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Abstract
Advanced power electronic supplies with high power density are strongly demanded
in a wide range of power levels. This thesis proposes high power density and thermal
management solutions for three levels of power system integration: chip level for low
power converters with 5W to 30W power ratings; power device level to decrease the
component size; and power converter level including DC-DC converters and AC-DC
converters range from 1kW to 6.6kW.
High performance point of load converter structure is investigated for low power level
compact module applications based on the power supply in inductor (PSI2) technology.
This thesis proposes a 3D PSI2 integrated power module at 5V/8A output which reduces
the size of POL module while maintaining a low junction temperature. Improved thermal
modeling methodology is developed for integrated modules to achieve more accurate
thermal analysis.
In device level, a novel micro electromechanical system (MEMS) power relay which
uses tiny MEMS switches is designed. The MEMS switch is used to replace the bulky
magnetic – metal contact structure in traditional power relay solutions. Much lower on state
resistance than solid state relay (SSR) is achieved, therefore less thermal issue is address
due to lower conduction loss.
Power density improvement and thermal design for discrete mid-level power
converters from 1 to 20kW are studied and two high power density converters are proposed.
The first implementation is a high current low voltage converter (with 14V/270A load) for
electric vehicles (EVs). By building a multi-PCB cooling (MPC) cooling structure, the
volume of converter is reduced by 31% while achieving the best heat dissipation
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performance. The second research is a single stage LLC AC-DC converter with PFC for
on board charger (OBC) application. The LLC converter is proposed which combines the
functions of power factor correction (PFC), DC-DC voltage regulation and galvanic
isolation in only one stage. Bulky magnetic components are saved, and high power density
is achieved by the proposed converter.
In this thesis, multiple research methodologies including mathematical modeling,
finite element analysis (FEA), SPICE based simulation and experimental test are employed
to verify the proposals and theories.
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Introduction
This chapter introduces the applications that high power density is demanded. They
include the point of load (POL) converter, low voltage DC-DC converter (LDC) and on
board charger (OBC) of electric vehicles (EVs) are discussed.
1.1 Point of Load Converters in Portable Devices
Integrated power modules (IPM) featuring high power density, high efficiency and
low cost are widely desired by many industrial and commercial applications [1][2][3]. A
power module uses a printed circuit board assembly (PCBA) or lead free assembly to
integrate the functions of a voltage regulator, several auxiliary components and an inductor
in one small package. The power supplies in cell phones, telecommunication equipment,
computer systems, unmanned aerial vehicle and other portable electrical applications as
shown in Fig. 1.1 are favorable IPM users because of their compact size [4][5].
In those applications, the point of load (POL) converter, especially the step-down Buck
converter shown in Fig. 1.2 is the mainstream of the final stage converters at the present
[6][7]. An integrated POL module with minimized footprint and high efficiency can allow
a promising design for the power supply in these portable devices. They locate close to the
load and provide power to the load directly. The input voltage of Buck POL converters
usually ranges from 5V to 48V, the output voltage can be from 0.6V to 12V, and the
maximum output current can be up to 50A [8][9]. The output power of the modules varies
from 15W (cell phone charger) to 200W (for CPU or GPU).
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Fig. 1.1: Applications of integrated POL Buck converter

With the objective of achieving both smaller size and more powerful functions,
improving the power density is necessary for the portable devices. Two existing methods
are explored to meet high power density design target of POL modules: the first is to
increase the switching frequency and the second is to integrate passive components with
active devices to save the volume. High frequency solution requires development of new
magnetic material and semiconductor device; and integration method mainly focuses on
size reduction of magnetic components.

Fig. 1.2: Step-down BUCK converter topology
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(a) 0.6A module,

(b) 6A module,

(c) 30A module

Fig. 1.3: POL converters with different current ratings

Three state-of-art commercial POL Buck converters are shown here as an example.
The modules as shown in Fig. 1.3 are TPS82674, TPS84620 and LMZ31530 and their
maximum output currents are 0.6A, 6A and 30A respectively [10][11][12]. The switching
frequency of the modules at full power are 5.5 MHz (for 0.6A), 780 kHz (for 6A) and 500
kHz (for 30A) respectively. Also, the power density for those three POL converters are
1700W/m3, 1300/m3 and 1170/m3, which is corresponding to the increasing volume of
inductor and the operating frequency. The inductor size is shown in Table 1.1.
Table 1.1: Inductor size versus rate load current
Part
number

Load
Current

Rated
Power

Footprint Size

Inductor Size

Ratio of
inductor

TPS82674

0.6A

0.72W

2.4mm×2.9mm

2×1.3×0.7mm

37.4%

TPS84620

6A

30W

15mm×9mm

6×6×2mm

40%

LMZ31530

30A

100W

15mm×16mm

13.5×9×3mm

50.1%

The ratio of magnetics that occupies in a power module is limited by the power
delivered by the inductor. The total volume of magnetics cannot be changed for a given
switching frequency; thus, the structure of integrated converter is the design object in this
case. Smaller module size could be achieved with the emerging structures without losing
efficiency, maximum load current or increasing current ripple.
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1.2 Fundamentals of Thermal Analysis
To properly settle down the overheating problem caused by reduced heat dissipation
area, thermal analysis is significant for the development of high power density technologies.
Thermal resistance is introduced to characterize the thermal property. It is defined as the
ratio of the temperature difference (between the heat source and the ambient) and the
amount of total heat (power loss). Minimizing the thermal resistance is the goal of cooling
design to achieve lower junction temperature.
Considering the physics of thermal resistance, there are mainly three modes of heat
transfer that determine the value which are heat conduction, convection and radiation [13].
1.2.1 Conduction Heat Transfer

Conductive heat dissipation is the heat transfer through a solid medium. As shown in
Fig. 1.4, different temperature forces the heat to flow from one object to another, creates a
temperature drop on the thermal resistance of the heat path.

Fig. 1.4: Concept of heat conduction

To extract the thermal resistance for modeling, power of heat conduction and the
conduction thermal resistance are determined by (1.1) and (1.2):
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𝑞 = (𝑇1 − 𝑇2 )/𝑅𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛
𝑑

𝑅𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛 = 𝑔 ∗ 𝑘∗𝐴

(1.1)
(1.2)

Where T1 is the temperature of heat source and T2 is the temperature of ambient. Heat
energy q transfers through a medium with a cross section area A (m2) and length d (m). The
thermal resistance of conduction is always used to describe the heat path from the heat
source to the interface of component or heat sink surface and ambient. In order to reduce
the thermal resistance to enhance the conduction process, three straightforward methods
are employed: (1) use high thermal conductivity material; (2) shorter the path from heat
source to ambient; (3) larger the contact area [14].
1.2.2 Convection Heat Transfer

Convectional heat dissipation is the transfer of energy from a hot surface through the
motion of fluid (usually air or coolant) to the ambient. It always represents the combination
of conduction of the fluid medium and exchange of fluid flow. In a well-designed power
electronic system, convection transfers more than 80% of the heat outside the package
while radiation transfers less than 20% as discussed in section 1.2.3. The power of heat
convection is only determined by the surface area and the property of ambient material (air
or coolant) which is affected by the temperature, flow velocity and moisture factors. The
resistance of convection is used to describe the case to ambient thermal resistance.
Natural convection and forced convection are two modes of convective heat transfer.
For natural convection, it is caused by the temperature difference of the fluid ambient and
forced convection is caused by the external fluid flow like a fan. Take air as an example,
with an air flow of 180 linear feet per minute (LFM), the thermal coefficient is increased
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by 4 times compared with still air (5W/m2‧K to 20W/m2‧K). Enhancing heat convection
can be approached with forced air flow or larger surface area [15].
1.2.3 Radiation Heat Transfer

Radiative heat dissipation is the transmission of heat through infrared wave. All
objects keep transferring heat in radiation outwards at any time. As shown in Fig. 1.5,
moving fluid brings the convection, and the surface and ambient both radiate heat to each
other naturally. The ratio of radiation is usually small compared with convection under
normal temperature condition (especially with forced air flow) so it is not considered in
thermal design for a lot of cases.

Fig. 1.5: Concept of convection and radiation heat transfer

To conclude the basics of heat transfer, conduction and convection dominate the heat
dissipation and they are the methods that need to be analyzed. The heat energy transferred
by these two methods has the similar form of basic differential equation compared with the
electrical energy, i.e. heat and power behave in almost the same way. In consequence, heat
transfer can be modelled as a circuit to significantly simplify the analysis and estimate the
thermal performance.
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1.3 Power Electronics in Electrified Transportation System
As the increasing demand of environmentally friendly energy, the research and
development of Electric Vehicles (EVs) technologies are becoming more attractive, and
the worldwide EV market is growing steadily. At the end of 2017, 3.1 million units of EV
sales has been achieved and many countries have proposed their developing future target
for EV sales [16]. At the present, 95% of EV sales occur in the US, China, Japan, Canada
and countries in Europe Union, and it is growing globally.
The diagram of power system on EV is shown in Fig. 1.6. The energy storage system
is consisted of a high voltage (HV) battery (250V to 450V) and a low voltage (LV) battery
(9V to 16V). The HV battery receives power from the grid and it provides power for the
electric motor and the LV battery of EV [17]. On Board Charger (OBC) is the most
commonly used charging solution for HV battery. Besides the OBC, the HV battery can
also be charged by off board charger, which is another important industrial implementation
of EV charging. In addition, DC fast charging and wireless power transfer (WPT) methods
are being investigated as the alternative future solutions [18].

Fig. 1.6: Typical EV power system diagram
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The early generation of OBC is at power level around 3.3kW, and currently almost
every EV has power level of 6.6kW to 7.4kW. High power (>7.4kW) charger for fast
charging purpose is a trend of further development [19]. This power level is now
implemented by off board chargers which take much bigger volume. At present,
requirements for OBC design are light weight, small size and low cost to meet the high
power level. The OBC family mainly includes two types: modular single stage solution
and modular two-stage solution from topology prospective. These two types will be
reviewed in the next chapter. All the OBC designs are restricted by some industrial rules
including power factor (PF), total harmonic distortion (THD) and output current ripple, etc.
Galvanic isolation is also demanded out of safety consideration.
A high voltage (HV) to low voltage (LV) DC-DC converter (LDC) is needed to
convert the power from HV battery (250V to 450V) to LV battery (9V to 16V) to support
the lighting, audio, air conditioner and other auxiliary functions. The improvement of these
functions is making the users more comfortable, but on the other hand, it requires the LDC
to provide higher power level. The existing LDC solutions range from 1.2kW to 3kW with
power density from 0.5kW/L to 2kW/L due to the high output current restriction. The U.S
DRIVE Partnership published the target to increase the power density of LDC to 3.5kW/L
in 2020 and 4.6kW/L in 2025, which is challenging in both topology design and cooling
solutions [16].
1.4 Research Objective and Contribution
In this section, the object of study – high power density technologies in power levels
from tens of watts to ten kilos of watts and the relevant thermal management will be briefly
introduced. The limitation and issues for specific requirement will also be discussed, based
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on which a few solutions will be proposed, and contribution of the thesis will be
summarized.
1.4.1 Integrated Power Modules & Thermal Modeling

The research of integrated module design focuses on the utilization of 3D structure.
Going vertical and using 3D technology is one method that can significantly improve the
space efficiency [20]. 3D power modules are frequently used in specific power solutions
with large inductor footprint. As shown in Fig. 1.7, 3D open frame power module has an
inductor above the PCB and the integrated plastic molded converter also puts the coil on
the top side of module [21][22].
However, the thermal performance of 3D products is always restricted by two factors.
Firstly, high power density imposes more heat, in the form of power loss, and the highly
compacted downsized package blocks the dissipation outwards [23]. Secondly, the multilayer structure has poor ability to dissipate heat from the upper layer to the PCB so that the
upper devices are usually over heated [24]. Solutions are needed to properly improve the
cooling performance and reliability caused by high temperature in high power density 3D
structures [25].

(a) Open frame module

(b) Plastic molded module

Fig. 1.7: 3D power modules with different packaging types
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In the research of power module integration, a 3D structure module based on Power
Supply In Inductor (PSI2) technology is presented. The proposed structure combines the
advantages of 3D packaging and magnetic integration: firstly, the 3D structure utilizes the
space more efficiently, increasing the power density; secondly, the heat dissipation is
enhanced due to the high thermal conductivity of magnetic material. Also, magnetic
integration allows a modified inductor design to reduce the direct current resistance (DCR)
and decrease the loss.
Modified thermal modeling approach is investigated to characterize the thermal design
performance. The existing thermal models do not consider that in actual conditions, loss,
thermal resistance and temperature are mutual correlated and this phenomenon results in
large analytical error. Thus, including the interaction between temperature, loss and heat
transfer coefficient into thermal model is necessary for thermal analysis. In the research of
thermal modeling, a modified thermal equivalent circuit model which includes temperature
dependency of loss and thermal resistance is proposed to achieve more accurate thermal
estimation.
1.4.2 Developing the High Power Density MEMS Power Relay

Electrical relay devices are widely used in a lot of applications that require an isolated
small signal to control high power circuit. Electro-Mechanical Relay (EMR) driven by
magnetic coils and Solid State Relay (SSR) based on semiconductor device are the most
commonly used types in the industrial application. The former one is known for its low onstate resistance, high off-state voltage and large current capability while the latter for small
size, mass producible, and easy on-chip integration [26][27].
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However, utilization of both types of relay has several obstacles. EMR suffers from
the problems of metal-contact wear out, bulky inductive coil, and long response time. SSR
has the relatively large on-resistance because it uses MOSFET as the conduction device
and thus a large size of heat sink is needed to solve the thermal problem. It also results in
relatively high leakage current.
Micro ElectroMechanical System (MEMS) switch uses small mechanical movement
to achieve short circuit or open circuit conditions. It is a device which features the
advantages of EMR in power (mechanical contact) and SSR in control (direct voltage
source control, fast response) [28][29]. In addition, MEMS switch features much smaller
size than the power part of both relays. The MEMS switch is currently used in low power
area including radio frequency signal transfer systems and high speed precise sensors
[30][31][32].
At the present, the great development of the metal device processing, high power
system designs and the solid state micro switch fabrication techniques significantly extends
the power handling capability of MEMS switch [33][34]. The existing high current MEMS
switch with size of 5mm×5mm ball grid array (BGA) package shown in Fig. 1.8 can carry
more than 5A current with 500V voltage rating [35]-[38]. The goal of power relay research
is developing a MEMS relay to achieve small size, low on-resistance, high speed and long
lifespan.
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Fig. 1.8: MEMS switch structure, layout and prototype.
1.4.3 DC-DC Converter in Electric Vehicles

A high voltage to low voltage DC-DC converter is needed in EVs to converter the
battery voltage (250V - 450V) to low voltage (9V - 16V). This converter is called low
voltage DC-DC converter (LDC). The output current of LDC will be as high as 200A to
300A, which adds a very high current density on the PCB and severe stress on the
secondary side switches and components [39][40]. Within the very limited size, critical
cooling problem is imposed, and proper cooling solution must be investigated to mitigate
overheating. To achieve the best thermal performance, liquid cooling solutions combine
both conduction and convection features and is the ideal method for LDC application [41].
Decreased temperature rise is accomplished with the low thermal resistance of a liquid
cooling system to transfer more heat generated by relatively high power [42].
Although liquid cooling technology is well developed for integrated circuits (ICs) and
high-power semiconductor modules, few solutions are available for power converters on
print circuit board (PCB) assemblies. The existing liquid cooling solutions simply attach a
bulky cold plate with coolant inlet to the bottom side of PCB, occupying an entire surface
[43][44][45]. Thus, it sacrifices the surface area of PCB that is supposed to accommodate
the footprint of components and the power density is decreased [46][47].
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To achieve improved thermal performance while minimizing device volume, a new
multi-PCB cooling (MPC) structure with the components placed on different boards is
proposed. A two-PCB structure is designed to make more efficient use of space based on
separating power semiconductor devices, magnetics and low loss control circuit. The
research targets at 3kW/L power density and improved thermal performance.
1.4.4 Single Stage On-Board Charger with Power Factor Correction

Conventional OBC structure shown in Fig. 1.9 uses an AC-DC Boost converter with
Power Factor Correction (PFC), followed by a DC-DC isolated power converter to charge
the battery in EVs [48][49]. This structure is well developed and industrial established, but
its complicate topology, numerous semiconductor switches and magnetic components
results in the increased cost, size and loss. Therefore, industry keeps seeking for alternative
solutions to solve those drawbacks, especially to reduce the size of designs to fit in the very
size-sensitive EV application [50][51][52].

Fig. 1.9: Conventional two stage Boost PFC & LLC OBC.

In this thesis, a single stage LLC based OBC as shown in Fig. 1.10 is proposed. The
rectified AC input voltage is the input of the LLC stage, and the LLC output terminal is
connected to the high voltage battery. There is no Boost inductor in the on board charger
system. The LLC converter serves as both the AC-DC and DC-DC stage which provides
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all the functions of rectification, power factor correction and galvanic isolation. High
power density and low cost can be achieved due to the single stage structure with the
eliminated switches and magnetics.

Fig. 1.10: Proposed OBC based on single stage LLC converter.

1.5 Thesis Outline
The organization of this thesis is as follows.
Chapter 2 reviews the existing high power density technologies from low power to
high power level and introduces the thermal analysis fundamentals.
Chapter 3 discusses the employment of PSI2 technology for 3D integrated POL
converters. The design principle of the integrated 3D power module including the
fabrication process, inductor design and electromagnetic analysis using FEA (Finite
Element Analysis) are demonstrated. Thermal analysis based on FEA simulation is
performed to show the difference of temperature between conventional plastic power
modules and the proposed power module. An experimental prototype was built to verify
the improvement of power density, efficiency and thermal performance.
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Chapter 4 proposes a modified thermal equivalent circuit model with realistic
operating parameters to achieve more accurate thermal estimation. It analyzes the
temperature dependency of losses and heat coefficient of studied POL converter. These
factors are modeled with math functions and assigned as circuit parameters in the
equivalent circuit model. A series of comparison between circuit model, finite element
analysis (FEA) model and experimental result are performed to verify the accuracy.
Chapter 5 proposes a MEMS relay circuit structure which parallels a MOSFET with
the MEMS switch to achieve zero voltage switching of the MEMS switch. It uses the
MEMS switches with small size to achieve a much smaller power relay compared with
EMR and SSR with low on-resistance, fast response time and low leakage current. A
MEMS relay prototype is built to validate the high voltage-high current switching
capability and the superior performance of MEMS switch. The waveforms of MEMS onoff process and over current protection functions are illustrated.
Chapter 6 proposes the multi-PCB cooling (MPC) structure with the components
placed on different boards to achieve promising thermal performance with smallest size. A
two-PCB structure is designed to make more efficient use of space based on separating
power semiconductor devices, magnetics and low loss control circuit. Finite element
analysis (FEA) thermal results are performed to estimate the improved operating
temperature of the key components. A lab protype was built and experimental tests are
performed to verify the improvement of thermal, efficiency and power density.
Chapter 7 proposes a single stage LLC based OBC with no Boost inductor in the whole
on board charger system. The LLC converter serves as both the AC-DC and DC-DC stage
which provides all the functions of rectification, power factor correction and galvanic
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isolation. The design criteria of LLC converter resonant tank to implement the PFC
functions over the whole voltage range is proposed. An efficiency-wise modification of the
OBC is discussed and the verified with PSIM simulation. Then, the implementation of LLC
OBC prototype and the experimental result are illustrated.
Chapter 8 summarizes the work and contribution of the whole thesis. In the experiment
part of this thesis, the measurements are all repetitive with time and environment, so the
result of first testing is used for each chapters.
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Literature Review
2.1 Introduction
In this chapter, the latest technology for high power density technologies and thermal
management methodology will be discussed and reviewed.
2.2 Review of Power Supply in Inductor Technology
To accommodate intense system integration, Power supply on chip (PSoC) and Power
supply in package (PSiP) shown in Figure 2.1 are the most commonly used methods [53].
Normally PSoC packaging is more appropriate for converters with low value passive
components, the passives are stacked on to power management integrated circuit (PMIC),
i.e., the monolithic integration. While PSiP can be selected in applications with a relatively
larger inductor, the passives can be either side by side with the regulator or stacked. The
PSiP method is widely used for integrated POL converters with the output current ranging
from 1A to 30A.

(a) PSoC package

(b) PSiP package

Fig. 2.1: Common Packaging Types for Power Modules
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There are a quantity of literatures discussing about the design of power modules
through increasing switching frequency, using topologies without magnetics, and package
and integration technology. Low temperature co-fired ceramic (LTCC) technology
becomes very popular in researches and can achieve very low profile [54][55]. Microinductor and micro-transformer based on thin film technology is another key technology
used for power modules [56]. The disadvantage of this technology is that it has higher DCR
(Direct Current Resistance) which causes more loss than conventional inductors.
Embedding magnetics and capacitors in the printed circuit boards is demonstrated in [57],
however, core loss of the embedded magnetic material is significant.
Commercial power modules in the market are generally packaged with plastic material
by injection molding process [57][58]. It has a regulator (a controller and two discrete
MOSFETs in the multiple chips version), an inductor, and some auxiliary components
mounted on the substrate together, then the whole substrate is packaged with plastic
material. Figure 2.2 shows the isometric perspective drawing of such a conventional
package. In such a module, the inductor must be smaller than the PCB to leave enough
room for molding. Also, low thermal conductivity of epoxy material restricts heat transfer.

(a) whole power module.

(b) Internal Structure.

Fig. 2.2: Model of conventional plastic packaging.
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To overcome these obstacles, packaging integration technologies have been proposed.
Power Supply in Inductor (PSI2) technology proposes a multi-functional inductor structure
for encapsulating structure in [59]. In contrast to conventional plastic packaged power
modules, the magnetic component plays both the roles of encapsulation and the inductor
of the converter as shown in Figure 2.3. The magnetic core has a cavity in one side and an
embedded coil in the other side. The buck regulator and the auxiliary components are
embedded underneath the cavity. By doing this, the plastic mold is removed from power
module and the footprint of inductor can be increased, which allows a higher inductance
with lower DC resistance.

(a) whole power module.

(b) internal structure

Fig. 2.3: 3D model of PSI2 technology package

As compared with the conventional plastic packaged power module with a small metal
powder composite inductor inside, the PSI2 power module has lower direct current
resistance (DCR), higher inductance value since the volume of the inductor is larger. Also,
in the proposed power module, the two heat sources which are the semiconductor devices
and the inductor have better heat paths than conventional solution. The inductor is
composed of magnetic material which has higher thermal conductivity than plastic and it
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is directly exposed to the ambient, therefore the heat can be transferred with lower
temperature rise.
The PSI2 power module features the high thermal conductivity and low DCR, but it is
still not ideal to increase the power density of the POL converter. With the existing PSI2
structure configuration, the core of inductor needs to be extended to encapsulate module
and spread heat of the regulator outwards. Basically, this part of core could be replaced by
the other part of core with winding in it and further increase the power density.
2.3 Review of Thermal Modeling Methodology
This section reviews the conventional thermal models for integrated power electronic
devices, as well as the simplified model and the standard to quantify the thermal
characteristics.
The thermal equivalent circuit model is an effective way to simulate the thermal
performance of electronic systems. It is developed since dissipated heat P and temperature
rise ΔT are in proportion in both heat conduction and convection. By modeling the heat
transmission with electrical variables including V, I, R and C, a thermal equivalent RC
circuit is built. Table 2.1 shows the corresponding of the thermal and electrical variables.
Table 2.1: Corresponding of thermal equivalent circuit and electrical circuit
Thermal

Electrical

Temperature

T (K)

Voltage

U (V)

Heat flow

P (W)

Current

I (A)

Thermal resistance

Rth (K/W)

Resistance

R (Ω)

Thermal capacitance

Cth (J/K)

Capacitance

C (F)
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The continued fraction circuit model and partial fraction circuit model in the following
sections are two typical equivalent circuit models that are frequently used to analyze the
thermal performance of power electronic systems [60]. They have the same topologies in
steady-state and are only different in transient thermal analysis.
2.3.1 Continued fraction circuit model

The continued fraction model is also known as Cauer model. Its circuit diagram is
shown in Figure 2.4, the resistors, capacitors and nodes in this model correspond to the
actual thermal parameters for specific layers [61]. In this model, the heat generated from
the IC is dissipated through IC case, solder joint and PCB respectively. The thermal
resistances and heat capacitances can be calculated by knowing the properties of the heat
conductor material. With the dissipated heat P, conduction and convection thermal
resistance Rth, the steady-state junction temperature Tj is obtained from (2.1):
𝑇𝑗 = 𝑇𝑎 + ∑ 𝑃 ∙ 𝑅𝑡ℎ

(2.1)

Fig. 2.4: Cauer thermal equivalent circuit model

With the Cauer thermal equivalent circuit, the transient junction temperature can be
estimated based on Kirchhoff’s Law and the RC differential equation. However, in the
practical transient thermal analysis, the mathematical calculation will be complicated
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(always more than 5th order RC system). A cooling or heating curve fitting method is
applied to extract the RC thermal impedance Zth. The time domain transient response is
determined by (2.2):
𝑡

𝑇𝑗 (𝑡) = 𝑇0 + ∫0 𝑃(𝑡)𝑑𝑍𝑡ℎ (𝑡 − 𝜏)𝑑𝜏

(2.2)

The continued fraction circuit model is the thermal equivalent circuit model that
reflects the actual physical structure of the system and describes the internal temperature
distribution. Each node in the topology represents an actual layer in the IC. The
disadvantage of this model the mathematical model is complicated in many cases and only
applicable in the simulation for transient thermal analysis.
2.3.2 Partial fraction circuit model

The partial fraction circuit model (also known as Foster thermal model) is the most
frequently used equivalent circuit model when characterizing the thermal parameters of
integrated modules or ICs. The circuit diagram of a Foster model based on IC heat
dissipation is shown in Figure 2.5. Different from the continued fraction circuit model, the
thermal resistances and capacitance are in pairs then they connect to each other.

Fig. 2.5: Foster thermal equivalent circuit model
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In the Foster model, the nodes and RC values have no physical meaning and it cannot
estimate the internal temperature distribution. Thus, the thermal impedances need to be
extracted only from the heating or cooling curve, mathematical calculation is not available.
The curve fitting can be achieved by changing its resistance and capacitance values using
a nonlinear least squares method to fulfill the error requirement. The impedance is
determined by the extracted Rth and Cth values following (2.3):
𝑍𝑡ℎ (𝑡) = ∑𝑛𝑖=1 𝑅𝑛 (1 − 𝑒

−

𝑡
𝑅𝑖 𝐶𝑖

)

(2.3)

Transient thermal response of junction temperature Tj(t) is determined by the heat and
the thermal impedance (2.4):
𝑇𝑗 (𝑡) = 𝑇𝑎 + 𝑃(𝑡)𝑍𝑡ℎ (𝑡)

(2.4)

For the power electronic systems that (1) only require the time domain transient
response of the junction, or (2) the property of physical structure is very difficult to
calculate and only the curve fitting method is available, the Foster model is an ideal choice
to estimate the thermal performance [62].
2.3.3 Two-resistor compact model and IC thermal test standard

For most of the DC applications, only steady-state thermal analysis is required. So,
pure-resistance equivalent circuits are developed by simplifying the thermal equivalent
circuit model. The two-resistor compact model shown in Figure 2.6 is created as the
standard resistive thermal model, which is introduced in the integrated circuit thermal
measurement standard JESD51-12 [63]. In the circuit diagram of the two-resistor compact
model, the junction is connected to the case through junction to case resistance and
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connected to PCB through junction to board resistance. Then the case and board thermal
resistances are the interface connection to the ambient.

