Additionally, at k = 1.5, EPS coincides with SPS in the low-
power region. This indicates that SPS offers significant advantages
over EPS in reducing the current stress of components. For DPS
under the minimum peak current scheme, the case of k = 1 also
results in D, = 0.5, implying operation under SPS. For k= 0.5
and k= 15, the DPS gradually approaches the SPS condition as
the power increases. Overall, these results show that SPS performs
well under high-power operating conditions, effectively minimizing
both backflow power and peak current.
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To verify the effectiveness of the two optimization schemes, respectively, including the comparison with SPS. As depicted in
Figures 5 and 6 show the comparison of backflow power and peak Figure 5, EPS with the minimum BFP scheme can reduce the BFP
current performance between EPS and DPS under these schemes, to 0 within the low- to medium-power range. Although the BFP
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Figure 5 Comparison of backflow power value between EPS and DPS under minimum BFP scheme, minimum peak current scheme, and SPS, at voltage con-
version ratios of k= 0.5 (left), k=1 (middle), and k= 1.5 (right).
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Figure6 Comparison of leakage inductance peak current value between EPS and DPS under minimum BFP scheme, minimum peak current scheme, and
SPS, at voltage conversion ratios of k= 0.5 (left), k=1 (middle), and k= 1.5 (right).
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value increases as the power rises, it remains lower than that of
SPS and EPS with the minimum peak current scheme. For DPS at
k=0.5 and k =1, the minimum BFP method has a similar per-
formance to that of EPS, effectively minimizing the BFP across the
entire power range. In the case of k = 1.5, the BFP remains larger
than 0, but it is significantly lower than the SPS and DPS with the
minimum peak current scheme. Overall, these results demonstrate
that EPS provides superior BFP reduction performance in the
range of full power and has a higher possibility of keeping the BFP
at 0, although under various operating conditions.

In Figure 6, the EPS with the minimum peak current scheme
has a comparable performance to SPS. In contrast, DPS achieves
superior results by reducing the peak current. It can also be
observed that although the minimum BFP scheme effectively
minimizes the BFP, it causes a higher peak current stress, resulting
in an increased switching loss of the power devices.

3 EV charging system design

3.1 EV charging system description

To handle the high power of the EV charging system, a modular
architecture consisting of 10 DAB modules has been selected, as
shown in Figure 1. Each module is rated 25 kW with a maximum
output voltage of 500 V, resulting in a total system power P of
250 kW. In this work, Wolfspeed SiC MOSFETs E3M0032120]2
(1200 V, 74 A) and E4M0015075]J2 (750 V, 156 A) are utilized on
the primary and secondary sides, respectively. The operational
parameters are shown in Table 2.

3.2 Thermal network design

A comprehensive analysis of the converter requires consideration
of the cooling system design, as this defines the electrical and
thermal behavior of the system. Regarding the switches, conduction
and switching loss analysis is the critical procedure in the design
of the thermal network. Currently, loss analysis is typically con-
ducted using lookup-table (LUT) methods™, which are performed
in a PLECS (Plexim GmbH) environment across various operating
conditions, including power levels from 0 to 25 kW, output voltages
ranging from 50 to 600 V, and junction temperatures from —10 to
180 °C. These simulations generated five 3D LUTs to characterize
losses for SPS, EPS, and DPS modulations with minimum BFP
and peak current schemes.

The design of the cooling system is essential for the thermal
network. In this design, the Cauer RC thermal network is
employed, as shown in Figure 7. Each half-bridge is equipped with
an individual heatsink. Therefore, the steady-state junction tem-
perature of the switches is found as Ref. [17]:

Table2 Main working parameters

T, = Pioss (R + Ra) + 2P Rie + T, (4)

where T; and P, are the junction temperature and power loss of
a single switching device, respectively. R, R, and R, represent
the thermal resistances. T, is the ambient temperature.

