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Power Density Improvement in Integrated
Electromagnetic Passive Modules With
Embedded Heat Extractors
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Abstract—In this paper, heat extractors are embedded into the
magnetic materials of the integrated power electronics passive
modules. The optimum volume of heat-extracting material may
slightly reduce the amount of electromagnetic energy that is pro-
cessed, but more efficient heat removal yields higher allowable
levels of both electromagnetic stress and losses per unit volume
in the remaining material. Without influencing the electromag-
netic performance, heat extractors provide the potential to im-
prove the power density of passive modules. This paper introduces
the mechanism of heat extractors into passive power electronics
modules. Theoretical thermal models and simulation are used to
investigate factors influencing the module performance and the im-
provement on power density. Prototypes are built for experimental
investigation. The experimental results show great improvement
of power density by the application of heat extraction technology.
High power density, more than 1 kW/in® (70 W/cm3), is achieved
on the prototype.

Index Terms—Embedded heat extractor, passive integrated
power electronics module, power density.

I. INTRODUCTION

OR A LONG time, pursuing high power density has been
F the trend in power electronics applications. With the ap-
plication of high-density integration technology and the corre-
sponding optimization designs for integrated power electronics
modules, high power density of up to 480 W/in® (29 W/cm?) has
been achieved in passive modules with the operating frequency
of 1 MHz [1]. Associated with the increase of power density,
the increasing loss density leads to thermal issues in practical
applications. The maximum allowed temperature inside mod-
ules has become the main design limitation for passive power
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electronics modules. While the surface temperature of a module
can be controlled by external cooling conditions, the maximum
temperature rise inside the module is determined by its heat-
conduction ability, which describes the capability of a module
to disperse inner heat to the outside. The heat-conduction ability
of a passive module is influenced by the distribution of gener-
ated heat, the structure, and the material properties, including the
thermal-interface performance. For a specific module with fixed
heat distribution, the maximum temperature difference between
the inside and the surface of the module has been proposed to
represent the heat-conduction ability [2].

A large part of the volume of a passive power electronics
module includes ceramics with low average thermal conduc-
tivity [3]. To improve its heat-conduction ability, the concept
of embedded heat extractors has been proposed, and is proven
to be a feasible approach [4]. The embedding of electromag-
netically inactive heat-extracting material reduces the effective
volume of the electromagnetic material, thus increasing the loss
density; on the other hand, it provides additional heat-extraction
channels and changes the distribution of the generated heat by
separating heat-generating material with non-heat-generating
materials. An improvement in the efficiency of heat removal
yields higher allowable levels of both electromagnetic stress and
loss density in the remaining electromagnetic materials, pro-
viding the potential to increase the power density. In practical
design procedures, a tradeoff exists between high efficiency and
high power density; this can be controlled by different criteria.

Based on the study of a specific integrated passive module,
this paper investigates the application of ceramic heat extrac-
tors in passive power electronics modules. To improve the heat-
conduction ability, the ceramic heat extractors are inserted into a
module. The construction and material characteristics of the im-
proved module are discussed in Section II. The electromagnetic
design of an integrated logical link control translator (LLCT)
module and its loss distribution is presented in Section III. In
Section IV, the factors influencing the thermal behavior of the
improved module are discussed. Numerical simulation results
and the discussions are presented in Section V. The verification
experiments are presented in Section VI.

II. PASSIVE MODULE WITH EMBEDDED HEAT EXTRACTORS

An integrated passive module combines capacitive and induc-
tive (as well as transformative) functions in a module [5] (refer
to Fig. 3). Providing sufficient inductance generally requires a
magnetic material such as a ferrite core. The dimensions of the
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Fig. 1. Optimum heat extraction geometry for cases in which heat-extractor

material occupies less than 10% of the total volume.

core are determined not only by the electromagnetic specifica-
tions but also by the allowed core loss density. In cases where
efficiency is not the main design consideration, the maximum
allowed core loss density is set to limit the maximum tempera-
ture inside the module to be lower than a practically acceptable
value, for example, 100 °C. It is obvious that by improving the
thermal-removal ability of the module, the core can support a
higher loss density, which normally corresponds to a higher
power density.