Fig. 2.6: Two-resistor compact model

Thermal resistance θ and thermal characterization parameter Ψ are defined in the IC
thermal test standard by Joint Electron Device Engineering Council (JEDEC) to describe
the thermal property of power electronic systems. The thermal resistance consists of
junction to ambient thermal resistance RJA, junction to case thermal resistance RJA and
junction to board thermal resistance RJB. These resistances are calculated by (2.5)-(2.7):
RJA = (TJ – TA)/P

(2.5)

RJC = (TJ – TA)/P

(2.6)

RJB = (TJ – TA)/P

(2.7)

Where P is the total power loss, TJ is the junction temperature, TA is the ambient
temperature, TC is the case temperature which is measured on the top center of IC and TB
is the board temperature measured on the lead or pin of the IC.
The conventional Cauer model, Foster model and Two-resistor model all have
disadvantages in thermal modeling. The Cauer model and Foster model are complicated,
the two-resistor model is simple, but the accuracy remains a concern. Thus, improved
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thermal model based on the thermal resistance network need to be developed with both
convenience and high accuracy.
2.4 Review of Technology for On-Board Charger
As introduced in Chapter 1, in an OBC application, the AC-DC converter needs to
implement the power factor requirement. The existing technologies for on board charger
are explained as follows.
In the conventional on board charger topology, a Boost converter is needed between
the input diode bridge rectifier and the DC-DC voltage regulation stage. The Boost
converter is used to control the input current in phase with the line voltage (at double line
frequency) to achieve Power Factor Correction (PFC). Figure 2.7 shows the topology of a
conventional Boost PFC circuit that consists of a full bridge rectifier and a Boost converter.
The Boost stage can be continuous conduction mode (CCM), or discontinuous/critical
conduction mode (DCM/CrCM) with zero/valley voltage switching to reduce the switching
loss. A DC-DC converter is cascaded between the output of PFC and load to remove the
double line frequency ripple and regulate the voltage to desired battery voltage level.

Fig. 2.7: Conventional diode bridge + Boost AC-DC converter with PFC
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In the conventional PFC, the fixed forward voltage of input diode bridge imposes the
high diode loss, various bridgeless PFC technologies are proposed to eliminate this part of
loss. The 2-Phase Bridgeless PFC as shown in Figure 2.8 is a typical design to reduce the
diode loss [64]. Basically, it employs two Boost legs that operate alternatively during each
half of the AC line cycle. In this topology, S1/S2 are high speed MOSFETs and D1/D2 are
diodes, or for higher efficiency, SiC diodes. It has been the most popular bridgeless PFC
topology on the market because the easy implementation using conventional Si MOSFETs
with standard PFC control circuit. The overall efficiency is improved because one input
rectifier diode is saved from the current path [65].

Fig. 2.8: 2-Phase Bridgeless PFC circuit diagram

However, 2-Phase bridgeless PFC has some drawbacks: (1) The Dual-Boost converter
doubles the parts and each one of the boost stages only works during one half cycle, which
reduces the power density and adds to the bill of material (BOM) cost.(2) for EMI purpose,
diodes D3/D4 are needed to provide a return current path and reference DC link ground to
N to reduce the common mode noise. (3) Using fast SiC diodes imposes higher forward
voltage (conduction loss) and relatively higher cost than AC rectifier diodes. (4)
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Complicated current sensing circuit because S1/S2 body diodes and D3/D4 share the return
current. (5) Due to the high reverse recovery loss, D1/D2 cannot be replaced by MOSFETs.

(a)Boost totem-pole PFC circuit

(b)totem-pole PFC with SR MOSFETs

Fig. 2.9: Bridgeless Boost Totem-Pole PFC circuit

Another novel bridgeless PFC structure is the Bridgeless Boost Totem-Pole PFC
(BTPPFC), which is illustrated in Figure 2.9 [66]. This topology can be considered as a
conventional Boost PFC in which one half of the diode bridge is replaced by active
switches S1 and S2 in a half bridge configuration, hence the name “totem pole”. S1 and S2
can use GaN FETs to remove the reverse recovery loss of MOSFET. The diode D1/D2
forms the slow 50/60Hz line frequency leg which can either be slow AC rectifier diodes
shown in Figure 2.9 (a) or can be replaced by low Rds_on SR MOSFETs for improved
efficiency, as shown in Figure 2.9(b).
The BTPPFC overcomes many issues which existed in the 2-phase bridgeless PFC and
has the following advantages:
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• Improved efficiency: main current only flows through two switches at a time. S1/S2
are driven synchronously with complimentary PWM signals and the S3/S4 on the slow line
frequency legs can be MOSFETs with low Rds_on to further reduce the conduction loss.
• Lower part counts, higher power density and lower BOM cost. It uses fewer parts
and has a simpler circuit: It needs only one inductor and neither SiC diodes nor AC return
diodes are required.
• Bidirectional power flow. BTPPFC is inherently capable of bidirectional operation,
which is ideal applications which may require power flow in both directions, such as
Energy Storage System (ESS) and on-board bidirectional battery chargers (OBBC).
BTPPFC is not a new topology and has been proposed before, however, its application
or manufacturing has been very limited until recently [67]. The major challenge is the poor
reverse recovery performance of conventional silicon MOSFETs in the half bridge
configuration, which makes CCM operation impractical due to the excess Qrr loss at turnon [68]. To avoid body diode conduction, BTPPFC with silicon MOSFETs must work in
CrCM/DCM modes, which only fits for lower power and has more complicated control.
Usually, multi-phase interleaved configuration is used to get higher power level and
improve current ripple, which again adds extra cost and complexity.
Usually the AC/DC stage is followed by a DC-DC LLC converter as shown in Fig.
2.10. A full bridge/ half bridge LLC converter is used to charge the EV battery as the load
of this stage. Double line frequency ripple is regulated by the DC-DC stage to achieve a
stable DC output. In the LLC stage, the current stress of both primary side and secondary
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side is high for the MOSFETs and synchronous rectifiers so the switching frequency is
limited.

Fig. 2.10: LLC circuit for DC-DC stage with battery load

BTPPFC is a mainstream of OBC application study in recent years, a lot of researches
have achieved high efficiency and high power density results. The drawback of this
topology is that it is still AC/DC + DC/DC structure that requires multiple switches and
magnetic components that potentially increase the loss and cost.
2.5 Conclusion
Existing technologies cannot provide high performance solutions for the issues
discussed in Chapter 1. New topologies and control methods will be presented in the
following chapters with single stage solution.
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Highly Integrated 3D PSI2 Power Module with Improved Thermal
Performance
3.1 Introduction
As discussed in the previous sections, improvement on thermal performance is a
desired feature for the high power density POL modules, such that the 30W to 60W
converters with small footprint area.
If the temperature rise of power module is high, the performance of converter is
degraded because of the increased copper and silicon conduction losses. Another
consideration of high temperature is that the failure rate of converter is generally doubled
with each 10°C higher. The existing solutions to the overheating problem in commercial
power modules include using metal heat spreader and mixed plastic material to increase
the heat conductivity.
For modules with 3D structures, temperature rise is even more critical: the passive
components (inductors, etc.) are blocking the heat transfer, and they are usually not placed
on the PCB so that cooling of these passive parts becomes worse. In this case, additional
cooling methods are needed to guarantee the IC junction temperature is lower than 125°C.
The PSI2 technology improves both the heat dissipation and efficiency, which is
appropriate to be applied to 3D structure. The unique 3D inductor can also help balance
the PSI2 module which is more mechanical-wise reliable.
The chapter is organized as follows: Section 3.2 describes the design principle of the
integrated 3D power module including the fabrication process, inductor design and
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electromagnetic analysis using FEA (Finite Element Analysis). Section 3.3 presents the
thermal analysis based on FEA simulation to show the difference of temperature between
conventional plastic power modules and the proposed power module. Section 3.4 proposes
a modified thermal equivalent circuit model to of a 3D module. Section 3.5 demonstrates
the experimental results of the proposed prototypes. Section 3.6 concludes the chapter.
3.2 Basic Idea of 3D PSI2 Structure
This section demonstrates the structure of 3D PSI2 technology and analyzes its
advantages in power density, efficiency and thermal management. The design criteria to
improve efficiency is discussed to achieve a promising inductor configuration.
3.2.1 Structure and fabrication process

Fig. 3.1 shows the section view of a plastic molded power module, which is known as
PPM#1 in the following sections. The inductor, regulator IC and auxiliary components are
placed side by side on the substrate and the module is molded with epoxy plastic material.
It is noted that each of the devices of the 2D power module occupies a footprint on the
substrate, especially the inductor. When 3D structure is used to accommodate the plastic
module as shown in Fig. 3.2, the inductor is above the PCB and the footprint area can be
saved. The selected 3D plastic module is named as PPM#2 in the following of this chapter.
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Fig. 3.1: Drawing of traditional 2D plastic power module (PPM#1)

Fig. 3.2: Drawing of 3D plastic power module (PPM#2)

An isometric perspective drawing of the proposed PSI2 3D integrated power module
is shown in Fig. 3.3 to illustrate the idea of the structure. In addition to 3D structure, the
idea of magnetic encapsulation is also adopted. The regulator IC (controller and two
MOSFETs) and auxiliary components are mounted on the PCB, and a coil is attached to
the PCB through two vertical leads, then the core of inductor encapsulates the whole
converter. Benefiting from this structural design, the footprint area of the power module is
reduced. In the case studied, the size of a step-down power module is reduced to
9mm×9mm from 15mm×9mm.
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Fig. 3.3: Isometric view of the proposed integrated power module (IPM)

As compared with the conventional 3D modules shown in Fig. 3.2, PSI2 converter has
higher reliability than open frame version benefiting from the encapsulation and better
thermal performance than PPM#2. Firstly, the thermal conductivity of magnetic package
decreases the junction to ambient thermal resistance, so the core serves as a heat conductor.
Secondly in PPM#2 the inductor heat path to bottom PCB is worse. Also, in the
conventional power modules, the inductor size is limited by the plastic mold (smaller than
the mold to leave enough room for molding). In the proposed 3D stacked structure there is
no plastic material, so the inductor footprint can be expanded to the same as total power
module footprint. Therefore, the inductor size can still be larger despite the total PCB area
is reduced. Thus, larger effective core area and thicker wires can be achieved, allowing an
improved inductor design.
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Fig. 3.4: Fabrication process of 3D power module

Fig. 3.4 illustrates the fabrication process of the proposed power module with five
steps. (1) The inductor is moved to the top of IC. (2) The solder pads of inductor are
relocated on board close to the regulator. (3) Afterwards the inductor with a cavity
underneath the core and coil is fabricated as designed. (4) Then the regulator and the
auxiliary resistors and capacitors are mounted on the PCB. (5) Finally, the inductor is
soldered onto the PCB and an integrated 3D stacked power module is obtained.
3.2.2 Inductor Design and Analysis

This section will discuss the inductor design process and the impact of inductor
footprint and the profile (height). Magnetic and losses parameters are analyzed to support
this efficiency-wise design. FEA simulation is used to verify the analysis and predict the
electrical and magnetic performances. Initial calculation based on the mechanical
properties of the inductor are performed to give a predesign. For the proposed power
module prototype, the specification of this step-down Buck converter is set as 9-15V input,
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0.6-5V output with 6A full-load, and the operating frequency is 800 kHz. The current ripple
is determined by (3.1) [69].
𝐼𝑝−𝑝 =

(𝑉𝑖𝑛 −𝑉𝑜𝑢𝑡 )∙𝐷
𝐿∙𝑓𝑠

=

𝑉𝑖𝑛 𝐷(1−𝐷)
𝐿∙𝑓𝑠

(3.1)

Fig. 3.5: Dimensions of the winding (a) top view (b) side view

According to this equation, the largest current ripple occurs at 5V output and the
required inductance is 1.1uH. For an inductor as shown in Fig. 3.5, the inductance is
calculated by (3.2) -(3.4).
𝐿=

𝜇𝑟 𝜇0 𝑁 2 𝐴𝑒
𝑙

(3.2)

𝑙 = 2ℎ + 2𝑤 + 𝑟

(3.3)

𝐴𝑒 = 𝜋 ∙ 𝑟 2

(3.4)

Where h is the height of the winding, w is the wire width, Ae is the flux effective area,
r is the inner radius and le is the length of flux path. The designators are marked in Fig. 3.5,
and the red border presents effective size of the inductor.
Benefiting from the flexibility of the PSI2 as described in Section 3.2.1, the proposed
power module allows a larger inductor footprint area. This design focuses on minimizing
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the winding resistance without decreasing the inductance. By sweeping the value of
inductor footprint area, the number of winding turns is obtained. Table 3.1 shows the
calculated required wire coil number of turns and their selected results for value of 1.1uH
inductance with height fixed at 2.8mm. The number of turns can be reduced by half if the
inductor footprint increases from 5mm×5mm to 9mm×9mm, which contributes to the
reduction on the DCR without increasing the total volume.
Table 3.1: Required number of turns vs. footprint area (L=1.1uH @ 2.8mm height)
Footprint area (mm×mm)

Number of turns

Selected turns N

DCR(mΩ)

5×5

8.14

8.25

18.7

5.5×5.5

7.40

7.5

15.5

6×6

6.78

6.75

12.5

6.5×6.5

6.26

6.25

10.7

7×7

5.81

5.75

9.1

7.5×7.5

5.42

5.5

8.3

8×8

5.08

5

6.9

8.5×8.5

4.79

4.75

6.2

9×9

4.52

4.5

5.6

Besides the footprint, height is another critical restriction for the power modules
(especially 3D power modules). Accomplishing the design requirement with a low profile
is another goal of this design. Assume the height of inductor is fixed, then coils with a
greater number of turns must use thinner wire to keep in the same profile so that the DCR
becomes relatively larger. Fig. 3.6 to Fig. 3.8 show the calculated DCR at different inductor
footprint area and height. The DCR is calculated by (3.5).
𝑅𝑑𝑐 = 𝜌𝑤

𝑤
2

2𝜋𝑁(𝑟+ )

36

𝑡∙𝑤

(3.5)

Where 𝜌𝑤 is the resistivity of copper, N is the number of turns of coil, r is the inner
coil radius, w is the width of coil wire and t is the wire thickness. Targeting at different
inductance values, the DCR is estimated.

50.0
DCR@2mm height

DC Resistance (mΩ)

45.0
40.0

DCR@2.4mm height

35.0
DCR@2.8mm height

30.0
25.0
20.0
15.0
10.0
5.0
0.0
5*5

6*6

7*7

8*8

9*9

Footprint Area (mm2)

Fig. 3.6: Calculated DCR vs. inductor footprint area (1.5uH)

35.0
DCR@2mm height

DC Resistance (mΩ)

30.0

DCR@2.4mm height

25.0

DCR@2.8mm height

20.0
15.0
10.0
5.0
0.0
5*5

6*6

7*7

8*8

9*9

Footprint Area (mm2)

Fig. 3.7: Calculated DCR vs. inductor footprint area (1.1uH)
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20.0

DC Resistance (mΩ)

18.0

DCR@2mm height

16.0

DCR@2.4mm height

14.0

DCR@2.8mm height
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10.0
8.0
6.0
4.0
2.0
0.0
5*5

6*6

7*7

8*8

9*9

Footprint Area (mm2)

Fig. 3.8: Calculated DCR vs. inductor footprint area (0.7uH)

For each required inductance, winding configurations with the height of 2mm, 2.4mm
and 2.8mm are analyzed to estimate their winding resistances. It can be concluded from
the figures that for a given height, the inductor with a larger footprint area has less turns
and smaller DCR; and for a given footprint area, the higher the profile, the smaller the DCR.
So, less turns of wire allows utilization of thicker wire; and higher profile also means that
the wire is thicker [70].
With the objective of making comparison with 3D plastic power module (PPM#2), a
prototype of proposed integrated power module which is known as IPM#1 is designed.
This prototype has an inductor made by 5.75 turn of 0.15mm thick wire, the inductor height
is 2.8mm and the total height of module is 4.0mm. The measured inductance is 1.27uH and
the DCR is 11.6mΩ (same as conventional PPM#2 shown in Fig. 3.2 to demonstrate the
performance). With the design criteria of reducing the DCR and to avoid high profile,
another configuration based on the calculation of 2.4mm height with 1.1uH inductance
value is selected. The total height of the module is 4.2mm, including a 2.4mm inductor, a
1.4mm regulator and a 0.4mm substrate. This design with reduced DCR value is known as
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IPM#2. Its winding is formed with 4.75 turns of 0.25mm thick flat wire and the footprint
area is 8.5mm×8.5mm, with w=1.2mm and r=2mm. The calculated inductance is 1.1uH
and DCR is 6.9mΩ, the measured values are 1.05μH and 7.2mΩ, which match with the
pre-calculation results closely.
3.3 Thermal Simulation and Comparison of Four Modules
This section presents thermal analysis of the proposed power module with the help of
FEA simulation. FEA simulation is used to estimate the thermal performance of the
proposed integrated module in comparison with the plastic molded power modules to
evaluate how much the cooling performance is enhanced by PSI2.
Two simulations for plastic power module (PPM) and additional two simulations for
integrated power module (IPM) are performed in FEA software. PPM#1 with 2D structure
as shown in Fig. 3.1 with and PPM#2 with 3D structure as shown in Fig. 3.2 are simulated
as comparisons. The dimensions of PPM#1 is 15mm×9mm×3mm, the dimensions of
PPM#2 is 8.5mm×7.5mm×4.7mm. PPM#2 has a high profile due to the usage of 1.5mm
thick wire to achieve a small DCR of 11mΩ. IPM#1 is designed to achieve the same DCR
as PPM#2, and IPM #2 has a smaller DCR of 7.2mΩ for improving efficiency and thermal
performance. The size of both IPM#1 and IPM#2 is 9mm×9mm×4.2mm.
3.3.1 Loss Breakdown of Buck POL Modules

The operating condition for all these four simulation cases is 12V input, 5V output
with 6A load current. Fig. 3.9 shows the loss breakdown and their distribution on the
proposed PSI2 3D power module. The loss of IPM#1 is estimated and divided into 3 major
parts: winding loss (AC and DC winding loss taking consideration of temperature
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dependency on resistivity), core loss (extracted from MAXWELL simulation) and
regulator loss (switch loss, gate drive loss and other quiescent losses, rest of the total loss).
Loss breakdown of the comparison plastic modules are also divided into the three parts and
are estimated from calculation and simulation [71][72]. For the plastic modules, PPM#1
has 50% more winding loss because of its higher DCR and PPM#2 has the same losses as
IPM#1. The regulator loss and core loss of IPM#2 are the same as shown in Fig. 3.9, and
its winding loss is 400mW due to the small DCR.

Regulator Loss
1.15W
Fig. 3.9: Distribution of heat sources in 3D power module

To achieve FEA thermal simulation, accurate mechanical models including the
drawings are built in computer assist design (CAD) software and the models are imported
into FEA software [73]. Then thermal simulations are executed to illustrate temperature of
each individual element of the models. In the simulation models of this chapter, the power
modules are mounted on 60mm×80mm evaluation PCBs (named as host boards) and
operate with load condition of 5V at 6A [74]. The ambient is in still air and the temperature
is 22°C. Comparisons are made based on the simulation results to analyze the impact of
factors including structure and properties of material.
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3.3.2 FEA Simulation of Plastic Molded Modules

Fig. 3.10 and Fig. 3.11 show the steady-state thermal simulation results for
conventional plastic molded power modules. In Fig. 3.10, estimated temperature of PPM#1
is presented. Its footprint is 15mm×9mm, but the footprint of the inductor is only
5mm×5mm. The winding resistance is 17.6mΩ and the winding loss is 750mW according
to I2R calculation (6A current). The maximum temperature which corresponds the junction
is 72°C and the top case maximum temperature is 60°C.

72°C

Fig. 3.10: 2D plastic module (PPM#1) with 750mW winding Loss

It can be observed from Fig. 3.10 that there are two hot spots inside the package. One
is caused by the high loss generated by the high loss inductor, especially the high winding
loss; the other is on the voltage regulator because the heat dissipation from the silicon die
to the ambient is blocked by the epoxy.
Fig. 3.11 shows the simulation result of the high-profile 3D plastic power module
PPM#2. Its DCR is 11mΩ and the efficiency is 94.5% at full load. The winding loss is
420mW. With a total loss of 1.85W, the maximum junction temperature is 72°C and case
temperature is also 60°C. Higher efficiency and power density are achieved benefiting from
the 3D structure, but the temperature rise is higher compared with the 2D plastic power
module because of the poor thermal condition.
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60.3°C
71.6°C

(a) Case temperature @ 60.3°C

(b)Internal temperature @ 71.6°C

Fig. 3.11: Simulation results for the 3D plastic power module PPM#2
3.3.3 FEA Simulation of PSI2 Modules

Fig. 3.12 and Fig. 3.13 show the thermal simulation result for IPM#1 and IPM#2. In
Fig. 3.12 , IPM#1 has a total loss of 1.85W, its junction temperature is 62.2°C and the case
temperature is 58.9°C. Thus, the result is much better than that of the conventional plastic
power modules with poor thermal performance.

58.9°C
61.9°C

(a) Case temperature @ 58.9°C

(b) Internal temperature @ 61.9°C

Fig. 3.12: IPM#1 with 1.85W total loss and 540mW winding loss.

Fig. 3.13 shows the FEA simulation results of IPM#2. Its DCR is 7.2mΩ and its
winding loss is 400mW, so the total loss is 1.7W. Its junction temperature is 56.6°C and
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the case temperature is 51.7°C. It can be observed that the temperature difference between
junction and case is reduced, indicating a reduction of junction to case thermal resistance.

51.7°C

56.6°C

(a) Case temperature @ 51.7°C

(b) Internal temperature @ 56.6°C

Fig. 3.13: IPM#2 with 1.7W total loss and 540mW winding loss.

To conclude from the simulation, the proposed 3D integrated power module would
have an 8°C lower junction temperature rises than the 3D plastic power module with the
same loss according to Fig. 3.11 (PPM#2) and Fig. 3.12 (IPM#1). This improvement can
be increased to 15°C when the DCR is 7.2mΩ according to the comparison of Fig. 3.10
(PPM#1) and Fig. 3.13 (IPM#2).
Table 3.2: Simulation results of four studied power modules

Conditions

PPM#1

PPM#2

IPM#1

IPM#2

Size (mm)

15*9*3

9*8*4.7

9*9*4.2

9*9*4.2

Total Loss (W)

2.1

1.85

1.85

1.7

Inductor Loss(W)

0.75

0.54

0.54

0.4

Regulator IC (°C)

60.9

60.3

58.9

54.2

Winding (°C)

73.1

71.6

61.9

56.6
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Extended simulations in FEA were performed for the proposed 3D module using
varying values of thermal conductivity for the plastic case. The loss is assumed to be 1.85W
in these simulations. Fig. 3.14 shows the thermal images when the thermal conductivity of
plastic molding material is 0.75W/K.m. The difference between a thermal conductivity of
0.75W/K.m and 3W/K.m is 8.3°C according to Table 3.3.

65.1°C
70.4°C

(a)Case temperature @ 65.1°C

(b)Internal temperature @ 70.4°C

Fig. 3.14: 3D power module with 0.75W/K.m plastic material molded
Table 3.3: Simulation results versus various thermal conductivities
Thermal conductivity(W/K.m)

0.5

0.75

1

1.5

2

3

Case temp(°C)

64.9

65.0

63.6

63.0

60.2

58.9

Regulator(°C)

75.0

70.5

67.8

66.4

64.8

62.2

Therefore, the material in which the heat transfers plays a critical role in the
temperature rise. This indicates the reason of junction temperature reduction in the
proposed 3D power module is the magnetic core material with 3W/K.m heat conductivity.
3.4 Thermal Equivalent Circuit Modeling on 3D Power Module
This section utlizes the modified analytical model to analyze 3D power modules and
explores the impact of several fators on thermal performance. Different from FEA analysis
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discussed in section 3.3, equivalent circuit model is much eaier and fast although it is not
as accurate as FEA method. So this model is more applicable for pre-design. In addition,
the thermal equivalent circuit model gives a more understandable explanation on how the
thermal performance is affected by the structure and material and how the thermal
performance is improved [75].
Fig. 3.15 and Fig. 3.16 illustrate the equivalent circuit models of PSI2 and plastic 3D
power modules. The junction temperature can be calculated from the model and the model
can also evaluate the interaction of the two heat sources. In the analytical models below,
the 3D plastic power module (PPM) and proposed integrated power module (IPM) are
modeled with equal power losses to make a comparison. Table 3.4 explains the definition
and values of the symbols in Fig. 3.14, Fig. 3.15 and Fig. 3.16, the values of thermal
resistances were estimated and extracted by FEA simulation.

Fig. 3.15: Analytical model of 3D built PSI2 power module
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Fig. 3.16: Analytical model of 3D plastic molded power module

In the proposed thermal equivalent circuit model for both 3D PSI2 module and 3D
plastic power module, the regulator PIC is underneath the inductor winding heat source Pw.
A thermal resistance R4 is introduced between the contact resistance of regulator and
inductor. In the heat path from regulator IC to the ambient, it has two paths through R 2 to
the top case and R5 to the bottom side of host PCB. The heat path for indcutor core is
through Rx to the top case and through R3 and R6 to the PCB. The inductor winding heat
sources also has two heat paths through R3 and Rx to the top case and through R6 to the
host PCB. At the surface of power module, the heat is dissipated from the top surface to
the ambient thorugh R1 and from the bottom host PCB the to ambient through R7 and R8.
Table 3.4 shows the designators and values of the thermal resistances in the two thermal
models. IPM#1 has slightly bigger surface area so that R1 is slightly smaller than that in
PPM#2. R7 and R8 are excatly the same.
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Table 3.4: Definition and values for thermal model
Designator

Thermal Resistance

IPM#1

PPM#2

R1

Total case to ambient thermal resistance

142K/W

155K/W

R2

Junction through the walls to top case

77K/W

220K/W

R3

Between coil and core

9K/W

14.5K/W

R4

Contact resistance from the IC to the inductor

12K/W

110K/W

R5

Joints from the IC to the substrate

14K/W

15.5K/W

R6

Resistance from coil winding to the substrate

6.5K/W

19.5K/W

R7

Thermal resistance from the module to host PCB

3.5K/W

3.5K/W

R8

From the top of host board to ambient

17K/W

17K/W

Rx

Thermal resistance from inductor core to case

1K/W

21K/W

PIC

Regulator loss

1.15W

1.15W

Pcore

Core loss

0.164W

0.164W

Pw

Winding loss

0.54W

0.54W

By comparing the two equivalent circuit model, it can be observed that several
characteristics of the PSI2 structure contribute to improvement on thermal performance.
Firstly, the most unique feature of the 3D IPM#1 is that heat will transfer through the core,
compared with conventional plastic molded power module in which epoxy material is the
heat path. Core material has a thermal conductivity of 3W/(K‧m), which is 4 times larger
than that of the plastic material (0.75W/K.m). This improvement corresponds to the
reduction of thermal resistances R2, R3, R5 and R6. The regulator IC loss will dissipate
through the core material to top case and the host board instead of transferring through
plastic, so R2 and R5 are reduced. The modified inductor design uses more core material
around the winding because there is no plastic mold and it reduces the winding to case (R3)
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thermal resistances. The inductor loss does not need to go through the plastic to the
ambient, so R6 is also reduced.
More importantly, the regulator IC of IPM#1 is contacting the surface of core directly,
therefore the resistance between the IC and the inductor R4 is significantly reduced.
Therefore, the heat from regulator IC can be dissipated through the inductor. In addition,
Heat source Pcore (core loss of inductor) is located on the case of the module so Rx between
the inductor and the case of IPM is very small, which is another significant improvement
from the PPM [76][77]. It can be noted that for both IPM#1 and PPM#2, the heat paths
through R5, R7 and R8 to the bottom ambient are the same, and the PSI2 structure provides
additional heat paths through R4, R6 and Rx. With the significantly reduced R4 and Rx
thermal resistance, the thermal performance is hence improved.
The temperatures can be observed from the red nodes of both the figures. Four nodes
of Top, bottom, junction and winding are selected in each model to map the thermal
distribution. In Fig. 3.15, the maximum temperature of IPM#1 is 63°C which is the junction
temperature of regulator IC. The case temperature is 58.4°C. While in Fig. 3.16 the junction
temperature of PPM#2 is 71.1°C, which is 8.1°C higher than the integrated power module.
The results from the models also match with the measurement utilizing IR camera well and
this model provides a reasonable prediction [78]. Benefiting from these unique features,
thermal performance of the power module is significantly improved benefiting from PSI2
technology.
3.5 Experiment Results
Two prototypes of the proposed 3D PSI2 integrated power module using the same
voltage regulators were built to test their performances in comparison with other two plastic
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molded power modules. The four modules have same input and output specifications and
they were soldered on the same test boards. Prototype IPM#1 has a 5.75 turns inductor
winding which was formed by 1.2mm×0.15mm thick flat wire, the DCR is 11.6mΩ. The
size

of

IPM#1

is

9mm×9mm×4mm.