Regarding the thermal network, the values of junction-to-case
thermal impedance (Z;) can be derived from the datasheets™,
which are shown in Table 3. The thermal interface material resis-
tance Ry, is evaluated at a value of 0.0482 K/W, which depends on
the specific device dimensions and materials. In this analysis, the
DAB converter exhibits different loss performances under all the
modulation techniques analyzed above. To ensure the thermal
safety of the switching devices under the worst-case scenarios,
various heatsink-to-ambient thermal resistances R,, are designed
specifically for SPS, EPS, and DPS. According to the LUTs, the
maximum loss of switching devices at the 120 °C junction tem-
perature is used as a reference for designing R, under an ambient
temperature of 40 °C. Using Eq. (4), the required Rha values are
calculated. The Rha results and the selected heatsink-to-ambient
thermal capacitance value are summarized in Table 4.

3.3 Thermal performance comparison

Figure 8 illustrates the current and junction temperature of
switches S1 and S3 on the primary side under an operating point
of 500 V output voltage, 20 kW output power, and 25 °C ambient
temperature. From the current waveforms, it can be observed that
EPS and DPS with the minimum BFP scheme achieve zero back-
flow power at the expense of significantly increased peak current,
resulting in much higher current stress on the switches. In the
DPS minimum BFP case, S1 even loses ZVS, which leads to addi-
tional switching losses. Therefore, both EPS and DPS under the
minimum BFP scheme exhibit higher average junction tempera-

Ploss> Ri Ricx Ris I

- ‘ﬁr’\N\/—r’\N\/—r’Mf—rW Ra R
Pows ( Ra Re Ra  Ra )
—p — A
Cen Cha | T,
T T M

Figure7 Cauer thermal network for one half-bridge. Junction-to-case ther-
mal impedance are modeled as a four-layer RC network®>.. P, and P,
represent the losses for two switches. G, C;, and G, represent the thermal
capacitances of the junction-to-case, case-to-heatsink, and heatsink-to-ambi-
ent, respectively. R, Ry and R, represent the thermal resistances of the
junction-to-case, case-to-heatsink, and heatsink-to-ambient, respectively.

Table3 Thermal parameters from junction to case

Cauer thermal model Unit

mK/W

Side ZJ(_
Primary Rjc 38.5 111 62.8 47.6

Description Symbol Value Unit Cic 241 12.0 465 50.4 mJ/K
Input voltage Vae 800 v Secondary R 138 285 135 164  mK/W
Maximum output voltage Vomax 500 \% Cic 0.59 2.87 6.69 55.6 mJ/K
Maximum power per DAB Praxi 25.0 kw
Total power Prnax 250 kw Table4 Thermal parameters from heatsink to ambient
Switching frequency f 50 kHz EPS DPS

Symbol  SPS Unit
Inductance value L 57.2 uH minBFP  min Ip minBFP  min Ip
Transformer ratio n:l 2:1 / Rpa 393 70.5 382 233 466 mK/W
Module number N 10 / Cha 535 5.35 5.35 5.35 5.35 m]J/K
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Figure8 Current (left) and junction temperature (right) waveform of S1 and $3 in one DAB module with different modulation techniques and optimized
schemes. The operating condition is 500 V output voltage, 20 kW output power, and 25 °C ambient temperature.

tures and larger temperature swings within each period. More-
over, due to the presence of the inner phase shift, the current
waveforms of S1 and S3 are different, which leads to unequal
device losses and consequently an imbalanced temperature distri-
bution in the same module.

According to the theoretical analysis in Figure 4, when the voltage
conversion ratio k <1, the EPS with the minimum peak current
scheme comes to the same operating mode as SPS and therefore
shows identical current waveforms. In general, the minimum peak
current scheme exhibits a much lower current stress than the
minimum BFP scheme, although they introduce a certain amount
of backflow power. From the device-level perspective, this scheme
leads to a lower average junction temperature and a more balanced
thermal distribution between S1 and S3, which is beneficial for
improving the device lifetime.

3.4 Thermal performance comparison

Under an ambient temperature of 25 °C, Figure 9 illustrates the
junction temperature performance of a single DAB converter
operating under 0-25 kW and 300-500 V conditions based on
the designed thermal model. The maximum current is limited to
62.5 A, with any excess disregarded. For SPS, the absence of an
inner phase shift results in identical junction temperature behavior
for §,-S, and Q,—Q,. The junction temperature gradient varies
significantly with power. In the case of EPS, the inner phase shift
ratio is applied to the primary side, generating circulating current
with the pairs of switches (S, and S;, S, and S,) that result in dif-
ferent current waveforms and losses. Consequently, S,—S, and
S;— S, should exhibit distinct junction temperature profiles. For
the EPS with the minimum BFP scheme, the devices show a
higher proportion of elevated temperatures, particularly under
high-voltage conditions. Conversely, EPS with the minimum peak
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current scheme exhibits a similar thermal behavior to that of SPS,
as analyzed in Figure 4. In the DPS, the inner phase shift ratio is
applied to both the primary and secondary sides, causing distinct
junction temperature patterns across all four legs of the DAB con-
verter.

