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Letters

Transient Thermal Characterization and Assessment of Power Module With
Encapsulated Phase Change Material Toward Overload Capability

Yuxi Liang , Peng Sun, Student Member, IEEE, Yiming Gong, Senhao Liang, Jiakun Gong , Huayang Zheng ,
Zheng Zeng , Member, IEEE, and Li Ran , Fellow, IEEE

Abstract—To mitigate transient thermal surge induced by the
overload conditions in diverse applications, phase change materials
(PCMs) have been proposed as an effective thermal management
solution, offering enhanced heat capacity to maintain the power
module within the safe operating area. However, PCM-integrated
power modules face significant challenges, including excessive cost,
process complexity, and increased steady-state thermal resistance.
Besides, the absence of thermal models, insufficient understanding
of thermal interactive mechanisms, and the lack of standardized
evaluation criteria constrain the advanced thermal design for the
packaging and practical application of PCM-based modules. To
fill these gaps, this letter proposes a cost-effective and process-
compatible overload-enhanced power module by the in-situ re-
placement of silicone gel with paraffin wax. Considering the impact
of phase change transient on the junction temperature during the
overload conditions, an improved thermal model is created by
introducing the temperature-dependent heat capacity. Moreover,
the thermal impedance of paraffin wax-coated power modules is
comprehensively investigated by the finite element simulations. To
quantify the overload capability, evaluation metrics comprising
the optimal overload duration and the overall overload capability
are proposed. Finally, power modules encapsulated with paraffin
wax are fabricated, experimentally characterized, and evaluated.
It is demonstrated that the proposed design provides an addi-
tional phase-change thermal impedance of 0.006 K/W with the
steady-state thermal resistance maintained at 0.12 K/W compared
to its silicone gel-encapsulated counterparts, thus offering a novel
packaging approach and a thermal impedance-oriented evaluation
criterion for power modules with high overload capability.

Index Terms—Modeling and characterization, overload
capability, phase change material (PCM), power module, thermal
impedance.
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I. INTRODUCTION

DUE to the load fluctuation, short-circuit faults, and rotor
stalling in the field of renewable energy, electric vehicle,

and aerospace, power converters frequently suffer from over-
load conditions, leading to a rapid junction temperature surge,
which may push the power modules beyond the safe operating
area, thus causing the potential device failure [1]. Therefore,
enhancing the overload capability of power modules is critical
for the reliable operation of power converters under various
application scenarios. Phase change materials (PCMs) offer a
promising thermal management solution by providing additional
thermal capacitance during the overload operation, absorbing the
excess heat flux without interfering with the normal operation
[2]. However, integrating PCMs into power modules remains
challenging owing to the reliability concerns, process complex-
ity, and sealing demands, limiting their widespread adoption.

Some researchers have investigated the thermal behavior of
power modules with overload capability. Regarding the packag-
ing structure, PCMs are integrated into different layers of power
modules, including the bottom and top chips [3], copper lead
frame [4], thermal interface materials [5], and cooling fluids
[6]. Thanks to the contributions mentioned before, the power
modules support the overload capabilities. However, the mod-
ified packaging structure challenges the mass-production com-
patibility. Concerning the thermal characterization, the thermal
buffering effect on the junction temperature of PCM-integrated
modules has been thoroughly analyzed under varying overload
ratios [7], durations [8], and cooling arrangements [9]. Never-
theless, the thermal impedance and model of PCM-integrated
modules are often overlooked, leaving the interaction mecha-
nisms of packaging layers unclear. Furthermore, the intrinsic
thermal characterization requires excluding the influences of
ambient temperature and power losses. Therefore, the thermal
impedance analysis for PCM-integrated power modules remains
an unexplored research gap.

To bridge these gaps, this letter proposes a cost-effective,
process-compatible, and overload-capable power module by
the in-situ replacement of silicone gel with paraffin wax, and
the transient thermal principles of the proposed modules are
elucidated via both thermal model and multiphysics tool. Be-
sides, a thermal impedance-oriented evaluation criterion for the
overload capability of power modules is developed. The rest
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Fig. 1. Overload capability requirement and state-of-the-art of power module.