A solid-state heat extractor has been proposed to improve the
heat-conduction ability of cores in passive modules [4]. Heat
extractors are embedded into cores to provide additional heat-
transfer paths, as shown in Fig. 1. In practical applications, the
embedding of heat extractors is not supposed to change the over-
all dimensions of the original module. Toward this end, a certain
amount of the core is replaced by the heat extractors. Since the
flux is kept constant, reducing the core volume increases the flux
density and core loss density, and thus, changes the core loss.
Assuming the module is excited with sinusoidal waveforms, the
Steinmetz equation, (1), can be applied to estimate the core loss.
The core loss density is calculated by the frequency, flux density,
and material constants

P, =C, f%B%. 1)

The normalized core loss with respect to the relative volume
occupied by heat extractors is described in (2), where C'5 is the
parameter in the Steinmetz equation that represents the material
constant, which has a typical value of 2.9 for 3F4 material at 1
MHz (manufacturer data); and « is the relative volume of heat
extractors, which is the ratio of the volume of heat extractors to
the total volume

o Pioss (Ol)

P, = =(1—a) . (2)
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Fig. 2 shows that by replacing 10% of the core with heat
extractors, the core loss will increase to 122% of the original
amount. To maintain high efficiency, normally the reduction of
core volume is expected to be less than 10%. The numerical op-
timization investigation shows that the optimal cross-sectional
shape of solid-state embedded heat extractors is that of contin-
uous flat layers, as shown in Fig. 1 [6]. An added attraction for
this approach is that heat extractors with flat structures offer
easy assembly.
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Fig. 2. Normalized power loss vs. relative volume of heat extractors.
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Fig. 3. Method of inserting heat extractors into an integrated module.

The location of heat extractors is another consideration for
assembly. To avoid influencing the magnetic characters of the
module, the heat extractors should be located parallel to the flux
lines, so that flux lines have minimal crossing of the interfaces
between the ferrite and the heat extractors. Thus, the heat ex-
tractors have the same cross-sectional shape as the core, and
are inserted evenly into the ferrite cores, as shown in Fig. 3.
For this kind of structure, heat sinks are placed on the four side
surfaces of the module in order to perform three-dimensional
heat extraction.

To avoid generating additional heat, the heat-extractor mate-
rial should be electromagnetically inactive. Aluminum nitride
is selected as the solid-state heat-extraction material for high
cost-efficiency and thermal conductivity, of which the achieved
level is 170 W/m-K; this is much higher than that of ferrite,
which is about 5 W/m-K.

Besides thermal conductivities, the interfacial thermal resis-
tance also influences the overall thermal performance. As re-
ported in other research [4], when there is an increase in either
the thermal contact resistance between the core and heat ex-
tractors or the thermal contact resistance between the module
and the heat sink, there is a resulting increase of the barriers in
the thermal path; thus, the benefit of heat extraction is reduced.
Thermal adhesives, such as silver loaded paste, are used to me-
chanically bind ferrite cores and heat extractors, and to reduce
the interfacial thermal resistance to 2 x 10~ (m2~K)/W (man-
ufacturer’s data). Noting that the interfacial thermal resistance
is influenced by the contact pressure, mechanical clamps are
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applied to fix the module and the heat sinks, and to reach the in-
terfacial thermal resistance of 2.3 x 10~* (m?-K)/W, measured
in [2].

In the previously mentioned work [4], the core is the only heat
generator; thus, heat extractors are supposed to remove only the
heat inside the cores. Heat transfers one way from the core to the
extractors. For this kind of application, the interfacial thermal
resistance is the dominant barrier in the heat path, and thus, plays
an important role in influencing the overall thermal performance
of the module. However, in a practical passive power electronics
module, the integrated conductor and dielectric materials create
an amount of heat comparable to that generated by the core.
For example, the sum of conductor loss and dielectric loss in
previously designed integrated LLCT modules occupies about
80% of the total module loss [7]. In such a module, considerable
heat is generated in the kernel of the module. On its way to the
heat sink, the heat may induce a large temperature rise due to
the internal thermal resistance, such as the thermal contact resis-
tance between the winding materials and the magnetic core, the
thermal resistance of the core, and the thermal contact resistance
between the core and the heat sink. Here, heat extractors provide
not only a channel for extracting heat generated inside the core,
but also a path to transfer the heat inside the kernel to the heat
sink. The overall thermal performance of a module with heat
extractors is not only determined by the material properties, but
also the structure of the module and the distribution of the loss.

