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Abstract

Design of High-Performance Hybrid Switched Capacitor Converters:
Modeling, Layout, and Thermal Management

by

Logan Horowitz

Doctor of Philosophy in Engineering– Electrical Engineering and Computer Sciences

University of California, Berkeley

Professor Robert Pilawa-Podgurski, Chair

As the world transitions to sustainable energy solutions, the demand for electric vehicles
and hyper-efficient data centers has soared. Advanced power electronics play a critical role
in addressing the challenges of energy efficiency, performance, and scalability in both sec-
tors. In this work, I detail our recent efforts toward the development of power converters
achieving unprecedented performance through novel topologies, improved modeling, opti-
mal component selection, and innovative design. Advanced thermal management strategies
are essential to dissipate heat effectively and ensure reliability. I will highlight our recent
progress in both of these domains, explore their synergistic impact on improving system
performance, and outline promising future directions. Integration of these technologies is
pivotal for realizing the future of sustainable transportation and energy-efficient computing,
driving both economic and environmental benefits on a global scale.
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Chapter 1

Background

Power electronics are used across many different industries and applications. Broadly, they
convert one form of electrical energy to another. Often, they are used to bridge the gap
between the voltage supplied by a source (e.g. battery, solar panel, wind turbine, electri-
cal grid, etc.) and a load (motor, electric vehicle (EV), processor, lighting, etc.). There
are many dimensions to power converter design evaluation, but this work will focus on the
maximization of efficiency and power density. Two different applications will be used as
examples: Electric Vehicle Inverters & Data Center Power Delivery.

Five different steps in the power converter design process are identified here:

1. Topology & Modulation

2. Parameter Optimization

3. Component Sizing & Selection

4. Layout & Packaging

5. Thermal Management

These are depicted in Fig. 1.1 and will serve as the main areas of focus in this work.

Topology & Modulation

Power converters typically consist of switching elements such as transistors or diodes and
passive components such as capacitors and inductors. A topology is defined by the compo-
nents in the circuit as well as the connections between them. Modulation defines the timing
by which the switching elements are turned on/off. Together, these two properties define
how the circuit will operate. The first step in power converter design is to determine the
most suitable topology and modulation.
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Figure 1.1: Five steps to high-performance power converter design.

Parameter Optimization

Once the topology and modulation are selected, there are many resultant design parameters
which must be determined. The next step is to estimate performance of the converter as a
function of these parameters in order to choose the best design point before fabrication.

Component Sizing & Selection

Once a design point has been chosen, all of the components can be selected. In practice, this
has a large impact on converter performance. It is critical to incorporate the best switches
and passive components, and then to utilize them effectively.

Layout & Packaging

Finally, once all of the components and connections are determined, it remains to put them
together properly. There are many intricacies to component placement and printed circuit
board (PCB) routing. The use of multiple PCBs also opens up new design space. A converter
with high power density will inherently require components to be densely packed, which
creates greater challenges, especially when dealing with high voltages.
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Figure 1.2: Simplified description of EV drivetrain highlighting the ‘Drive Inverter’ which
converts dc voltage from the battery to ac power for the motor.

Thermal Management

As the density of power converters and computing electronics continues to grow, the heat flux
which must be removed from these systems is growing in proportion and creating bottlenecks
to further miniaturization. This is causing a radical shift away from conventional air-cooling
to more advanced solutions. Future work will need to co-design the electrical and thermal
systems to continue advancing performance.

1.1 Electric Vehicles

Transportation accounts for over 15% of global energy-related emissions [3]. The electrifica-
tion of vehicles offers a promising path to significantly reduce this pollution. Electric auto-
mobiles have gained widespread popularity, with sales growing by more than 20% annually
[3, 17]. Meanwhile, substantial progress has also been made toward partially and fully elec-
tric commercial aircraft. Multiple organizations have already demonstrated successful flight
[80, 52], while there are many research projects underway to develop this technology further
[101]. Both automobiles and aircraft rely on high-performance powertrains that demand
extreme efficiency and power density [54, 16].
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In order to accommodate increasing power levels, many automobile manufacturers have
increased their main bus voltage to 800 V (Hyundai, Audi, Porsche, Tesla Cybertruck, etc.).
There are many different applications for power converters in these vehicles including: dc-dc
down-conversion from 800 V down to low-voltage system bus (48 V and below), dc-dc up-
conversion from battery to main bus voltage (e.g. 400 V up to 800 V), ac-dc rectification
from the grid to charge the battery, and dc-ac inversion from battery to main drive motor.
Hardware demonstrations in Chapter 6 will focus on the final application: design of the
inverter which takes electrical energy from the battery pack and delivers it to the motor(s).
Fig. 1.2 highlights the role this plays in the powertrain of a battery electric vehicle. To
improve power density, advanced motor designs often eliminate heavy magnetic materials
such as steel and iron [41]. This greatly diminishes the electric machine inductance, however,
thus requiring the inverter to deliver low-distortion current. Together with the increased bus
voltage (800 V), this imposes strict requirements for the inverter. It is very difficult to simul-
taneously achieve high efficiency, high power density, and low distortion with conventional
converter designs, which motivates work presented here.

1.2 Data Centers

The rapid growth of machine learning, artificial intelligence (AI), and the Internet of Things
(IoT) is driving massive expansion in internet technology (IT) infrastructure. Data centers
now account for approximately 2% of global energy consumption, and this is projected to
continue growing exponentially [3, 22]. This has driven extreme changes across many aspects
of data center infrastructure, including power delivery. Fig. 1.3 demonstrates the power
delivery architecture for data centers starting from high-voltage ac on the grid and ending
at the point-of-load (PoL), which primarily comprises the central processing units (CPUs)
and graphics processing units (GPUs) running computations. Traditionally, a 3-stage dc-dc
conversion architecture has been utilized, whereby a 400 V dc voltage is derived from the
grid, and then stepped down through three converters: 400V to 48V, then 48V to 12V,
and finally 12V to PoL. More recently, industry has been moving toward a 2-stage solution
involving a 400V to 48V conversion and a 48V to PoL stage. These series conversions lead
to increased size, large dc bus capacitors between stages, and cascaded efficiency penalties.
As a result, there is significant room for improvement, which motivates work presented here.
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Figure 1.3: Data center power delivery architecture. (a) Traditional 3-stage design, (b)
Recent 2-stage solution, (c) 1-stage approach proposed in this work.
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Chapter 2

Topology & Modulation

2.1 EV Inverters

In order to realize the next generation of electric vehicles, aggressive targets have been set for
drivetrain performance [54, 16]. System efficiency and power density are of top priority. High
performance motors have eliminated the use of heavy magnetic materials such as steel or iron
in order to reduce weight [41]. This decreases the electric machine inductance greatly, thus
requiring the inverter to supply a low-distortion drive current. Moreover, size and weight
reductions are further achieved through high rotational speed, which requires high electrical
frequency.