According to the analysis in Figure 6, the minimum BFP
scheme leads to increased peak current stress on the switches. This
higher current stress significantly elevates the junction tempera-
ture, as shown in Figure 9, which has a negative impact on the
switch lifetime. On the other hand, the minimum peak current
scheme maintains a lower junction temperature by mitigating the
current stress, particularly under low-to-medium power condi-
tions, which results in superior thermal performance and potentially
enhances the system reliability.

4 Mission profiles and power sharing strategies

4.1 Mission profile generation

To evaluate the reliability of the modular DAB converter in practical
charging applications, a one-year mission profile based on the real
charging data from 25 EVs has been generated, as shown in
Figure 10 (data source: https://www.fastnedcharging.com/en/
brands-overview). The profile is created in a randomized way and
considers arrival and departure times from the city center scenario
discussed in Ref. [28] and the initial state of charge from Ref. [29].
Every day accounts for approximately 12 charging events on aver-
age. Additionally, the ambient temperature profile is generated by
considering historical data, including mean average, mean maxi-
mum, and mean minimum temperatures ranging from 1991-
2020 in the city of Bologna (the same city examined in Refs.
[28-29]). Mission profile data are generated with a temporal reso-
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Figure9 Junction temperature color map of switching devices with the function of output power and voltage under 25 °C ambient temperature.
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Figure 10 One-year mission profile output power (top), output voltage
(middle), and ambient temperature in Bologna (bottom). Zoom frames
show one-day time span.

lution of 1 minute.

As illustrated by the one-day load profiles in Figure 10, the
charging power profile exhibits significant fluctuations throughout
the day, while the charging voltage varies approximately 400 V.
The ambient temperature ranges from approximately —4 to 34 °C.

4.2 Power sharing strategies

For the modular DAB converters illustrated in Figure 1, various
power-sharing strategies are suited to different applications when
addressing the dynamic high-voltage and high-power demands of
a year-long mission profile. These strategies have varying impacts
on the efficiency and reliability of the system. To comprehensively
evaluate the reliability performance of SPS, EPS, and DPS with
minimum BFP and peak current schemes, a comparative analysis
was conducted under three types of PSS, including even sharing,
efficiency-oriented module shedding, and shedding with
rotation"™?. To identify the load switching points for various
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modulations and schemes, the junction temperature performance
of a single DAB module assumed to operate at 400 V is analyzed
using the thermal data shown in Figure 9; thus, the losses are cal-
culated based on the LUTs. From the loss evaluation, the efficiency
performance of the modular configuration is derived, which
determines the reference switching points for module shedding.

The detailed explanation is as follows:

e PSS T1: The load is evenly shared among the 10 DAB modules
regardless of the power level; thus, all the modules share the
same average powers and active times.

® PSS T2: The load is split and sequentially allocated among the
DAB modules following efficiency-oriented module shedding
based on the performance of each modulation technique and
optimization scheme. The varying power loss characteristics
cause different power allocation results.

e PSS T3: Power division equivalent to PSS T2. DAB modules
are rotated sequentially at a certain frequency".

To further introduce these three types of PSS, Figure 11 provides

a visual representation of the relationship between power and the

number of active DAB modules (N,) under SPS. The N, at a

given load P can be expressed as

N, PSSTI

N, = 5
P 1 s ©®
4P 2

where P, is the power level where a single DAB achieves the peak

] 10
[ 1]2[3[4]5]6]7[8]9] 10

‘PSSTl\

\ PSS T2-T3

> P

Figure 11 Comparison between even sharing (top) and efficiency-oriented
module-shedding (bottom) PSSs under SPS modulation technique. Numbers
indicate how many DAB modules are active for a given value of power P.
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efficiency and N, < N™. As shown in Figure 11, for PSS T1, all 10
modules operate simultaneously under any power requirements.
Regarding PSS T2 and T3, as the power range changes, the number
of activated DAB modules also varies, and it engages all modules
from approximately 30% of P,... On the other hand, different
power distribution results occur in the EPS and DPS, and further
details are shown in Figure 12.