III. INTEGRATED LLCT MODULE

A specific passive module is presented as the example, in
which the factors influencing the module performance can be
investigated. The integrated LLCT module, as the name indi-
cates, has the equivalent function of the combination of four
discrete components: magnetizing inductor, resonant inductor,
resonant capacitor, and transformer, as shown in Fig. 4. This
module is designed for a 500 W dc/dc series resonant converter,
converting 200 V input to 48 V output, with an operating fre-
quency of 1 MHz. The design specifications are listed in Table I.
The operation of the LLC resonant circuit is discussed in other
work [8].

The stacked structure is applied to implement the module [9].
The integrated module is built based on a transformer with planar
windings. In the primary side, eight inductor—capacitor (L-C')
cells are connected as a four-turn winding. The L-C' cells are
made by long, thin dielectric strips covered by copper layers on

TABLE I
DESIGN SPECIFICATIONS
D— Parameters Values
T resonant inductance, L, 0.4 mH
resonant capacitance, C, 50 nF
resonant frequency, f; 1.IMHz
magnetizing inductance, Ly 20 mH
operating frequency, 1 MHz
turn’s number in primary, n, 4
turn’s number in secondary, ng 2
connection method of L-C cells Parallel
current in primary, lims 3.09A
current in secondary, Isecrms 105 A
output power, Py 500W
TABLE I
DIMENSIONS OF THE INTEGRATED MODULE
Dimension Parameters Values
winding window width 11 mm
winding window height 3 mm
core thickness 2 mm
module width 15 mm
module height 14 mm
module length 60 mm

both sides. The dielectric material is ceramic NPO1250 with a
relative permittivity of 186 and a thickness of 0.15 mm. The
copper layer has a thickness of half copper skin depth at 1 MHz.
By properly setting the terminals and interconnections, the L—C'
cell winding functions as an inductor—capacitor series resonator.
The secondary winding is made of thin copper foil. Between the
two windings, a thin ferrite polymer composite (FPC) strip is
used to provide leakage inductance. Both the windings and the
leakage layer are encapsulated with epoxy. Two planar ferrite
cores surround the encapsulated block with an adjustable air
gap. The structure diagram is shown in Fig. 5.

The dimensions of the module are determined by the values
of the two design variables, the magnetic flux density B, and
the average current density J. Proper design can be achieved
based on different criteria of efficiency and power density. The
optimal design shows the potential of this structure to reach
high power density, but before the design is finally determined,
the maximum allowed temperature rise should be considered
as a constraint. To sufficiently narrow the research focus of
this study, the authors have avoided selecting designs with high
loss density, which may not allow for practical implementation
in the verifying experiments. The selected design is the one
with an average current density of 10 A/mm?, a flux density of
55 mT, and an estimated power loss of 17 W. The dimensions
of the module are listed in Table II, and the loss distribution is
listed in Table III.
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TABLE III
POWER AND LOSSES APPLIED IN THE THERMAL MODEL
Parameters Values
winding loss SW
dielectric loss W
core loss 113W

IV. FACTORS INFLUENCING THE THERMAL PERFORMANCE

To investigate how heat extractors influence the performance
of the module, a simplified thermal model is built based on
the structure shown in Fig. 5. Since it is not the intention of
this paper to present a detailed thermal analysis, the simplified
model is used here to give a qualitative discussion of the main
considerations.

Several assumptions are made to simplify the model. In the
windings, thin dielectric layers and thin copper layers interleave
and stack tightly within an encapsulant package. The winding
and the encapsulant together are regarded as a uniform heat-
generating block with the same thermal conductivity as the
dielectric material, 0.2 W/m-K. Since heat extractors do not
contact the inner part of the winding block, this approximation
changes the internal temperature rise of the winding block, but
has only slight influence on the module performance as it relates
to heat extractors.

The ferrite core is regarded as a uniform heat-generating
medium. The thermal contact resistance between the core and
the winding block is assumed to have the same value as that be-
tween the heat extractors and the winding block, and is termed as
the internal thermal contact resistance, R;, . The thermal contact
resistance between the core and the heat sink is assumed to have
the same value as that between the heat extractors and the heat
sink, and is termed as the external thermal contact resistance,
Rext .