Prototype

IPM#2

has

dimensions

of

9mm×9mm×4.3mm, with a 4.75 turns winding formed by 1.2mm×0.25mm flat copper
wire. Its DCR is 7.2mΩ.
Fig. 3.17 shows the top view of 3D structure IPM#1 and the host board for testing
purpose with a size of 60mm*80mm. Fig. 3.18 illustrates the top view of IPM #2 on a host
board with same size and copper layers. Fig. 3.19 shows two commercial products on the
host boards, PPM#1 is a conventional 2D power module with 15mm×9mm footprint area.
PPM#2 is a 3D plastic power module with a high profile inductor and
8.5mm×7.5mm×4.7mm of dimensions. Specifications of all the products are 12V input,
5V output with 6A maximum load current.
80mm

60mm

(a) power module

(b) power module on host board

Fig. 3.17: Top view of the IPM #1 (11.6mΩ DCR)
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Fig. 3.18: Top view of the IPM #2 on the host board (7.2mΩ DCR)

(a) PPM #1

(b) PPM #2
Fig. 3.19: Top view of the commercial products
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Fig. 3.20 shows the efficiency curves of the four power modules measured from the
experimental test. Benefiting from the larger footprint and slightly higher profile of
inductor, the winding resistances of 3D power modules are significantly smaller than the
plastic one. IPM#1 uses a standard PSI2 inductor with DCR of 11.6mΩ and achieves 93.8%
efficiency at full load. IPM #2 has a DCR of 7.2mΩ, and it achieves best performance. The
efficiency of IPM#2 is 95.4% at half load and is 94.7% at full load. So, the full load
efficiency is improved by 0.9% due to the reduced DCR. PPM #1 has the largest DCR and
its efficiency is the lowest. PPM #2 utilizes a very high-profile inductor so that it also
allows a small DCR (10mΩ) and achieves full load efficiency of 94.5%.

96.0%
95.0%

Efficiency(%)

94.0%
93.0%
92.0%
91.0%
90.0%

IPM#1

IPM#2

PPM#1

PPM#2

89.0%
88.0%
1

2

3

4

5

6

Load Current (A)
Fig. 3.20: Efficiency curves of the power modules

Meanwhile, IR camera was utilized to validate the thermal performance of the power
modules. Fig. 3.21 shows the thermal image of the proposed IPM#1 at 5Vout/6A load in
steady state, and the maximum top case temperature is 59.2°C and its regulator is 63°C
according to the thermocouple measurement. The total loss is 1.85W in this case. Fig. 3.22
shows the thermal image for IPM#2 at the same load, the total loss is 1.69W. The top case
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temperature is 50.3°C thus thermal performance is improved by 9°C on the top surface due
to less loss and higher profile.

Fig. 3.21: Thermal image of IPM#1 case temperature @59.2°C

Fig. 3.22: Thermal image of IPM#2 case temperature @50.3°C

Fig. 3.23 shows the thermal image of the 2D module (PPM#1) at the same load, its
total loss is 2.4W and the maximum case temperature 71.2°C. Fig. 3.24 presents the
performance of 3D plastic module (PPM#2), the loss is 1.78W in this load condition and
the top case temperature is 60.1°. Thus, IPM#1 can achieve 10°C better thermal
performance than the high efficiency 3D plastic molded power module although the loss is
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a little bit higher. For PPM #2, its temperature rise is lower than PPM #2 by10°C with same
loss. Thus, it is validated that power supply in inductor (PSI2) is a promising solution to
the cooling problem of 3D structure.

Fig. 3.23: Thermal image of 2D PPM#1 case temperature @71.2°C

Fig. 3.24: Thermal image of 3D PPM#2 case temperature @60.1°C

Table 3.5 summarizes the efficiency and top case temperature in the experimental
results of the four power modules. According to the testing result, the 3D plastic module
can achieve better efficiency but loses thermal performance, and IPM can improve the
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efficiency as well as achieve promising thermal performance. With further modified
winding design, IPM#2 has the best efficiency and lowest temperature.
Table 3.5: Experimental results of four power modules
Conditions

PPM#1

PPM#2

IPM#1

IPM#2

Full load Efficiency

90.7%

94.5%

93.8%

94.8%

71.2

60.1

59.2

50.3

Top case
temperature (°C)

The comparison of FEA simulation results, analytical model estimations and the
experimental results for IPM#1 are shown in Table 3.6. The results from three analysis
methods match closely within 1°C, and the accuracy of thermal analysis can be verified.
With further modified FEA parameters including thermal conductivity and contact
methods, its accuracy could be improved. Also, a more accurate analytical equivalent
circuit model can be developed by adding more realistic considerations which will be
discussed in chapter 4.
Table 3.6: Comparison of three analysis methods
Hot spot location

FEA Simulation
Result

Equivalent
Circuit Model

Measurement
Result

Junction

62.2°C

63.0°C

63.0°C

Case

58.9°C

58.4°C

59.2°C

PCB Back side

55.4°C

53.7°C

55.9°C
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3.6 Conclusion
A novel 3D integrated power module featuring high efficiency, improved thermal
performance and minimized footprint area is proposed in this chapter. This power module
combines the advantages of 3D structure and novel packaging technology, its footprint area
is reduced by 40% and the inductor winding loss can be reduced by 40% compared to a
traditional 2D structure. A thermal analysis method based on FEA simulation and
equivalent circuit modeling is proposed to verify the improved performance. Benefiting
from PSI2 technology, the thermal performance is significantly improved: junction
temperature can be reduced by 15°C at the same power loss compared to a plastic 3D
structure. Four prototypes were built to validate the simulation and analysis, experimental
results verify that better efficiency and thermal performance have been achieved by PSI2
structure.

55

Temperature Dependent Thermal Equivalent Circuit Thermal Model
4.1 Introduction
In the conventional thermal models, the correlation of the three major factors:
temperature, heat and thermal resistance are usually not considered, which limits the
accuracy of the thermal equivalent circuit models [79]. For the practical integrated point of
load converters, both semiconductor loss and inductor loss are affected by the temperature
which is not considered as an input in the conventional thermal models. As a majority-only
carrier, the on-resistance of MOSFET increases as the temperature rises [80]. Also, the
resistivity of copper increases with temperature rise, so more winding loss will be
generated when the temperature gets higher. Moreover, higher loss in turn results in a
further temperature rise and increases the error of estimation.
On the other hand, temperature rise also changes the ability of heat dissipation from
surface to ambient which also affects the thermal performance. Therefore, the actual loss,
thermal resistance and temperature are all mutual correlated to the operating condition and
this phenomenon can result in serious estimation error. Recent research has included more
temperature information in loss model, other models consider device properties to build
more accurate mode [81][82][83]. But the impact of heating interaction and heat dissipation
has not been studied. Thus, adding the interaction between temperature, loss and heat
transfer coefficient into the model is necessary for more accurate thermal analysis.
In this chapter, a modified thermal equivalent circuit model is proposed which includes
temperature dependency of loss and thermal resistance into account and achieves a more
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accurate thermal estimation. The chapter is organized as follows: Section 4.2 constructs
the circuit topology corresponding to the actual power module structure based on Foster
model. Section 4.3 analyzes the loss breakdown of investigated converter; temperature
dependency of losses and heat coefficient are discussed. Section 4.4 integrates the
information in Section 4.2 and 4.3 to accommodate the parameters circuit model and
achieves the thermal performance and loss estimation. Section 4.5 performs a series of
simulations and makes a comparison between circuit model, finite element analysis (FEA)
model and experimental result. Section 4.6 concludes the chapter.
4.2 Structure of Equivalent Resistance Network
Within the existing thermal analysis methods, equivalent model does not consider
temperature effect and is not appropriate for actual conditions. Finite element analysis
(FEA) is commonly used in practical thermal estimations to achieve high accuracy with
automatically maintained heat convection and radiation. However, FEA method does not
include dynamic loss input so iteration method is need. To complete an FEA thermal
analysis for a specific condition, several steps are needed: (1) Perform a fundamental loss
analysis and breakdown at room temperature, which is used as a preliminary starting point
(2) Enter the loss into FEA thermal model to achieve a preliminary temperature result,
which is a first iteration result. (3) Recalculate the loss of converter based on the estimated
temperature from FEA (4) Repeat the above process of loss analysis and FEA simulation
until it converges at the N iterations by reaching sufficient accuracy (5) For each operating
case, the thermal analysis needs to complete the iterations to eliminate the error imposed
by loss variation otherwise the temperature will be underestimated.

57

The dynamic thermal modeling method proposes an approach to quantify the
temperature coefficient of loss and thermal resistance, thus no iteration is required after the
model is built. For different operating conditions and ambient temperatures, a room
temperature loss analysis is sufficient for thermal estimation which is further selfcontained. The thermal equivalent circuit model is quick and convenient to solve compared
with FEA method which requires many iterations and long time for each calculation.
Compared with conventional circuit modeling methods, the proposed model clarifies the
effect of radiation in high temperature and achieves higher accuracy.
This section presents the structure of the proposed equivalent circuit model with the
specific nodes, heat sources and thermal resistors corresponding to realistic power module.
The power module studied in this chapter is a step down Buck power module with the input
and output specifications shown in Table 4.1. Fig. 4.1 shows the isometric drawing of the
integrated point of load converter, it consists of a voltage regulator (integrates two
MOSFETs and a controller, left side) and an inductor (right side). The regulator IC locates
in a cavity and the inductor core serves as the case of power module. Physically the IC loss
and inductor loss are assigned as two heat sources in the thermal model.
Table 4.1: Parameters of the studied integrated POL converter
Input
voltage Vin

Output
voltage Vout

Maximum
output
current Iout

Switching
frequency
fsw

High switch
onresistance
Rds_on_hs

Low switch
onresistance
Rds_on_ls

Dimensions
(mm)

12V

5V

8A

780kHz

20mΩ

10mΩ

15*9*2.8
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Fig. 4.1: Isometric drawing of the integrated power module

Fig. 4.2 shows the diagram of an integrated power module based on the isometric
drawing shown in Fig. 4.1. The loss is separated and assigned in voltage regulator and
inductor respectively. The PCB on the bottom stands for the substrate of the power module.
Thus, based on the two-resistor compact model in Fig. 2.6, two heat sources and four heat
paths are constructed: IC from top to ambient, IC from substrate PCB to ambient, inductor
from top to ambient and inductor from substrate PCB to ambient.

Fig. 4.2: Perspective front view of the power module diagram
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With two different amount of power losses in IC and inductor, although the whole
converter is encapsulated in one single package, the temperature will not distribute
uniformly on the top surface of case [84]. To describe the junction and top surface
temperature more precisely, two direct case nodes (IC top case node and inductor top case
node) are used to model the junction to case node as shown in Fig. 4.2. Case node 1 is the
closest point to the voltage regulator on the top case and it reflects the junction temperature.
Case node 2 is above the center of inductor winding and its temperature is approximately
the same with the winding temperature. PCB node corresponds the spot on the back side
of the host PCB.

Fig. 4.3: Structure of proposed thermal equivalent circuit model

The basic topology of the proposed thermal resistance model is built based on these
three virtual nodes together with the IC junction and inductor node. Fig. 4.3 shows the
proposed circuit model, in which the five nodes are corresponding to the five nodes in Fig.
4.2. Two heat paths are created for each of the two heat sources: the red path dissipates
from the top side and the blue path transfers heat from the bottom side. As for the heat path
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from top case to the ambient, R_CA1 represents the IC top case node to ambient thermal
resistance and R_CA2 is the inductor case node to ambient thermal resistance. One more
thermal resistance R_c is added between the case nodes because the thermal resistance of
the case is not negligible and there is a temperature drop between the nodes.
To achieve a more intuitive thermal model, the equivalent circuit model uses only one
resistor to represent the thermal resistance between the surface of target and ambient as
shown in Fig. 4.4 (b). So Δ - Y transform is applied to combine RCA1 and RCA2 into the case
to ambient thermal resistor R1. Case node 1, Case node 2 and Ambient node stay the same.
R1 represents for the case to ambient thermal resistance, which is defined as interface
resistance in the following sections of chapter. The equivalent resistances in Fig. 4.4 (b)
are calculated by (1)-(3).

(a) Original case to ambient thermal resistance

(b) Equivalent thermal resistance

Fig. 4.4: Δ - Y transform of case to ambient thermal resistances

𝑅1 =

𝑅_𝐶𝐴1 𝑅_𝐶𝐴2
𝑅_𝐶𝐴1 +𝑅_𝐶𝐴2 +𝑅_𝐶

𝑅2 = 𝑅
𝑅3 = 𝑅

𝑅_𝐶 𝑅_𝐶𝐴1
_𝐶𝐴1 +𝑅_CA2 +𝑅_C

𝑅_𝐶 𝑅_𝐶𝐴2
_𝐶𝐴1 +𝑅_𝐶𝐴2 +𝑅_𝐶

(4.1)
(4.2)
(4.3)

Benefiting from the added Case node 1 and Case node 2 which correspond the hot
spots on the top case of power module, the impact of junction to case and winding to case
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thermal resistance can be observed. The Δ - Y transform creates a single case to ambient
thermal resistor which simplifies research on the temperature dependence of thermal
resistance. With mitigated loss calculation and thermal resistance extracted from
simulation and testing results, which is being discussed in the next section, a modified
thermal model could be fully constructed. Two major modifications are made based on the
conventional thermal resistance model: (1) voltage-controlled current source emulates the
heat generation. In this way, the additional temperature dependent loss is included. (2)
voltage-controlled current source on top and bottom surface emulates the variation of
radiative heat transfer. Therefore, the high temperature radiation is considered. The
implementation of these two equivalent circuit symbols will be demonstrated with the
proposed model structure in the following sections.
4.3 Thermal Model Parameter Characterization with Temperature Dependency
This section introduces the loss analysis and breakdown approach of the target power
converter, which fundamentally correlates the loss and temperature of the equivalent
thermal model. The heat sources in this case includes regulator loss (switching loss,
conduction loss, gate driver loss and quiescent loss), inductor loss (winding loss and core
loss) and PCB conduction loss [85][86]. Where the total loss of the POL converter can be
separated into two categories: the temperature dependent loss and the temperature
independent part of loss. The thermal resistance variation of temperature is also discussed.
4.3.1 Temperature Dependent Loss Calculation

The increasing of winding loss and semiconductor switching loss together are the most
significantly parameters affected by temperature. The winding loss is the sum of
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temperature independent and dependent part, which consists of DC winding loss and AC
winding loss by (4.4):
𝑃𝑤𝑖𝑛𝑑𝑖𝑛𝑔 = 𝑃𝑡0_𝑤𝑖𝑛𝑑𝑖𝑛𝑔 + 𝑃𝑑_𝑤𝑖𝑛𝑑𝑖𝑛𝑔 = (𝑃𝑡0_𝑑𝑐 + 𝑃𝑡0_𝑎𝑐 )(1 + 𝛼(𝑇𝑤 − 25℃)) (4.4)
Where t0 stands for the start testing condition (operating time is 0) when all the parts
have not been heated up. Pt0_dc is the initial winding loss calculated by the DC component
of current and DC resistance under room temperature. Pt0_ac is the initial AC loss at t0. I_rms
is the rms value of current and Rac is the AC winging resistance which is measured with
frequency swing by LCR meter. Tw is the operating temperature of winding and α is the
temperature coefficient of copper (i.e. 0.00386). Basically, the DC loss dominates the total
winding loss so the temperature dependent winding loss Pd_winding is approximately equal
to the increased DC conduction loss (4.5):
2
𝑃𝑑_𝑤𝑖𝑛𝑑𝑖𝑛𝑔 = 𝑃𝑡0_𝑑𝑐 ∗ 𝛼(𝑇 − 25℃) = 𝐼𝑟𝑚𝑠
𝑅𝑑𝑐 ∗ 𝛼(𝑇 − 25℃)

(4.5)

Conduction loss of switches considering temperature effect is a critical part of loss
analysis in proposed thermal model. The temperature coefficient Ct is difficult to quantify
from calculation. Therefore, an experimental method is proposed in this section to obtain
the increased conduction loss function of temperature.
The initial loss at t0 and steady state losses are measured and the difference of these
two components is defined as increased regulator loss. Since switching loss and control
circuitry loss are independent on temperature, the increased regulator loss is the same as
increased conduction loss. Table 4.2 presents the measured losses and junction temperature
at different load current (temperature is measured by IR camera). The initial losses are
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measured when startup, ΔPd_cond % is the ratio of increased conduction loss which is the
difference between the steady-state loss and the initial total loss.
Table 4.2: Measured switches loss and temperature data

Load current (A)

2

3

4

5

6

7

8

Initial regulator loss (W)

0.385

0.506

0.739

1.030

1.435

1.886

2.491

Steady-state regulator loss (W)

0.401

0.538

0.799

1.145

1.597

2.150

2.888

Initial conduction loss (W)

0.074

0.145

0.245

0.373

0.529

0.713

0.926

Increased conduction loss (W)

0.016

0.032

0.060

0.115

0.162

0.264

0.397

IC temperature (°C)

40

45.4

52.9

63.1

77.6

95

114

Increased percent Δ Pd_cond (%)

21.1

22.6

24.3

30.8

30.6

37.0

42.9

The initial conduction loss at room temperature is (4.6):
D

2
2
𝑃_𝑡0_𝑐𝑜𝑛𝑑 = 3 (𝐼𝑚𝑎𝑥
+ 𝐼𝑚𝑎𝑥 𝐼𝑚𝑖𝑛 + 𝐼𝑚𝑖𝑛
)𝑅𝑑𝑠_𝑜𝑛_ℎ𝑠 +

1−D
3

2
(𝐼𝑚𝑎𝑥
+ 𝐼𝑚𝑎𝑥 𝐼𝑚𝑖𝑛 +

2
𝐼𝑚𝑖𝑛
)𝑅𝑑𝑠_𝑜𝑛_𝑙𝑠

(4.6)

Where D is the duty ratio of the Buck converter, the resistances are exactly the values
from the datasheet. With the curve fitting method applied to the measured temperature and
loss, a linear function of temperature-controlled conduction loss is obtained (4.7):
𝑃𝑐𝑜𝑛𝑑 = 𝑃𝑡0𝑐𝑜𝑛𝑑 (1 + 𝛥𝑃𝑑𝑐𝑜𝑛𝑑 %) = 𝑃𝑡0𝑐𝑜𝑛𝑑 + 𝐶𝑡𝑗 ∗ 𝑇𝑗 ∗ 𝑃𝑡0_𝑐𝑜𝑛𝑑

(4.7)

Where Ctj is the temperature coefficient of Rds_on, Tj is the operating IC temperature.
According to the measurement results, curve fitting method is used, and the temperature
dependency of conduction loss is quantified. The polynomial curve fitting expression with
temperature coefficient is shown in Fig. 4.5. The curve fitting result in this temperature
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range is a linear function, it could be further extended to other forms of functions in
different temperature ranges and applications.
Therefore, the temperature dependent part of the IC is the conduction loss which is
defined as P_td_IC which is simulated by a voltage controlled current source and the constant
part is defined as P_t0_IC and it is simulated as a constant current source. The two current
sources are connected in parallel as the total generated heat.

Fig. 4.5: Linear fitted curve of conduction loss: ΔPd_cond % = f (Tj)
4.3.2 Temperature Independent Loss Calculation

Switching loss of the power converters is not affected by temperature because the gate
capacitance and switching delay time is independent to temperature change. The switching
charge Qsw and switching speed keep unchanged, so the loss remains the same. The
switching loss Psw and gate drive loss Pgate are calculated by (4.8) - (4.9):
𝑃𝑠𝑤 = 𝑉𝑖𝑛 ∙ 𝐼𝑜𝑢𝑡 ∙ 𝑓𝑠𝑤 ∙
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𝑄𝑠𝑤
𝐼𝑔

(4.8)

𝑃𝑔𝑎𝑡𝑒 = 𝑄𝑔 ∙ 𝑉𝑑𝑟𝑖𝑣𝑒 ∙ 𝑓𝑠𝑤

(4.9)

Where Ig is the gate current and Vdrive is the gate driver voltage. For the point of load
voltage regulators, the switching loss, gate drive loss and control circuitry loss are
determined by the specified devices.
Core loss is another loss considered as not sensitive to thermal. Basically, it takes a
small portion of the total loss in the DC-DC converters at high load condition. The core
loss value is simulated in Maxwell FEA software with a pre-estimated operating
temperature and then assigned into the thermal model. The actual mathematical core loss
calculation of ferrite core is determined by the curve fit loss equation (4.10):
𝑥 𝑦
𝑃𝑐𝑜𝑟𝑒 = 𝐶𝑚 𝐵𝑝𝑘
𝑓 (𝐶0 + 𝐶1 𝑇𝑚 + 𝐶2 𝑇𝑚 2 )

(4.10)

Where Cm, x and y are the curve fitted coefficients based on core material property, Tm
is temperature of magnetic core. Core loss is slightly affected by temperature according to
(4.10), however, for different operating temperatures, the B-H curve is revised to match
the actual flux density and the core loss values remain little change. Therefore, in this
chapter the core loss is regarded as a temperature independent loss.
4.3.3 Temperature Dependent Thermal Resistance: Radiative Heat Transfer

In addition to the temperature dependent losses, the thermal resistance is also
considered to be temperature dependent due to the radiative heat. For the heat conduction
inside the module and the convection on the surface, the resistance is considered as constant
and FEA simulation can be applied to obtain the conductional thermal resistance.
Between the surface and ambient, all heat generated inside the power converter will
be dissipated to the ambient from outer surface in terms of convection and radiation. So,
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the surface to ambient thermal resistance is a parallelism of convection resistance and
radiation resistance, and for most of the cases the radiation heat transfer is ignored because
it is less than 5% of the total amount of convective heat.
The interface thermal resistance Rsurface between surface and ambient is (4.11):
𝑅𝑠𝑢𝑟𝑓𝑎𝑐𝑒 = 𝑅𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛 //𝑅𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛

(4.11)

The radiation power and thermal resistance are determined by (4.12) and (4.13):
𝑃𝑟𝑎𝑑 = 𝜎𝐴(𝑇𝑠4 − 𝑇𝑎4 )

(4.12)

𝑅𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 = (𝑇𝑠 − 𝑇𝑎 )/𝑃𝑟𝑎𝑑 = 𝜎𝐴(𝑇 +𝑇
𝑠

1
2
2
𝐴 )(𝑇𝑠 +𝑇𝐴 )

(4.13)

Where σ is the radiation constant, A is the surface area, Ts is the surface temperature,
Ta is the ambient temperature. Therefore, as the temperature increases or at higher ambient
temperature, the higher portion of heat will be dissipated by radiation so that the radiation
thermal resistance will decrease. For integrated power modules, they are required to
survive up to 85°C high ambient temperature. At these high operating temperatures, the
impact of radiative heat is no longer negligible.
FEA simulation is utilized to extract thermal resistance values. For the radiation
thermal resistance, to evaluate the temperature dependency of thermal resistances, curve
fitting method is used to obtain an approximate resistance value for each of the different
operating surface temperatures. It is noted that the convection and conduction thermal
resistance are independent to temperature change, and these values are obtained by
injecting heat into FEA simulation and calculated from (4.14) and (4.15):
𝑅𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛 = (𝑇𝑠 − 𝑇𝑎 )/𝑃𝑐𝑜𝑛𝑣
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(4.14)

𝑅𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛 = (𝑇𝑠1 − 𝑇𝑠2 )/𝑃𝑐𝑜𝑛𝑑

(4.15)

Where Ts1 and Ts2 are temperatures of two sides of heat conduction path and Pcond is
the injected conductive heat. However, the radiation and convection cannot be separated
during practical testing, so only surface thermal resistance is used in the following analysis
of this chapter instead.
4.4 Basic Idea of Temperature Dependent Thermal Equivalent Circuit Model
In a conventional thermal equivalent circuit model, voltage source, current source and
resistor are used to emulate temperature, loss and thermal resistance correspondingly.
Those parameters are pre-determined in the thermal model. However, in practical
operations, the conduction power losses are dependent to the temperature, so is the
radiative heat. A temperature dependent equivalent circuit thermal model considering these
two factors is proposed in this section. Voltage controlled (temperature dependent in
practice) current source (power loss in practice) is used to model the increased winding
loss and IC loss. The increased radiative heat is also simulated as a voltage controlled
current source on the top and bottom surfaces.
The flow diagram shown in Fig. 4.6 shows the derivation process to achieve a
temperature dependent thermal model. Procedures are performed to obtain the temperature
dependent properties: (1) Temperature independent part of loss and thermal resistance are
calculated and a first thermal model at room temperature static operating point is built. (2)
The temperature dependent equation of loss is obtained based on the curve fitting method
in section 4.3.1. Voltage controlled current source representing temperature dependent loss
is defined. (3) The temperature dependent equation of radiative heat is obtained by curve
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fitting method based on the measurement and FEA simulation results. Voltage controlled
current source for temperature dependent radiation is defined. (4) A complete thermal
equivalent circuit model with temperature dependent loss and radiative heat is achieved.

Fig. 4.6: Flow chart of the proposed thermal model

For room temperature static operation point, the t0 loss data is applied to FEA
simulation model to calculate the initial t0 constant thermal resistance values. The static
losses and temperatures are based on 12V input, 5V output and 8A load condition. With
the room temperature thermal resistances and losses, a room temperature thermal model is
obtained. Table 4.3 shows the definition of the thermal resistances and heat sources in the
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circuit. Rs_top and Rs_bot shown in the table represent the surface thermal resistance between
surface and ambient as mentioned in section 4.3.3, which are temperature dependent
resistances evaluated at 25°C ambient. The other conduction thermal resistances are
constant values which will keep the same in the whole operating temperature range.
Table 4.3: Definitions and values for the room temperature thermal model
Designator
Rs_top

Thermal resistance/ Power loss
Top surface thermal resistance from case top
surface to ambient

Value
64K/W

R1

Equivalent thermal resistance in the case

32K/W

R2

Equivalent thermal resistance in the case

32K/W

R3

Thermal resistance from the IC to the case

120K/W

R4

Joints from the regulator to the substrate

16K/W

R5

R6

R7

Rs_bot

Thermal resistance between the coil and the
magnetic material case
Joints thermal resistance from the pin of the coil
through the solider to the substrate
Joints thermal resistance of the module, from the
module substrate to the bottom of host board
Bottom surface thermal resistance, from the
bottom surface of host board to ambient

1.2K/W

28K/W

1.5K/W

13K/W

PIC

Power dissipation of controller and switches loss

2.87W

Pcore

Power dissipation of core loss

0.16W

Pcu

Power dissipation of winding copper loss

1.21W

Fig. 4.7 shows the room temperature thermal model and the temperature estimation by
this analytical model at room temperature. Case node #1 and case node #2 correspond to
the same spot in the power module as shown in Fig. 4.2. The analytical thermal simulation
results (voltage on the nodes in the circuit) show a close match with the thermal images
from IR camera photographing. Where the junction temperature is estimated to be 108.3°C,
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winding temperature is 89.2°C as shown in Fig. 4.12. Thus, the accuracy of loss analysis,
thermal resistance calculation and static thermal estimation has been verified and further
analysis is performed based on this model.