The aforementioned constraints are challenging to meet with traditional inverter ap-
proaches based on half-bridge switching modules, depicted in Fig. 2.1. These designs typ-
ically use slow, high-voltage devices, and therefore operate at a relatively low switching
frequency. This generates large volt-seconds upon the filtering elements, which dominate
the size of the inverter and limit performance.

Proposed Approach

Multilevel topologies provide an attractive alternative to more traditional 2 or 3-level im-
plementations, because they allow for utilization of devices with lower blocking voltage and
correspondingly high figure-of-merit (FOM) [8, 6]. Fig. 2.2 demonstrates that as you move
from 650 V devices down to 100 V, your loss metric decreases by more than 10x.

Fig. 2.3 provides a survey of all commercially available inductors and capacitors from the
supplier Digikey. It can be seen that the energy density of the best capacitor is more than
1000x higher than that of the best inductor. This motivates the use of hybrid switched capac-
itor converters, which rely primarily on capacitors for energy storage and reduce the inductive
energy storage requirements dramatically compared to conventional switched-inductor type
topologies [125, 109].

The flying capacitor multilevel (FCML) converter has demonstrated particular promise
due to a number of additional performance benefits [73, 36, 78, 46, 45, 44]. Under phase-
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shifted pulse width modulation (PSPWM), it generates a frequency multiplication effect
which drastically reduces the volt-seconds applied to the filter inductor [8], as depicted in
Fig. 2.4. This, in turn, enables the size of this inductor to be reduced greatly. Additionally,
the FCML comprises many small, lower-voltage components so heat generation is distributed
across a large surface area, which is advantageous for cooling. Overall, the FCML topology
is amenable to high efficiency, high density power conversion.

Figure 2.1: Conventional inverter design architectures feature bulky high-voltage devices
operating at low switching frequency, which leads to large volt-seconds and bulky passive
components.
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Figure 2.2: Power transistor loss metric (output capacitance multiplied by on-resistance)
as a function of blocking voltage. 100 V devices have greater than a 10x reduction in this
metric compared to 650 V devices, motivating the use of multi-level converters.

Figure 2.3: Volumetric energy density for commercially available passive components from
the supplier Digikey. The best capacitors offer more than 1000x the density of the best
inductors, motivating the use of converters relying on capacitive energy storage.
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Figure 2.4: Unconventional flying capacitor multilevel (FCML) converter topology. Example
10-level design shown which enables an 81x reduction in output inductor size compared to
the 2-level converter.
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2.2 Data Center Power Delivery

The modern datacenter power supply architecture is complex, with many cascaded stages to
step from the ac grid voltage down to the low operating voltages of CPUs, GPUs and ASICs
(shown in Fig. 1.3). Typically, there is an ac to 400V dc conversion, then conversion to a
distribution voltage of 48V, another conversion to a 12V bus, and then a final conversion
to point-of-load (PoL) [82]. Fig. 1.3a demonstrates this approach, which will be referred
to as a three-stage design because of its three separate dc-dc conversion stages. Fig. 1.3b
highlights a two-stage design, which is currently gaining popularity, wherein a direct 48V to
PoL conversion occurs [7, 4, 123]. Fig. 1.3c illustrates the proposed single-stage approach
[21] proposed here, with direct 400V to PoL conversion. Multi-stage designs suffer from
increased complexity, and also require the use of bus capacitors (CB) between each stage to
ensure that the voltages are held steady. These bus capacitances can be even larger than the
converters [122], so eliminating them by performing direct conversion from HVDC to PoL
has many benefits for overall system performance.

Novel Topology

To address the challenge of extreme conversion ratio from 400 V to 1 V, we combine two
popular power conversion topologies — the flying capacitor multilevel (FCML) converter [74,
62] and LLC converter [67, 23] — to arrive at the proposed flying capacitor LLC (FCLLC)
topology, having advantages of each. The FCLLC comprises a step-down switched-capacitor
network which resonates with a subsequent transformer-based stage, resulting in complete
soft-charging of the flying capacitors [102, 90], galvanic isolation, and an additional step-down
through the transformer. As a result of the two inherent cascaded voltage conversions, the
FCLLC is especially suited for extreme conversion ratios. Moreover, the use of low-voltage
devices improves semiconductor figure-of-merit.

The FCML converter (Fig. 3.9a) has demonstrated impressive performance in a variety
of applications [62, 78, 46, 93]. Comparatively, the LLC converter (Fig. 3.9b) and related
variants have seen widespread use in both 48V to PoL and 400V to 12V applications [4, 99,
34]). The high-frequency transformer enables a high conversion ratio and provides galvanic
isolation to comply with safety considerations, while the resonant operation allows for high
switching frequency, and thus small size, while maintaining low losses. The schematic for
an FCML is given in Fig. 2.5a, while the LLC is shown in Fig. 2.5b. Conventionally, an
LLC consists of a primary-side half-bridge (or full-bridge) which generates a square wave
voltage driving a resonant capacitor in series with the primary-side leakage inductance of a
transformer. Additionally, a switching stage on the secondary side rectifies and filters the
high frequency waveform to dc.

For the FCLLC (Fig. 2.5c), the LLC’s primary-side half-bridge and series resonant ca-
pacitor are replaced by an N -level FCML stage. This allows for the removal of several
components when compared with two independent cascaded FCML and LLC stages (redun-
dant components highlighted in purple in Fig. 2.5). The output filter of the FCML stage
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can be completely removed, and the front-end half-bridge and resonant capacitor CR of the
LLC can also be removed. This extends recent work [49], which retains the separate resonant
capacitor. In that design, the flying capacitance must be much larger than CR so that the
flying capacitors act as stiff dc voltage sources and do not participate in the resonance. In
the proposed work, the flying capacitors themselves are used to resonate with the leakage
inductance of the transformer, allowing them to be orders of magnitude smaller than if they
have to provide a stiff voltage. Certain states have one capacitor connected in series, while
others have two — thus this is a multi-resonant topology with differing resonant frequencies
per phase and an associated increase in control complexity. The FCML and LLC stages are
fully merged and so is the operation of this new topology.