As shown by the dimensions given in Fig. 5, the module
length is much larger than the width and height. Thus, a two-
dimensional heat transfer can be assumed on the cross section.
Fig. 6 shows the diagram of heat paths on the cross section. In
a module, there are two heat sources: the winding block and
the magnetic core. Applying the superposition principle, the
amounts of heat flux generated by these two heat sources can be
studied separately, and the results can be combined linearly. For
the heat generated inside the winding block, both the core and
heat extractors are conduction paths, through which heat can be
conducted to the heat sink. The internal and external thermal
contact resistance and the equivalent thermal resistance of the
combination of the core and heat extractors are the barriers on
this heat path. For heat generated in the core, the winding block
functions as a conductor conducting heat between the core and
the heat extractors. Because of the different heat distribution,
the equivalent thermal resistance with respect to the two heat
sources is different. The equivalent structures of both cases are
shown in Fig. 6, where the core and the winding block are
replaced by equivalent spot heat sources, and the corresponding
equivalent thermal resistance is applied.
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Fig. 5. (a) Exploded view of the LLCT module without heat extractors.
(b) Exploded view of the LLCT module with heat extractors.

The relative volume of heat extractors influences both the
core loss and the thermal resistance on the heat paths, while
the interfacial thermal resistance between the core and heat
extractors, Rp._ 4;n , does not have much impact on the thermal
performance. The interfacial thermal resistance becomes less
important in cases where the core thickness is much smaller
than the width and height of the module, because a small core
thickness leads to a small area of contact with the heat extractors.
Heat transfers directly to the heat sink without passing the heat
extractors. The amount of heat conveyed between the core and
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Fig. 7. Equivalent structure (a) for removing heat in the winding block and
(b) for extracting heat from the core.

heat extractors is also related to the heat-generation distribution
and detailed boundary conditions.

In some applications, the loss in the winding block will be
much higher than that in the core. If the core thickness is much
smaller than the cooling area contacting the heat sink—for ex-
ample, a planar core is applied—the thermal resistance between
the core and heat extractors, Rop, is so large that the heat con-
duction between the core and heat extractors is negligible. For
such cases, it can be assumed that no heat transfer occurs be-
tween the core and the heat extractors, and the model in Fig. 7(a)
can be solely applied. Assuming that the value of Ry is infi-
nite, the overall equivalent thermal resistance of the module can
be expressed by the following:

(kn Rs + Rcore)(Rs + Rcore)
(kn Rs + R(:ore) + (kn - 1)Rc0re e

where k,, is the ratio of the heat-extractor thermal conductivity
to the core thermal conductivity, R, is the sum of the internal
and external interface thermal resistances, R.... 1S the ther-
mal resistance of the core without embedded heat extractors,
and « is the relative volume of heat extractors. The value of
overall equivalent thermal resistance R, varies within the range
as Ry + (Reore/kn) < Ry, < Rs + Reore. If thermal adhesive
with high thermal conductivity is applied in the internal and ex-
ternal interface, the value of R, can be small; then, the overall
equivalent thermal resistance is approximately inversely pro-
portionate to the relative volume of the heat extractors.

In some applications, the core loss is the dominant loss of the
module, and the core thickness is comparable to the width and
height of the module. Then, the model in the Fig. 7(b) can be
solely applied. Ignoring the heat passing through the winding
block, the investigations for this model are carried out with

R, = 3
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with embedded heat extractors.

numerical methods, and these results are verified by experiments
in other work [4].

However, in those power electronics applications where the
optimal design is to reach highest power density, the core loss is
comparable to the winding loss and the dielectric loss, and core
thickness is not negligible. For heat generated by the winding
loss and the dielectric loss, the heat extractors directly per-
form as heat dissipation paths. Thus, in these cases, the relative
volume of heat extractors has more influence on the reduc-
tion of temperature rise than those presented in [2] and [4].
For these cases, such as the integrated LLCT module pre-
sented in Section III, numerical methods must be applied in the
investigation.

V. THERMAL SIMULATION AND DISCUSSIONS

Based on the assumptions discussed in Section IV, a thermal
model was built in the simulation software, I-DEAS, to investi-
gate the factors influencing the performance of the module with
heat extractors, as shown in Fig. 8.