Figure 12 illustrates the power distribution among 10 modules
in the case of different PSSs being applied to the SPS, EPS, and
DPS with minimum BFP and peak current schemes, where PSS
T1 is used for all modulations. The DAB modules are rotated at
every charging event. t,, represents the percentage of active time
for each module over one year. The average power during active
periods is indicated with a dashed line. As shown in this figure,
under PSS T2, power is allocated mostly in low-order modules,
and high-order modules present a particularly low level of utiliza-
tion, even less than 1% with the minimum BFP of EPS, which
results in a sequential decrease in their active time. Thanks to the
rotation in PSS T3, power allocation and active time assume an
almost perfect balance among the modules. Comparing the two
optimization schemes, although under PSS T2 that is without
rotation, the minimum peak current scheme inherently achieves a
more equal distribution of power among modules.

Reliability improvement based on optimized modulations and rotating---

5 Lifetime and reliability evaluation

Based on the power allocation of individual modules illustrated in
Figure 12 and the previously developed thermal model, the junction
temperature profiles of the devices can be derived. However, the
dynamics of the mission profile result in irregular temperature
fluctuations. To address this, the rainflow counting method is uti-
lized to transform the irregular thermal profiles into regular thermal
loading cycles, which enables the extraction of the critical param-
eters for device lifetime estimation, including the mean junction
temperature (7T}, ), the temperature swing (AT;), and the cycle
period (t,,)™.

For switching devices, bond-wire lift-off failure is a key factor
influencing device reliability, which is directly correlated with
thermal behavior. Therefore, the Bayerer’s lifetime model®™ is
employed. It establishes the relationship between the number of
cycles to failure (N;) and the thermal parameters, specifically the
minimum junction temperature (7Tj..) and AT;, and is expressed
as

By
N, = AAT; Pe e s [P Vs DFe (6)
where I, V, and D are the current per bond wire, blocking volt-

age, and bond wire diameter, respectively, and all the temperatures
are in °C. A and f, — 3, are technology fact and model parame-
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centage.
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ters, which can be obtained in Ref. [30].

Normally, the lifetime of the switching device is expressed by
considering the life consumption, which is calculated via Miner’s
rule™, accumulating the damage contributions from each thermal
cycle. This approach enables the prediction of the device’s lifetime,
providing a robust basis for assessing system reliability.

In practical reliability analysis, due to the manufacturing toler-
ances, the technology factor and model parameters A and f, — 3,
in Eq. (6) can deviate from their ideal values, and other electrical
parameters can also differ from ideal conditions because of device
and measurement errors. To address this, the Monte Carlo simu-
lation method is commonly employed, utilizing the statistical
probability of failure to represent the reliability of devices and sys-
tems™. In this approach, the parameters in Eq. (6) are sampled
from a normal distribution with 100,000 data points, assuming a
+5% variation and a 99% confidence level. The lifetime con-
sumption and corresponding lifetimes for these samples are then
calculated and fitted using a Weibull distribution®".

As shown in Figure 13, if any single switching device fails, the
unit module cannot maintain operation at its rated power. There-
fore, the converter-level reliability is assessed using a series reliability
block diagram (RBD) with 8 components that accounts for the
interdependence of component-level reliability. Similarly, to
assume that there is no derating or redundant operation of the
system, the system-level reliability is determined by aggregating
the reliability of individual converters arranged in a series RBD.
The system-level reliability expression is derived as

10 8

£y ) =1-[T{TT0- 5,0 )

j=1 Uizl
where F(x) and F, (x) represent the unreliability function of the

Weibull distribution of components and system, respectively.

To comprehensively evaluate the reliability performance of the
modular DAB converter under the previously discussed PSSs,
modulation techniques, and optimization schemes, two case studies
are considered:

e Case study 1: In this case, the reliability performance of SPS,
EPS, and DPS with minimum BFP and peak current schemes
are analyzed. All three types of PSS introduced in Section 4.2
are included. The rotation frequency of PSS T3 is per event.

e Case study 2: The trade-off between system reliability and
rotating frequency in PSS T3 is analyzed in this case study. In
addition to rotating the modules per event, five additional
rotation frequencies are considered: per month, per day, per
hour, every 10 min, and per minute.