Fig. 2. Schematic power modules with PCM integrated at different layers.

of this letter is organized as follows. The pursuits for high
overload capability in diverse application fields and the demands
on PCM-integrated power modules are emphasized in Section II.
In Section III, the thermal impedance model of the proposed
power module is created and analyzed. In Section IV, the heat
transfer mechanism and performance evaluation methods are
presented by simulation tools. Comprehensive experiments and
analyses are carried out in Section V. Some conclusions are
summarized in Section VI.

II. THERMAL CHARACTERIZATION OBSTACLE FOR

CUSTOMIZED DESIGN OF PCM-INTEGRATED POWER MODULE

Overload capability is the widely emerging pursuit of convert-
ers for renewable energy and transportation electrification im-
plementations, as illustrated in Fig. 1. For example, to handle the
grid faults, grid-tied inverters are desired to enable three times of
overload capability for 10 s. However, the overload capability of
the existing power modules falls below the industry standards,
particularly for grid-interfaced inverters and industrial control
converters. As a result, to address the overload issues across
diverse application conditions, customized power modules with
high-overload capability are urgently needed.

To enhance the overload capability, integrating PCMs into dif-
ferent layers of power modules is emerging as the predominant
solution, as shown in Fig. 2. However, the structural modifi-
cations to conventional packaging may lead to increased man-
ufacturing complexity, compromised reliability, and extended
thermal paths, which may degrade the steady-state heat dissipa-
tion performance. Thus, in-situ replacement of silicone gel with
PCMs is proposed in this letter to offer a promising alternative
due to its near-junction cooling design and process compatibility.
Thanks to the stability, nontoxicity, lightweight features, and

Fig. 3. Thermal impedance of PCM power module with encapsulated paraffin
wax. (a) Stacked packaging structure. (b) Refined Cauer thermal model.

adjustable melting point, paraffin wax is a prospective candi-
date encapsulation of power modules. Besides, considering the
sealing issue, adding an additional layer of epoxy resin on top
of the PCM is a cost-effective solution for the housing of power
modules.

III. THERMAL IMPEDANCE MODELING OF PCM INTEGRATED

POWER MODULES

To characterize the thermal behavior of the proposed PCM-
coated power module, it is essential to establish the thermal
impedance model. The investigated power module is composed
of a multilayer stack of heterogeneous materials, as illustrated
in Fig. 3(a). The bottom-side thermal path comprises six stacked
layers, including solder, copper–ceramic–copper direct bonded
copper (DBC), solder, and baseplate, while the top-side path
consists of paraffin wax.

To model the temperature plateau phenomenon caused by the
latent heat effects, the temperature-dependent heat capacitance
is introduced, whose relationship is restricted by the Dirac delta
function, which exhibits a significant pulse within the phase
transition temperature range [10]. Consequently, to simplify
analysis, the heat capacitance of the paraffin wax Cpw(T ) in
the thermal model can be approximately characterized as a
piecewise function as

Cpw (T ) =

⎧⎨
⎩
Cps T ≤ Tm

Cps + Lm/ΔT Tm < T ≤ ΔT
Cpl T ≥ Tm +ΔT

(1)

where Cps, Cpl, Lm, Tm, andΔT represent the specific heat
capacity of the solid phase, the liquid phase, the latent heat,
the phase change temperature, and the range of the transi-
tion temperature, respectively. In addition, the heat flux gen-
erated by the chip needs to be initially injected into the
PCM before progressively accumulating. Therefore, the ther-
mal resistance of PCM should be placed ahead of the ther-
mal capacitance in the Cauer model, as shown in Fig. 3(b),
where Rthbp, Cthbp, Rths, Cths, Rthdbc, Cthdbc, Rthpw, andCthpw

represent the thermal resistance and thermal capacitance of
baseplate, solder, DBC, and paraffin wax, respectively. Noted
that Rthpw consists of the contact thermal resistance between
the encapsulant and the heat source, as well as the intrinsic
thermal resistance of the paraffin wax. Besides, due to the similar
thermal resistance of silicone gel and paraffin wax, the proposed
module maintains the same thermal resistance, while its thermal
response is significantly modified by the large transient thermal
capacitance.
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Fig. 4. Configuration of the studied power module. (a) Overall and (b) tear-
down views.