The model consists of nine core layers and ten aluminum ni-
tride layers. The two kinds of layers interleave with each other.
By changing the thickness of the layers, the relative volume of
heat extractors can be controlled. The thermal resistance on the
interfaces is determined by materials and processing technolo-
gies. The internal thermal contact resistance is estimated by
calculating the thermal resistance between the winding block
and the inner surface of the core and heat extractors. The ma-
terial in between can be either air'') or the encapsulant(?) with
a thermal conductivity of 1.5 K/m-W. The material between
the heat sink and the outer surface of the module can be either
thermal adhesive(®) or a thermal pad®). The interfacial thermal
resistance between the core and heat extractors is obtained from
the measurement results in [2]. By changing the surface rough-
ness and the applied pressure, the interfacial thermal resistance
can be modified. The values of the thermal contact resistance
and the corresponding interfacial thermal resistance are listed
in Table IV. In the simulation, the temperature on the heat sink
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TABLE IV
PARAMETERS VALUES IN THE SIMULATION

Thermal Contact Interfacial Thermal

Resistance [K/W] Resistance [m*K/W ]
R, 7.44 25x 107
Ry 0.198 33x10*
Reu” 0.072 2.5x 10"
R 0718 2.5%10°
Ree.aiv 1.39 2x10*

The notation (1), (2), (3), (4) are corresponding to materials discussed before.

TABLE V
PARAMETERS FOR THE SIMULATION OF GROUP 1 AND GROUP 2
Group 1 Group 2
AT for a. =0 [°C] 15.4 63.1
Ry, [M*K/W ] 3.3x10* 2.5 x 107
Rex [M*K/W ] 25x10* 25x107°
Rie.aiy [M’K/W ] 2x10* 2x10*

surface is fixed at 25 °C. The two terminal surfaces are set as
thermal isolation.

Since the varying relative volume of the heat extractor
changes the loss as well as the loss distribution in the core,
the module with the best thermal-handling ability may not be
the one with the minimum temperature rise. Thus, the overall
equivalent thermal resistance cannot be representative of the
performance of a module. The maximum temperature differ-
ence between the inside of the module and the heat sink surface,
ATy ax, 18 accommodated to represent the performance of the
module. The lower internal temperature rise refers to better per-
formance and also the larger power-processing capability.

Four factors influencing the performance of modules with
heat extractors—the internal and external thermal contact re-
sistances, the interfacial thermal resistance between the core
and the heat extractors, and the relative volume of the heat
extractors—were set as four respective variables in four differ-
ent groups of simulation experiments.

For each group, the internal temperature rise in the module
without a heat extractor was first obtained by simulation. This
result was compared with the other results in the group. The
module performance was then presented with normalized values
of the internal temperature rise.

A. Investigation of the Influence of the Relative Volume of Heat
Extractors, o

The simulation to investigate influence of the relative volume
of heat extractors is made in two groups with different interface
materials. In group 1, the air and thermal pad are the interface
materials, while in group 2, the encapsulant and thermal ad-
hesive are the interface materials. The temperature rise inside
the module is obtained from simulation with the two groups of
interface materials, respectively. The results and the values of
corresponding contact thermal resistance are listed in Table V.
Fig. 9 shows that by applying a small volume of heat extractors,
the internal temperature rise decreases. The optimal value of the
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Fig. 10.  Efficiency vs. relative volume of heat extractors.

relative volume of heat extractors varies with different interface
thermal properties. In the practical design, before the optimal
design of the relative volume, the interfacial material needs to be
properly selected to determine the values of the interface thermal
properties. For the presented module, with the heat extractors
occupying 15% of the total volume, the internal temperature
rise could be reduced to 85% of the original value with the ef-
ficiency reduction of about 1%, as shown in Fig. 10. In other
words, with the application of heat extractors, the throughput
power and the power density of the module can increase to 118%
while the maximum temperature remains unchanged, assuming
that the increased power loss is proportionately distributed into
the winding block and the core.