5.1 Casestudyl

With reference to the mission profile introduced in Section 4.1,
the three modulation techniques with minimum BFP and peak
current schemes under different types of PSSs have been numeri-
cally simulated for all 10 DAB modules in the PLECS (Plexim
GmbH) environment. To illustrate the variation in lifetime per-
formance among the parallel-connected DAB converters, Table 5

‘_| Fopi(®) |—| Fena() } """"" { Fonnl®) l_.

Figure 13 Series reliability block diagram of the 10-DAB system. Each
DAB module contains 8 switching devices.
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shows the standard deviation of 10 DAB modules’ B1 lifetime
under different modulations and PSS types. The system B1 lifetime
results, which are expressed in years with a 1% fault probability,
are shown in Table 6.

From Figure 12, it is evident that under PSS T1, the power is
uniformly distributed across the 10 DAB converters, leading to
identical reliability performance of each module, as shown in
Table 5, where the standard deviation of PSS T1 is 0. As shown in
Figure 12, the converter approximately operates in the full power
range, particularly from 0 to 20 kW. Coupled with the thermal
performance in Figure 9, the EPS with the minimum BFP scheme
exhibits the highest junction temperatures, whereas SPS, EPS and
DPS with the minimum peak current scheme have lower and
comparable thermal performance. Further analysis reveals that
under DPS with the minimum peak current scheme, switching
devices S3, $4, Q1, and Q2 show a broader range of lower thermal
behavior, particularly in the low-to-medium power range, which
explains the superior reliability performance achieved by DPS
with the minimum peak current.

Under PSS T2, module shedding results in uneven power dis-
tribution among the DAB converters from a long-term perspec-
tive, creating significant variability in their reliability performance.
As shown in Table 5, the standard deviation of the B1 lifetime
reaches as high as 74.2 years under EPS with the minimum BFP.
SPS and DPS with the minimum BFP have standard deviations of
31.9 and 23.8 years, respectively. To illustrate the temperature
imbalance caused by module shedding, Figure 14 presents the
corresponding rainflow counting results over one year for the first
and tenth DAB modules under EPS with the minimum BFP. It is
evident that under PSS T2, the lower-order modules are always
activated first. As a result, the first module experiences more com-
plex thermal behavior, as illustrated in Figure 14, driven by a
higher total number of thermal cycles, an increased number of
cycles of large temperature fluctuations and average junction tem-
peratures. In both EPS and DPS with the minimum BFP scheme,
the average operating power shifts toward a higher level, more
than 15 kW, leading to significantly higher thermal behavior. As
the performance of the heavily loaded modules determines the
reliability of the system, the Bl lifetimes of EPS and DPS with
minimum BFP are only 3.97 and 6.32 years, respectively.

Under PSS T3, the rotating power distribution strategy balances
the load among the 10 DABs, as evidenced by the significantly
lower Bl lifetime standard deviations (i.e., < 1 year) compared
with those of PSS T2, which can improve the system reliability. As
shown in Table 6, the system reliability of SPS improves to 29.6
years, representing an approximate 1.4-year increase compared to
PSS T2. For EPS and DPS, the rotating strategy brings marginal
reliability improvements, with the Bl lifetime increasing by less
than 1 year.

Therefore, in the case of only considering the reliability of the
switching device, PSS T1 exhibits the best reliability performance
among the three types of PSSs. However, in practical applications,
module shedding is widely adopted in modular configurations
due to the advantages of high efficiency"". From a comprehensive

Table5 Standard deviation of 10 modules’ B1 lifetime

EPS DPS
Description ~ SPS Unit
minBFP  nin Ip minBFP  min Ip
PSST1 0 0 0 0 0 Year
PSS T2 319 742 5.47 23.8 4.61 Year
PSS T3 0.65 0.23 1.05 0.36 1.12 Year
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Figure 14 Rainflow counting results of the thermal loadings of the switches
on the secondary side in the first (top) and tenth (bottom) DAB converter.
The EPS with minimum BFP scheme is considered.

perspective, using PSS T3 can help mitigate the reliability degra-
dation introduced by PSS T2 while still maintaining high effi-
ciency. Furthermore, the DPS with the minimum peak current
scheme enhances the lifetime of switches by effectively reducing
the current stress.