Figure 2.5: Proposed FCLLC topology. (a) Standard FCML, (b) LLC with half-bridge pri-
mary, (c) Combined topology with redundant components (highlighted in purple) removed.

Modulation Scheme

For this subsection only, a 4-level FCLLC is discussed to simplify the diagrams and discussion:
operation with any other level count can be extended from this description. Prior work
has discussed the modulation and multi-ratio capabilities for a resonant FCML (rFCML)
converter [57, 15, 2, 25]. Fig. 2.6 shows the equivalent circuit for all 6 states of the switched-
capacitor network in a 4-level FCLLC. For the 4-level rFCML, switching states 1, 3, and 5
are all necessary for a 2/3 conversion ratio; and states 2, 4, and 6 are all those necessary for
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a 1/3 conversion ratio. During FCLLC operation, these six switching states are interleaved,
to provide an ac voltage and current for the transformer primary.

In states 1, 2, 4, and 5, there is a single flying capacitor, CF , connected in series with
the transformer. The duration of these states is t1 = π

√
LRCF , where LR is the leakage

inductance of the transformer. In states 3 and 6, there are two flying capacitors connected
in series, so these have duration t2 = t1/

√
2. The total number of states is NS = 4 +

2(N − 3), with an overall period T = 4t1 + 2(N − 3)t2. Each primary-side switch commutes
only once per period with a duty cycle of 50%. Frequency multiplication occurs, such
that the resonant frequency seen by the transformer and output rectification is (N − 1)/T .
Relevant modulation, voltage, and current waveforms are illustrated in Fig. 2.7, with every
flying capacitor successfully achieving net zero charge balance in a full switching cycle. The
conversion ratio of this stage is MFCML = 1/(2(N − 1)).

In the LLC stage, the voltage conversion ratio is MLLC = λ/K, where K is the turns
ratio between the primary and secondary windings, and λ is the frequency-dependent gain of
the LLC network. The overall voltage conversion ratio of the FCLLC converter is therefore

MFCLLC = MFCML ·MLLC = λ/(2K(N − 1)) (2.1)

The FCLLC provides a new degree of freedom and enables the designer to choose how to
split the conversion ratio between the level-count of the resonant switched capacitor network
and the turn ratio of the transformer.
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2.3 Topological Comparison

There are countless power converter topologies, each with different energy storage capabil-
ities, loss mechanisms, switching devices, and control techniques [32, 68, 65]. They can be
broadly classified into three different categories: 1) Switched magnetics (SM) converters,
which utilize magnetic components (inductors or transformers) to provide all of the energy
storage and processing. The buck, boost, and flyback topologies are canonical examples
[32]. 2) Switched capacitor (SC) converters, wherein capacitors are solely utilized to provide
voltage translation. The series-parallel and Dickson topologies are popular examples [103].
3) Hybrid converters (HC), in which both capacitors and inductors/transformers are used for
energy processing, often resulting in a design that is denser and more efficient than SM or SC
alternatives. The Ćuk, SEPIC, flying capacitor multilevel converter (FCML) and LLC are
prevalent examples [32, 73, 51]. Hybrid switched capacitor (HSC) converters are a subset of
this group, in which one or more inductors are added to an SC topology to provide capacitor
soft-charging and potentially regulation [89, 60].

It is difficult, in practice, to compare these disparate topologies on a fair and useful the-
oretical basis because each comes with different scaling laws, energy storage mechanisms,
thermal limits, etc. Therefore, simplified metrics are utilized, which capture certain aspects
of a design and serve as a proxy for more detailed, application-specific analysis. One tradi-
tional approach for assessing SM converters is to compute the total active switch stress and
to normalize this by the output power to achieve an active switch utilization metric (MV A)
[32]. This provides a simple way to estimate the relative semiconductor loss and correspond-
ing volume for different topologies. The analysis was extended to incorporate charge sharing
losses in SC converters, such that SC and SM converters could now be compared [81, 83,
86, 103, 70]. A complementary metric was developed which evaluates the overall volume of
the passive components [60, 119]. These two metrics – one to assess loss (switch stress) and
one to predict size (passive volume) – have been widely utilized to compare and characterize
HSC topologies.

Existing passive volume metrics (PVMs) have not considered transformers, and in this
work it is shown that they do not adequately consider the scaling trends and losses of
inductors. An extension is presented here, in which Kg and Kgfe methods are utilized for
magnetic component sizing. A unified framework is then developed, which enables more
accurate comparison of SM, SC, and HC topologies via a modified PVM which includes
passive component losses. It is shown that the relative performance of various topologies
depends heavily on the output power and switching frequency of the converter.

Limitations of Existing Passive Volume Metrics

There are various PVMs, which are based on differing assumptions [60, 70, 69, 119, 121, 26],
but the basic approach is as follows: First, the peak energy stored by each of the passive
components is determined and the results are summed.
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Table 2.1: Symbol Definitions & Values Used

Symbol Units Description Value

MPV - Standard volume
metric

-

SPV L cm3 Proposed voume
metric

-

MV A - Switch stress
metric

-

Pout W Output power -
Ploss W Power loss -
γ - Loss ratio

(Ploss/Pout)
0.05

AC cm2 Core area -
WA cm2 Winding area -
MLT - Mean length of

turn
-

Kg cm5 Inductor size
metric

-

Kgfe cmx Transformer size
metric

-

SL cm3 Magnetics size -
EL J Inductive energy -
EC J Capacitive energy -
ρL J/cm3 Inductor density -
ρC J/cm3 Capacitor density 0.2

Symbol Units Description Value

fsw Hz Switching
frequency

-

D - Duty cycle -
λ V·s Primary

volt-seconds
-

N - Conversion Ratio -
L H Inductance -
Ipk A Peak inductor

current
-

Irms A RMS inductor
current

-

Itot A RMS winding
currents

-

Iout A Average output
current

-

Vin V Input voltage -
Vout V Output voltage -

ρ Ω·cm Winding resistivity 2e-
6

Bpk mT Peak B-field 400
Ku - Winding fill factor 0.5
Kfe W/cm3T Core loss

coefficient
-

β - Core loss exponent 2.7

EL =
∑
k

1

2
LkI

2
pk,k (2.2)

EC =
∑
k

1

2
CkV

2
pk,k (2.3)

Next, these values are divided by the energy densities of the components.

SL =
EL

ρL
(2.4)
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SC =
EC

ρC
(2.5)

The passive energy storage requirements (EL and EC) will be proportional to the output
power of the converter and inversely proportional to the switching frequency. The final step
is to normalize the results such that these parameters cancel out, as shown in (2.6). Table
2.1 defines the symbols used in this work.