Fig. 4.7: Static room temperature thermal estimation

To obtain the temperature dependent equation of surface thermal resistance,
temperature rise at different ambient temperatures are simulated in FEA. Table 4.4 shows
the preliminary loss estimations at 20°C to 80°C ambient temperature with the temperature
dependent losses and static thermal resistance, the losses are assigned into FEA simulation
models with corresponding ambient temperature and the temperature rises of junction and
winding are obtained. The simulation results indicate that with higher ambient temperature,
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although more losses are generated, the temperature rise is becoming smaller because of
the reduction of the radiation thermal resistance.
Table 4.4: Calculated losses and FEA simulated temperature at 1st iteration
Ambient Temperature(°C)

20

30

40

50

60

70

80

IC loss (W)

2.87

2.89

2.92

2.94

2.97

3

3.02

106.3 115.9

125.4

134.8

144.2

153.6

162.9

Top temperature rise(°C)

86.3

85.9

85.4

84.8

84.2

83.6

82.9

Winding loss (W)

1.21

1.24

1.27

1.31

1.34

1.38

1.42

Bottom surface temperature(°C)

87.5

97.4

107

116.7

126.4

136

145.5

Top surface temperature(°C)

Substituting the temperature results in Table 4.4 back to the equivalent circuit model,
the surface thermal resistance can be calculated, and equation of temperature dependent
interface thermal resistance is derived. Very high linearity is observed in this temperature
range as shown in Fig. 4.8, so regarding equation (4.16) and (4.17):
𝑅𝑠_𝑡𝑜𝑝 = 𝑅𝑠0_𝑡𝑜𝑝 − 𝐶𝑡𝑠_𝑡 (𝑇𝑠_𝑡𝑜𝑝 − 𝑇𝑠0_𝑡𝑜𝑝 )

(4.16)

𝑅𝑠_𝑏𝑜𝑡 = 𝑅𝑠0_𝑏𝑜𝑡 − 𝐶𝑡𝑠_𝑏 (𝑇𝑠_𝑏𝑜𝑡 − 𝑇𝑠0_𝑏𝑜𝑡 )

(4.17)

Where Cts is the temperature coefficient of thermal resistance and Ts is the temperature
on the surface of power module. 𝑅𝑠0_𝑡𝑜𝑝 and 𝑅𝑠0_𝑏𝑜𝑡 represent the room temperature top
and bottom surface resistances and Ts0 is the surface temperature at room ambient
temperature (25°C).
To demonstrate the concept of temperature dependent radiative heat more intuitively,
the surface thermal resistance is expressed as the parallelism of a resistor (Rs0_top/Rs0_bot)
and a voltage controlled current source (Prad_top/Prad_bot).
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Rs_top = - 0.2728 ∙ Ts_top + 100.46
Rs_top (W/K.m)
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(a) Top surface thermal resistance fitting equation
13

Rs_bot = -0.0426 ∙ Ts_bot + 16.567

Rs_bot (W/K.m)

12.5
12
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10
80

90

100

110

120

130

140
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Bottom Surface Temperature Tbot (°C)
(b) Bottom surface thermal resistance fitting equation
Fig. 4.8: Linear fitted curve of thermal resistance: Rs = f (Ts)

With all the function of losses and thermal resistances are obtained, the model is built
as shown in Fig. 4.9 and analytical simulation results can be achieved to estimate the
thermal performance. As shown in the figure, the circuit model contains three constant
current sources which are the initial room temperature losses, and two voltage controlled
current sources that represent the temperature dependent losses. For the temperature
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dependent radiation thermal resistance, another two voltage controlled current sources are
introduced and perform as the increased radiative heat at higher surface temperature.

Fig. 4.9: Proposed temperature dependent thermal model

In the complete equivalent circuit thermal model, the impact of temperature on both
losses and thermal resistances are considered. The temperature dependent functions are
obtained from both FEA and experimental methods. Therefore, the error of thermal
estimation due to temperature dependency is eliminated and the thermal resistor network
matches more closely to realistic condition. Actual loss information and thermal resistance
condition can also be derived from the proposed thermal model.
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4.5 Comparison of Simulation and Test
With the purpose of comparison and verification, FEA simulation and experiment
were performed. Fig. 4.10 shows the experimental setup of the POL Buck power module
testing. The integrated module is mounted on a four-layer PCB with 60mm*80mm size,
which is also used in the FEA simulation. Fig. 4.11 shows the FEA simulation result with
ANSYS and Fig. 4.12: Steady-state thermal image with 8A load currentFig. 4.12 shows
the thermal image taken with IR camera.

Evaluation PCB

Fig. 4.10: Test setup of integrated POL module

Fig. 4.11: FEA simulation with steady-state losses
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Fig. 4.12: Steady-state thermal image with 8A load current

The ambient temperature for both cases is 22°C, the operating condition is 12V
input/5V output at 8A current. As shown in Table 4.5, both results match the thermal
estimation of Fig. 4.7 closely. The two methods together consist the static thermal
parameters. Based on the initial thermal estimation results, the temperature variations can
be introduced to further verify more conditions.
Table 4.5: Comparison of testing, FEA and thermal modeling
IC

Case node #1

Case node #2

temperature(° temperature(° temperature(°

PCB Bottom
temperature (°C)

Items

C)

C)

C)

Experimental result

108

76.5

86.3

65

108.4

77.8

89.4

67.4

108.3

79.5

89.2

66.2

FEA simulation
result
Equivalent circuit
modeling

Verification of temperature dependency is mainly based on FEA method due to the
realistic performance in high temperature simulation [87]. Also the high temperature
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chamber is not accesible or measureable in constant temperature without changing the
enviorment. Fig. 4.13 to Fig. 4.19 present the FEA simulation results showing the internal
structure and temperature at different ambient temperatures. This series of FEA simulation
sweeps the ambient temperature from 20°C to 80°C to investigate thermal resistance
varaition with the surface temperature ranging from 90°C to 150°C. The internal pictures
of simulation show the hot spot of votlage regulator IC on the left is and the inductor
winding on the right.

Fig. 4.13: FEA simulation with steady-state loss at 20°C ambient

Fig. 4.14: FEA simulation with steady-state loss at 30°C ambient
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Fig. 4.15: FEA simulation with steady-state loss at 40°C ambient

Fig. 4.16: FEA simulation with steady-state loss at 50°C ambient

Fig. 4.17: FEA simulation with steady-state loss at 60°C ambient
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Fig. 4.18: FEA simulation with steady-state loss at 70°C ambient

Fig. 4.19: FEA simulation with Steady-State Loss at 80°C ambient

The simulation results indicate that the temperature has a large impact on the heat
transfer coefficient so that radiation heat dissipiation is improved in high ambient
temperature. The temperature dependent thermal resistance expression is obatined based
on these simulations.
Table 4.6 presents the comparison of estimated junction temperatures in the
temperature independent model, temperature dependent model with variable loss and
constant thermal resistance, and complete temperature dependent model with variable loss
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and thermal resistance. Operating condition is the same with 20°C to 80°C ambient
temperature.
Table 4.6: Thermal performance and loss verus ambient temperature
Ambient Temperature
(°C)
Static model with
constant loss(°C)

20

30

40

50

60

70

80

111.4

121.4

131.4

141.4

151.4

161.4

171.4

111.2

122.5

133.7

145.0

156.3

167.5

178.8

111.1

120.8

130.4

140.0

149.5

159.0

168.5

Temperature
dependent model
variable loss(°C)
Complete temperature
dependent model (°C)

Fig. 4.20 shows the curves of these two series of junction and coil temperatures, the
junction temperature has 10.3°C difference at maximum. The loss and thermal resistances
in the static model are assigned to be constant in the whole temperature range. Basically,
increasing the loss and decreasing the thermal resistance are two methods that temperature
rise imposes error into the thermal modeling. Temperature rise does not increase with the
higher winding and conduction loss, and the proposed thermal model with temperature
dependency can eliminate the error of estimation induced by radiation heat dissipation.
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Static model vs. Temperature dependent model

Junction Tempearture (°C)
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Ambient Temperature (°C)

Fig. 4.20: Comparison of junction temperature at different ambient temperature

4.6 Conclusion
This chapter proposes an improved thermal equivalent circuit model to help analyze
the steady-state loss and thermal performance at different ambient and load conditions. The
temperature dependency of loss is considered and a correlation circuit model which uses
voltage controlled current source to simulate the variable electrical loss is built. Also, the
increased radiative heat transfer at high temperature is considered which is also represented
as a voltage controlled current source. FEA simulations and experiment are performed to
obtain the temperature dependent parameters of the model and verify the accuracy. The
proposed thermal model takes these two factors into account; thus, the modeling is much
closer to realistic condition and the thermal estimation error in high temperature range is
significantly reduced.
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Micro Power Relay with Zero Voltage Switched MEMS Switch
5.1 Introduction
For power relay applications, both the electromagnetic relay and solid state relay are
widely used due to their unique features. The electromagnetic relay has low on-state
resistance because of the mechanical contact, but it suffers from the bouncing and
mechanical wear out problems. In addition, the bulky inductive coil limits the size
reduction and power consumption of EM relays. Solid state relay takes the advantage of
semiconductor output devices and achieves more compact size, but its on-state resistance
and leakage current are larger.
The Micro ElectroMechanical System (MEMS) technology, which integrates the
mechanical contact and voltage controlled semiconducting functions, is commonly used in
precise sensing, medical equipment and RF communication applications [88][89]. Based
on its unique structure, the mechanical contact guarantees small on-state resistance and
galvanic isolation, and the voltage source gate control feature avoids the bulky coil.
Therefore, both small size and promising on-off performances can be achieved by the
MEMS switches. When applied into high power applications, the power consumption
during the on-off transitions restricts the utilization of MEMS switch as discussed in
Chapter 1. Solution to mitigate the on-off energy and protect MEMS device is investigated
in the following sections.
This chapter is organized as follows: Section 5.2 explains the proposed relay circuit
structure and the detailed operation principle. Section 5.3 shows the control circuit and
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power supplies for MOSFET and MEMS switch driver voltage rails. Section 5.4
demonstrates the modified MEMS relay structure to achieve zero leakage current. Section
5.5 introduces the functions of AC MEMS relay and section 5.6 discusses the AC snubber
circuit to absorb AC load current. Then, a MEMS relay prototype is built to validate the
high voltage-high current switching capability and the superior performance of MEMS
relay. The waveforms of MEMS on-off transitions and over current protection mode are
illustrated in section 5.7; the zero leakage current and AC MEMS relay operations are also
performed in section 5.8. Section 5.9 draws the conclusion.
5.2 Basic Idea of MEMS Power Relay
In this section, the circuit of proposed MEMS based power relay is demonstrated. A
parallelism of MEMS switch and MOSFET is used, which benefits both the advantages of
MEMS technology and semiconductor devices.
5.2.1 Zero Voltage Switching Circuit for MEMS Switch

Despite the promising performance, MEMS switch suffers from the risk of damage
during switching transitions if the switching energy across the device is too high. At 3A
load, if the voltage across MEMS switch is higher than 5V during the transition, the
lifespan of MEMS switch will be significantly reduced. Even immediate damage could
happen. Therefore, a circuit topology is needed to limit the MEMS switch voltage during
turn on and turn off transitions and solve the over voltage commutation problem.
In contrast to the MEMS switch, silicon based MOSFET can handle large voltage and
current overlap during the switching transition. However, the main disadvantage of
MOSFET is relatively larger on-state resistance.
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A true zero voltage switching circuit for MEMS switch that can be used as a MEMS
relay is proposed in this section. The MEMS relay structure is shown in Fig. 5.1 which
mitigates the switching energy from the MEMS switch to the MOSFET. An auxiliary
MOSFET is connected in parallel with the MEMS switch to achieve the zero voltage
switching for MEMS switch during on-off transitions. The MOSFET is turned on during
the turn on and turn off transition of MEMS switch thus guarantees the MEMS switch
voltage is zero voltage (less than 0.5V).
As a power relay application, the proposed MEMS relay frequency is 10kHz at
maximum, and in most of the conditions it does not work in switching mode. So, the
switching loss of MOSFET can be ignored. Therefore, the MEMS relay circuit combines
the advantages of both MOSFET and MEMS switch to solve the switching energy problem,
allowing the MEMS technology to be used in power relay applications.
DC Source
MEMS relay structure
P (Relay In)
MEMS
Switch

MOSFET

GMEMS
GMOS

N (Relay Out)
PGND

Fig. 5.1: MEMS switch based relay with an auxiliary MOSFET

The key waveforms of turn on and turn off operations of MEMS relay with parallel
auxiliary MOSFET are illustrated in the following sections. The control strategy used to
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guarantee true zero voltage switching of MEMS switch in turn-on and turn-off transitions
is revealed in Fig. 5.2 and Fig. 5.3.
5.2.2 MEMS Relay Turn on Operation

This section shows the turn-on process of MEMS relay and the implementation of
MEMS switch soft switched-on. vcon, GMOS and GMEMS are the on-off control and gate
signals of the power relay, MOSFET and MEMS switch respectively. According to the
different switching state, there are five operation modes during each switching
commutation. Before MEMS relay is to beturned on, both MEMS switch and MOSFET
are in off state, and the load current iL is zero. The turn-on transition including mode 1 to
mode 5 is illustrated in Fig. 5.2.
Mode 1 (t0-t1): at t0, the turn-on control signal vcon goes high. After a short delay time,
GMOS steps up immediately at t1 to turn on MOSFET first.
Mode 2 (t1-t2): when MOSFET is turned on at t1, the voltage across MEMS switch vPN
begins to decrease and the load current flows through MOSFET is increasing. At t2, vPN
decreases to zero and iMOS increases to the load current iload.
Mode 3 (t2-t3): After a very small time delay until t3, iMOS is stabilized at the load
current iMOS=iload.
Mode 4 (t3-t4): at t3, vPN is almost zero (vPN=0). MEMS switch is turned on. iMOS begins
to decrease and iMEMS starts to increase. In this switching on process, MEMS switch
achieves zero voltage turn on. Until t4, MEMS switch is fully on state and the load current
iL is distributed between MEMS switch and MOSFET according to the on-state resistance.
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Mode 5 (t4-t5): at t4, MOSFET is turned off. iMOS is decreasing to zero. All the load
current flows through MEMS switch until t5. The turn-on transition is completed after t5
and the actual turn on time of power relay is at t1.
It is noted that the total turn on time of MEMS relay (t0 to t5) is 40us and the MEMS
switch takes less than 5us to be fully turned on (at t3). Therefore, a quick zero voltage turn
on is achieved by the proposed circuit.

Fig. 5.2: MEMS relay turn-on time sequence
5.2.3 MEMS Relay Turn Off Operation

The MEMS relay turn-off transition is implemented by five modes for zero voltage
switching purpose, the time sequence of the control signals is presented in Fig. 5.3.
Mode 6 (t6-t7): at t6, the control signal vcon becomes low to turn off the relay. The
MOSFET gate voltage GMOS goes high at t7 to turn on MOSFET first.
Mode 7 (t7-t8): when MOSFET is turned on at t7, iMOS begins to increase and iMEMS
starts to decrease. At t8, Both MEMS switch and MOSFET are conducting load current iL.
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Mode 8 (t8-t9): at t8, MEMS switch is turned off. vPN is almost zero (vPN = 0) because
MOSFET is stilling conducting. iMEMS decreases to zero at t9. The load current is flowing
through MOSFET. During this switching off process, MEMS switch achieves zero voltage
turn off.
Mode 9 (t9-t10): after a very small time delay until t10, iMOS is stabilized at the load
current iMOS=iload.
Mode 10 (t10-t11): at t10, MOSFET is turned off. iMOS begins to decrease to zero and vPN
is increasing to the DC source voltage. At t11, the MEMS relay is completely turned off
and the load current reaches zero.

Fig. 5.3: MEMS relay turn-off time sequence

The MEMS switch voltage during the turn on and turn off transitions are limited at
zero according to the relay operations. Therefore, high voltage and current can be applied
to the MEMS relay without damaging the MEMS switch.
5.3 Control and Power Circuit for MEMS Relay
5.3.1 Requirement of MEMS Relay Control Circuit
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To achieve the turn on and turn off operations of MEMS relay, a control signal input
circuit is needed to control the MEMS switch and MOSFET. In the proposed relay, a 5V
auxiliary voltage input locates at the control side and MEMS switch and MOSFET locate
on the power circuit side. Isolation should be provided between the control circuit side and
power circuit side [90][91].
When on-off signal is applied to the control circuit side, the micro controller unit
(MCU) at the power side should generate the required gate signals for MEMS switch and
MOSFET according to section 5.2. To maintain all the control functions of MEMS relay,
three power supplies are needed at the power side: (1) a 5V power supply is required by
the digital controller to achieve the turn on and turn off control logic of relay; (2) a 12V
power supply to drive the MOSFET and (3) a 80V voltage source to drive the MEMS
switch.
Therefore, the isolation circuit is required to transfer on-off control command voltage
to the MEMS switch and MOSFET and transfer 5V control voltage to 5V, 12V and 80V
voltage rails to provide power supply for control logic chip, MOSFET and MEMS switch
driving circuit. In order to minimize the relay size, a single transformer isolated circuit is
proposed to acquire the power side voltage rails [92]. A digital isolator IC is used to transfer
the control signal vcon from control side to power side and generates the gate signal GMOS
and GMEMS.
5.3.2 Implementation of Control Circuit

The block diagram of isolation circuit is shown in Fig. 5.4. The control input voltage
Vcc = 5V is applied on the control side, pulse generator (LMC555) generates a 500 kHz
pulse waveform and then this signal is power amplified by a pulse driver (ADP3624) as
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the primary side voltage of transformer. C1 is used to block the DC component of the power
amplifier. The voltage doubling rectifying circuit including D1, D2, C2, C3 is built to rectify
the transformer secondary voltage to the intermediate dc-link voltage Vdd = 6V which
serves as the input of voltage regulation circuit.
To provide the 80V, 12V and 5V voltage rails for the control functions, three DC-DC
converters are used. DC-DC1 is a step-up Boost converter IC which boost Vdd to 80V
output voltage to drive the MEMS switch [93][94]. A voltage doubler chip is used as DCDC2 to generate 12V voltage rail for MOSFET drive. DC-DC3 is implemented by a low
dropout (LDO) linear voltage regulator to be used as 5V power supply for the control
circuit. Thus, all voltage rails are implemented by a single transformer.

Fig. 5.4: Control power and on-off signal isolation circuit
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As an auxiliary component, the selection of MOSFET is a critical issue to guarantee
that MEMS will be able to achieve the requirement of ZVS and reduce the cost. Take
consideration of the MEMS turn on process, a small enough Rd_MOS should be selected to
ensure the switching voltage of MEMS switch VMOS_ON is less than 0.5V at full load current
condition after the MOSFET is turned on. The maximum on resistance follows the equation
of (5.1):
𝑉

𝑅𝑑_𝑀𝑂𝑆 = 𝐼 𝑀𝑂𝑆_𝑂𝑁

𝑙𝑜𝑎𝑑_𝑚𝑎𝑥

(5.1)

Where VMOS_ON is MOSFET voltage drop under the maximum load current iLoad_max.
However, it is not necessary to minimize the MOSFET on resistance. Firstly, the
contact resistance of MEMS is already very small, selecting a small on-resistance value
will not decrease iMEMS in Mode 7. Also, during t3-t4 and t6-t7 interval, the load current is
distributed between MEMS switch and MOSFET according to the on-state resistance. It is
desired that most of current flows across MEMS switch to keep a constant operating
condition, thus Rd_MOS is supposed to be larger than Rd_MEMS. In the practical prototype,
Rd_MOS is selected to be 192mΩ while Rd_MEMS is 60mΩ. This also allows the cost of
auxiliary MOSFETs to be lower.
Furthermore, the current only flows in the auxiliary MOSFET for very short time and
operates in relatively low frequency, thus the power dissipation by MOSFET is very small.
Therefore, a small package MOSFET can be used to further reduce the size and cost.
With the proposed control scheme, the MEMS relay circuit can take the promising
advantages of the MEMS switch. The functions of controller, voltage source gate drivers
and other auxiliary circuits are implemented by ICs with very small size. With the small
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paralleled MEMS switches as the power components, the total size of power relay is much
smaller than the EMRs with large inductive coils and SSRs require bulky heatsinks. As the
comparison shown in Table 5.1, low turn-on resistance, high response speed, small size
and long lifetime are achieved.
Table 5.1: Comparison of EMR, SSR and MEMS relay of 200V/20A

Comparison Items

EM Relay

Solid State Relay

MEMS Relay

On-state resistance

<20mΩ

<100mΩ

<20mΩ

ON/OFF switching time

>20ms

>1ms

<10us

Leakage current

75pA@200V

0.4mA@200V

75pA@200V

Switching operations

<10 million

<100 million

>3 billion

5.4 Zero Leakage MEMS Relay with Auxiliary MEMS Switch
The MEMS relay developed in previous sections achieves small size and lower onresistance than conventional solid state relay. Its leakage current at off state is determined
by the auxiliary paralleled MOSFET. This current is in the range of 10µA, which is
sufficiently small for most applications. In some special applications, extremely small
leakage current in less than 100pA is required. This section proposes a modified MEMS
relay structure to make use of the low leakage current feature of MEMS technology and
achieve extremely low leakage current.
The zero leakage MEMS relay structure is shown in Fig. 5.5. A parallel voltage
limiting circuit which consists of a MOSFET and an auxiliary MEMS switch is used
instead of a single MOSFET. Thus, in the off state, both main branch and auxiliary branch
are blocked by MEMS switch, the leakage current of MOSFET can be eliminated. The
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auxiliary MEMS switch only conducts for a very short period, so it does not need to have
high current rating. Thus, with the proposed structure, zero leakage current feature can be
achieved by adding an auxiliary MEMS switch with lower current rating.
In the proposed zero leakage MEMS relay, the main MEMS switch and auxiliary
MEMS switch are required to avoid high voltage and current overlap. Similar operations
as discussed in section 5.2 are performed to provide zero voltage in turn on and turn off
operations for the main power MEMS switch. In the voltage limiting circuit, a zero current
transition control scheme is designed for the auxiliary MEMS switch. The auxiliary MEMS
switch is turned on before the MOSFET is turned on to achieve zero current turn on, and it
is turned off after the MOSFET is off, which also ensures the zero current turn off
condition.

Fig. 5.5: Zero leakage current relay structure with auxiliary MEMS switch
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5.4.1 Turn on Operation of Zero Leakage MEMS Relay

Fig. 5.6 and shows the turn on operation of the zero leakage current MEMS relay.
Gaux_MOS is the control signal of the MEMS switch which together with GMOS control the
auxiliary branch. The operation modes also include five stages during each turn on and
turn off switching commutation. In this operation, the main MEMS switch is always
switched at zero voltage condition and the auxiliary MEMS switch is switched at zero
current condition to guarantee the safety of all the MEMS devices. The turn-on operations
are demonstrated in Fig. 5.6 mode 1 to mode 5.
Mode 1 (t0-t1): at t0, the turn-on control signal vcon goes high. After a short delay time,
Gaux_MEMS goes high at t1 to turn on the auxiliary MEMS switch on at zero current first.
Mode 2 (t1-t2): the auxiliary MEMS switch is turned on at t1, the MOSFET is off,
voltage across MEMS switch vPN and the current through auxiliary branch iMOS keep the
same. At t2, GMOS goes high and the MOSFET is turned on.
Mode 3 (t2-t3): MEMS voltage vPN drops to zero and iMOS is stabilized at the load
current iMOS=iload after a short period of time.
Mode 4 (t3-t4): at t3, vPN is almost zero (vPN=0). Gmain_MEMS goes high to turn on the
main MEMS switch at zero voltage. iMOS begins to decrease and iMEMS starts to increase.
Until t4, MEMS switch is fully on state and the load current iL is distributed in MEMS
switch and auxiliary MEMS and MOSFET branch according to the on-state resistance.
Mode 5 (t4-t5): at t4, MOSFET is turned off. iMOS is decreasing to zero. All the load
current flows through MEMS switch before t5 at which moment the auxiliary MEMS
switch is turned off at zero current condition.
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Therefore, the main MEMS switch is turned on in zero voltage condition, the auxiliary
MEMS switch is turned on and turned off in zero current condition during the turn on
transition of zero leakage MEMS relay.

Fig. 5.6: Zero leakage MEMS relay turn-on time sequence
5.4.2 Turn Off Operation of Zero Leakage MEMS Relay

The turn-off transition waveforms of zero leakage relay is shown in Fig. 5.7 including
mode 6 to mode 10.
Mode 6 (t6-t7): at t6, the control signal vcon becomes low to turn off the relay. At this
moment, the main MEMS switch is in on-state, and the MOSFET and auxiliary MEMS
switch are in off-state.
Mode 7 (t7-t8): Gaux_MEMS steps high at t7 to turn on the auxiliary MEMS switch. In this
condition, no current flows through the auxiliary branch, thus the auxiliary MEMS switch
is turned on at zero current condition.
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Mode 8 (t8-t9): the MOSFET is turned on at t8, iMOS begins to increase and iMEMS starts
to decrease. iMOS is stabilized at t8 and load current is shared between MOSFET and main
MEMS switch iMEMS.
Mode 9 (t9-t10): the main MEMS switch is turned off at t9. vPN is almost zero (vPN=0)
because the auxiliary branch is stilling conducting. After a very small time delay before t10,
iMOS is stabilized at the load current iMOS = iload.
Mode 10 (t10-t11): at t10, MOSFET is turned off. iMOS begins to decrease to zero and vPN
is increasing to the DC source voltage. At t11, the auxiliary MEMS switch is turned off at
zero current and the whole power relay is off.
Therefore, the main MEMS switch is turned off in zero voltage condition, the auxiliary
MEMS switch is turned on and turned off in zero current condition during the turn off
transition of zero leakage MEMS relay.

Fig. 5.7: Zero leakage MEMS relay turn-off time sequence
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In the power relay off condition, both the main branch and auxiliary path blocks the
current with MEMS switches. Therefore, the MEMS power relay can achieve extremely
low leakage current. Both main MEMS switch and auxiliary MEMS switch can be turned
on and off with zero voltage or zero current, thus they both can be well protected.
5.5 AC MEMS Relay and Smart Control Strategy
Besides the promising functions in DC applications, the MEMS relay can also be
developed into AC power application. The AC MEMS relay benefits from the digital
control functions and has high flexibility of turn on and turn off operations. The traditional
AC electromechanical relay can only do instantaneous turn on and turn off, and the AC
solid state relay can only do instantaneous turn on and zero current turn off because it uses
silicon controlled rectifier (SCR) to control the power. As a comparison, the AC MEMS
relay can operate in all four conditions as shown in Table 5.2.
Table 5.2: On/off operations of EMR, SSR and MEMS relay

Operation Modes

AC EM Relay

AC SS Relay

AC MEMS Relay

Instantaneous turn on

Yes

Yes

Yes

Zero voltage turn on

No

No

Yes

Instantaneous turn off

Yes

No

Yes

Zero current turn off

No

Yes

Yes

Each mode of turn on and turn off operation has some problems. The instantaneous
turn on and turn off incur large current step with possibility of arcing. With the zero voltage
turn on operation, no current step will happen in the turn on transition. The problem of zero
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current turn off is the delay time between turn off signal and actual turn off time which is
not desirable for fast fault protection procedure. Instantaneous turn off operation can
eliminate this delay time and achieves instant non-zero current turn off. Therefore, the AC
MEMS power relay allows all four different combinations of turn on and turn off so it can
satisfy the requirement of some special applications.
As shown in Fig. 5.8, two MOSFETs are connected back to back in series in this
structure to provide a bi-directional blocking feature and the relay can operate in both
positive and negative voltage conditions. The two back to back connected MOSFETs are
synchronously driven by an isolated gate driver and is controlled to ensure the MEMS
switch is commuting at zero voltage or current.

Fig. 5.8: AC MEMS relay structure with back to back MOSFETs
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Besides the fundamental on-off functions, zero voltage turn on and zero current turn
off features in AC load condition can be achieved as an alternative option. In turn-on
transition, the voltage zero crossing (VZC) point of AC line power is detected, and the
relay can be turned on at ZVC to avoid high turn on voltage which imposes the electrical
arcing problem. On the other side, in turn-off transition, the current zero crossing (ZCC)
point is detected, and the relay is turned off at ZCC at avoid high turn off current and the
voltage spike induced. The ZV turn-on and ZC turn-off principles are demonstrated in the
following sections.
5.5.1 Instantaneous Turn on Operation

Fig. 5.9 shows the operations for MEMS relay instantaneous turn on mode. The target
of instantaneous turn on operation is to turn on the AC MEMS relay as soon as the control
signal is high. MEMS switch should be turned on at zero voltage condition during this turn
on transition of relay.
Mode 1 (t0-t1): at t0, the turn-on control signal vcon steps high. At this moment, the input
voltage Vac is not zero, no delay time is needed in instantaneous turn on mode, so the
MOSFET gate signal GMOS becomes high instantaneously at t1.
Mode 2 (t1-t2): the MOSFET is turned on, voltage across MEMS switch vPN starts to
drop.
Mode 3 (t2-t3): after a short time of delay, MEMS voltage vPN drops to zero and iMOS
is stabilized at the load current iMOS = iload. At t3, vPN is almost zero (vPN = 0). GMEMS becomes
high to turn on the MEMS switch at zero voltage.
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Mode 4 (t3-t4): iMOS begins to decrease and iMEMS starts to increase. Until t4, MEMS
switch is fully on state and the load current iL is distributed between MEMS switch and
auxiliary MOSFET.
Mode 5 (t4-t5): at t4, MOSFET is turned off. iMOS is decreasing to zero. All the load
current flows through MEMS switch before t5.
According to the proposed instantaneous turn on operation, the MEMS relay is turned
on instantaneously when the control signal is high. The MEMS switch is turned on at zero
voltage condition.