TABLE I
MATERIAL PROPERTIES USED IN MULTIPHYSICS MODEL

Fig. 5. Phase transition behavior of the proposed power module with encap-
sulated PCM. (a) Liquid phase fraction and (b) temperature distribution.

IV. SIMULATION VALIDATIONS AND ANALYSES

A. Studied Cases of PCM-Integrated Power Modules

To obtain the thermal impedance of the proposed power
module, the FS820R08A6P2 IGBT module from Infineon is
utilized as a baseline, as illustrated in Fig. 4. The silicone
gel encapsulation material of the power module is replaced by
paraffin wax. The properties of each layer material are listed in
Table I.

The multiphysics approach is employed to analyze the tran-
sient thermal behavior of the proposed power module. As illus-
trated in Fig. 5(a), the paraffin wax begins to melt from the central
chip at approximately 10 ms and gradually diffuses outward. By
around 10 s, the paraffin wax fully transitions from the solid
to the liquid phase. Besides, the temperature diffusion aligns
with the melting progression of the paraffin wax, as shown
in Fig. 5(b). Noted that the heat flux is initially transferred to
the paraffin wax and then gradually accumulates on account of
the latent heat effect, which is consistent with the theoretical
analysis presented in Section III.

Besides, to evaluate the impact of PCM encapsulant on the
uniformity of temperature distribution in the module, the stan-
dard variation of the average junction temperature among the
three paralleled chips is summarized in Table II. It is observed

TABLE II
COMPARISON OF STANDARD VARIATION AMONG PARALLELED CHIPS IN POWER

MODULES WITH DIFFERENT ENCAPSULANTS

Fig. 6. Comparison of the thermal impedances for power modules with
different encapsulation materials.

that the use of PCM as encapsulant does not lead to significant
improvement in temperature uniformity throughout the phase
transition period due to the small thermal spreading angle of
PCMs [11], [12].

Moreover, the thermal impedance of modules encapsulated
with the silicone gel and the paraffin wax can be derived, denoted
as Zthjfs and Zthjfp, respectively, as shown in Fig. 6.

It is evident that Zthjfp exhibits a significant dip, with a
transient thermal impedance differenceΔZth around 13.4%. The
peak of the ΔZth curve reflects the optimal overload duration,
with a 24 °C junction temperature reduction at 3.6 s / three times
the overload capability for the proposed module. Besides, the
10% threshold of ΔZth signifies the effective range of overload
duration, spanning from 10 ms to 22 s for the module with
paraffin wax encapsulation. Furthermore, the integral average
of ΔZth within the 10% threshold, described as phase-change
transient thermal impedance ZthPC, represents the overall over-
load capability of the PCM-integrated power module. For in-
stance, theZthPC of the silicone gel encapsulated modules equals
0, while the ZthPC of the PCM-based modules is 0.01 K/W.
Therefore,ZthPC is a critical and unique indicator concerning the
performance assessment and the degradation analysis for PCM
modules. Furthermore, the proposed thermal assessment method
is suitable for a more reliable power module with enhanced top-
side interconnections, including copper wires, copper ribbons,
and copper clips.

B. Principles of Encapsulated PCM on Thermal Impedance

To reveal the influence principles of the PCM properties on
the thermal impedance for the PCM-coated power module in
Fig. 4, a series of parameter sweep simulations are conducted,
and the results are shown in Fig. 7.

To quantitatively evaluate the impact of material properties
on the thermal impedance curves, a parameter sensitivity δ is
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Fig. 7. Thermal impedance of PCM-coated power module influenced by
material properties of (a) latent heat, (b) thermal conductivity, (c) mass density,
and (d) height.

TABLE III
SENSITIVITY OF MATERIAL PROPERTIES ON THERMAL IMPEDANCE OF PCM

POWER MODULE

defined as

δ =
‖Zthjf,max − Zthjf,min‖

|xmax − xmin| × 100% (2)

where xmax, xmin, Zthjfmax, andZthjfmin represent the maximum
and minimum values of a specific material parameter and the
corresponding thermal impedance curves, respectively. The no-
tation ||·|| denotes the norm of the vector, which is used to
quantify the distance between the thermal impedance curves.
Subsequently, the sensitivity of different parameters, including
the latent heat, thermal conductivity, mass density, and thickness
of the PCM, is calculated and listed in Table III.