B. Investigation of the Influence of the Interfacial Thermal
Resistance Between Core and Heat Extractors, Rp._a1N

To eliminate the influence from the internal and external con-
tact thermal resistances, the values of the contact thermal resis-
tance are fixed as 2 x 10~% (m2-K)/W in the simulation. The
relative volume of heat extractors is set as 10%. The internal
temperature rise in the module without a heat extractor is set
as the comparison reference. Fig. 11 shows that the interfacial
thermal resistance between the core and heat extractors has a
slight influence on the thermal performance of this module.
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C. Investigation of the Influence of the Internal and External
Contact Thermal Resistance, R;, and Ry

The relative volume of heat extractors for this simulation is
set at 10%, and the interfacial thermal resistance between the
core and heat extractors is set as 2 X 10™* (m?-K)/W. With the
varying values of R;, and Ry, the internal temperature rise is
obtained for modules with and without heat extractors, respec-
tively. The two sets of values are compared to demonstrate the
extent to which the internal temperature rise could be reduced
by applying the heat extractors. Fig. 12 shows that the smaller
the contact thermal resistance, the greater the improvement con-
tributed by heat extractors is. As observed from the curves, when
the internal thermal contact resistance R, is large, say, at the
level of 0.02 (m?-K)/W, it exerts the main influence on the tem-
perature reduction; when the R;, value reduces to the lower
level as 0.002 (m?-K)/W, it has less influence than the external
thermal contact resistance, R..;. The reason is that when the
R;, value is low enough, it impacts the internal paths of heat
flow little. So does the R.:. The detailed threshold values de-
pend on the specific structure, material properties, and the loss
distribution.

VI. VERIFICATION EXPERIMENTS

To verify the improvement made by heat extraction tech-
nology, two prototypes have been built to experimentally in-
vestigate the influence of applying heat extractors in passive
integrated modules. Prototype I has the same structure and di-
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Fig. 13. Integrated LLCT modules with the identical winding structure and
overall dimensions. (a) Prototype I: the integrated LLCT module without heat
extractors. (b) Prototype II: the integrated LLCT module with heat extractors—
ten pieces of AIN slices and nine pieces of ferrite cores.

Heat dissipation is

Active model monitored for loss
""""""""" measurement
. T i Vi X bt i
i, i | Pria LLeT ML Ve
POWSE 1y 141 ol g prototype vseclseC; T i Load
supply " I ‘I‘ Under test Y & T
pri Z B )
l | Pt
Power in Power out
Multimeters

Fig. 14.  Block diagram showing the experimental setup and measurement.

mensions as the one without the heat extractor in the simulation.
Prototype II has the same winding structure, dimensions, and
materials as prototype I, but has 10% of the ferrite core replaced
by heat extractors. The external views of the two prototypes
are shown in Fig. 13. The heat extractors are made of alu-
minum nitride and have the same dimensions as indicated in
the simulation structure. The two prototypes are tested with a
1 MHz inductor—inductor—capacitor (LLC) converter. The ex-
perimental and measurement setups are shown in Fig. 14. The
LLCT total loss is measured by monitoring the heat dissipa-
tion at thermal steady state using a specific structure. A specific
structure has been developed to monitor the heat flux flowing
out for the LLCT module. Mechanical constraint was applied to
eliminate the system measurement error. The relative uncer-
tainty of the measured power loss is 4%. The details of this
measurement are presented in [10]. The efficiency of the LLCT
module and the whole converter, as well as the temperature at
the thermal steady state, were recorded and compared. Since the
loss distribution in the in-circuit test is different from the sit-
uation used in the thermal simulation, the experimental results
are not comparable with the simulation results. Nevertheless,
the experimental results between the two prototypes can be
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TABLE VI
CIRCUIT OPERATION CONDITIONS OF THE COMPARISON EXPERIMENTS
Experiment 1 2 3 4 5
prototype I 960 960 950 990 997
f (kHz)
prototype 11 952 952 951 951 951
v ) prototype I | 302.0 | 3264 | 3537 | 285.0 | 3027
prototype I | 302.9 | 3285 | 3514 | 2774 | 2940
L) prototype I | 1356 | 1458 | 1594 | 2331 | 2.469
prototype Il | 1400 | 1534 | 1.640 | 2420 | 2.568
V) prototype I | 44.08 | 47.64 | 51.99 | 3945 | 4191
o prototype Il | 44.89 | 48.74 | 52.22 | 39.54 | 41.99
T(A) prototype I 8.70 9.37 10.20 15.63 16.57
o prototype Il | 8.84 | 9.70 | 1037 | 15.63 | 16.58
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Fig. 15. Total loss measured on prototypes I and II in the two sets experiments,

respectively, as well as the loss increase in prototype II with respect to that in
prototype I in percentage.