Fig. 5.9: AC MEMS relay instantaneous turn on operation
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5.5.2 Zero Voltage Turn on Operation

Fig. 5.10 shows the operations for MEMS relay zero voltage turn on mode. The turnon operations are demonstrated in Fig. 5.10 from mode 1 to mode 5, Vac is the AC input
voltage. The target of this operation is to turn on the MEMS relay at zero crossing point of
AC line input voltage and commutate the MEMS switch at zero voltage.
Mode 1 (t0-t1): at t0, the turn-on control signal vcon steps high. At this moment, the input
voltage Vac is not zero, the MEMS relay does not close. When Vac drops to zero at t1, the
voltage zero crossing is detected.
Mode 2 (t1-t2): after ZVC is detected, the digital controller starts the turn on routine to
close the MEMS relay in zero voltage condition. The MOSFET is turned on, voltage across
MEMS switch vPN starts to drop.
Mode 3 (t2-t3): after a short time of delay, MEMS voltage vPN drops to zero and iMOS
is stabilized at the load current iMOS = iload. At t3, vPN is almost zero (vPN = 0). GMEMS steps
high to turn on the main MEMS switch at zero voltage.
Mode 4 (t3-t4): iMOS begins to decrease and iMEMS starts to increase. Until t4, MEMS
switch is fully on state and the load current iL is distributed between MEMS switch and
auxiliary MOSFET.
Mode 5 (t4-t5): at t4, MOSFET is turned off. iMOS is decreased to zero. All the load
current flows through MEMS switch at t5.
According to the proposed zero voltage turn on operation, the MEMS relay is turned
on when the AC input voltage crosses zero. The MEMS switch is turned on at zero voltage
condition.
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Fig. 5.10: AC MEMS relay zero voltage turn on operation
5.5.3 Instantaneous Turn Off Operation

The instantaneous turn off operation waveforms of AC MEMS relay is shown in Fig.
5.11. The target of instantaneous turn on operation is to turn off the AC MEMS relay as
soon as the control signal is low. MEMS switch should be turned on at zero voltage
condition during this turn off transition of relay.
Mode 6 (t6-t7): at t6, the control signal vcon is coming to turn off the relay. At this
moment, the main MEMS switch is on, the MOSFET is at the off state and the current is
not zero.
Mode 7 (t7-t8): MOSFET gate signal GMOS becomes high instantaneously at t7 after the
control signal is sensed by MCU. MOSFET is turned on iMOS is stabilized and shares load
current with iMEMS.
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Mode 8 (t8-t9): MEMS gate voltage GMEMS becomes low and turn off the MEMS switch
is turned off at t8. vPN is almost zero (vPN=0) because the auxiliary branch is stilling
conducting.
Mode 9 (t9-t10): After a very small time delay before t10, iMOS is stabilized at the load
current iMOS = iload. At t10, MOSFET is turned off.
Mode 10 (t10-t11): iMOS begins to decrease to zero and vPN is increasing to the AC source
voltage. At t11, the MEMS relay is turned off.
According to the proposed instantaneous turn off operation, the MEMS relay is turned
off instantaneously when the control signal is low regardless of AC load current. This
method can achieve a very short fault protection time. The MEMS switch is turned on at
zero voltage condition and is well protected.

Fig. 5.11: AC MEMS relay instantaneous turn off operation
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5.5.4 Zero Current Turn Off Operation

The zero current turn off operation waveforms of AC MEMS relay is shown in Fig.
5.12 including mode 6 to mode 10. The target of this operation is to turn off the MEMS
relay at zero crossing point of AC load current and commutate the MEMS switch at zero
voltage.
Mode 6 (t6-t7): at t6, the control signal vcon becomes low to turn off the relay. At this
moment, the main MEMS switch is on, the MOSFET is at the off state and the current is
not zero, the MEMS relay does not turn off.
Mode 7 (t7-t8): after IMEMS drops to zero, the current zero crossing point is detected at
t8 .
Mode 8 (t8-t9): after the zero crossing is detected, GMOS becomes high and the
MOSFET is turned on at t8, iMOS begins to increase and iMEMS starts to decrease. iMOS is
stabilized and shares load current with iMEMS after t8.
Mode 9 (t9-t10): the main MEMS switch is turned off at t9. vPN is almost zero (vPN=0)
because the auxiliary branch is stilling conducting. After a very small time delay before t10,
iMOS is stabilized at the load current iMOS = iload.
Mode 10 (t10-t11): at t10, MOSFET is turned off. iMOS begins to decrease to zero and vPN
is increased to the AC source voltage. At t11, the MEMS relay is turned off at zero current.
According to the proposed zero current turn off operation, the MEMS relay is turned
off when the AC load current crosses zero. The MEMS switch is turned on at zero voltage
condition and is well protected.
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Fig. 5.12: AC MEMS relay zero current turn off operation

5.6 Snubber Circuit Implementation for AC MEMS Relay
For conventional solid state AC relays, the turn off transition always happens at zero
load current condition. Therefore, no snubber circuit is needed in turn off operation. For
the proposed AC MEMS relay, the load current is not zero in instantaneous turn off mode,
so a snubber circuit is required to absorb the current in inductive load or parasitic inductor
while the relay is turned off. The discharge current when the AC MEMS relay is turned on
should be limited in case of over current fault.
Regular DC snubber circuit cannot be used in AC power applications because it uses
a diode which can only operate in unidirectional current and voltage. Fig. 5.13 shows the
snubber circuit of DC power relay. In the conventional DC snubber circuit, in turn on
transition, the snubber capacitor is discharge through the snubber resistor and the auxiliary
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branch until zero voltage is reached. In turn off transition, the load current freewheels
through the diode to charge the snubber capacitor after both the main MEMS switch and
auxiliary branch are off.

Fig. 5.13: Conventional DC relay snubber circuit

Fig. 5.14: Proposed snubber technology for AC MEMS relay
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The structure of bidirectional power relay snubber method is shown in Fig. 5.14. A
snubber capacitor is connected in series with two back to back MOSFETs in the circuit.
The operation of snubber circuit in all the relay on-off transitions are shown below:
(1) Turn on operation: in this condition, the snubber capacitor is unwanted, so the
snubber MOSFETs keep open to exclude the capacitor from the relay. When the auxiliary
MOSFET is turned on, there is no capacitance in the circuit, so no discharge current is
generated.
(2) Zero current turn-off operation: in zero current off operation, the turn off current
is zero so there is no inductive energy in the relay circuit. So, the MEMS relay can be
turned off directly without generating any voltage spike. The snubber circuit is not used.
(3) Instantaneous turn off operation: the turn off current is not zero when the MEMS
relay is turned off. In this turn off routine, when the control signal becomes low to turn off
the MEMS relay, the auxiliary MOSFETs are turned on instantaneously, and then the
MEMS switch is turned off. The MOSFETs are turned off at the last.
To absorb the load current, snubber MOSFETs are turned on before the turn off routine
and the snubber capacitor is connected into the relay at almost zero voltage (the relay is
still on). Afterwards the MEMS relay is turned off and the inductive energy is absorbed by
the snubber capacitor. During this operation no resistance exists in the circuit, so the current
cannot induce a voltage spike. Then the capacitor is still connected in the circuit and
charged by AC power source. Zero voltage detection circuit keeps working during this
operation and the snubber controller turns off the snubber MOSFETs when the snubber
capacitor voltage is zero. Thus, the capacitor is disconnected from the main relay circuit at
zero voltage and no discharge current will be generated in the next turn on transition.

106

5.7 DC MEMS Relay Experiment Results
The prototype of MEMS relay shown in Fig. 5.15 was built to verify the improved
steady state and on-off transition performances. The power circuit of the relay locates on
the top of the board with a size of only 50mm*20mm. The paralleled MOSFET is mounted
at the back side of MEMS switches. The digital control circuitry can be further integrated
into more compact ICs to achieve even higher power density.
The turn on and turn off operations are tested with 0V to 200V voltage transition and
0A to 16A load transition. Steady state test is performed with 200V maximum voltage and
20A maximum current for voltage/current rating and thermal performance proof. High
frequency switching mode up to 1kHz is applied on the relay to validate the high speed
feature and perform the lifetime test.

MEMS switch
+ MOSFET
52mm

Digital control
& Isolation

64mm
Fig. 5.15: 200V/20A DC MEMS relay prototype
5.7.1 Verification of MEMS Relay Transition Functions

The auxiliary MOSFET protection mechanism is verified on the MEMS relay as
demonstrated in Fig. 5.16 to Fig. 5.19 with 200V high voltage switching conditions. A
100Ω load resistor is used, so the load current is 2A in this case.
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Fig. 5.16 shows the waveforms of the MEMS relay during turn-on transition. The dark
blue channel shows the gate voltage of the MOSFET. The light blue channel is the MEMS
switch gate signal. The purple curve is the total load current through the relay and the green
curve is the voltage across the input and output terminals. The MOSFET is turned on ahead
of MEMS switch and creates a zero voltage condition before the time when MEMS gate
becomes high. Thus, the control signals operate in the expected manner to guarantee the
MOSFETs are turned on when MEMS switches are turned on.

Fig. 5.16: MEMS relay turn-on transition with 200V/2A

The detailed voltage waveform is shown in Fig. 5.17. In period 1, the MOSFET is
turned on and the voltage drops to around 500mV immediately (despite some overshoot
due to the parasitic inductance in the circuit; then the MEMS switch is turned on at the
beginning of period 2, both the MOSFETs and MEMS switches are on and in period 3
MOSFETs are turned off and only MEMS switches carry the load current. The MEMS
switches are turned on between period 1 and 2 and the switching voltage is 0.5V.
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Fig. 5.17: Zoomed in voltage waveform in turn-on transition

Fig. 5.18 shows the waveforms while the relay is turn off transition. The 200V/2A
turn-off operation can be performed safely in expected manners according to the figures.
The MOSFET is turn on ahead of MEMS switch to guarantee the turn off voltage of MEMS
switch is close to 0V. A snubber circuit is added to the prototype to absorb the energy
stored in the parasitic inductance.

Fig. 5.18: MEMS relay turn-off transition with 200V/2A
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The detailed voltage waveform is shown in Fig. 5.19. In period 1, the MOSFET is
turned on and the voltage drops a bit because the total on-resistance turns to be the
parallelism of MEMS switch on-resistance and MOSFET on-resistance. Then in period 2,
MEMS switches are turned off with less than 0.5V voltage, the voltage increases a bit since
only the MOSFET is carrying the load current. In period 3 MOSFET is turned off, MEMS
voltage increases and reaches the input voltage with the energy of parasitic inductance is
absorbed by the snubber circuit.

Fig. 5.19: Zoomed in voltage waveform in turn-off transition

Fig. 5.20 and Fig. 5.21 illustrate the turn on and turn off switching operations with
high load current condition. The load resistor is 2Ω in this testing condition with 32V input
voltage and 16A current. With the expected operating manners of the MOSFET and MEMS
switch, the power relay can handle the high current transitions.
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Fig. 5.20: Turn-on transition with 32V/16A

Fig. 5.21: Turn-off transition with 32V/16A

A long-term test of 20k switching cycles has been done on the relay at both 200V/2A
and 32V/16A conditions to verify the reliability at high voltage and high current. After the
power cycling test of both conditions the relay is still working properly. The safety of
MEMS relay is validated at the highest voltage and current ratings.
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5.7.2 High Steady State current Test

The MEMS relay benefits from the promising features of MEMS switch including the
low on resistance, long lifespan and fast response speed. This section will verify the
thermal and conduction performances in steady state experiment test.
The on-resistance of proposed MEMS relay with six paralleled switches is tested with
17.5A load current as shown in Table 5.3. The measured on-resistance of MEMS relay is
less than 15mΩ without any cooling solution. Thus, the voltage drop of relay at 20A load
current is only less than 300mV. As a comparison, the state-of-art solid state relays have
100mΩ on-resistance and more than 1V voltage drop, resulting in a much higher
temperature rise which requires external cooling.
Table 5.3: On-resistance of MEMS relay with six switches
No.

Vin (V)

VMEMS (mV)

IMEMS (A)

Ron(mΩ)

Temperature (°C)

1

5

38.2

2.43

14.9

NA

2

10

76.2

4.92

14.7

42.1

3

15

113.5

7.45

14.4

48.5

4

20

153.0

9.95

14.5

58.0

5

25

192.6

12.45

14.6

66.4

6

30

236.1

14.95

15.0

77.7

7

35

270.0

16.95

15.1

92.2

Average

--

--

--

14.7

--

The thermal performances of the MEMS relay and solid state relay are compared at
the same load. Fig. 5.22 shows the operating temperature of the MEMS switches at 12.5A
load current, with still air and ambient temperature at 25°C, the temperature is limited
below 78°C. Fig. 5.23 illustrates the thermal performance of a solid state relay with the
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same size which is also rated at 200V/20A. With the same ambient and still air, the thermal
image indicates a 120°C hot surface at 12.5A load current on the SSR. A 40°C lower
temperature rise is achieved at this load condition.

Fig. 5.22: Thermal image of MEMS relay at 12.5A

Fig. 5.23: Thermal image of commercial SSR at 12.5A

The steady state temperature is lower than 100°C with load current below 16A. The
micro mechanical contact of MEMS switch is even more heat-resistant than what the steady
state test shows. Which is proved by surviving the 200°C test lasting for 12 hours.
Therefore, the MEMS relay has superior heavy load capability and reliability and reduces
the power loss on the contact.
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5.7.3 High Speed Switching Test

Other than the low on-resistance, MEMS relay takes the advantage of digital control
and fast response feature of MEMS switch. The relay can operate in switching mode at
more than 1k Hz as shown in Fig. 5.24. This provides high flexibility for power relay
control. A power cycling test was performed in the 1kHz switching mode, and the MEMS
relay survives the 1 million times switching on-off transition at light load condition in the
laboratory experiment.

Fig. 5.24: MEMS relay 1kHz switching mode with 150V/1.5A

This feature also makes fast over current protection applicable: the MEMS switches
can be turned off in less than 20us when over current is detected. Fig. 5.25 and Fig. 5.26
demonstrate the waveforms in the over current protection procedure. The MOSFET is
turned on as soon as load current hits the threshold as shown in Fig. 5.25 and then MEMS
switch is turned off in 10us.
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Fig. 5.25: Over current protection with long (10ms) time scale

Fig. 5.26: Over current protection with short time scale (20us)

To conclude this section, the experimental results show many advantages of MEMS
relay. By constructing the zero voltage switching power relay, the low resistance and fast
speed features can be utilized to achieve low voltage drop, low temperature rise, pulse
modulation control and very fast over current protection.
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5.8 Experimental Results for Zero Leakage Relay and AC MEMS Relay Test
A prototype is built to achieve the add-on functions which benefit from the unique
features of MEMS switches and the flexibility of digital control scheme. The extremely
low leakage current and high off-state resistance operations, AC power input switching,
and AC steady state performances are tested.
5.8.1 Zero Leakage Current Control Operations

To implement the zero leakage current operations, a prototype with 150V/15A ratings
is built which is shown in Fig. 5.27. This prototype also serves as the AC power relay with
120V/10A (RMS) rating. Control signals operation of the zero leakage current MEMS
relay are observed to verify the zero current switching condition of the main and auxiliary
MEMS switch.
Aux MEMS switch

Main MEMS switch

+ MOSFET

55mm

40mm
(a) Top view

(b) Bottom view

Fig. 5.27: 120V/10A (RMS) AC MEMS relay prototype
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Fig. 5.28 and Fig. 5.29 illustrate the control signals of MOSFET and auxiliary MEMS
switch in turn-on transition and turn-off transition respectively. As shown in the relay turn
on operation, the auxiliary MEMS switch is turned on at t1 before the MOSFET thus zero
current switching is achieved. Then the MOSFET is turned on at t2 and the voltage drops
to zero before the main MEMS switch is turned on, thus main MEMS still has ZVS turn
on. Afterwards the MOSFET is turn off at t3 to drain the current in auxiliary branch to zero
and creates a zero current turn off condition at t4 for the auxiliary MEMS switch.

Fig. 5.28: Control signal waveform in turn-on transition

In the turn off transition, the auxiliary MEMS switch is turned on at t before MOSEFT
when the auxiliary branch current is still zero. Then the MOSFET is turned on at t2 to
guarantee the main MEMS switch is turned off in zero voltage condition. Then the
MOSFET is turned off at t3. The auxiliary MEMS switch is turned off after t3 when zero
current condition has been stabilized. Zero voltage switching and current switching are
achieved for main and auxiliary MEMS switch as well as achieving zero leakage current
off-state condition.
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Fig. 5.29: Control signal waveform in turn-off transition
5.8.2 AC MEMS Relay Test

By using the back-to-back connected MOSFETs in the parallel voltage limiting circuit,
the power relay is also able to serve in AC power applications. Fig. 5.30 to Fig. 5.33 show
the turn on and turn off performance of AC power relay in both positive and negative
voltage conditions.

Fig. 5.30: Turn-on transition waveform in positive half cycle
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Fig. 5.31: Turn-on transition waveform in negative half cycle

Fig. 5.32: Turn-off transition waveform in positive half cycle
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Fig. 5.33: Turn-off transition waveform in negative half cycle

Benefiting from the proposed AC snubber technology, no discharge current problem
is presented in turning on during both positive and negative AC voltage cycles as shown in
Fig. 5.30 and Fig. 5.31. Also because of the snubber resistor is removed, no voltage spike
is presented in turning off both positive and negative cycles as shown in Fig. 5.32 and Fig.
5.33. Therefore, the MEMS relay can operate with AC power input condition, bidirectional current blocking and conducting functions are verified. The bi-directional
snubber circuit is also verified by the experimental result.
5.8.3 Voltage Zero Crossing Turn on and Current Zero Crossing Turn off Test

Fig. 5.34 and Fig. 5.35 show the voltage zero crossing turn on and current zero crossing
turn off testing results respectively. The programable digital controller of proposed MEMS
relay enables switching between different turn on and turn off modes to achieve ideal
performances in specific applications. If the turn-on mode is selected to be voltage zero
crossing turn on in Fig. 5.34, the relay will be turned on after the input voltage drops to
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zero from either positive or negative. Fig. 5.35 shows the operation of current zero crossing
turn off, the relay is turned off when the load current turns into negative from positive.

Fig. 5.34: Waveform in voltage zero crossing turn-on transition

Fig. 5.35: Waveform in current zero crossing turn-off transition

For the selection of turn-off mode, both instantaneous turn off and zero current turn
off are available. The former option can satisfy the instant system over current protection
requirement and in the latter mode the relay is turned off only after the load current
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freewheels to zero, so no AC snubber circuit is needed. All the four switching modes can
be selected based on the actual conditions, which can achieve promising switching
performances as well as the other features of the MEMS relay.
5.9 Conclusion
The chapter propose a novel MEMS based power relay structure which uses the new
MEMS switch to achieve smaller size and improved performance compared with
conventional SSR and ESR. A paralleled auxiliary MOSFET is introduced to provide the
zero voltage switching condition for MEMS switch. The auxiliary MOSFET is turned on
during the turn on and turn off transitions of MEMS switch. The ZVS condition
significantly decrease the risk that may incur when the large voltage and current are
overlapped during switching process.
Two improved designs of MEMS relay are proposed to explore the great potential of
developing MEMS technology for specialized relays. The low leakage current feature of
MEMS switch is employed in the proposed MEMS relay to achieve zero leakage off-state.
AC MEMS relay based on powerful digital control functions is proposed to provide
selective on-off modes to adapt different applications.
Eexperimental results validate that the MEMS relay can operate under the high voltage
and current switching condition with good performance. The voltage drop on the MEMS
switch during transitions is less than 1V to ensure reliable operation of MEMS switch. Low
turn-on resistance, short response time, high reliability and small size are achieved by the
proposed MEMS relay.
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Multi-PCB Cooling Structure for High Power Density Converter on
Electric Vehicle (EV)
6.1 Introduction
The low voltage and high load current converters on electric vehicle applications
imposes a big challenge on thermal management with ultra-high current stress up to 270A.
The conduction loss increases quadratically with current and imposes a very severe heating
problem. In contrast, the EV converters require high power density in compact mechanical
size, which further compromises the thermal performance and threatens the system safety
and reliability. To handle this problem, natural air convection cooling is insufficient, and
manufactures are seeking for effective liquid cooling solutions.
Liquid cooling solutions combine both conduction and convection features and is
therefore widely used in power supply applications. Decreased temperature rise is
accomplished with the low thermal resistance of a liquid cooling system to transfer more
heat generated by relatively high power. Numerous researches have focused on improving
existing liquid cooling methods regarding the considerations of cost, size and reliability.
Although liquid cooling technology is well developed for integrated circuits (ICs) and
high-power semiconductor modules, employing liquid cooling on a converter of EV is still
very challenging. Because of the special operating condition and space restriction on
electric vehicles, cooling system that takes minimum space is desired. The conventional
methods consume excessive volume for installation, so power density is decreased to
accommodate the liquid cooling unit. Industrial and academic research has proposed some
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specific structures to reduce the volume and cost including cardboard insertion structure
and vertical coolant channels [97]. However, these approaches can barely maintain a
reliable connection especially for EV applications with violent vibrations. The layout and
routing of converter is also affected by the through hole components which results in higher
parasites on GaN devices and SR MOSFETs [95][96].
To achieve improved thermal performance while minimizing device volume and stable
mechanical structure, a new multi-PCB cooling structure is proposed. An LLC converter
with components on two paralleled PCBs is designed based on separating power
semiconductor devices, magnetics and low loss control circuit. With the added PCB, much
more space is created, and flexible implement is achieved to make more efficient use of
space. In this chapter, section 6.2 describes the two PCB cooling structure principle, which
is applied to a specific LLC converter. Section 6.3 shows the design methodology of the
proposed low voltage converter. Section 6.4 presents finite element analysis (FEA) thermal
results for liquid cooling performance verification; section 6.5 presents the lab protype with
experimental results, as well as the two-PCB simulation verification and experimental
verification. Section 6.6 concludes the Chapter.
6.2 Multi-PCB Cooling Structure Principle
The proposed cooling structure is demonstrated on a 1.3kW LLC power converter.
This converter is designed for high voltage (250V to 430V) to low voltage (9V to 16V)
conversion and the rated power is 14V output at 90A maximum load current. The
specifications are shown in Table 6.1. In order to decrease conduction loss caused by high
output current, a two-transformer structure shown in Fig. 6.1 is used to reduce the current
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stress. Benefiting from the high frequency features of GaN devices, this converter can
operate in high frequency to achieve high power density and high efficiency.
Table 6.1: Parameters of the studied LLC converter
Input

Output

Maximum

Dissipated

Dimensions one

Dimensions two

voltage Vin

voltage Vout

current Iout

heat Pd

PCB (mm)

PCBs (mm)

380V

14V

90A

52W

70*190*42

45*190*50

Fig. 6.1: Target LLC converter topology with two transformers

A single PCB prototype liquid cooling solution is implemented on this topology with
the cold plate connected to the bottom side of PCB as shown in Fig. 6.2. Conventional
liquid cooling structure requires the entire bottom surface to be left blank to maximize the
interface area between the board and cold plate. Therefore, in conventional one-PCB
structure layout, both passive components and active switches must be placed at the top
layer of PCB, which significantly increases the area of PCB. A control daughter card is
needed to house the control circuit as shown in Fig. 6.2 due to the limited area of main
board. Although the daughter card can reduce the main PCB board area, it is not desired
for the EV environment hence to heavy vibration. The daughter card approach also
increases complexity of the PCB layout.

125

Fig. 6.2: Top view of conventional single PCB converter layout

The vertical space of the structure as shown in Fig. 6.2 is also not efficiently used
because the height difference of magnetic components and active devices. The space above
the active devices is basically not used, which compromises the power density of converter.
A two-PCB cooling structure is proposed to increase the usable PCB area and make
full use of the vertical space by adding a parallel connected PCB. The two PCBs have
smaller area than the PCB needed in one-PCB structure, but they have more surface area
in total. Between the two parallel PCBs, a short distance is designed to place the active
components, therefore using the vertical space more effectively. The daughter card is
removed, and the control circuit is placed between the two PCBs. Thus, the converter can
achieve smaller volume and better stability against vibration.
This structure focusses on design principles as follows:
(1) two or more parallel PCBs are connected vertically through many header
connections. The PCBs are sorted as power PCB and control PCB.
(2) The power PCB should be at the bottom; control PCB should be at the top.
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(3) The active power components (GaN and MOSFET) with high loss are placed at
the top side of power PCB.
(4) The control circuit with low loss are placed on the bottom side of control PCB.
(5) The bulky magnetic components with high profile are placed on the top of the
control PCB, and the windings are connected to power PCB through the leads.
(6) The power PCB only has many thermal vias to improve the heat conduction from
top to bottom surface.
(7) The liquid cooling cold plate is connected to the bottom side of power PCB to
maximize the cooling performance on active devices. Copper heat spreaders are used to
connect the bottom side of power PCB and the cold plate because some through hole solder
joints exist on the bottom side of bottom PCB. With customized cold plate surface shape,
the copper connection between PCB and cold plate can be avoided.

Fig. 6.3: Two paralleled PCB structure in block diagrams
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Fig. 6.3 shows the complete cooling structure in block diagrams on the target LLC
converter with two PCBs in parallel following the design principles above. The magnetic
components are on the top of control board and connected to the power PCB with metal
headers. These connections also serve to anchor the bulky magnetic components to both
PCBs for stable support. The utilization of surface mount GaN FETs and MOSFETs
contribute to smaller parasites and bigger thermal pads for heat conduction. The whole
power circuit except the magnetics are located on the bottom PCB, thus it does not
introduce additional loop parasites. The entire bottom side of the bottom PCB is used to
connect to the heatsink with maximized contact area and cooling performance, except in
areas with through hole solder joints.
The bottom part of diagram shows that the proposed cooling structure incorporates
active liquid cooling via a cold plate heatsink attached to the bottom side of the bottom
PCB to transfer heat away from the converter. This connection is composed of the liquid
cooled cold plate heatsink, Thermal Interface Material (TIM) pads, copper bar connectors,
and the bottom PCB. Copper bars allow a better contact between the cold plate and PCB.
TIM pads are used to provide uniform contact, electric isolation and compensation of
coefficient of thermal expansion (CTE) mismatch.
A 3D model of the EV converter with proposed structure is built. Fig. 6.4 shows the
top view of control PCB, where transformers and inductors are located. Fig. 6.5 shows the
top view of the power PCB, all the active devices are mounted on this side. Fig. 6.6 shows
the front view of two-PCB Assembly, in which control circuits are located on the bottom
side of the control PCB. The height of control circuit components is 1.9mm and the height
of MOSFET is 2.5mm. Therefore, with 1mm of margin between the components, the
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distance between the two PCBs is designed to be 5.5mm. Thus, the two-PCB structure
increases the total height by 7.3mm (5.5mm between PCBs and 1.8mm for one more PCB).
A liquid cooling cold plate is attached underneath the two-PCB prototype with copper heat
spreader connection which dissipates heat from critical heat sources directly to the cold
plate for improved thermal performance.

Fig. 6.4: Top view of control PCB with magnetic components

Fig. 6.5: Top view of power PCB with GaN FETs and MOSFETs.