MPV =
fsw
Pout

(SL + SC) (2.6)

The resulting equation for MPV depends only on the topology, not on any converter
operating parameters such as input voltage, output power, or switching frequency. This
approach then allows for general topology comparisons irrespective of application details,
but has limited accuracy. Component energy densities (ρL and ρC) must be estimated, and
it is assumed that they are independent of frequency or output power. While this is true for
capacitors, both the efficiency and power density of inductors depend on their size and the
switching frequency [109, 40]. Moreover, magnetic components have non-negligible winding
and core losses which affect converter performance. In contrast, ceramic capacitors offer such
low ESR that the conduction losses are often negligible. Even Class II ceramic capacitors,
which engender hysteresis losses, can be treated as roughly ideal components if they are not
operating with extremely large voltage ripple [72, 71, 19]. For these reasons, the approach
proposed in this work involves a modified treatment of magnetic components, but uses the
standard energy storage method when considering capacitors.

Existing metrics either focus on pure SC converters [81, 83, 86, 103, 70], estimate passive
volume without considering any losses [60, 119, 121, 26], do not include inductor losses
[87], or consider only how winding loss scales with inductance [69]. Prior work has not
included transformers in quantitative density comparisons, although qualitative analysis has
been performed [63]. SC converters may have considerable charge sharing loss [115], which
can be included with an output impedance model [103, 70], but additional optimization
constraints are required. While inductor energy storage comparison is reasonable between
hybrid switched capacitor converters, it is not a sufficient metric to compare inductor size
across different families of topologies. Also, the energy storage approach is not suitable for
transformers as they ideally do not store energy. As a result, PVMs have primarily been
used to compare HSC converters without transformers only.

Improved Magnetic Component Sizing

Introducing Kg & Kgfe Methods

The design of magnetic components is multi-dimensional; there are many material options,
winding arrangements, and competing constraints. One commonly used technique for the
design of inductors is the Kg method (the following equations and discussion are adapted
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Figure 2.8: Empirical relationship between sizing metrics and box volume of commercially
available cores. (a) Kg metric versus volume with limit line in black, (b) Kgfe metric versus
volume with limit line in black.

Table 2.2: Core Volume vs. Kg

Shape No. Best Fit Eq. r2

E Core 34 SL = 60 · (KC
g )

(.5665) .994

P Core 16 SL = 40 · (KC
g )

(.5795) .999

EQ Core 5 SL = 40 · (KC
g )

(.6052) .997

PQ Core 19 SL = 40 · (KC
g )

(.6324) .994

RM Core 8 SL = 40 · (KC
g )

(.5508) .998

ER Core 18 SL = 50 · (KC
g )

(.5978) .989

Limit – SL = 40 ·Kg
(.575) –

from [32]). This can be applied in situations where core loss is negligible relative to winding
loss (e.g. typical power converter filter/energy-storage inductors). A core geometry value is
computed, as shown in (2.7).

KC
g =

A2
cWA

(MLT )
(2.7)

The electrical constraints of the inductor can be combined into another value, given in
(2.8). The 108 factor is included for conversion to cm.
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Table 2.3: Core Volume vs. Kgfe

Shape No. Best Fit Eq. r2

E Core 34 ST = 1, 580 ·KC
gfe .988

P Core 16 ST = 1, 010 ·KC
gfe .999

EQ Core 5 ST = 906.0 ·KC
gfe .989

PQ Core 19 ST = 1, 060 ·KC
gfe .993

RM Core 8 ST = 1, 010 ·KC
gfe .999

ER Core 18 ST = 1, 340 ·KC
gfe .967

Limit – ST = 1,000 ·Kgfe –

KE
g =

(108)ρL2I2pk
B2

pkRKu

(2.8)

This equation can be rewritten in terms of power loss for the component using the relation
Ploss = I2rmsR.

KE
g =

ρL2I2pkI
2
rms

B2
pkPlossKu

(2.9)

These two values (KC
g and KE

g ) can be related to determine the core size requirements
of a given application. This can be understood as follows: In order for an inductor to
provide inductance L with peak current Ipk and winding loss Ploss, the core geometry must
be large enough to provide space for the windings and avoid saturation. Eq. (2.10) states
this mathematically:

KC
g ≥ KE

g (2.10)

Kgfe is an extension to the Kg method which considers cases where core loss is non-
negligible (e.g. typical power converter AC transformers), and optimizes sizing of the com-
ponent to minimize the sum of winding and core loss. Again, a core geometry value is
derived.

KC
gfe =

WAA
2(β−1)/β
C

(MLT )l
2/β
m

[
(
β

2
)−

β
β+2 + (

β

2
)

2
β+2

]−β+2
β

(2.11)

The electrical constraints are combined into another value,
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KE
gfe =

(108)ρλ2I2totK
2/β
fe

4KuP
(β+2)/β
loss

(2.12)

These two values (KC
gfe and KE

gfe) can be related to determine the core size requirement.
This can be understood as: A transformer subjected to volt-seconds λ, conducting a total
rms winding current of Itot, with core loss coefficients Kfe and β, will provide a good balance
of core and winding loss if the core geometry is large enough.

KC
gfe ≥ KE

gfe (2.13)

For all of these equations, some of the parameters depend on winding and core material
(ρ, Ku, Bpk, Kfe, β), while the others can be derived as a function of the output power and
switching frequency of the converter, given a certain topology (L, Ipk, Irms, Itot, λ).

1) Specify core and 
    winding details
2) Compute      and        
    given operating conditions
3) Compute     and       
    from empirical equations

Kg
E Kgfe

E

STSL

1) Specify capacitor 
    energy density
2) Compute     as constrained 
    by charge sharing loss
3) Compute capacitor volume 
    using 

EC

SC = EC/pC

1) Specify core/winding details 
    and capacitor energy density
2) Compute     ,       ,     
    given operating conditions
3) Compute    ,     ,     for 
    optimal sizing

Kg
E Kgfe

E

STSL

EC

SC

Switched-Magnetics Converters Switched-Capacitor Converters Hybrid Converters

Figure 2.9: Diagram demonstrating the simple three-step process for deriving the proposed
passive volume metric, SPV L. The specifications and losses considered depend on the type
of topology.