It is noted that the thermal conductivity of the PCM has the
most significant impact on transient thermal response, which
decides the heat transfer efficiency, as shown in Fig. 7(b), while
the effect of latent heat is relatively minor owing to the limited
thermal conductivity, as illustrated in Fig. 7(a). Besides, since
the increased density of PCMs means the rise of per unit volume
of PCM masses, an obvious suppression effect of the transient
thermal effect throughout the entire phase change process is
observed. However, enlarging the thickness of PCM can only
improve the thermal buffering performance after 1 s, owing to
the extended thermal path, as shown in Fig. 7(c) and (d). There-
fore, the transient thermal performance of the PCM-integrated
power modules can be improved through strategies including

Fig. 8. Comparison of the thermal impedances for power modules with differ-
ent encapsulations by considering material properties as temperature-dependent
k (T), cp (T ), and constant k, cp.

Fig. 9. Fabricated power modules encapsulated with (a) silicone gel and (b)
paraffin wax.

modifying material properties, as well as increasing the amount
of PCMs.

C. Principle of Nonlinear Temperature Dependence of
Materials on Thermal Impedance

Due to the significant nonlinear temperature dependence of
thermal conductivity k and specific heat capacity cp in stacked
heterogeneous material layers, the corresponding influences on
the ΔZth is necessary to be investigated. As illustrated in Fig. 8,
two sets of thermal impedance curves of power modules with
different encapsulation are obtained through FEA simulations,
with cp and k modeled as either temperature-dependent or
constant parameters. It is noted that the steady-state thermal
resistance of the power modules increases as k (T) decreases
with rising temperature. However, the influence of cp (T ) in
non-PCMs on transient thermal impedance is negligible [13].
In contrast, cp (T ) in PCMs can be regarded as a special case
of temperature-dependent material behavior, which significantly
affects the transient thermal impedance and leads to a concave
Zth curve. Furthermore, the ΔZth is defined as the difference
term of the twoZth, effectively eliminating the impact of steady-
state thermal resistance change caused by temperature depen-
dence. The calculated ΔZth values with and without consider-
ing temperature dependence are 0.0127 K/W and 0.0132 K/W,
respectively, with a relative error of approximately 4%. These
results indicate thatΔZth primarily reflects the transient thermal
impedance between power modules with different encapsulation
materials, thereby verifying the feasibility and effectiveness of
the proposed concept of ZthPC.
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Fig. 10. Measured junction-fluid thermal impedance of power modules with
different encapsulation materials influenced by (a) heating current, (b) sensing
current, and (c) flow rate.

V. EXPERIMENTAL VALIDATIONS

A. Transient Thermal Impedance Measurement

To confirm the overload capability of the proposed power
module and the feasibility of the corresponding evaluation crite-
rion, the prototypes of power modules encapsulated with silicone
gel and paraffin wax were fabricated, as displayed in Fig. 9.
Noted that the paraffin wax-coated power module is prepared by
encapsulating melted paraffin wax after removing the original
silicone gel using a gel breaker. Furthermore, the JESD51-14
standard is employed to extract the thermal impedance of each
power module, with the collector–emitter voltage VCE selected
as the temperature-sensitive parameter [14].

The measuredZthjf of power modules encapsulated in silicone
gel/paraffin wax under different conditions is shown in Fig. 10.
Due to the raised fluid temperature caused by the increased
heating current, the elevated steady-state single-chip thermal
resistance Rthjf is observed, reaching 0.128 K/W under a current
of 35 A, as displayed in Fig. 10(a). Meanwhile, owing to the heat
accumulation, more mass of PCM melt, thus intensifying the
phase change effect, causes the peak of ΔZthjf shift from 140 ms
to 2.1 s. As presented in Fig. 10(b), on account of the enhanced

Fig. 11. Comparison of integral for differential thermal impedance under
different experimental variables.