Fig. 6.6: Front view of LLC converter with two PCB liquid cooling assembly.
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Two-layer structure allows for the area of PCB to be reduced to 64% (from
190mm*70mm to 190mm*45mm) of original area while increasing the overall height by
7.3mm. Three surfaces of boards can be used instead of one, therefore, the actual board
area can be used to place components is 192%(64%*3) of the original area. In the
conventional one-PCB structure, the total size is 0.56 liter with power density of 2.33kW/L;
while the experimental converter prototype achieves 0.43 liter and 3.15kW/L power
density. The total converter volume is reduced by 31%.
Compared with the conventional single PCB liquid cooling structure as shown in Fig.
6.2, the component size, surface area and contact area with the liquid cooling system in the
proposed cooling structure are the same. Therefore, same liquid cooling thermal
performance can be achieved with the two-PCB structure. In addition, the daughter card in
conventional solution is also removed. The two PCBs are connected by many metal
connectors, so the mechanical connection has a robust vibration resistance. SMD GaN
FETs and MOSFETs are used to minimize the parasites and maximize the heat conduction
area. The thermal performance will be analyzed by FEA simulation in the following
sections and experimental results are performed for further verification.
6.3 Design of the High Current Low Voltage Converter
This section introduces the design criteria of the low voltage high current LLC
converter, the loss of each part is calculated to achieve improved efficiency.
6.3.1 Selection of Magnetic Components

Proper design of the magnetic components (Lr, Lp and transformer) is critical to
maximize the power capacity within limited component size. The resonant point (voltage
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gain is 1) is selected based on the maximum input voltage and minimum output voltage.
The transformer turns ration is determined by (6.1):
𝑛 = 𝑁𝑝 : 𝑁𝑠 = 𝑉𝑖𝑛_𝑚𝑎𝑥 : 𝑉𝑜_𝑚𝑖𝑛

(6.1)

Where Np is the primary turns and Ns is the secondary turns number. With 430V
maximum input and 9V minimum output voltage, each transformer turns ratio should be
430V / 9V / 2 = 23.8. However, as 9V is an odd point with less current requirement, final
turns are selected as 22:1:1 for each transformer.
In order to increase the power density, the switching frequency of the converter is
designed to be between 250kHz and 500kHz. In the studied case, load capacity is different
at different input condition. For input voltage from 320V to 430V, the converter is rated
for full power, while for 250V to 320V input voltage, only 60% load current is required.
This significantly mitigated the gain design burden. The resonant inductor is selected as
25uH and the resonant capacitor is selected as 3.4nF based on known LLC design methods.
In this specific design, Lp is selected as 125uH [106].
The selection of Lp is a tradeoff between the voltage gain (current capacity) and
efficiency. A major barrier of high current LLC converter is that Lp value should be
controlled to be small to fulfill high voltage gain requirement. High circulation current will
be induced when the Lp value is small and this high current can increase the conduction
loss on primary side. However, since the primary current is low as compared to the
secondary side current, and GaN switches are used with superior low Rds_on and switch
loss, the overall efficiency is not significantly sacrificed with a small Lp to cover the full
range of gain requirement.
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One challenge in the design is from the Lp. Conventionally, Lp is implemented by
using the magnetizing inductor of the transformer. However, in this application, the Lp
value is relatively small and a big air gap on the transformer core is required to reduce the
magnetizing inductor to the desired value. This will add a significant amount of fringing
loss to the transformer winding, which already carries the high current on the secondary
side. In order to reduce the conduction loss, a separate Lp is used in this design. At one
hand, it can avoid the extra fringing loss. On the other hand, it shunts the high circulation
current so that transformer primary winding current is reduced.
In this design, to maintain the full input and output voltage range, the Lp inductance
value is selected as relatively small (125uH). To achieve the minimum core loss and
winding loss, 44 turns is selected with a 5mm air gap on a PQ35/35 core. The large air gap
will cause the fringing effect that flux goes off core on the edge of the air gap and enters
far into the surrounded winding area. ANSYS finite element analysis (FEA) model was
built to simulate the fringing effect around a large air gap. Fig. 6.7 illustrates the magnetic
field of a large air gap inductor, it can be observed from Fig. 6.7 (a) that for normal winding
configuration, many flux lines cut through the coil and loss is generated in the affected area
(red box).
The high frequency fringing flux induces severe eddy current loss on the windings.
The fringing effect is more pronounced when the air gap is large. The power loss is
determined in (6.2) [56]:
1

𝑃 = 6𝜌 (𝜋µ0 𝐻𝑓)2 𝑤 3
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(6.2)

Where µ0 is the permeability of the free space, ρ is the resistivity of conductor, H is
fringing flux, f is the frequency, w is the width of the conductor, t is the thickness of the
conductor.

(a) traditional one winding

(b) separated two windings
Fig. 6.7: Fringing effect of different winding configurations

To solve this problem, a separated winding structure is proposed in this design to
reduce the fringing effect loss. The structure is shown in Fig. 6.7 (b), the windings are
separated into two coils connected in series so that the copper wires are moved away from
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the air gap. Therefore, the number of windings affected by fringing flux is significantly
reduced, so is the inductor loss.
One other considerable loss factor of the magnetic components is that the high current
stress on the transformer secondary winding. With the high operating frequency of LLC
converter, the skin dept δ is very small and it introduce high AC resistance into the winding
with thick foil. The skin depth δ is 0.12mm at 300kHz frequency, so a three-layer laminated
0.25mm copper foil is used instead of a 0.75mm single layer thick copper foil as the
secondary winding.
6.3.2 Loss Analysis Algorithm for Litz Wire and Core Size Selection

The configurations of magnetic components including the Litz wire type and turns,
core type and size of Lr, Lp and two Transformers are determined based on the loss analysis
algorithm. The loss of each magnetic component is calculated as a summation of core loss
and copper winding loss at corresponded switching frequency. The core losses are
calculated by Steinmetz's equation [56]; the copper loss is calculated by the Litz wire
parameters and the simulated RMS current values. Core loss and copper loss of Lr are
derived from equation (6.3) – (6.5):
2
𝑃𝐿𝑟_𝐶𝑢 = 𝐶𝑎𝑐_𝐿𝑟 ∙ 𝐼𝐿𝑟_𝑟𝑚𝑠
∙ 𝑅𝐿𝑟
𝑦

(6.3)

𝑥
𝑃𝐿𝑟_𝑐𝑜𝑟𝑒 = 𝐶𝑚 ∙ 𝐵𝐿𝑟_𝑝𝑘
∙ 𝑓𝑠𝑤

(6.4)

𝐵𝐿𝑟_𝑝𝑘 = 𝐿𝑟 ∙ 𝐼𝐿𝑟_𝑝𝑘 /(𝑁𝐿𝑟 ∙ 𝐴𝐿𝑟 )

(6.5)

Where Cac_Lr is the coefficient of AC copper loss in high frequency which is analyzed
based on the study of Litz wire proximity effect and skin effect in [98]. ILr_rms is the RMS
value of resonant current extracted from PSIM simulation, RLr is the DC winding resistance
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of Lr, which is determined by the type of Litz wire and its total length. For the core loss
calculation, Cm, x and y are the coefficients of specific core material (3C97), which are
2.3e-11, 2.89 and 2.90 in this case. BLr_pk is the peak flux density of resonant inductor. ILr_pk
is the peak resonant current value extracted from simulation, NLr is the Lr number of turns
and ALr is the effective flux area of the core.
Similarly, core loss and copper loss of Lp are derived from equation (6.6) – (6.8):
2
𝑃𝐿𝑝_𝐶𝑢 = 𝐶𝑎𝑐_𝐿𝑝 ∙ 𝐼𝐿𝑝_𝑟𝑚𝑠
∙ 𝑅𝐿𝑝
𝑦

(6.6)

𝑥
𝑃𝐿𝑝_𝑐𝑜𝑟𝑒 = 𝐶𝑚 ∙ 𝐵𝐿𝑝_𝑝𝑘
∙ 𝑓𝑠𝑤

(6.7)

𝐵𝐿𝑝_𝑝𝑘 = 𝐿𝑝 ∙ 𝐼𝐿𝑝_𝑝𝑘 /(𝑁𝐿𝑝 ∙ 𝐴𝐿𝑝 )

(6.8)

For the transformer loss calculation, it consists of the primary winding loss, secondary
winding loss and core loss. Winding losses are determined by (6.9) and (6.10):
𝐼

𝑃𝑃𝑟𝑖_𝐶𝑢 = 𝐶𝑎𝑐_𝑝𝑟𝑖 ∙ ( sec𝑛_𝑟𝑚𝑠 )2 ∙ 𝑅𝑝𝑟𝑖

(6.9)

2
𝑃𝑠𝑒𝑐_𝐶𝑢 = 𝐶𝑎𝑐_𝑠𝑒𝑐 ∙ 𝐼𝑠𝑒𝑐_𝑟𝑚𝑠
∙ 𝑅𝑠𝑒𝑐

(6.10)

Where Isec_rms is the secondary side RMS current through the transformer winding
extracted from PSIM. Rpri and Rsec are the winding resistances according to the winding
configurations. The primary winding loss coefficient 𝐶𝑎𝑐_𝑝𝑟𝑖 is analyzed based on the same
method as the inductors and the secondary side winding loss coefficient 𝐶𝑎𝑐_𝑠𝑒𝑐 is
estimated based on the AC resistance analysis in [99]. The core loss of transformer is
calculated based on (6.11) and (6.12):
𝑦

𝑥
𝑃𝑇𝑥_𝑐𝑜𝑟𝑒 = 𝐶𝑚 ∙ 𝐵𝑇𝑥_𝑝𝑘
∙ 𝑓𝑠𝑤
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(6.11)

𝑁𝑝

𝑉

𝐵𝑇𝑥_𝑝𝑘 = 4𝑓𝑜 ∙ 𝑁 ∙ 𝑁
𝑠𝑤

𝑠

1

(6.12)

𝑝 𝐴𝑇𝑥

Different from the inductor flux density calculation Btx_pk is calculated from the output
voltage and switching frequency. Since all the losses of Lr, Lp and transformer can be
estimated, the configurations of number of turns N, Litz wire and core type are tuned to
achieve minimum total loss with minimized size. For each of the magnetic components,
the trade off is made between copper loss and core loss: with more turns of the coil, the
core loss is decreased as the reduction of flux density; but the copper loss is increased due
to higher winding resistance. After several design iteration to achieve improved efficiency,
the value of magnetic components are decided as shown in Table 6.2. For Lr, the winding
is constructed with totally 14 turns of Litz wire in three layers; for Lp, the winding is built
with 44 Litz wire in four layers. The transformer has 22 turns of Litz wire in two layers on
the primary side, and 1 turn of three paralleled copper foils on the secondary side.
Table 6.2: Configurations of the magnetic components in prototype
Component

Core type

Number of

Litz wire

Turns

configuration

Air gap

Laminated
layers

Lr

PQ3220

14

AWG16/46

1.5mm

3

Lp

PQ3530

44

AWG18/48

5mm

4

Tx1 & Tx2

PQ3535

22:1:1

AWG16/46

0mm

2(primary) /
3(secondary)

With the optimization of magnetic component design, the efficiency of proposed low
voltage converter is promising. Table 6.3 shows the comparison between the existing
designs and proposed LLC converter.
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Table 6.3: Comparison between proposed and conventional solutions
Reference

Input
voltage

Output
voltage

Power

Peak
efficiency

Full-load
efficiency

Power
density

[18]

300V~400V

12V~16V

0.72kW

93.5%

90%

-

[19]

200V~400V

12V

1.2kW

95.5%

90%

0.5kW/L

[39]

220V~450V

6.5V~16V

2.5kW

93.2%

92%

1.17kW/L

[48]

235V~431V

11.5V~15V

2kW

93.5%

93%

0.94kW/L

[65]

200V~400V

12V

2kW

95.9%

94.2%

-

Proposed

250V~430V

9V~16V

1.3kW

97%

>96%

3.12kW/L

6.4 Modeling and FEA Thermal Estimation Comparison
To verify the thermal performance of Multi-PCB Cooling (MPC) system, FEA
simulation is used by estimating the operating temperature. Three sets of simulation are
performed: #1 conventional single PCB air cooled converter; #2 single PCB liquid cooled
converter; and #3 MPC liquid cooled converter. Three-dimensional models for each
condition are created while the loss breakdown of the converter is also analyzed.
6.4.1 Orthogonally Equivalized PCB Thermal Model

To enhance the heat conduction from active devices to the cold plate, many thermal
vias are placed on the power PCB underneath the GaN FETs and MOSFETs. So, the heat
transfer in power PCB has two different conditions: in regular PCB region and in thermal
via PCB region. In regular PCB region, the heat can only transfer horizontally, and in
thermal via PCB region, heat can be transferred both horizontally and vertically. An
equivalent thermal resistance method is proposed to simplify the PCB simulation model by
calculating the orthogonal thermal conductivity in different PCB regions.
Heat conduction thermal resistance Rconduction in a pure material is defined in (6.13):
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𝑑

𝑅𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛 = 1 ∗ 𝑘∗𝐴

(6.13)

Where d is the length of heat path, the geometry factor is assumed as 1, A is the crosssection area of heat path and k (W/K.m) is the thermal conductivity of the heat carrier
material.
The equivalent thermal conductivity Keq is defined with total thermal resistance Req in
the specific cases using equation (6.14):
𝑑

𝐾𝑒𝑞 = (𝐴∙𝑅

𝑒𝑞 )

(6.14)

To calculate Keq values in horizontal and vertical respectively, the total thermal
resistance in horizontal Req_h and total thermal resistance in vertical Req_v are needed. The
calculation of horizontal thermal conductivity and the vertical conductivity differs based
on the heat transfer mechanism.
The circuit in Fig. 6.8 shows the equivalent circuit of horizonal thermal resistance in
regular PCB region. The horizonal resistance Req_h is the parallelism of thermal resistance
of copper and FR4 because heat transfers through multiple paralleled layers. Req_h is
determined by equation (6.15):
𝑅𝑒𝑞_ℎ = 𝑅𝑐𝑜𝑝𝑝𝑒𝑟_1 //𝑅𝐹𝑅4_1 // …//𝑅𝑐𝑜𝑝𝑝𝑒𝑟_𝑛

Fig. 6.8: Horizontal thermal resistance of regular PCB
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(6.15)

Substituting (6.13) and (6.15) into (6.14), the horizontal equivalent thermal
conductivity of PCB Keq_h is derived in equation (6.16):
𝐾𝑒𝑞_ℎ = 𝐴‧ (𝑅

𝑑

𝑐𝑜𝑝𝑝𝑒𝑟 //𝑅𝐹𝑅4 )

=

𝑑
𝑑
𝑑
//
)
𝑘1 𝐴1 𝑘2 𝐴2

𝐴‧ (

=

𝑑
𝐴‧

𝑑
𝑘1 𝐴1 +𝑘2 𝐴2

=

𝑘1 𝐴1 +𝑘2 𝐴2
𝐴

(6.16)

Where d is the length of heat transfer, A is the total area, A1 is the area of copper, A2 is
the area of FR4 (A = A1 + A2). In this design, A is 1.8mm*l, A1 is 0.42mm*l, A2 is 1.38mm*l.
l is the width of cross section area. K1 is the thermal conductivity of copper (380W/K.m),
K2 is the thermal conductivity of FR4 (0.26W/K.m).
Fig. 6.9 shows the equivalent circuit of vertical thermal resistance in regular PCB
region. The horizonal resistance Req_v1 is the series connection of thermal resistance of
copper and FR4 because heat transfers through all the layer one after another. Req_v1 is
determined by equation (6.17):

Fig. 6.9: Vertical thermal resistance of regular PCB

𝑅𝑒𝑞_𝑣1 = 𝑅𝑐𝑜𝑝𝑝𝑒𝑟_1 +𝑅𝐹𝑅4_1 + ⋯ + 𝑅𝑐𝑜𝑝𝑝𝑒𝑟_𝑛

(6.17)

Substituting (6.13) and (6.17) into (6.14), the vertical equivalent thermal conductivity
of regular PCB region Keq_v1 is derived in equation (6.18):
𝐾𝑒𝑞_𝑣1 = 𝐴‧ (𝑅

𝑑

𝑐𝑜𝑝𝑝𝑒𝑟 +𝑅𝐹𝑅4 )

=

𝑑
𝑑
𝑑
𝐴‧ ( 1 + 2 )
𝑘1 𝐴 𝑘2 𝐴
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=

𝑘1 𝑘2 𝑑
𝑘1 𝑑2 +𝑘2 𝑑1

(6.18)

Where A is the total area of heat transfer, d is the thickness of PCB (1.8mm), d1 is the
thickness of copper (0.42mm), d2 is the thickness of FR4 (1.38mm). Hence, the equivalent
thermal conductivity of regular PCB region can be calculated.
For the thermal via PCB region, the horizontal thermal conductivity is the same. For
vertical heat conduction, many thermal vias are placed underneath the high loss active
power devices, the heat is dissipated through both regular PCB and the thermal vias. So,
the thermal resistance network is a parallelism of PCB vertical resistance and via thermal
resistance as shown in Fig. 6.10.

Fig. 6.10: Vertical thermal resistance of thermal via PCB

Thus, the equivalent vertical thermal resistance of the PCB area with thermal vias is
shown in (6.19):
𝑅𝑒𝑞_𝑣2 = 𝑅𝑣𝑖𝑎 //𝑅𝑒𝑞_𝑣1

(6.19)

Substituting (6.13) and (6.19) into (6.14), the equivalent vertical thermal conductivity
of the PCB with thermal vias Keq_v2 is determined by equation (6.20):
𝐾𝑒𝑞_𝑣2 = 𝐴‧ (𝑅

𝑑
𝑣𝑖𝑎 //𝑅𝑒𝑞_𝑣1 )

=

1
𝐴‧ (

1

𝐴𝑣𝑖𝑎 ‧ 𝑘1

//

1
)
𝐴𝑃𝐶𝐵‧ 𝐾𝑒𝑞_𝑣1

(6.20)

Where A is the total area of heat transfer, d is the thickness of PCB, Avia is the total
area of thermal via copper, APCB is the area of PCB without thermal via. K1 is the thermal

140

conductivity of copper. Table 6.4 shows the calculation results of regular PCB, GaN region
and SR region (different Keq_v for GaN and SR because of different amount of thermal via).
Table 6.4: Orthogonal equivalent thermal conductivity of different regions
Regular PCB

Underneath GaN

Underneath SR with

without thermal via

with thermal via

thermal via

Keq_h (W/K.m)

88.9

88.9

88.9

Keq_v (W/K.m)

0.3

5

7.5

Region

6.4.2 Loss Break Down and Distribution

The operating condition for all three simulation cases is 380V input, 14V output with
95A load current. The loss of LLC converter is estimated and divided amongst 6 major
components: primary side switches loss (conduction loss, switching loss and Coss loss of
GaN FETs), resonant inductor (Lr) winding loss and core loss; parallel inductor (Lp)
winding loss and core loss; transformer loss (including primary and secondary winding
loss, core loss of two transformers); secondary side synchronous rectifier (SR) switches
loss and secondary side PCB copper loss.
The losses are estimated based on the existing literatures [99]. The current and voltage
values of each of the power components are simulated with PSIM software, while the
parameters are extracted from the datasheets. For the magnetic components, their loss
analysis has been discussed in the previous design section. The conduction loss and
switching loss of GaN FETs are calculated based on I2R and gate charging time. Coss loss
is estimated based on the discussion in [101]. The loss of primary switches 𝑃𝐺𝑎𝑁 is
calculated from (6.22) and (6.23):
2
𝑃𝐺𝑎𝑁 = 𝐶𝑡_𝐺𝑎𝑁 ∙ 𝐼𝐿𝑟_𝑟𝑚𝑠
∙ 𝑅𝑑𝑠_𝐺𝑎𝑁
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(6.22)

𝑃𝐶𝑜𝑠𝑠 = 𝐸𝑑𝑖𝑠𝑠 ∙ 𝑓𝑠𝑤

(6.23)

Where Ct_GaN is the temperature coefficient of GaN FETs, Rds_GaN is the on-resistance.
Ediss is the input capacitance energy.
SR conduction loss is calculated with RMS current and on-resistance of MOSFETs.
The turn-on time is assumed to be 75% of the whole switching period considering the delay
of SR current sensing circuit. No switching loss is considered because the LLC converter
operates in the secondary side current zero crossing mode. The losses on the PCB copper
and equivalent series resistor (ESR) of output filter capacitors are estimated based on the
experimental experience. The SR loss 𝑃𝑆𝑅 is determined by (6.24):
2
𝑃𝑆𝑅 = 𝐶𝑡_𝑆𝑅 ∙ 𝐼sec_𝑟𝑚𝑠
∙ 𝑅𝑑𝑠_𝑆𝑅 + 𝑉𝑓 𝐼sec _𝑟𝑚𝑠 𝐷𝑓

(6.24)

Where Ct_SR is the temperature coefficient of SR, Rds_SR is the on-resistance of SR
MOSFET, Vf is the SR MOSFET body diode forward voltage and Df is the body diode
conduction duty ratio (assumed to be 25%). With the losses are estimated, the loss
breakdown and values are shown in Table 6.5. The power loss distribution of each
component is illustrated in the single layer LLC converter model in Fig. 6.11. The loss
distribution in the MPC model is the same as the single layer converter. The losses are
assigned in the same components.
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Resonant L loss

Parallel L loss

Transformer loss

PLr = 3.34W

PLp = 2.61W

PTx = 16.38W in 2 Txs

GaN FET loss

PCB tracking

Secondary SR loss

PGaN = 3.49W in 4 GaN FETs

loss PSP

PSR = 19.51W in 12 SRs
Thermal via underneath

Thermal via underneath

Fig. 6.11: Loss breakdown and distribution on 3D model.
Table 6.5: Loss distribution of the studied LLC converter
Dissipated

GaN FET

Resonant

Parallel L

Transformer

Secondary

PCB loss

heat Pd

loss PGaN

L loss PLr

loss PLp

loss PTx

SR loss PSR

PSP

51.86W

3.49W

3.34W

2.61W

16.38W

19.51W

4.53W

100%

6.73%

6.44%

5.03%

31.77%

37.62%

8.74%

6.4.3 FEA Thermal Simulation Results

With the equivalent thermal conductivity calculation and loss analysis in the previous
section, FEA thermal simulation is performed. Three conditions are simulated with
different cooling configurations: #1 single PCB air cooling solution; #2 single PCB liquid
cooling solution and #3 two-PCB liquid cooling solution. Temperatures of the transformers
Tx, Lr, Lp, GaN FETs, and SRs of the power converter are presented. All three cases are
simulated under 25°C ambient temperature; the loss parameters are assumed to be the
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same; same 3D models are used in simulation except the air-cooling simulation does not
have the liquid cooling cold plate.
Fig. 6.12 represents the air cooling simulation result. The heat coefficient of moving
air convection is assumed to be four times higher than still air. It can be observed from the
figure that the maximum temperature of secondary SR MOSFETs is 125°C, which is very
close to the device temperature rating. The magnetic components are well cooled under
80°C due to the air cooling of the bulky cores with large surface area.

Lr

Lp
Transformer1
Transformer2

GaN
SR

Fig. 6.12: Thermal simulation of single PCB air cooled layout.

Fig. 6.13 shows the estimation based on the conventional single PCB liquid cooling
assembly. The maximum temperature on the semiconductor switches and PCB is 79°C,
indicating a reduction of temperature rise by 50% (54°C with liquid cooling versus 100°C
with air cooling). The temperature of magnetic components is higher because the design
target of this liquid cooling system is focusing on the surface mount switches. However,
the passive components are much less sensitive compared to the semiconductor devices,
thus the reliability and efficiency are expected to be improved. This claim will be
investigated by experiments in the following section.
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Lr

Lp

Transformer1
Transformer2

GaN
SR

Fig. 6.13: Thermal simulation of single PCB liquid cooled layout

Fig. 6.14 shows the thermal performance of MPC converter layout with the same
losses and ambient temperature. Compared with Fig. 6.13, the MPC structure achieves
almost the same thermal performance on the GaN FETs, the SR MOSFETs and the
magnetic components. The temperature of active switches is significantly decreased
compared with the air-cooling solution while the size is 30% smaller than the single PCB
converter.

Lr

Transformer2

Transformer1

Lp

GaN: 61°C

SR

Fig. 6.14: Thermal simulation of MPC liquid cooled layout.
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6.5 Verification with Experimental Results
The performances of MPC configured LLC converter are verified in this section. The
experimental results of the proposed low voltage DC-DC converter are presented. The
efficiency and thermal measurement results are compared and further extended to a three
phase prototype comparison.
6.5.1 Single Phase Thermal and Electrical Verification

A prototype of the two-layer MPC power converter is manufactured with the magnetic
components built based on the parameters shown in Table 6.2. Fig. 6.15 shows the
laboratory prototype. The bottom PCB is fabricated first with the power semiconductor
devices mounted on the top side. The GaN FETs are soldered underneath the inductors on
the primary side (right side in the picture) and the SRs are soldered underneath the
transformers on the secondary side. And then on the top PCB, the control circuitry
including the MCU, sensing circuit and drivers are mounted on the bottom side. On the top
side of the whole prototype, the magnetic components including two transformers, Lp and
Lr are mounted from left to right respectively.
SR

GaN

(underneath)
Output

Terminal

Tx2

(underneath)

Tx1

Input

Lp
Lr

Fig. 6.15: Single phase MPC structure prototype (95A maximum)
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Terminal

Another prototype with all the same components but a single PCB is also built to
observe the difference of thermal performance. Testing has been conducted on #1 singlelayer PCB with air cooling #2 single layer PCB using liquid cooling and #3 two-layer MPC
power converter with liquid cooling. The liquid cooling loop consists of a pump, reservoir,
radiator with fans and a cold plate, water is used as the coolant in the experiment. The
prototypes are implemented with a 1.3kW power converter as discussed in Table 6.1.
Testing #1 operates at 14V output / 70A load current steady-state condition and 95A for a
short-period verification. Testing #2 and #3 are tested with 95A full load stead state
condition.

Fig. 6.16: Temperature of SR MOSFETs at 70A load current with air cooling

Fig. 6.17: Temperature of transformer at 70A load current with air cooling
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Fig. 6.16 and Fig. 6.17 illustrate the 70A steady state air cooling thermal performances
in the thermal images of testing #1. The maximum temperature of the passive components
is 59°C on the transformer secondary winding; and the maximum temperature of
semiconductor devices is 84°C on the SR MOSFETs.

Fig. 6.18: SR temperature at 95A load current with air cooling

In order to investigate the maximum loading capability of the single phase prototype,
high load current condition is tested. Once the load current is increased to 95A for oneminute short period, the temperature of SR MOSFETs rises to 122°C very quickly as shown
in Fig. 6.18. Therefore, the safe loading capability with air cooling solution is around 70A
and the full load condition has already exceeded the limitation of heat dissipation.

Fig. 6.19: Temperature of SR at 95A load current with liquid cooling
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Fig. 6.20: Temperature of GaN at 95A load current with liquid cooling

Fig. 6.19 and Fig. 6.20 demonstrate the significantly improved thermal performance
achieved by single-PCB liquid cooled converter and MPC converter respectively. Thus,
the maximum steady state operating temperature of active devices with liquid cooling is
76°C on the SR MOSFETs, which is more than 46°C lower than air cooled SRs at 95A
load current. The temperature of transformer is 110°C, but the passive devices are less
sensitive as they have higher temperature ratings. Thermal image of switches in the MPC
prototype is not applicable but the temperature of magnetic components matches with the
single PCB results very closely. Therefore, SR and GaN temperatures are expected to
remain unchanged.
Benefiting from the lower temperature rise, the on-state resistance of SR MOSFETs is
reduced and therefore the power loss generated by the high load current can be reduced.
The efficiency curves of air-cooled and liquid-cooled prototypes are shown in Fig. 6.23. It
can be concluded from the testing results that the efficiency at 70A load current condition
is improved by 0.6% (96.1% compared with 95.5%). As 95A full load is an abnormal
overload condition for air-cooled prototype, the efficiency is not comparable at full load.
The difference is expected to be much larger at full load.
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Fig. 6.21: Temperature of transformer at 95A load current with MPC

Fig. 6.22: Temperature of inductor at 95A load current with MPC
Table 6.6: Temperature of the single phase LLC converter with different cooling

Condition

Air
Cooling
Liquid
Cooling

GaN FET

SR MOSFET

Lr

Transformer

Efficiency

temperature

temperature

temperature

temperature

(@70A)

52.7°C

122°C

40°C

66°C

96.3%

48.8°C

76°C

48.8°C

111°C

95.6%

150

The experimental results of air-cooled and liquid-cooled converter show a close
agreement with the FEA simulation in Fig. 6.23. The liquid cooling solution achieves 48%
temperature rise reduction on the hot spot of active devices, increases the loading capability
and improves the efficiency by 0.6%. Only less than 0.1% higher efficiency was observed
after adding on air cooling solution.