5.2 Casestudy2

Based on the above analysis, the rotating module shedding PSS
demonstrates advantages in both efficiency and reliability. How-
ever, the rotation frequency needs to be determined since it plays a
critical role in affecting the system reliability. In this case study,
PSS T2 represents the non-rotating situation, with a rotation fre-
quency of zero. In addition to the PSS T3 with per event rotation,
five additional rotation frequencies are considered: per month, per
day, per hour, every 10 minutes, and per minute.

To illustrate the thermal behavior of the DAB converter under
different rotation frequencies, the rainflow counting results of
experienced thermal cycles under a certain temperature fluctuation
amplitude AT; for the switching devices in the first DAB module
under DPS with the minimum peak current scheme are shown in
Figure 15. For PSS T2, the total thermal cycles are 175,341. With
rotation implemented at frequencies of one month, one day, one
event, one hour, and 10 minutes, the thermal stress is more evenly
distributed among modules. This results in a notable reduction in
the number of cycles in the small junction temperature swing
range, with the total number of cycles reduced to approximately
174,000. In contrast, the one-minute rotation case exhibits a dif-
ferent trend, where the faster transitions between active and idle
states cause more complex temperature fluctuations, leading to an

increased number of low-amplitude thermal cycles and a higher
total cycle count of 180,734.

A complete analysis of all modulation techniques under different
rotation frequencies is summarized in Table 7, while Figure 16
further presents the trends in B1 lifetime with the rotation frequency
changing. It is observed that once PSS T3 occurs with a frequency
of one month, the system reliability can be improved compared
with PSS T2. Generally, as the rotation frequency increases, the B1
lifetime continues to rise to an optimal lifetime. For SPS, the highest
B1 lifetime is achieved at a 10-minute rotation frequency. For EPS
with minimum BFP and minimum peak current, the peak reliability
occurs with daily and per-event rotation, respectively. For the
minimum BFP and peak current under DPS, the maximum life-
times are reached with monthly and hourly rotation, respectively.
However, as the rotation frequency increases beyond the optimal
situation, a decrease in system lifetime is observed. In particular,
under the one-minute rotation PSS, the lifetime drops below that
of PSS T2 in some cases. Therefore, although the temperature
fluctuation amplitudes decrease at high rotation frequencies, the
significantly higher number of thermal cycles, along with the more
complex and rapid thermal transients, can increase the probability
of failure.

6 Analysis and discussion

6.1 Analysis of the potential cost

According to the reliability results presented in this work, it is also
meaningful to analyze the potential cost associated with both
losses and maintenance™. As shown in the junction temperature
map of Figure 9, which inherently reflects the loss behavior under
different operating points, modulations and optimized schemes. It
can be observed that EPS and DPS with the minimum BFP
scheme exhibit significantly higher junction temperatures, partic-
ularly in the high-power and high-voltage region. This indicates
higher losses and therefore a higher operational cost associated
with energy losses. In contrast, SPS, EPS and DPS with minimum
peak current achieve much lower junction temperatures, implying
lower losses and reduced loss-related cost.

The maintenance cost is strongly related to the reliability
results, which is the main work in this paper. Based on the results
in Table 6 and Table 7, DPS with minimum peak current achieves
the longest lifetime, implying the lowest maintenance cost. Table 5
shows that PSS T2 causes a large power imbalance among mod-
ules, forcing the low-order modules to operate longer and hence
suffer earlier aging, which increases maintenance cost. In contrast,
PSS T1, where all modules are operating together, distributes the
thermal and electrical stress more evenly, resulting in higher relia-
bility and therefore lower maintenance cost. For PSS T3, a higher
rotation frequency increases thermal fluctuations and therefore
decreases reliability, which also elevates maintenance cost.