Relating KC
g & KC

gfe to Volume

To determine a relationship between the core geometry values (KC
g andKC

gfe) and component
volume, 100 different commercial cores of various sizes and shapes were surveyed. Fig. 2.8a
plots the box volume for each core as a function of the KC

g value, while Fig. 2.8b does
the same for KC

gfe. A best fit trend-line was found for each core shape, and is plotted with
dotted lines. The solid black line is an empirically determined “limit line” which describes
the minimum achievable volume for a given KC

g /K
C
gfe value. Equations (2.14) and (2.15)

define these limit lines, which are used to compute magnetic component volume in subsequent
analysis. Tables 2.2 and 2.3 provide information regarding individual core trends and the
extracted limits.

SL = 40 · (KC
g )

(0.575) (2.14)

ST = 1000 · (KC
gfe) (2.15)
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Unified Passive Volume Framework

The aim of this section is to develop a unified PVM which is amenable to comparison of all
SM, SC, and HC topologies. In contrast to existing methods, this approach requires Pout

and fsw to be specified. The results are therefore less general but potentially more accurate,
while also providing intuition as to which topologies are better suited towards high power
or high frequency applications. The proposed metric, SPV L, defines the size of the passive
components while including passive component losses, as shown in (2.16). Here, SL and ST

are obtained using the Kg and Kgfe methods as computed in (2.14) and (2.15), while SC is
obtained by the standard peak energy storage analysis as shown in (2.5).

SPV L(fsw, Pout) = (SL + ST + SC) |Ploss (2.16)

There are 3 steps required for computing this modified PVM— Step 1: Define the core
material, capacitor technology, and winding specifications. More specifically, the following
parameters must be specified: Bpk, β, Kfe, Ku, ρ, and ρC . These can be derived from the
datasheets of selected components/materials. Step 2: Compute KE

g for every inductor,
KE

gfe for every transformer, and EC for every capacitor, as a function of Pout, Ploss, and
fsw. These can be determined from topology-dependent specifications. If there are multiple
types of passive components, derive the optimal values of each to minimize overall size.
Step 3: Set KC

g = KE
g and KC

gfe = KE
gfe. The volume of all inductors and transformers

can be computed using (2.14) and (2.15) respectively, while the volume of the capacitors
is found using EC/ρC . These results are summed to determine the total volume for the
passive components of the converter. Fig. 2.9 illustrates an outline of the approach. The
proposed passive volume metric can then be used to compare all types of converter topologies,
including 1) switched-magnetics topologies (e.g. the buck converter), 2) pure switched-
capacitor topologies (e.g. the series-parallel converter), and 3) hybrid topologies (e.g. the
LLC converter), as demonstrated in the following sections.

Switched-Magnetics Topology

Consider a buck converter (Fig. 2.10a) operating in boundary conduction mode (BCM).
We begin by calculating KE

g for the filter inductor at our given operating condition, as
defined in (2.9). The terms can be separated into core/winding characteristics and operating
parameters.

KE
g =

ρ

B2
pkKu︸ ︷︷ ︸

Core/Winding Info

·
L2I2pkI

2
rms

Ploss︸ ︷︷ ︸
Operating Parameters

(2.17)

Step 1: In this example, it is assumed that the windings are made of copper, which
determines ρ. A somewhat conservative fill factor (Ku) of 0.5 is chosen. A peak B-field,
Bpk, of 400mT is chosen based on PC Mn-Zn materials [76]. Step 2: For a buck converter
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operating in BCM, the peak current (Ipk) and the RMS current (Irms) can be written in
terms of the average output current.

Ipk,buck = 2Iout (2.18)

Irms,buck =
2Iout√

3
(2.19)

In BCM, the peak current ripple is equal to the average output current. The inductance
required for this magnitude of ripple can be computed as:

Lbuck =
(1−D)Vout

2fswIout
(2.20)

By combining these terms and simplifying, (2.17) can be rewritten in terms of Pout, the
loss ratio γ, and fsw, as in (2.21).

KE
g,buck =

(108)4ρ(1−D)2Pout

3γKuB2
pkf

2
sw

(2.21)

Step 3: The inductor volume is computed using (2.14):

SL,buck = 40 ·
[
KE

g,buck

](0.575)
(2.22)

Switched-Capacitor Topology

Next, consider a series-parallel SC converter with all capacitor values equal to some ca-
pacitance, C. A 4-1 step-down topology is shown in Fig. 2.10b. Step 1: A capacitor
energy density (ρC) of 0.2 J/cm3 is chosen based on a high-performance ceramic capacitor
operating at half its maximum voltage [112]. Step 2: Pure switched capacitor converters
exhibit charge sharing losses due to hard charging between capacitors. An effective output
impedance, which models these losses, can be calculated from the modulation scheme of the
converter [103].

Rout,SP =
N − 1

4N2fswC
(2.23)

The associated power loss is given here.

Ploss = I2outRout (2.24)

The total energy stored by the capacitors can be computed as well using the standard
approach given in (2.3).

EC,SP = (N − 1) · 1
2
CV 2

out (2.25)
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These results can be combined to determine the total energy storage in terms of Pout,
Ploss and fsw.

EC,SP =
(N − 1)2

2N2

Pout

γCfsw
(2.26)

Step 3: The capacitor volume is found by dividing EC,sp by the component density.

SC,SP =
EC,sp

ρC
(2.27)
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Figure 2.10: Example topologies for comparison. (a) Buck converter, (b) 4-1 series-parallel
converter, (c) Half-bridge LLC converter.

Hybrid Topology

Consider a half-bridge LLC converter (Fig. 2.10c), operated at the series resonant frequency.
We begin by calculating KE

gfe for the transformer at our given operating condition, as de-
fined in (2.12). The terms can be separated into core/winding characteristics and operating
parameters.

KE
gfe =

(108)ρK
2/β
fe

4Ku︸ ︷︷ ︸
Core/Winding Info

· λ2I2tot

P
(β+2)/β
loss︸ ︷︷ ︸

Operating Parameters

(2.28)

Step 1: Here, we use the same winding parameters and capacitor energy density as the
previous examples. The core loss coefficients (Kfe and β) are chosen based on PC Mn-Zn
materials [76]. Step 2: The volt-seconds applied to the primary winding can be identified
from the operating waveforms as:

λ =
Vin

4fsw
(2.29)

The sum of RMS winding currents can also be found by inspection.

Itot =
π

2
(2 +

√
2)
Pout

Vin

(2.30)
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With this information, (2.28) can be rewritten in terms of Pout, Ploss and fsw.

KE
gfe,LLC =

(108)ρπ2(2 +
√
2)2K

2/β
fe P

(β−2)/β
out

256Kuγ(β+2)/βf 2
sw

(2.31)

There is no charge sharing loss in this converter, as the capacitor and inductor resonate
together, but the capacitor size can still be optimized based on energy storage requirements.