compared to each other to investigate the performance improve-
ment induced by the heat extractors. By keeping the circuit op-
eration condition and the external cooling condition the same,
the two prototypes are tested under a set of the experiments.
The power density, efficiency, total loss, and internal tempera-
ture rise are recorded for the comparison. The operating points
are selected to simplify the verification of loss models. Since the
operating frequency impacts not only core loss but also winding
loss and dielectric loss, the frequency was kept nearly constant.
The varying output voltage and current in different operating
points provide different combination of losses in the core, wind-
ing, and dielectric layers. The sums of all the losses calculated
by the loss models are compared with the measured LLCT total
losses (discussed in another paper). Table VI lists the circuit op-
eration conditions of the comparison experiments. The compar-
ison of the total loss of the two prototypes is shown in Fig. 15.
Fig. 16 shows the efficiency comparison, and Fig. 17 shows
the comparison of the internal temperature rise. The results
of the five sets of comparison experiments show that by apply-
ing the heat extractors, the total loss of the integrated module
increases less than 15%, the efficiency reduces less than 0.32%,
while the internal temperature rise reduces more than 30% of
that without heat extractors.

The low internal temperature rise indicates that the design
was conservative and higher power density can be achieved
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Fig. 16.  Efficiency measured on prototypes I and Il in the two sets experiments,

respectively, and the efficiency reduction in prototype II as compared to that in
prototype 1.
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Fig. 17. Internal temperature rise measured on prototypes I and II in the
two sets experiments, respectively, and the reduction of temperature rise in
percentage with respect to the temperature rise in prototype 1.

TABLE VII
CIRCUIT OPERATION CONDITIONS AND RESULTS OF THE TESTS WITH
PROTOTYPE II FOR HIGH POWER DENSITY CAPABILITY INVESTIGATION

Experiment 1 2 3 4

f (kHz) 938 925 954 920

Vi (V) 353.4 361.3 367.1 385.5

lin (A) 1.388 2.070 2.633 2.827
Piy_converter (W) 490.5 747.9 966.6 1089.8
Vou (V) 47.82 48.44 48.11 51.00

Lo (A) 9.51 14.38 18.71 19.77
Pout_converier (W) 454.8 696.6 900.1 1008.3

Piogs converer (W) 35.7 513 66.5 81.5
converter efficiency (%) | 9271% | 93.14% | 93.13% | 92.52%
LLCT loss (W) 13.87 16.57 18.39 21.94
LLCT efficiency (%) 96.95% | 97.62% | 97.96% | 97.82%
LLCT temp. rise (°C) 9.901 11.476 12.425 14.388
L(L“C;ani‘)’j"(e&,‘}::ji)‘y 518/32 | 793/48 | 1024/63 | 1147/70

under the thermal constraints. To further investigate the power
density capability of prototype II, four more tests have been
done with the throughput power increasing from 450 W to
1 kW. The circuit operation conditions and the test results are
listed in Table VII. Prototype II reaches the power density of
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1147 W/in® (70 W/cm?®) with the efficiency of 97.8% and the
internal temperature rise of 14.39 °C.

VII. CONCLUSION

This paper presents the investigation of applying heat extrac-
tors in integrated power passive modules. The embedded heat
extractors influence both the loss distribution and the thermal be-
havior of the module. Based on the thermal model describing the
thermal behavior, four factors affecting the module performance
were proposed and studied by numerical methods. Simulation
results show that the relative volume of heat extractors has the
largest impact on the module performance. The thermal contact
resistance on the heat path greatly influences the overall ther-
mal performance. A large thermal contact resistance may limit
the performance improvement. The simulation results show that
the power density can be improved with the application of heat
extractors. Two prototypes are built for the comparison exper-
iments. The experimental results show that the application of
heat extractors (occupying 10% of the total volume) greatly re-
duces more than 30% of the internal temperature rise, while
slightly reducing the efficiency, less than 0.32%. The prototype
with embedded heat extractors reaches the power density more
than 1 kW/in® (70 W/em?®).

With the same mechanism, the application of heat extraction
can be extended to other power electronics components such as
active integration modules and discrete passive components.
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