In summary, for modulation techniques, the loss-related cost
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Figure 15 Rainflow counting results of experienced thermal cycles under the certain temperature fluctuation amplitude AT; for PSS T2, PSS T3 with the rotation
frequency of 1 month, 1 day, 1 event, 1 hour, 10 minutes, and 1 minute. Only cases with AT; > 1 °C are shown here. The “tot cycles” is the total number of thermal

cycles.
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Figure 16 System-level B1 lifetime with the function of rotation frequency. f—f; represent the rotation frequency of none rotation, per month, per day, per

event, per hour, 10 minutes, and 1 minute, respectively.

and maintenance-related cost exhibit consistent trends. The mini-
mum peak current optimized scheme for EPS and DPS tends to
provide both lower losses and higher reliability, making it an
effective method for reducing the overall system cost.

For power sharing strategies, the situation is more complex.
The literature indicates that PSS T1 provides lower efficiency,
while our reliability analysis shows that PSS T1 has the best lifetime
performance. Conversely, PSS T2 and PSS T3 achieve higher effi-
ciency but suffer from reduced reliability. This trade-off between
operational loss and maintenance cost requires further investiga-
tion.

6.2 Directions for future reliability enhancement

Based on the reliability results, several insights can be drawn
regarding potential methods for extending the lifetime of modular
DAB converters. First, among the three modulation methods,
DPS exhibits the highest reliability due to its additional degrees of
freedom, which cause more flexibility in reducing the inductor
current. In particular, the ability of DPS to effectively suppress the

Table 6 System-level B1 lifetime under different power sharing strategies

EPS DPS
Description  SPS Unit
minBFP  nin Inp minBFP  mip I,
PSS T1 39.7 635 47.1 27.3 71.2 Year
PSS T2 282 397 45.3 6.32 67.8 Year
PSS T3 29.6 457 46.0 6.91 68.1 Year

peak current has been shown to play a dominant role in reducing
the junction temperature and improving the overall device life-
time. These results indicate that increasing the number of control
degrees of freedom is a promising direction for broadening the
operating region in which the current stress can be minimized.

In the modular configuration, the rotating PSS has demonstrated
a clear advantage in equalizing the thermal behavior across the
modules. The results confirm that a more uniform module tem-
perature distribution is correlated with improved reliability. This
emphasizes that thermal balancing is an effective reliability
enhancement strategy.

Therefore, there are several directions that are particularly
promising for future lifetime extension:

e  Expanding the ZVS range and minimizing the current stress
under multi-degree-of-freedom modulation.

Triple phase shift, four- or five-degree of freedom modulations
hold the potential to widen the ZVS region and reduce RMS and
peak current stresses, which are critical factors driving device reli-
ability.

e Achieving thermal balancing not only across modules but
also between devices.

As shown in Figure 9, the temperature imbalance occurs on the
different legs, especially in EPS and DPS. Techniques such as
active thermal control can be used to redistribute the loss to balance

the thermal performance.
e Developing coordinated modulation and power-sharing
strategies.

The results show that both modulation and PSS can impact

Table7 System-level B1 lifetime of all modulation techniques under different rotation frequencies

PSS T3
Description PSS T2 Unit
1 month 1 day 1 event 1h 10 min 1 min
SPS 28.17 29.19 29.36 29.58 29.46 29.98 29.24 Year
EPS minBFP 3.973 4.641 4.664 4.574 4.154 2.856 <1 Year
EPS minly, 4526 45.98 45.93 45.99 45.84 45.74 44.74 Year
DPS minBFP 6.317 6.981 6.968 6.908 6.523 5.161 1.627 Year
DPS minl, 67.79 68.28 68.41 68.10 68.51 68.18 64.16 Year
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device current stress and temperature. Co-optimization of these
two components can further enhance the system reliability.

7 Conclusions

In this paper, a comprehensive reliability evaluation of a modular

DAB converter under SPS, EPS, and DPS with minimum BFP

and peak current is performed, along with power sharing strategies

such as even sharing and module shedding with and without
rotation in the application of EV chargers. The key findings can be
summarized as follows:

e The EPS and DPS with the minimum peak current scheme
enhance the lifetime of the switches by reducing the current
stress, especially at low-to-medium power levels. The mini-
mum BFP scheme can improve the transmission power
quality but increase the current stress and thermal on switching
devices. SPS performs well, especially in high-power condi-
tions, and has the potential to reduce both the backflow
power and peak current.

e  The module shedding with rotation balances the thermal dis-
tribution of all modules, improving the reliability compared
to the module shedding without rotation while maintaining a
higher efficiency than that of even sharing.

e Overall, the rotation frequencies from one month to one
hour can retain comparable reliability performance. Frequent
rotation (e.g, per minute) increases thermal cycling and
reduces the system lifetime despite low temperature swings.