Fig. 6.23: Comparison of efficiency with different cooling solution

6.5.2 Three-Phase 270A Full Power and Thermal Stress Test

The single phase LLC converter is further developed into a three phase interleaved
LLC converter with the power rating increased by almost three times. The specifications
of the three phase low voltage converter are shown in Table 6.7. As a parallelism of three
single phase LLC converters, the three phase prototype achieves almost the same power
density, which is higher than 3kW/L.
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Table 6.7: Parameters of the three phase LLC converter
Input

Output

Maximum

Switching

voltage Vin

voltage Vout

current Iout

frequency

9V ~ 16V

270A

250V ~
430V

250kHz ~
450kHz

Power density

Dimensions of
PCBs (mm)

3.06 kW/L

45*190*145

Fig. 6.24 illustrates the structure of three phase LLC prototype. The MPC structure
configuration is the same as single phase converter as mentioned above. The fabrication
process is (1) solder the semiconductor devices onto the top side of bottom PCB; (2)
assemble the control circuit on the bottom side of the top PCB; (3) connect the two PCBs
together and solder the magnetic components on the top side of top PCB and (4) use thermal
adhesive and screws to boned the MPC converter to the liquid cooling cold plate.

Phase 1

Phase 2

Phase 3

Fig. 6.24: Three phase MPC structure prototype (270A maximum)

152

In the three phase prototype, the total load current is increased by three times.
Although the loss distribution and breakdown are almost the same in each individual phase,
the amount of PCB loss is significantly increased. More heat is generated in the copper
inside the PCB, especially on the output polygons and terminals. Therefore, the cooling
problem is more critical on the three phase converter at high load up to 270A and overall
efficiency is in hence deducted. Fig. 6.25 shows the thermal performance of three phase
LLC converter, the temperatures on the top PCB and magnetics can be observed. The
temperature of output terminals and PCB copper on the output side are 90°C due to the
high load current. The SR maximum temperature is 81°C because the cold plate is bonded
to the bottom of the MOSFETs directly through copper connectors.

110°C on TXs

90°C on PCB

81°C on SRs

Fig. 6.25: Thermal image of three phase converter at 270A

The efficiency of three phase low voltage converter is tested at 14V output with 250V,
330V and 380V input voltage conditions. Within which the maximum load current is 270A
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(3.8kW) when the input voltage is 330V and 380V and 60% of load has been tested with
250V input. According to the measurement results shown in Fig. 6.26, the peak efficiency
can still achieve 96.7% and the full load efficiency is 95.6% at 380V input condition. The
air cooling solution is no longer applicable beyond 180A load condition for the three phase
prototype since the overheating problem.

Fig. 6.26: Efficiency of three phase converter at 14V output

To summarize the experimental results of single phase and three phase low voltage
LLC converter prototypes with liquid cooling, the thermal performances are significantly
improved. In such a power converter, the loss distribution is very unbalanced and most of
the loss is on the secondary side, especially the SR MOSFET which is also the hottest spot
of the whole system. By sorting the components and assemble them on different boards,
the liquid cooling system can directly cool down the most critical surface mount
components. The output current rating of one phase is potentially increased from 70A to
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95A, and the efficiency is also improved. Therefore, by using MPC structure, high power
density can be achieved without sacrificing performance.
6.6 Conclusion
This chapter proposes a new multi-PCB cooling (MPC) structure for low voltage high
current power converters on EV. This structure uses liquid cooling to improve thermal
performance and achieves better power density than conventional structure. Three design
principles contribute to the promising thermal performance and power density: 1. Multiple
vertically stacked parallel PCBs use three-dimensional space more efficiently. In a twoPCB converter, the total PCB surface area is increased by 80% with 40% less of each PCB
area. 2. Components are sorted by loss to cool down the critical parts: surface mount GaN
FETs and MOSFETs are used to guarantee the whole power circuit is on the bottom PCB,
so the hot spots are directly liquid cooled. 3. The whole bottom side of bottom PCB is used
as the interface to the cold plate to maximize the surface area for thermal dissipation. FEA
thermal modelling is conducted on a 1.3kW power converter and experimental result is
performed based on a 1.3kW single-phase converter and a 3.8kW three-phase converter.
Integrated liquid-cooling reduces synchronous rectifier (SR) temperatures by 46°C in
experimental results and improves the efficiency by more than 0.6%. A two-layer MPC
structure achieves 31% greater power density than the single-layer design.
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Single Stage AC/DC LLC Converter with Power Factor Correction
7.1 Introduction
Research and development of electric vehicles (EVs) technologies are becoming more
popular, and the worldwide EV market is growing steadily. For the power supply systems
on EVs, the on board charger (OBC) which charges the high voltage battery (250V to
430V) is considered as the most critical part. Increasing power ratings of OBC at 6.6kW,
11kW and 22kW allow faster battery charging to significantly improve the performance of
EVs. At the meanwhile problems are imposed: more compact topology structure, lighter
converter weight and lower temperature rise of the OBC are needed to maintain the
environment on vehicles. The power factor (PF) requirement of input current harmonics
also limits the design and control schemes, adding on cost and size of OBCs.
Conventional OBC structure uses an AC-DC Boost converter with Power Factor
Correction (PFC), followed by a DC-DC isolated power converter to charge the battery in
EVs. The two-stage structure with many components limits the power density and
efficiency performance. Literatures have proposed both designs of novel topologies and
wide bandgap (WBG) devices to improve performance of OBC [102][103]. Development
of WBG devices allow the converters to operate at significantly higher switching frequency
to reduce the size of magnetic components. A bridgeless totem pole PFC with WBG device
followed by an LLC DC-DC converter has become a mainstream of OBC study. The
bridgeless two-stage structure uses less semiconductor switches and can achieve higher
efficiency and smaller size.
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However, these researches contribute to reduce the quantity of switches, but the
magnetic components, especially the bulky Boost inductor still cannot be avoided. In the
state-of-art researches, the overall efficiency of OBC based on Totem pole PFC + LLC
converter structure is limited below 96% [95]. With complicated magnetic components
design and other down-sizing methods, the maximum power density can achieve 2.4kW/L.
A single stage LLC based AC/DC converter is proposed for OBC application in this
chapter. In most of the research, the LLC converter is considered as the DC/DC stage
instead of AC/DC stage. The proposed OBC in contrast achieves both AC/DC stage with
PFC and DC/DC voltage regulation stage with one LLC converter [104]. The LLC OBC
essentially removes the bulky PFC inductor and reduces the number of switches, which
saves considerable volume and further increases power density [105].
In the proposed LLC AC/DC converter, no Boost inductor is needed in the on board
charger system. The LLC converter serves as both the AC-DC and DC-DC stage which
provides all the functions of rectification, power factor correction and galvanic isolation as
well as voltage regulation. This chapter is organized as follows: section 7.2 proposes a DC
static averaging method to analyze the losses of the PFC. Section 7.3 demonstrates the
design criteria of LLC converter resonant tank to implement the PFC functions in the
complete voltage range. Section 7.4 discusses the design to reduce the loss of the OBC and
the verification with PSIM simulation. Then, the implementation of LLC OBC prototype
and the experimental result are shown in section 7.5. Section 7.6 discusses the further
improvement of power density. Section 7.7 concludes the chapter.
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7.2 Full Voltage Range LLC Resonant Tank Design
This section demonstrates the design criterion of the LLC AC-DC converter with PFC.
The maximum output power is designed to be 1650W. Four such LLC PFC converters can
be paralleled to achieve a 6.6kW 4-phase converter for OBC application with decreased
current stress on the components. The power rating and input/output voltage specifications
imposes specific requirements for the LLC resonant tank including Lr, Lp, Cr and
transformer turns ratio N selection.
7.2.1 Quasi - Static DC Operating Point Analysis

To meet power factor correction operation, in the entire AC input range, the LLC
converter must have enough voltage boosting capability to keep a stable output voltage
with AC input ranging from zero to peak voltage [106][107]. This section uses quasi-static
DC operating point to analyze the voltage gain by assuming the AC line cycle is divided
into many small elements corresponding different phase angles, the operation in each
element is considered as DC-DC static operation.
The specifications of the LLC PFC stage are shown in Table 7.1. Full power is
provided from 330V to 430V output voltage, and the output power is de-rated between
250V to 330V output with 5A load current at maximum.
Table 7.1: Requirements of Studied LLC PFC
Output Power Po

Input Voltage Vin (RMS)

Output Voltage Vo

Switching Frequency fs

1.65kW

200V ~ 240V

250V ~ 430V

350kHz ~ 650kHz

To analyze the quasi-static operation, the instantaneous input voltage and power are
calculated at the static points. The instantaneous AC input voltage Vbus is (7.1):
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𝑉𝑏𝑢𝑠 (𝜃) = √2𝑉𝑖𝑛 𝑠𝑖𝑛𝜃

(7.1)

To achieve PFC operation, the input current is required to be sinusoidal in phase with
the input voltage, so the instantaneous power Pac is defined in (7.2):
𝑃𝑎𝑐 (𝜃) = √2𝑉𝑖𝑛 𝑠𝑖𝑛𝜃 ∙ √2𝐼𝑖𝑛 𝑠𝑖𝑛𝜃 = 2𝑃𝑜 𝑠𝑖𝑛2 𝜃

(7.2)

Where 𝜃 is the phase angle ranges from 0°to 180°; Vin and 𝐼𝑖𝑛 are the root mean square
(RMS) values of AC input voltage and current respectively. Fig. 7.1 shows the plots of
Vbus, required voltage gain Greq and instantaneous input power Pac.

Fig. 7.1: General voltage gain requirement of AC-DC converter

According to Fig. 7.1, the instantaneous input power is changing with the phase angle.
As the output voltage is constant, the instantaneous equivalent output current is changing,
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so the instantaneous equivalent load resistance is also changing with phase angle. Table
7.2 shows six conditions with 220V AC input and 330V DC output at 5A load current:
(1) At 90°condition, the input voltage, input current and instantaneous power are at
maximum, the power is 2Po (3300W), instantaneous load resistance is 33Ω (330V/10A).
(2) At 75°condition, the power is 3079W, load resistance is 35Ω (330V/9.32A).
(3) At 60°condition, the power is 2475W, load resistance is 44Ω (330V/7.5A).
(4) At 45°, input voltage and power are at average value, instantaneous power is Po
(1650W), load resistance is 66Ω (330V/5A). This is half load condition.
(5) At 30°, the instantaneous power is 825W, load resistance is 132Ω (330V/7.5A).
(6) At 15°, input voltage is 80V, the power is 221W, load resistance is 493Ω
(330V/0.67A). This is a light load condition with high instantaneous load resistance.
Table 7.2: Input voltage & equivalent load resistance versus phase angle at 330V/5A load
Instantaneous

Instantaneous

equivalent load

output Power

resistance (Ω)

(W)

10.6

33

3300

300

10.2

35

3079

60°

269

9.2

44

2475

45°

220

7.5

66

1650

30°
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5.3

132

825

15°

80

2.7

493

221

Phase angle

AC instantaneous

AC instantaneous

θ

input voltage (V)

input current (A)

90°

311

75°

When the phase angle is changing from 90°to 0°, the input voltage keeps decreasing.
To regulate the output voltage and keep the stability, the voltage gain requirement keeps
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increasing. However, the load is also becoming lighter when the phase angle is decreasing.
LLC converter has much higher voltage gain at light load than heavy load [108]. Therefore,
the LLC converter has the potential to achieve the PFC operation which also requires
higher voltage gain at lighter load condition. Thus, two design criterions are needed: (1)
The LLC converter must satisfy the quasi-static operation at peak voltage and peak power,
at which point the phase angle is the 90°. (2) The LLC converter must satisfy all the other
phase angles from 1°to 89°.
It is noted that the actual output voltage is a DC value with a small double line
frequency voltage ripple (±10V ripple at 120Hz with 330V DC voltage). The actual output
power is a DC value, and the difference of output power and instantaneous power is
buffered by the output electrolytic capacitors.
7.2.2 Implementation of Peak Power Condition

To first implement the peak power condition which occurs at 90°when both input
voltage and input current are at the peak, Lr, Lp, Cr parameters and transformer turns ratio
N are selected. The transformer primary and secondary turns ratio N=𝑁𝑝𝑟𝑖 : 𝑁𝑠𝑒𝑐 is first
determined since the converter is designed to operate below resonant frequency. Therefore,
the minimum voltage gain of LLC is determined to be 1, which corresponds to the
minimum output voltage at maximum input voltage condition. So N is determined by (7.3):
𝑁 = √2𝑉𝑖𝑛_𝑚𝑎𝑥 /𝑉𝑜_𝑚𝑖𝑛 = 339: 250

(7.3)

To implement the winding configuration with PQ3535 core size, the primary side is
selected to be 23 turns and the secondary side is selected to be 17 turns. The resonant
inductor Lr, parallel inductor Lp and resonant capacitor Cr are determined by the higher
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resonant frequency fr1, lower resonant frequency fr2 and maximum required voltage gain
(at peak power condition) Greq_pk, based on equation (7.4) and (7.5):
1

𝑓𝑟1 = 2𝜋√𝐿
𝐺𝑟𝑒𝑞_𝑝𝑘 =

𝑟 𝐶𝑟

,

𝑓𝑟2 = 2𝜋

𝑁∙𝑉𝑜_𝑚𝑎𝑥
√2𝑉𝑖𝑛_𝑚𝑖𝑛

=

1

(7.4)

√(𝐿𝑟 +𝐿𝑝 )𝐶𝑟

𝑉𝑖𝑛_𝑚𝑎𝑥 ∙𝑉𝑜_𝑚𝑎𝑥

(7.5)

𝑉𝑖𝑛_𝑚𝑖𝑛 ∙𝑉𝑜_𝑚𝑖𝑛

So 𝐺𝑟𝑒𝑞_𝑝𝑘 is equal to 2.1 based on the input and output voltage requirements. Since
the maximum frequency is set to be fr1, the minimum frequency is set to be fr2 and the
required voltage gain can be calculated, the values of Lr, Lp and Cr can be determined
according to the design algorithm from previous research [109]. The resonant parameters
for peak load DC static operating points that can meet the peak power voltage gain
requirement are therefore decided as shown in Table 7.3.
Table 7.3: Resonant Parameters for Peak Power Condition
Lr Value

Lp Value

Cr Value

Tx Turns Ratio

8.5uH

21uH

7nF

23:17

7.2.3 Implementation of Entire AC Input Range (0°to 180°)

For any AC input RMS voltage Vin from 200Vac to 240Vac, DC output voltage Vo
should be regulated in the entire AC line cycle, hence enough voltage gain Greq is required
at any phase to maintain the regulation of Vo. The value of Greq is determined in (7.6):
𝑉𝑜
𝑏𝑢𝑠 (𝜃)

𝐺𝑟𝑒𝑞 (𝜃) = 𝑁 𝑉

=

𝑁∙𝑉𝑜
√2𝑉𝑖𝑛 𝑠𝑖𝑛𝜃

(7.6)

With PFC operation, both the peak voltage and peak power occur at 90°phase, and no
load condition occurs at 0°and 180°. Therefore, as shown by the red curve in Fig. 7.1, the
voltage gain has a minimum requirement at peak input voltage and power at 90°. By
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defining the minimum gain as 𝐺𝑟𝑒𝑞_𝑚𝑖𝑛 , the peak power gain requirement 𝐺𝑟𝑒𝑞_𝑝𝑘 =
𝐺𝑟𝑒𝑞_𝑚𝑖𝑛 , the required gain function of phase angle 𝜃 is (7.7):
𝐺𝑟𝑒𝑞 (𝜃) =

𝐺𝑟𝑒𝑞𝑝𝑘

(7.7)

𝑠𝑖𝑛𝜃

As discussed in section 7.2.1, to meet the voltage gain requirement of all peak power
conditions at 90°of any AC input voltage and DC output voltage, Greq_pk must satisfy
equation (7.5) and the resonant parameters can be designed based on Greq_pk.

Fig. 7.2: LLC converter of PFC stage after rectifier

To analyze the properties of the LLC converter shown in Fig. 7.2, define k = Lp / Lr.
In the equivalent circuit shown in Fig. 7.3, the average equivalent resistance 𝑅𝑒 is (7.8):

𝑅𝑒 =

𝑉𝑜𝑒
𝐼𝑜𝑒

=

2√2𝑁𝑉𝑜 /𝜋
𝜋𝐼𝑜 /2√2𝑁

=

8𝑁2
𝜋2

𝑅𝐿

Fig. 7.3: Equivalent RLC circuit of LLC converter
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(7.8)

Where RL is the average load resistance. For instantaneous power with respect to AC
line, the equivalent resistance at different 𝜃 is (7.9):

𝑅𝑎𝑐 (𝜃) =

2
𝑉𝑜𝑒

𝑃(𝜃)

= 𝑅𝑒

𝑃
𝑃(𝜃)

=

4𝑁2 𝑅𝐿

(7.9)

𝜋2 𝑠𝑖𝑛2 𝜃

The voltage gain of LLC versus switching frequency fs is in (7.10):

𝐺(𝑓𝑠 ) =

=

𝑉𝑜𝑒
𝑉𝑏

=

𝐿𝑝 (𝑗2𝜋𝑓𝑠 )// 𝑅𝑎𝑐
1
𝐿𝑟 (𝑗2𝜋𝑓𝑠 )+ ⁄𝐶 (𝑗2𝜋𝑓 )+𝐿𝑝 (𝑗2𝜋𝑓𝑠 )// 𝑅𝑎𝑐
𝑟
𝑠
𝐿𝑝 𝐶𝑟 𝑅𝑎𝑐 (2𝜋𝑓𝑠 )2

𝐿𝑟 𝐶𝑟 𝐿𝑝 (𝑗2𝜋𝑓𝑠 )3 +(𝐿𝑝 +𝐿𝑟 )𝐶𝑟 𝑅𝑎𝑐 (𝑗2𝜋𝑓𝑠 )2 +𝐿𝑝 (𝑗2𝜋𝑓𝑠 )+𝑅𝑎𝑐

(7.10)

Define the resonant angular frequency 𝜔𝑟 = 2𝜋𝑓𝑟1 . And define the quality factor:
𝜔𝑟𝐿𝑟

𝑄(𝜃) = 𝑅

𝑎𝑐

= 𝑄0 𝑠𝑖𝑛2 𝜃, the average quality factor is 𝑄0 =
(𝜃)

𝜔 𝑟 𝐿𝑟
𝑅𝐿

𝜋2

. 8𝑁2 .

Substitute the equations (7.5) to (7.9) into the voltage gain equation (7.10) and obtain
the expression of voltage gain versus fs and θ in (7.11):
𝐺(𝑓𝑠 ) =

1
𝑓2
1
𝑓
1 + (1 – 𝑟1
) + 𝑗2𝑄0 𝑠𝑖𝑛2 𝜃( 𝑠
𝑘
𝑓𝑟1
𝑓2
𝑠

𝑓
– 𝑟1 )

(7.11)

𝑓𝑠

The amplitude of the voltage gain versus fs and 𝜃 is in (7.12):
𝑀(𝑓𝑠 ) =

1
2
𝑓2
𝑓
√(1+1(1 − 𝑟1
))
+4𝑄02 𝑠𝑖𝑛4 𝜃( 𝑠
𝑘
𝑓𝑟1
𝑓2
𝑠

(7.12)
𝑓
− 𝑟1 )

2

𝑓𝑠

In the proposed LLC converter, fs is always between fs2 and fs1. The voltage gain at fr2
is the maximum gain at no load condition, and at high load condition, the gain at fr2 is close
to maximum voltage gain. Therefore, voltage gain at fr2 is used to justify if the converter
meets the gain requirement. Calculate the voltage gain at 𝑓𝑠 = 𝑓𝑟2 at different θ in (7.13):
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𝑀𝑓𝑟2 (𝜃) =

1
√4𝑄02 𝑠𝑖𝑛4 𝜃∗𝑘 2 /(1+𝑘)

=

1

1

√4𝑄02 ∗𝑘 2 /(1+𝑘)

∗ 𝑠𝑖𝑛2 𝜃

(7.13)

Assume the LLC converter can provide enough voltage gain at fr2 at peak input voltage
and peak power condition (Pac = 2Po, θ = 90°), the peak voltage gain is equal to Mfr2 at 90°.
Derive the relation of 𝐺𝑟𝑒𝑞_𝑝𝑘 and 𝑀𝑓𝑟2 (90°) in (7.15):
𝐺𝑟𝑒𝑞_𝑝𝑘 = 𝑀𝑓𝑟2 (90°) =

1
√4𝑄02 ∗𝑘 2 /(1+𝑘)

(7.15)

Substrate equation (7.7) and (7.13) into (7.15). Since 𝑠𝑖𝑛2 𝜃 ≤ 𝑠𝑖𝑛𝜃 is always true for
whatever phase angle θ, equation (7.16) can be achieved:
𝐺𝑟𝑒𝑞 (𝜃) =

𝐺𝑟𝑒𝑞_𝑝𝑘
𝑠𝑖𝑛𝜃

≤

𝐺𝑟𝑒𝑞_𝑝𝑘
𝑠𝑖𝑛2 𝜃

=

1
2 2
√4𝑄0 ∗𝑘
1+𝑘

1

∗ 𝑠𝑖𝑛2 𝜃 = 𝑀𝑓𝑟2 (𝜃)

(7.16)

Therefore, the converter will always satisfy 𝐺𝑟𝑒𝑞 (𝜃) ≤ 𝑀𝑓𝑟2 (𝜃) from 0°to 180°if the
voltage gain requirement at peak input voltage and power is satisfied at fr2. The voltage
gain requirement in the entire AC voltage range is always no bigger than the voltage gain
achieved at fr2. This conclusion indicates that the voltage boost ability of LLC increases
faster than voltage gain requirement when instantaneous power is getting smaller
[110][111].
Thus, an AC-DC LLC converter can be designed to achieve perfect power factor
correction to implement the voltage gain requirement for output voltage regulation. By
selecting Lr, Lp and Cr to achieve enough voltage gain at peak voltage (Vbus = √2𝑉𝑖𝑛_𝑚𝑖𝑛 )
and peak power (Pac = 2Po) condition, the LLC converter will be able to provide enough
voltage gain at all the other AC phase angle.
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Based on the fundamental input and output specifications as shown in Table 7.1, an
LLC converter is designed. With the structure shown in Fig. 7.2, a GaN FET full bridge is
used for LLC stage and a MOSFET full bridge is employed as synchronous rectifier (SR)
for the secondary side DC voltage output. The resonant tank parameters of Lr, Lp and Cr in
Table 7.3 are used and the peak power voltage gain requirement is satisfied at fr2. With the
designed parameters, simulation and experiments are performed and the performance of
LLC OBC is observed.
7.3 Simulation Verification of PFC Stage
PSIM simulation is performed to verify the proposed LLC converter at both DC static
operating points and AC-DC operation with PFC. According to the theoretical analysis, the
whole AC line cycle (60Hz) should be implemented within the frequency between fr1 and
fr2. This section verifies the feasibility of voltage gain in DC-DC simulation with selected
input and output DC voltage conditions.
7.3.1 DC-DC Static Simulation

Two AC-DC conditions are verified with DC operating point simulation: (1) 200V AC
input to 430V DC output, which is the highest voltage gain requirement condition with
lowest input and highest output. This condition is simulated to verify the voltage boosting
ability of proposed parameters in PFC stage. (2) 240V AC input to 250V DC output
condition, which is the lowest voltage gain requirement condition with lowest input and
highest output. The output power is de-rated to 1250W with 5A load current at 250V in
this condition. This condition is simulated to verify that the converter always operate
between fr2 (350kHz) and fr1 (653kHz).
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The maximum gain requirement condition is shown in Table 7.4 when the input
voltage is at 200V RMS (minimum AC input voltage) and output voltage is 430V
(maximum DC output voltage). The instantaneous input power load current and resistance
versus different phase from 10°to 90°are calculated. DC-DC simulation on LLC converter
is performed and each static DC operating point could be achieved at corresponding
switching frequency. The phase from 90°to 170°operates the same 10°to 90°. It can be
observed from Table 7.4 that all the operating points from 10° to 170° could be
implemented between fr2 and fr1. Therefore, more than 90% of the Ac input range can be
achieved in highest gain requirement condition.
Table 7.4: Gain Requirement at Highest Gain (Vin = 200V, Vo = 430V, Po = 1650W)
𝜽 (°)

Vin(V)

Iin(A)

Pac(W)

Vo(V)

IL(A)

RL(Ω)

Required
gain

fs (kHz)

90

283

11.7

3300

430

7.7

56.0

2.06

446.4

80

279

11.5

3200

430

7.4

57.8

2.09

443.9

70

266

11.0

2913

430

6.8

63.5

2.19

436.7

60

245

10.1

2474

430

5.8

74.7

2.38

425.5

50

217

8.9

1936

430

4.5

95.5

2.69

412.9

40

182

7.5

1363

430

3.2

135.7

3.20

399.7

30

141

5.8

825

430

1.9

224.2

4.12

388.2

20

97

4.0

386

430

0.9

479.2

6.02

375.4

10

49

2.0

99

430

0.23

1859.1

11.85

366.6

Table 7.5 shows the voltage gain requirement and the corresponding switching
frequency of lowest voltage gain condition in the simulation model. Basically, all the static
DC operation all be maintained with frequency lower than fr1 and the converter operates at
resonant frequency at 90° with a voltage gain is 1, which match up with the design
methodology. The voltage regulation can also be implemented in light load conditions and
more than 90% of AC input range can be achieved.
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Table 7.5: Gain Requirement at Lowest Gain (Vin = 240V, Vo = 250V, Po = 1250W)

𝜽 (°)

Vin(V)

Iin(A)

Pac(W)

Vo(V)

IL(A)

RL(Ω)

Required
gain

fs (kHz)

90

339

7.4

2500

250

10.0

25.0

1.00

651.5

80

334

7.3

2424

250

9.7

25.8

1.01

643.5

70

319

6.9

2207

250

8.8

28.3

1.06

617.7

60

294

6.4

1874

250

7.5

33.3

1.15

577.0

50

260

5.6

1467

250

5.9

42.6

1.30

531.6

40

218

4.7

1033

250

4.13

60.5

1.55

486.3

30

170

3.7

625

250

2.50

100.0

1.99

448.0

20

116

2.5

292

250

1.17

213.8

2.92

413.9

10

59

1.3

75

250

0.301

829.5

5.74

382.0

Fig. 7.4 to Fig. 7.6 show the DC-DC static operating point verification waveforms.
The minimum frequency and highest voltage gain condition is illustrated in Fig. 7.4, which
corresponds to 10°condition of 200V AC input to 430V output in Table 7.4. The switching
frequency is 366kHz and the voltage gain is 11.85.

Fig. 7.4: Minimum frequency point: 200Vac @10°to 430V
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The maximum frequency and lowest voltage gain condition is illustrated in Fig. 7.5,
which corresponds to 90°condition of 240V AC input to 250V output in Table 7.5. The
switching frequency is 651kHz and the voltage gain is 1.0, this is also designed to be the
resonant point of the LLC converter. In this condition it can be observed from the current
waveform that resonant current is much higher than parallel inductor current, which
indicates a peak load condition.