EC,LLC =
1

2
CV 2

pk,LLC (2.32)

Vpk,LLC =
Vin

2
+

Pout

2fswCVin

(2.33)

The derivative of EC is taken with respect to capacitance to determine the minimal
energy storage achievable with optimal capacitor sizing, E∗

C,LLC .

E∗
C,LLC =

Pout

2fsw
(2.34)

Step 3: The transformer volume is computed by applying (2.15) to the Kgfe value given
in (2.31).

ST,LLC = 1000 ·
[
KE

gfe,LLC

]
(2.35)

The capacitor volume is found by dividing E∗
C,sp by the component density.

SC,LLC =
E∗

C,LLC

ρC
(2.36)

These values are added together to find the overall passive component size.

SLLC = ST,LLC + SC,LLC (2.37)

Topology Comparison

To compare how the volume of these topologies scales with output power and switching
frequency, Fig. 2.11 provides a plot showing SPV L vs. fsw for each of the three converters.
The total passive component loss is held constant across all topologies (at a loss ratio of
0.05 or 95% efficiency), and the converters are analyzed for a 4-to-1 step-down conversion
ratio. The output power, Pout, is swept from 100W to 1 kW, while the switching frequency
is swept from 100 kHz to 1MHz. Table 2.1 lists the fixed values utilized in this analysis. The
conditions used for these comparisons are arbitrary, and these examples are simply meant to
demonstrate the types of conclusions which can be obtained using the proposed framework,
not to draw definitive conclusions about the relative performance of these topologies in
general. Examining Fig. 2.11, we find that the BCM buck converter has the largest passive
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volume in all cases, while the series-parallel is the smallest at low power levels, but becomes
larger than the LLC converter at high output power and switching frequency.

The proposed metric can be utilized in conjunction with switch stress calculations to
compare these topologies in terms of both passive volume and semiconductor losses. This
provides a more complete view of converter performance. In Fig. 2.12, SPV L vs. MV A is
plotted across conversion ratios ranging from 2:1 to 10:1. Here, the switching frequency
is fixed at fsw = 500 kHz and again the output power, Pout, is swept from 100W to 1 kW.
Examining Fig. 2.12, it can be seen that the performance of the LLC varies little with respect
to changes in Pout and is completely independent of conversion ratio, because the turns ratio
can be adjusted without affecting any other operating parameters. In contrast, the total
passive volume of the series-parallel is heavily dependent on output power, while the switch
stress increases dramatically for larger conversion ratios. The BCM buck converter volume
is the largest in all cases, and varies significantly across Pout. Its switch stress is strongly
dependent on the conversion ratio, N , as well.

These examples highlight the necessity of comparing different types of converters under
specific Pout and fsw conditions. They also give a theoretical basis for certain empirical
topological decisions. For example, the use of pure SC designs is very common in low-power
on-chip applications, but nearly absent in higher power discrete converters. When both are
implemented as a DCX stage (i.e. with no regulation), the LLC is often denser than a buck
converter. It is also well suited to high conversion ratio design.

Buck Converter

LLC Converter
SC Converter

POUT

Figure 2.11: Passive volume computed by proposed SPV L metric for three different convert-
ers. Plotting volume vs. fsw for a fixed 4-1 step-down conversion with output power swept
from 100W -1 kW.



CHAPTER 2. TOPOLOGY & MODULATION 26

Buck Converter

LLC Converter
SC Converter

POUT

N=2 N=10

Figure 2.12: Passive volume computed by proposed SPV L metric for three different convert-
ers. Plotting volume vs. switch stress across a conversion ratio from 2:1-10:1 for a fixed
switching frequency of 500 kHz with output power swept from 100W -1 kW.

Conclusion

It is important to compare topologies on a theoretical basis to derive initial estimates for
which might be best suited to a given application. Switch stress metrics can be applied to
all converters, but existing passive volume metrics are mostly applicable to HSC designs. A
new PVM is proposed here, which utilizes Kg and Kgfe methods for magnetic component
sizing, thus enabling inclusion of passive component losses. This allows for comparison of
all types of topologies. Combining the proposed metric with switch stress analysis provides
a more complete view of topology performance.
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Chapter 3

Parameter Optimization

3.1 Commutation Loop Inductance

The switching speed of power transistors has increased dramatically in recent years, due in
large part to improvements in packaging as well as the proliferation of commercial wide-
bandgap devices, such as gallium-nitride high-electron-mobility transistors (GaN HEMTs)
[79, 64, 75]. With reduced on-resistance, lower output capacitance, and minimal package in-
ductance, especially for flip-chip and BGA packages, these switches are capable of extremely
high dv/dt transitions. As such, converter performance is now greatly determined by PCB
layout.

The switching cell of a buck converter provides a canonical example, as shown in Fig.
3.1. When the converter is in state 1, the input capacitor and high-side switch, CIN and
QHS, carry the load current. When the converter is in state 2, the low-side switch, QLS,
carries this current. These components see a step-change in operating current upon state
transitions and therefore define the commutation loop.

Parasitics arising from the routing of this commutation loop must be minimized to take
full advantage of high switching speed [95, 94, 85, 110]. Commutation loop inductance can
be detrimental in multiple ways. If the devices are switched quickly, energy stored in the
current flowing through this inductance will be rapidly transferred to the COSS of the off-
state device. This leads to over-voltage, as well as electromagnetic interference from the
resultant high-frequency ringing [11]. If this behavior is mitigated by slowing the switching
transition (e.g., by increasing the gate resistance), converter performance will suffer due to
increased overlap loss.

Although these parasitic inductances in switching loops significantly affect operation and
performance, their impact is often difficult to estimate at the design stage. At the same time,
performance metrics of power converters are tightly coupled, requiring an understanding
of trade-offs associated with operating parameters, such as switching speed, and physical
constraints imposed by the hardware implementation of the converter. As a result, multi-
objective optimization programs have become popular [59, 13, 77].
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Commutation 
Loop

Figure 3.1: Highlighting the commutation loop for a buck converter (a) Current path when
QHS is on, (b) Current path when QLS is on, (c) Components with step-change in conducted
current upon state transition.