In summary, these results provide valuable insights for designing
robust and reliable high-power EV charging systems. By selecting
the DPS with minimum peak current under rotating shedding in
an approximately one-hour rotation frequency, the converter
design can achieve the best balance between efficiency, thermal
performance, and system reliability.

Appendix

Based on the Lagrange multiplier algorithm introduced in Section
2, the optimal solutions for EPS and DPS with minimum BFP and
peak current schemes are summarized in this Appendix. The
results are categorized according to different power ranges and
voltage conversion ratios. In addition, the working modes shown
in Figures 2 and 3 are also listed in the Tables A1 to A4.

A EPS with minimum BFP

The solutions for EPS with minimum BFP are listed in Table Al.
Pim and Py, represent the power limits of each case, while dj;.,
and d;,, are the limits of the outer phase shift value in a certain
power range. The results are independent of the k requirements.

P 2k+2

liml = 75 A7 1 A
k+2k+2

o 2kt2 (A1)
lim2 — (2+k)2

- 1

ST )

o (k1+ k+2) (A2)

limZ_m

B EPS with minimum peak current

Table A2 presents the optimal phase shift combinations for EPS
with minimum peak current. In this scheme, only mode 1 is
needed, and d remains within the standard range of [0, 0.25]
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Table A1 Optimization results of EPS with minimum BFP

Py k Dy d Mode
[Piim1,1] / % [djim1,0.25] 1
[Plim2> Piim1] / 0'?5; d (dlim1> Atim2] 1
[0, Prima] 0‘?)55; d [dlim2» 0.25] 2

Table A2 Optimization results of EPS with minimum peak current

By k Dy d Mode
[Piim1,1] k=1 W‘%k)d“ [0,0.25] 1
[0.Pim]  1<k<2 05 [0,0.25] 1
[0, Pripny ] k=2 d=05 [0,0.25] 1
[0.1] k<1 0.5 [0,0.25] 1

Table A3 Optimization results of DPS with minimum BFP

P; k Dy d Mode
[Plim1>1] k>1 % - G - d) (k+1)  [dim1,0.25] 1
[Pims Pimi]  k>1 —BEVB —4AC WT [05-D025 1
[Piim2, 1] k<1 % - G - d) (k4+1)  [diim2,0.25] 1
[Piim3» Piim2] k<1 % [diim2, 0.25] 1
[Pima: Piims] k<1 BT VB —44C WT (0.5-Dy, 0.25] 1
[0, Piima] / d [0, 0.25] 2

+tA=-8k, B=4k’d+4d-k’+6k-1,C=16kd’-8kd

Table A4 Optimization results of DPS with minimum peak current

Py k Dy d Mode
[Plim1,1] k=1 (k=1d—-k+>  [dim1,025] 1

k+1
0.Pim] k=1 o —d [0, diimm1] 2
[Piim2, 1] k<1 3';; ! %d [dim2,0.25] 1

1
[0, Plim>] k<1 %]zd [0, dim2] 2
without any additional constraints.

2k—2
Py = e (A3)

C DPS with minimum BFP

Due to the flexible control characteristics of DPS, more cases of
power conditions are considered, as shown in Table A3. When the

converter operates in mode 2, the optimal solutions are independent
of k.

o (kD) (R+5) (K +2k—1)
e (k + 4k +1)’
—8k* + 16k +24
Plimz =
8(k+1)*+16 (Ad)
b ~ =3(k+1)" +2(k+3) (k+1)—2
lim3 (k+1)2
Plim4 =
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_ kR44k—1
T 4k 416k + 4
PR
4 (k4 2k +3)

(A5)

D. DPS with minimum peak current

The optimal solutions for DPS with minimum peak current are
summarized in Table A4. Similar to the minimum BFP scheme,
all cases can be achieved in mode 1 and mode 2.

ke +2k—3
Pliml = T
(A6)
P e +k+ !
lim2 — 2 2
k-1
A1 = Tk
(A7)
i 1-k
lim2 4
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