voltage drop across the contact resistance, a smaller sense cur-
rent resulted in the overestimation of Rthjf around 5.5%, while
since the actual phase change behavior remained unchanged,
the peak of ΔZthjf remained stable at 1.5 s. As described in
Fig. 10(c), by increasing the coolant flow rate, the measured
Rthjf falls inversely from 0.128 K/W at 2 L/min to 0.116 K/W at
10 L/min, benefiting from the improved convective heat transfer
coefficient. Nevertheless, due to the divert of heat flux to the
bottom thermal path of the power modules, the conducted heat
to the PCM layer was reduced, thereby moving the peak ofΔZthjf

earlier from 2.2s to 0.9 s.
Furthermore, the ZthPC under different test conditions is indi-

cated in Fig. 11. It reveals that higher heating currents enhance
the overload capability because of the increased PCM involve-
ment. Besides, when the heating current reaches 30 and 35A,
due to the full melting of the paraffin wax above the chips, the
ZthPC nearly stabilizes, thus indicating the maximum utilization
efficiency of the latent heat from the PCM encapsulant. In
contrast, the elevated coolant flow rates reduce the transient
thermal contribution from the PCM layer, slightly degrading
the overall overload performance. Notably, the sensing current
has negligible influence on the integral value, confirming the
reliability of the thermal impedance-oriented evaluation method
for PCM-based power modules.

B. Converter-Level Operation Validation

As illustrated in Fig. 12, to verify the feasibility and ef-
fectiveness of the power module with encapsulated PCM, a
front-to-front structure is selected, composed of two modules
forming an H-bridge, where the silicone gel-encapsulated mod-
ule is used as the auxiliary module, and the power module
integrated with either paraffin wax or silicone gel is designated
as the device under test. Besides, to achieve online junction
temperature monitoring, the thermocouples are affixed to the
chip surface by using the high-temperature-resistant adhesive
before the encapsulation process.

To demonstrate the transient thermal storage capacity of the
PCM encapsulant, the temperature curves of the two types of
modules under three times the overload condition are captured.
As described in Fig. 13(a), compared with the conventional
power module, the junction temperature rise rate is effectively
suppressed, resulting in an approximate 16 °C reduction in
junction temperature after 5 s of overload. Besides, as illustrated
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Fig. 12. Configuration of experimental setup for converter-level validation.

Fig. 13. Comparison of junction temperature under the three times overload
condition. (a) Identical duration. (b) Identical peak temperature.

in Fig. 13(b), the overload duration of the proposed power mod-
ule has been effectively extended from 5 to around 8 s, validating
the enhanced overload capability of the PCM-integrated power
module.

VI. CONCLUSION

The PCM is promised to fertilize the power module with
overload capability for the utility, vehicle, and aerospace ap-
plications. However, the modified packaging structure poses
challenges to the widespread adoption of the PCM-integrated
power modules. Furthermore, the missing transient thermal
characterization method and evaluation criteria lock the design
and packaging of the power module with PCM integration. This
letter proposed an overload-capable power module by the in-situ
replacement of silicone gel with paraffin wax without significant
structural changes. The thermal model is created to understand
the transient thermal principles of the proposed power module

with PCM encapsulated. To quantify the overload capability
of the PCM module, the phase-change thermal impedance is
defined, calculated by the integrity of the ΔZth determined by
the Zth curves of power modules with silicone gel and paraffin
wax encapsulation. Detailed simulation and experimental results
ensure the overload capability of the proposed module and the
feasibility of the developed evaluation criterion. It is found
that the proposed module offered an additional phase-change
transient thermal impedance of 0.006 K/W with the steady-
state thermal impedance maintained at 0.12 K/W compared
with the silicone gel-encapsulated counterparts. Furthermore,
the converter-level experiments show that the proposed module
exhibits an approximate 16 °C reduction in junction temperature
after 5 s of overload, enabling an extended overload duration of
3 s, demonstrating the competitive overload capability of the pro-
posed module. Critical insights for novel packaging approaches
and thermal performance evaluation methodologies have been
provided in this letter for the next-generation power module with
enhanced overload capability.
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