Fig. 7.5: Maximum frequency point: 240Vac @90°to 250V

Fig. 7.6 illustrates the average DC operating point for the PFC mode, which
corresponds to 45°condition of 220V AC input to 330V output. This is the middle point
of input voltage and output voltage; the instantaneous power is 1650W which equals to the
average power of single phase LLC PFC. AC dynamic loss analysis is based on this
operating point since it stands for the average of overall PFC operation.
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Fig. 7.6: Average static point: 220Vac @45°to 330V

It can be observed from the DC static operating point simulation that in the whole
input and output range, the frequency is limited between fr1 and fr2. Theoretically this
guarantees the zero voltage switching on the primary side and the zero current switching
on the secondary side. As shown in Fig. 7.4 to Fig. 7.6, the resonant current is always
negative before the primary switches are turned on, therefore ZVS is achieved.
Fig. 7.7 shows the drain to source voltage of secondary side SR and the secondary side
current at maximum frequency condition. Since the switching frequency is always lower
than the resonant frequency, the secondary current is always discontinuous and zero current
switching can be ensured.
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Fig. 7.7: Secondary SR DS voltage and current at maximum frequency
7.3.2 AC/DC Simulation with Power Factor Correction

With the static DC operating points verified in DC-DC converter model and 10°to
170°voltage regulation established, a simulation with AC-DC LLC converter for OBC
application with PFC is built to validate the AC input performance. The maximum voltage
gain operation is shown in Fig. 7.8 with 200V AC input and 430V DC output. 99.5% power
factor and 5% total harmonic distortion (THD) are achieved. The double line frequency
ripple Vp-p of output voltage indicates the high power factor. The amplitude of this voltage
ripple is determined by (7.17):
𝑃

𝑜
𝑉𝑝−𝑝 = 2𝜋𝐹𝐶

𝑜

(7.17)

Where F is the line frequency of AC input voltage, Co is the output capacitance. The
double line frequency ripple compensation of PFC will be investigated in the future to
complete OBC implementation.
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Fig. 7.8: 200Vac to 430V output, PF = 99.5%, THD = 5.3%

A nominal operation with 220V input and 330V output is shown in Fig. 7.9, 99.3%
power factor and 3.1% total harmonic distortion (THD) are achieved in this condition. The
double line frequency ripple of output voltage also indicates a good PFC performance.
Therefore, the simulation verification shows the feasibility of developing LLC converter
into AC-DC rectifier with PFC.
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Fig. 7.9: 220Vac to 330V output, PF = 99.3%, THD = 3.1%

7.4 DC Operating Point Efficiency Optimization
A loss analysis method is investigated in this section to estimate the total loss of
proposed AC-DC LLC converter for OBC application. The magnetic design is performed
based on this loss analysis.
For the AC-DC converter, the loss analysis is difficult because the operating condition
is different at different AC input phase angles. This section proposes a differential element
method to use the DC-DC state power losses at different DC operating points to estimate
the approximate AC-DC stage efficiency in an entire line cycle.
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As shown in Fig. 7.10, each quarter of line cycle (0°to 90°) is divided into differential
elements. The quarter of line cycle from 90°to 180°is symmetrical to 0°to 90°, so the
average power loss Ploss is this quarter cycle is equal to the overall average power loss.

Fig. 7.10: Differential Element Areas of AC/DC Loss Analysis

Divide the quarter cycle from 0°to 90°into n subintervals with equal width Δt = T/4n,
then t1, t2… tn are the end points of these subintervals. Where T/4 is a quarter of AC line
period time. Ploss(ti) is the instantaneous power loss at ti as shown in the red curve in Fig.
7.10. The definite integral of the power loss is (7.19):
𝑇

∫04 𝑃𝑙𝑜𝑠𝑠 (𝑡)𝑑𝑡 = lim ∑𝑛𝑖=1 𝑃𝑙𝑜𝑠𝑠 (𝑡𝑖)Δ𝑡
𝑛→∞

(7.19)

The total energy of the power loss W in this quarter cycle is equal to Ploss*T/4, which
is equal to the integral of Ploss(t) from 0 to T/4, defined in (7.20):
𝑇

𝑊 = 𝑃𝑙𝑜𝑠𝑠 ∙ 4 = lim ∑𝑛𝑖=1 𝑃𝑙𝑜𝑠𝑠 (𝑡𝑖)Δ𝑡
𝑛→∞
𝑇

Use 𝑃𝑙𝑜𝑠𝑠_𝜃𝑖 = 𝑃𝑙𝑜𝑠𝑠 (ti) with 𝑡𝑖 = 𝜃𝑖 ∗ 360°, the equation becomes (7.21):
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(7.20)

𝑃𝑙𝑜𝑠𝑠 ∙

𝑇
4

= lim ∑𝑛𝑖=1 𝑃𝑙𝑜𝑠𝑠_𝜃𝑖 Δ𝑡 = lim ∑𝑛𝑖=1 𝑃𝑙𝑜𝑠𝑠_𝜃𝑖 ∙
𝑛→∞

𝑛→∞

𝑇
4𝑛

(7.21)

So, the equation of average power loss Ploss and all the sample points 𝑃𝑙𝑜𝑠𝑠_𝜃𝑖 is (7.22):

𝑃𝑙𝑜𝑠𝑠 = lim

∑𝑛
𝑖=1 𝑃𝑙𝑜𝑠𝑠_𝜃𝑖
𝑛

𝑛→∞

(7.22)

Therefore, if the quarter cycle can be divided into infinite subintervals, the average
power loss is equal to the averaging result of all the sample points 𝑃𝑙𝑜𝑠𝑠_𝜃𝑖 . Since infinite
subinterval is not applicable, in this study 9 subintervals are used as shown in Fig. 7.10 to
approximately estimate the AC line cycle average power loss. The instantaneous power
loss at DC static points of θ1 = 10°, θ2 = 20°… θ9 = 90°are calculated. The average power
loss Ploss is calculated by (7.23):

𝑃𝑙𝑜𝑠𝑠 =

∑9𝑖=1 𝑃𝑙𝑜𝑠𝑠_𝜃𝑖
9

(7.23)

So, the approximate efficiency of LLC AC/DC converter is (7.24):
𝐸𝑓𝑓% =

𝑃𝑜
𝑃𝑜 +𝑃𝑙𝑜𝑠𝑠

∙ 100%

(7.24)

Thus, the efficiency can be estimated, and the design based on efficiency estimation
of LLC converter can be performed. With the LLC converter loss breakdown and equations
discussed in Chapter 6, the major parts are losses including GaN loss PGaN, resonant
inductor loss PLr, parallel inductor loss PLp, Transformer loss PTx, secondary side SR loss
PSR and input rectifier loss Pin. The current and voltage parameters can be obtained at each
of DC static operating points and the DC static losses can be calculated.
To implement the proposed resonant tank as shown in Table 7.3 as well as maintaining
promising efficiency, magnetic components are the most critical design target. Targeting
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at the least total loss of Lr, Lp and transformer, a tradeoff is performed between the coil
resistance and flux density. By configuring the magnetic core type and size, tuning the Litz
wire type and number of turns, a magnetic design is decided based on the minimum average
loss calculation.
Because of the high power rating and high output voltage, the inductor design must be
implemented with many turns of coil (to reduce the flux density) and a big air gap (to
maintain the target inductance with more turns). Therefore, both Lr and Lp suffer from the
fringing effect problem and a hot spot occurs nearby the big air gap as shown in Fig. 7.11.

Fig. 7.11: Lp temperature at 91°C with one air gap

To solve the near-air-gap overheat problem, a separated coil is used to move the copper
windings further from the gap, and a plat (PLT) core is used to separate the big air gap
(4mm) of Lp into two air gaps (2*2mm). This method reduces the fringing effect near the
air gap and 16°C less temperature rise is achieved by as shown in Fig. 7.12.
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Fig. 7.12: Lp temperature at 75°C with two air gaps

A final configuration is decided based on the averaging line cycle loss analysis at the
whole range with 200V to 240V AC input and 250V to 430V output condition. The Lr, Lp
and transformer are selected to achieve best overall performance. The configurations of
magnetic components are shown in Table 7.6, PQ core is used to form the magnetic
components and a PLT core is used for each inductor to separate the air gap. The maximum
flux density of Lr, Lp and transformer are limited within 81mT, 68mT and 75mT
respectively.
Table 7.6: Configurations of magnetic components
Component

Core type

Core size

Air gap(mm)

Wire type

Turns

Bmax(mT)

Lr

PQ+PLT

32/25

1.5*2

AWG 14/44

12

81

Lp

PQ+PLT

32/25

2*2

AWG 16/44

20

68

Tx

PQ

35/35

0

AWG 16/44

23:17

75

With the magnetic components determined, the efficiency can be estimated with the
calculated losses. The major losses are shown in Table 7.7, which corresponds to the static
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DC operating points and average loss values at 220Vac input to 330V output condition.
Other losses including the PCB conduction loss, the input EMI filter loss and output
electrolytic capacitor loss are also estimated, and a complete loss analysis based on DC
averaging method is achieved.
Table 7.7: DC static loss estimation @ 220Vac input to 330V output
𝜽 (°)

Input rectifier

GaN loss

Lr loss

Lp loss

Tx loss

SR loss

Total loss

loss Pin (W)

PGaN (W)

PLr (W)

PLp (W)

PTx (W)

PSR (W)

Ptot (W)

90

9.7

12.7

7.8

3.5

17.3

18.1

73.9

80

9.4

12.3

7.4

3.5

16.7

17.3

71.4

70

8.5

11.1

6.3

3.4

14.7

14.7

63.6

60

7.2

9.5

4.8

3.2

12.1

11.4

53.0

50

5.7

7.5

3.2

3.0

8.9

7.2

40.3

40

4.0

5.6

2.0

3.0

6.3

3.9

29.6

30

2.4

4.7

1.4

3.2

4.4

1.5

22.4

20

1.1

4.3

1.3

3.4

3.6

0.4

19.0

10

0.3

4.1

1.2

3.4

3.3

0.0

17.2

Avg

5.4

8.0

3.9

3.3

9.7

8.3

43.4

According to the loss estimation in Table 7.7, and considering some loss from an
output double line frequency ripple compensation converter, the overall efficiency is
1650/(1650 + 43.4) = 97.4% at full load (1.65kW) in this condition. The other conditions
with different AC RMS input voltage and DC output voltage are estimated and the LLC
PFC can always achieve more than 97% efficiency. Benefiting from the single stage
structure, the LLC PFC for OBC application can significantly improve the efficiency.
7.5 Experimental Test and Verification
A laboratory prototype is built with the configurations in Table 7.6 to verify the
performance of proposed LLC AC/DC converter with power factor correction. The
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schematic is shown in Fig. 7.13 and photo of prototype is shown in Fig. 7.14, 2.2 kW/L
power density achieved by this converter with liquid cooling assembly, 2.9kW/L without
EMI filter is achieved. In the experimental verification, DC-DC static operating points are
firstly tested, and then the AC/DC operation with PFC with the target range of input and
output voltage in Table 7.3 is performed.

Fig. 7.13: Schematic of AC-DC LLC converter with PFC

Fig. 7.14: Top view of 1650W AC-DC LLC converter prototype
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7.5.1 Static DC operating point test

To verify the quasi-static operating points of PFC stage and voltage boosting capability,
DC-DC operating points are tested on the proposed LLC converter. Especially at low phase
angle and light load conditions, the input voltage is low, and the output voltage should keep
the same, requiring a high voltage gain. The high load conditions with high input voltage
and small load resistance are also tested.
The Gan FET gate voltage Vgs, Drain to Source voltage Vds and the resonant current
waveforms at 45°phase are shown in Fig. 7.15 and Fig. 7.16. The DC-DC operating
condition at 45°has the same output power as AC input condition and the performance can
approximately indicate the actual AC-DC performance. Fig. 7.15 shows the case when
input voltage is 200V and output voltage is 330V at 5A load current. The operation can be
implemented with 98.0% efficiency.

Fig. 7.15: 200V input to 330V/5A output (200Vac @ 45°)

180

Fig. 7.15 shows the case when input voltage is 200V and output voltage is 250V at 5A
of load current. The operation can be implemented with 97.4% efficiency. According to
these two 45°quasi-static DC-DC test, the proposed LLC converter could achieve high
efficiency with AC-DC operation.

Fig. 7.16: 200V input to 250V/5A output (200Vac @ 45°)

Light load DC-DC experiment is also performed, and the waveforms of Vgs, Vds and
resonant current are shown in Fig. 7.17 and Fig. 7.18. This test verifies the voltage
regulation feasibility of LLC converter at high voltage gain condition. Fig. 7.17 illustrates
the 10°phase angle condition of 200V AC input (49V DC voltage) with 250V output
voltage, the output power is 75W. The high voltage gain requirement (Greq = 6.9) is
achieved and voltage zero crossing of GaN FETs is still guaranteed.
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Vds

Vgs

Lr Current

Fig. 7.17: 49V input to 250V output (200Vac @ 10°)

Fig. 7.18 illustrates the 10°phase angle condition of 200V AC input (49V DC voltage)
with 380V output voltage, the output power is 100W. With the higher available maximum
voltage gain at light load condition, the voltage gain requirement (Greq = 10.5) is achieved
and output voltage is regulated. The switching frequency is limited between fr1 and fr2, so
that voltage zero crossing of GaN FETs is still guaranteed.
Therefore, the DC-DC quasi-static operation test indicates that the proposed LLC
converter can implement the voltage gain requirement at 10°phase angle range for the
whole AC input (200V to 240V) and DC output (250V to 430V) voltage range. PFC
operation can be achieved in at least 90% of entire AC line cycle from 10°to 170°. The
switching frequency is between the low resonant frequency and high resonant frequency,
so zero voltage crossing is achieved for the entire AC-DC operation.
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Vds

Vgs

Lr Current

Fig. 7.18: 49V input to 380V output (200Vac @ 10°)
7.5.2 AC - DC with PFC Operation Test

For AC-DC operation, the input RMS voltage ranges from 200V to 240V, output DC
voltage is from 250V to 430V. Constant power of 1650W is required with 330V to 430V
output condition, constant 5A load current is applied for 250V to 330V output voltage. The
AC-DC power conversion stage with power factor correction is tested to verify the PF
performance and single stage converter efficiency. The input rectifier is using MOSFET
synchronized rectifier, the output rectifier is using SiC diode bridge.
Fig. 7.19 shows the AC-DC stage with PFC waveforms with 220Vac input voltage
and 250V output DC voltage at 5A load current condition. This is the derated condition of
PFC operation, the output power is 1.2kW, the power factor of this condition is 99.3% and
the efficiency is 96.9%. This testing result verifies the AC-DC operation with PFC at low
output voltage condition with high switching frequency.

183

Vin

Iin

Fig. 7.19: PFC waveform at 220V AC input to 250V/5A DC output

Fig. 7.20 shows the condition with 230Vac input voltage and 320V output DC voltage
at 5A load current condition, this is the nominal operation of PFC stage, the load current is
still at the highest value. The power factor is 99.1% and the efficiency is 96.9%.

Vin

Iin

Fig. 7.20: PFC waveform at 220V AC input to 320V/5A DC output
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Fig. 7.21 shows the full output voltage condition at 380V DC output and 1.53kW, the
load current is derated to 4A to implement a constant output power. The power factor is
98.7% and the efficiency is 96.6%. Thus, the AC-DC operation at high output voltage
condition and low switching frequency is also achieved with power factor correction.

Vin
Iin

Fig. 7.21: PFC waveform at 230V AC input to 380V/4A DC output

The experimental results verify the theoretical analysis of using a single stage LLC
converter to achieve AC-DC operation with power factor correction for OBC application.
In the tested input and output conditions, the input current is well regulated to be sinusoidal
waveform, high power factor and low THD are achieved. The switching frequency is
limited between fr1 and fr2, so zero voltage switching is achieved with GaN FETs. LLC
converter with Synchronous rectifier MOSFET instead of SiC diode is also tested, and full
load efficiency is improved by 0.2%. Therefore, the overall efficiency of AC-DC operation
with power factor correction at 230V input and 320V/5A output can achieve over 97%.
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7.6 Future Improvement of Power Density
The laboratory prototype of proposed LLC converter is built based on a conventional
one-PCB structure as shown in Fig. 7.22. This prototype is convenient for assembling and
testing, but it is not good for achieving promising high power density. As discussed in
Chapter 6, multi-PCB structure can be used for OBC application on Electric Vehicles to
significantly improve the power density and make use of the built-in liquid cooling system
on EVs. This section discusses the expected power density of LLC converter that can be
achieved with two – PCB structure.
The existing prototype uses conventional one PCB to host the components of LLC
converter as shown in Fig. 7.22. The major parts including input rectifier MOSFETs, EMI
filter, full bridge GaN FETs, resonant inductor Lr, parallel inductor Lp, transformer Tx,
secondary side SR MOSFETs and output electrolytic capacitors are placed on the top side
of PCB. The control circuit including Microcontroller Unit (MCU), isolated drivers and
sensing circuit are soldered on the bottom side of PCB.

Fig. 7.22: 1.65kW AC-DC LLC converter with one-PCB layout (existing board)
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The PCB board dimension of this prototype is 190mm*75mm. The highest component
is E-cap at 37mm, the thickness of PCB is 1.6mm and the height of control IC is 2mm.
Therefore, the total height is 40.5mm, so the total volume is 0.577L and the power density
is 2.9kW/L. The two-PCB structure can be applied on the proposed LLC converter with
the same major components.
Fig. 7.23 shows the same AC-DC LLC converter which is implemented on two-PCB
structure. It can be observed from Fig. 7.23 (a) that big magnetic components including Lr,
Lp and Tx are placed on the top side of control PCB. The EMI filter and Electrolytic
capacitors are also placed on the top side of control PCB. According to Fig. 7.23 (b) the
control circuits including MCU, drivers and sensing circuits are soldered on the bottom
side of control PCB. The input SR MOSFETs, GaN FETs and secondary SR MOSFETs
are placed on the top side of power PCB. The bottom side of power PCB is empty to attach
EV liquid cooling system.
As discussed in Chapter 6, by using a control PCB and a power PCB to build the
structure, the available surface area to place components is significantly increased. The
area of prototype is reduced to only 110mm*75mm. Several pairs of connectors are used
to connect the control board and power board, the height of female and male connector is
2.4mm and 6mm respectively. Considering the added PCB has 1.6mm thickness, the total
height is increased by 2.4 + 6 +1.6 = 10mm, so with 40.5mm original height, the total
height is 50.5mm. The volume of this design is 0.417L and the power density of LLC
converter is increased to 3.9kW/L.
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(a) top view

(b) front view
Fig. 7.23: 1.65kW AC-DC LLC converter with two-PCB structure, Volume = 0.417L

In addition to the contribution of two-PCB structure, the size of converter can be
further decreased by integrating the parallel inductor into the transformer. The Lp value
can be implemented by the magnetizing inductance of transformer. As shown in Fig. 7.24,
by saving the footprint area of Lp, the dimensions can be reduced to 94mm*
75mm*50.5mm, the volume is 0.356L and the power density is 4.6kW/L.

188

(a) top view

(b) front view
Fig. 7.24: 1.65kW converter with integrated Lp and two-PCB structure, Volume = 0.356L

The 1.65kW AC-DC LLC converter can be paralleled to extend the power capacity,
with four paralleled 1.65kW converters, a 6.6kW AC-DC converter with PFC can be
achieved. Fig. 7.25 shows the structure and dimensions of 3D model of 6.6kW four-phase
converter. The rated load current of four-phase converter is 20A, so the E-caps need to
carry 20/1.414 = 14A RMS current. Select E-cap with 2.5A current rating, so 6 capacitors
are needed in total instead of 8 capacitors. Thus, the power density of four phase converter
is increased compared with single phase converter.
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(a) top view

(b) isometric view
Fig. 7.25: 6.6kW four-phase LLC converter with two-PCB structure, Volume = 1.326L

190

The dimensions of the complete 6.6kW four-phase LLC converter is 175mm*150mm*
50.5mm, the total volume is 1.326L, the power density is 5.0kW/L. Table 7.8 summarizes
the size and power density estimation of the existing prototype and the other three proposed
two-PCB structure LLC converters. Benefiting from bigger available surface area
increased by two PCBs, the AC-DC LLC converter with EV application can achieve high
power density up to 5kW/L.
Table 7.8: Power density estimation of proposed structures
Configuration

Dimensions

Power density

1-phase, 1-PCB,

1-phase, 2-PCB,

1-phase, 2-PCB,

4-phase, 2-PCB,

3-magnetics

3-magnetics

2-magnetics

8-magnetics

190mm*75mm

110mm*75mm

94mm*75mm

190mm*75mm

*40.5mm

*50.5mm

*50.5mm

*50.5mm

= 0.577L

= 0.417L

= 0.356L

= 1.326L

1.65kW/0.577L

1.65kW/0.417L

1.65kW/0.356L

6.6kW/1.326L

= 2.9kW/L

= 3.9kW/L

= 4.6kW/L

= 4.9kW/L

7.7 Conclusion
This chapter discusses the development of a single stage LLC converter into an ACDC converter with power factor correction for OBC application. A design criterion
regarding voltage gain requirement of the full input AC line cycle is analyzed. According
to the voltage gain analysis, the maximum gain of LLC converter is significantly increased
at light load condition, which matches with the gain requirement of AC-DC converter with
PFC. This chapter proves that PFC can be well implemented if the full load voltage gain is
maintained at the low resonant frequency fr2. Based on this design requirement, an LLC
AC-DC converter with PFC for OBC application is designed and an experimental
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prototype is built. The experimental results verify the high power factor, high efficiency
and high power density on the proposed LLC converter with PFC.
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Conclusion and Future Work
8.1 Conclusion
Since the consuming power electronic devices claim growing requirements on
miniaturized size and high power density, novel fabrication processes and improved
designs are needed. This thesis focuses on methods including structural design,
components configuration and topology modifications to approach the target of
maximizing power density. Besides, this thesis discusses the technologies to solve the
thermal management problem caused by the downsized power electronic systems. Practical
industrial designs are proposed, and the prototypes are built to realize those high power
density technologies.
The major contributions of this thesis include:
1. A 3D integrated power module based on Power-System-in-Inductor (PSI2)
technology is proposed against traditional 2D and 3D plastic packaging.
2. Temperature dependent equivalent circuit thermal model is investigated to
compensate the error of thermal modeling due to the temperature dependency.
3. MEMS switch is investigated to be used in power electronics and a MEMS power
relay is created to take the promising features of MEMS.
4. Multi-PCB Cooling (MPC) structure is proposed for EV converters to achieve
improved power density and thermal performance.
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5. A 1.65kW single-stage AC-DC LLC resonant converter with PFC and GaN
devices for electric vehicle On-Board Charging (OBC) is proposed
The power electronic research target in this thesis include integrated point of load
converters, high voltage system protection devices, high load current DC-DC converter
and AC-DC converter with PFC for on board chargers. Their power rating ranges from
30W to 6.6kW, the output voltage can be 1V to 430V and the size differs from 1mL to 2L.
The power solutions of various kind of portable devices, DC and AC power relay, server
and computer power supply and EV power system can all find a way to achieve smaller
size, less power loss and lower cost.
Integrated 3D POL converters based on power supply in inductor technology can
significantly increase the power density since it properly arranges the component
placement problem of a Buck converter. As the biggest barrier in power module size
reduction, the inductor is designed to encapsulate the rest of components in the converter
right above the top of substrate PCB. Although the inductor still takes more than half of
the total volume, the size is significantly smaller because this structure eliminates all the
plastic material (as module case) and unnecessary core material. Benefiting from using
magnetic material for integrated module encapsulation, the heat dissipation of converter is
also improved. Therefore, the deducted thermal performance of conventional plastic
molded 3D power module is also improved.
Due to the development of power rating and power density, thermal management
becomes a major obstacle for further improving the integration level. To analyze the
thermal performance and understand the thermal parameters in a power system, an intuitive
and accurate thermal model is proposed in this thesis. This thermal modeling method is
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based on the conventional thermal equivalent circuit model and it considers the effect of
temperature in heat dissipation. The temperature is taken into the thermal estimation by
using voltage controlled current source in the thermal model to achieve more realistic
modeling. This novel thermal analysis approach compensates the self-heating and high
temperature radiation error which frequently occur in highly integrated power systems.
For high current application, the conventional circuit protection devices also suffer
from high loss and bulky size. The commonly used electromagnetic relay and solid state
relay have their specific problems and cannot achieve promising power density and
functions. The proposed high performance smart relay is based on micro electromechanical
system (MEMS) technology which features small size, high response speed and low onstate resistance. Improved thermal performance can be observed from the relay because of
the low power consumption. The MEMS relay can eliminate the mechanical wear out
problem and achieve extended lifespan. The on-off frequency of proposed power relay can
be more than 10kHz because of the short turn on delay time. Digital control scheme is used
so that different on-off functions can be easily implemented. Therefore, the zero leakage
current and AC power input features are investigated to explore more flexible relay control
methods.
Following the research on high power applications, more active high voltage and high
current power conversion applications are investigated. More problems are discussed
including the bulky passive components, high voltage active devices and high temperature
stress structure and layout design. The power converters in electric vehicle power system
including the low voltage DC-DC converter and on board charger are studied specifically.
The converters in EV have high power rating (3.8kW to 6.6kW) and strict size restriction,
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therefore the cooling performance is very critical. The multi PCB cooling structure is
proposed in this case especially for the LDC with 270A extremely high load current. The
losses are sorted into the magnetic component loss and surface mount device loss and these
two types components are assembled on two separated PCBs. Liquid cooling method is
used to dissipate the heat of temperature sensitive GaN FETs and SRs which locate on the
top side of bottom PCB. By using the paralleled PCB assembly, the liquid cooling assembly
is bonded to the prototype without taking extra space. Therefore, the power density is not
sacrificed while utilizing liquid cooling solution to decrease the temperature rise. The
proposed DC-DC converter achieves 3kW/L power density with 97% peak efficiency, and
the temperature rise of key components is decreased by 50% benefiting from the liquid
cooling solution.
Other than the research on structure design, this thesis also explores resonant LLC
topology to be used in AC-DC converter application with power factor correction for OBC
application. LLC converter is very widely used in DC-DC converters due to its high
efficiency and high frequency potential, but it is never used for AC-DC converter with
PFC. By introduce a resonant converter into an on board charge application, it can provide
functions of output voltage regulation, input current regulation and galvanic isolation.
Therefore, an isolated DC-DC converter is no longer needed for OBC application and a
single stage AC-DC structure is achieved. With the simplified single stage structure, the
number of magnetic components and active devices can be reduced thus the size can be
decreased. High power factor over 99% and 97% full load efficiency can be achieved and
well verified in the experimental results.
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8.2 Future work
To further improve the thermal performance of power electronic systems and increase
the power density, some future work is expected to be performed.
For the integrated POL module, two higher power Buck converters with bigger
inductors and higher power density are being investigated. The first one is a 5V/30A high
current point of load converter, the major challenge of this application is the high
conduction loss due to high load current. A one-turn coil inductor with multi-permeability
core material is proposed to reduce the DCR and decrease the conduction loss. The other
design is for a 36V input, 18V/5A output condition, the inductor size is relatively large for
this converter, modified design is performed to achieve better cooling performance. 3D
PSI2 structure is used for both integrated power modules to decrease the footprint area and
improve thermal performance.
For the research on MEMS relay, highly integrated MEMS switches are to be used to
further decrease the total size, a multi-output transformer is also designed to simply the
control and isolation circuit. Therefore, the structure of MEMS power relay can be more
compact, and the size is further reduced. In addition, external thermal management solution
is proposed to increase the load current rating. The maximum of MEMS relay is limited by
the temperature rise due to the conduction loss of MEMS switch. Copper plates and heat
sink will be added on the MEMS switches to assist dissipate heat and keep the switches
under a safe temperature. Therefore, the power relay will be more reliable while
maintaining higher current rating.
For the low voltage high current DC-DC converter with multi-PCB structure, the
multi-phase topology can be modified to decrease the number of magnetic components and
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power switches. The existing topology has three phases of LLC converter in parallel to
handle 270A load current, complicated current sharing strategy is used to balance the load
current of three phases. In the future development of LDC, three phases can be decreased
to two phases and the current sharing circuit can be significantly simplified. The magnetic
components will be modified, especially the parallel inductor Lp will make use of
distributed air gap technology to eliminate the fringing effect and improve the efficiency.
For the AC-DC LLC converter with PFC, the modified structures to further increase
the power density as discussed in Section 7.7 will be performed. The AC-DC converter
will be implemented with two-PCB structure thus the total volume will be significantly
decreased, and the power density is expected to be over 4kW/L. In the next step, a Power
Converter Controlled Capacitor (PCCC) will be added in series with the output capacitor
of LLC converter to compensate the double line frequency ripple and achieve stable output
voltage regulation. To complete the converter for OBC application, four phases will be
paralleled and 6.6kW operation will be achieved.
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