In this work, we present a new technique which utilizes partial inductances [88] and linear
algebra to evaluate commutation loop inductance. The proposed technique is efficient and
platform-independent, to facilitate integration within existing converter design and analysis
scripts. This allows for rapid iteration and fast parametric sweeps of loop geometries. Users
can therefore optimize a design before fabrication, and develop more accurate predictions of
converter performance. Existing simulation/modeling tools are either highly detailed finite
element analysis (FEA) that require a full electrical design to simulate (e.g., Ansys Q3D),
or are intended for general purpose use (e.g., FastHenry [56]) or the design of semiconductor
power modules [33]. These tools also require the use of a specialized software package. This
represents a barrier towards integrating accurate commutation loop considerations as part
of the design process.
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Analytical Framework

Segmentation

A segmentation process approximates the loop into straight segments and divides them at
each corner or turn. This greatly simplifies the calculations as current paths become either
parallel segments, which influence each other magnetically according to known formulas [42,
38], or perpendicular segments, whose interaction is ignored. This approach is especially
suited for PCB commutation loops, where conductors are either horizontal planes or vertical
vias. Moreover, component and trace spacing is typically limited by either the rectangular
package dimensions or by creepage/clearance limitations between conductors. As a result,
diagonal current flow in-plane is often negligible, and the perpendicular approximation is
sufficient.

Next, each segment is labeled with a starting and ending node. Mesh and nodal analysis
are used to determine the overall circuit schematic. As such, the proposed technique can be
employed to study commutation loops containing an arbitrary number of parallel or series
current paths without requiring further specification. This functionality is particularly appli-
cable to cases with paralleled capacitors, paralleled switches, or other programming studies.
The netlist derived at this stage is stored in binary matrices defined by the relations in (3.1)
and (3.2).

0 = CNI (3.1) 0 = CMV (3.2)

Here, CN represents the nodal matrix indicating that the current flow out of every node
equals zero. Similarly, CM is the mesh matrix indicating that the voltage drop around every
loop equals zero.

Meshing

At high frequency, the magnitude of current density through a conductor is highly position-
dependent due to skin and proximity effects [58]. These effects cause nearly all of the current
to flow at the edges of the conductor. To account for this, a meshing stage further divides each
loop segment into sub-segments along the length of the conductor. To limit model complexity,
the proposed approach utilizes a meshing technique for which the number of sub-segments
is independent of frequency; Fig. 3.2 shows how only the edge of the conductor is divided
into a uniform grid of skin-depth (δ) thick sub-segments, while the inner portion remains
lumped together. As the frequency increases, the width of the outer sub-segments simply
become thinner. Compared to fully meshing the conductor, the number of sub-segments can
be reduced greatly, while the edges of the conductor are always measured with high fidelity.
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𝛿

(a) (b)

Figure 3.2: Illustration of meshing with one sub-segment highlighted. (a) Uniform grid, (b)
Proposed mesh with reduced number of sub-segments covering outer 3 skin depths.
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Figure 3.3: Summary of proposed analytical approach.

Partial Inductances

While closed-form approximations for the DC inductance of simple loops have been derived
[96], precisely computing the high-frequency inductance of typical commutation loops is
not practical. Even for simple geometries, combining the inverse quadratic magnetic field
equation with exponential current densities makes the problem intractable. Therefore, the
proposed analytical technique extends prior work on partial inductance modeling [96, 97,
98]. With the segmentation and netlist previously defined, the resulting problem can be
written concisely as (3.3).

Vi = Ii(Ri + jwLi + jw
∑
j

Mi,j) (3.3)

Here, Vi, and Ii are the voltage across and current through the ith sub-segment. Ri and
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jwLi are the self-impedance of this sub-segment; and Mi,j is the mutual inductance between
sub-segments i and j.

Considering all of the sub-segments of the loop, (3.3) can be extended to matrix form,
as shown in (3.4).  V1

...
VNS


︸ ︷︷ ︸
Vs

=

 Z1,1 . . . Z1,NS

... Zi,j
...

ZNS ,1 . . . ZNS ,NS


︸ ︷︷ ︸

Zs

 I1
...

INS


︸ ︷︷ ︸
Is

(3.4)

Here, NS is the total number of sub-segments. On the diagonals, Zi,i = Ri + jwLi and
for the off-diagonals, Zi,j = jw

∑
Mi,j. Equation (3.4) can be rewritten with admittance

and simplified by noting that the voltage drop across every sub-segment within the same
segment is identical. Therefore, the admittances of all the sub-segments in a segment can be
summed, the sub-segment currents can be summed, and the matrix can be written in terms
of segments instead of sub-segments. I1

...
IN


︸ ︷︷ ︸
I

=

Y1,1 . . . Y1,N
... Yp,q

...
YN,1 . . . YN,N


︸ ︷︷ ︸

Y

V1
...
VN


︸ ︷︷ ︸
V

(3.5)

Here, N is the number of segments. Ip is the current through segment p; Vq is the voltage
across segment q; and Yp,q is the admittance between segments p and q, found by summing
the admittances between all of their sub-segments.

At frequencies of interest (determined by the slew rate of the switch transition, e.g.
100 MHz for WBG devices), δ widths are on the order of microns, while segments may have
lengths which are many orders of magnitude larger. This vast range of scales makes most
mutual inductance formulas numerically unstable–or at the very least inaccurate. Corre-
spondingly, the proposed implementation selects an appropriate formula to calculate mutual
inductance based on the geometry for each pair of sub-segments. For example, if the thick-
ness of the conductor is much smaller than the length and width, it can be approximated as
a surface as opposed to a rectangular prism.

Solution

The solution to the loop inductance problem can be found by combining (3.1), (3.2) and
(3.5) into (3.6).

0 =

[
CNY
CM

]
V (3.6)
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Without loss of generality, the current through the loop is chosen to be 1 A, such that
the voltage across each segment represents its impedance. This equation is then solved
for V using this constraint. Given that the entries in V correspond to the impedance of
each segment, the overall loop inductance may be computed as the sum of the imaginary
components, which is shown in (3.7), where f is the frequency.

L =

Im{
N∑
q=1

Vq}

2πf
(3.7)

The current through each sub-segment is computed as well by dividing the segment
voltages, Vq, by the impedance of each sub-segment (from ZS) within that segment. Fig. 3.3
summarizes the process of the proposed technique.

Experimental Validation

To investigate the accuracy of the proposed technique and develop a high-precision method-
ology for experimental verification, two versions of a characterization PCB were fabricated
each with four different types of half-bridge switching cell layouts (utilized in e.g., a buck or
boost converter), and a flying capacitor multilevel (FCML) cell. These layouts were designed
in lateral, lateral with ground plane beneath, hybrid, and vertical topologies [110, 94], which
represent common approaches to commutation loop routing, and are illustrated in Fig. 3.4.

(b)

(c)

CIN

QHSQLS

QHS

QLS

CIN

CIN CIN

(a)

QHS QLS

CIN

Figure 3.4: Typical half-bridge switching cell designs with path of current flow highlighted.
(a) Vertical layout, (b) Lateral layout, (c) Hybrid layout.
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Figure 3.5: Pulse testing PCB with various switching cell designs and calibration structures.

To highlight applications in high-power-density designs, each assembled circuit utilized
EPC2034C [29] BGA switches and high-energy-density surface-mount ceramic capacitors.
One PCB version was designed for precise measurements using an impedance analyzer, with
the capacitors and high-side switch pads shorted to capture only the impedance imposed
by the PCB routing. The second PCB was designed for pulse testing, with all components
populated, as shown in Fig. 3.5.

The aforementioned analytical methodology was implemented as a MATLAB script, but
is not reliant on any specific capabilities of the program, and could thus be implemented in
Python or other programming languages. The bulk of computation time goes into calculating
the mutual inductances for the impedance matrix in (3.4). For each of the loop designs on
the characterization PCB, the overall inductance was computed at various frequencies with
this program. To measure the loop inductances with FEA software, the copper from the
layouts was extracted and the AC inductance across frequency was computed in Q3D for
each loop. For both of these programs, the components are modeled as thin copper shorts.

Next, a Keysight E4990A impedance analyzer was used with 42941A probe to measure
the inductance of each loop. Calibration structures were placed on the PCB, as shown in
Fig. 3.5, to provide a short, open, and 50Ω reference load with the exact same preceding
connections as for the loops themselves. The board is held in a vise, and the probe is similarly
held by a clamp at fixed height. The impedance measurement is taken at 100 MHz, which
is a sufficiently high frequency to measure the small reactance reliably [24].

Finally, the inductance was also estimated by measuring the ringing frequency of the
drain-to-source voltage of the high-side transistor during a switching transition. A new ‘single
pulse test’ circuit was used to generate this transition, as shown in Fig. 3.6. As opposed
to a double pulse test, the large inductance is replaced by a resistance, and there is no
need for a large decoupling capacitance. Only a single voltage measurement is taken. Other
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Figure 3.6: Single pulse test circuit. The switching cell is shown in black, and connections
to the circuit are shown in blue. Red lines indicate current flow for each state. (a) QLS is
initally off and the measured voltage is zero, (b) QLS turns on and the VDS of the high-side
transistor rises to VS with some overshoot and ringing.

information about switching losses or voltage overshoot under realistic operating conditions
cannot be extracted from this setup. The functionality is as follows.

1) Initially, QLS is off, and a small current flows from the supply through RB, RL, and
the body-diode of QHS (or, as in the case of GaN transistors used here, reverse conduction).
As such, the output capacitance (COSS) of QLS is charged up to the supply voltage and the
VDS of QHS is zero.

2) Then, QLS is turned on, forcing its VDS to zero. The COSS of the high-side transistor
must then charge to the supply voltage. The resistors are chosen to have high impedance
compared to CIN , ensuring that the high-side transistor COSS is charged from CIN . The
parasitic inductance of this loop and COSS of the high-side transistor provide the only non-
negligible series impedances, such that they determine the amplitude and frequency of the
voltage overshoot.
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Figure 3.7: Flow diagram illustrating various measurement techniques.
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Figure 3.8: Inductance across frequency for each of the loops.
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Table 3.1: Measured and Simulated Commutation Loop Inductance at 100 MHz

Loop Type Proposed
Technique

FEA
Simulation

Pulse Testing Impedance
Analysis

Lateral 4.71 nH 4.62 nH 5.15 nH 5.55 nH
Lateral w/ Plane 0.81 nH 0.93 nH 1.26 nH 0.87 nH

Vertical 2.00 nH 2.16 nH 2.41 nH 2.56 nH
Hybrid 0.45 nH 0.45 nH 0.83 nH 0.76 nH

FCML Hybrid 0.58 nH 0.60 nH 1.20 nH 0.79 nH

3) The ringing frequency in the voltage measurement is extracted and the value of COSS

at the blocking voltage in the experiment is obtained from the device datasheet. From there,
the inductance value can be computed as L = 1/(2πf)2C.

To ensure a reliable voltage measurement for this high-frequency waveform, a 1.5 GHz,
5 GSa/s, Keysight InfiniiVision MSOX4154A oscilloscope is used with 750 MHz N2894A
passive probe. The connection is made with a uFL connector placed very close to the loop,
which is run with a coax cable directly to a uFL-to-probe-tip adapter. All of the other
connections to the switching cell do not affect the measurement, and can be made with high-
inductance paths. This ‘single pulse test’ extends prior work, providing a new half-bridge
version of the design for FCML switching cells by [85].

A summary of these measurement techniques is shown in Fig. 3.7. The corresponding
results are shown in Fig. 3.8. Table 3.1 summarizes the results at 100 MHz. The estimated
inductance values by the proposed program were within 20% of FEA in all cases. The error is
likely attributable to the approximation of each loop into straight, perpendicular segments,
and discrete meshing of the conductors. The measured results show good agreement with
simulation.

Conclusion

A computationally efficient approach for estimating commutation loop inductance is pre-
sented here. Based on partial inductances, it is platform-independent and may be scripted
into existing converter design and analysis programs. In addition, the effect of design choices
such as stackup or component selection can be analyzed before fabrication. The mathemat-
ical technique is described and an implementation is created in MATLAB. The accuracy of
the proposed method is compared to a commercial FEA simulation tool as well as measure-
ments on multiple hardware prototypes. The results show reasonable accuracy, within 20%
of FEA across all frequencies and commutation loop designs, and agreeing with hardware
measurements.
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Figure 3.9: Simplified schematic for an N -level FCML.

3.2 Loss Modeling

To accurately predict the theoretical performance of a given converter, precise loss modeling
is essential. In an FCML converter, the blocking voltages of the switches depend on the
voltages across the flying capacitors. To improve power density, the size of these capacitors
must be minimized, which inherently results in larger voltage ripple. Additionally, the flying
capacitor voltages vary throughout each switching cycle, leading to significant differences
in the blocking voltage at switch turn-on and turn-off. In inverter applications, this effect
is further compounded by variations in load current over the ac cycle, which also influence
capacitor voltage ripple.

To capture all of these dynamics, an improved loss model is proposed. For an N -level
FCML, the switches nominally block:

VNOM =
VIN

N − 1
(3.8)

In the ideal case, called “balanced operation”, each capacitor blocks successively higher
fractions of the input voltage.

VCx =
xVIN

N − 1
(3.9)

Fig. 3.9 presents the simplified schematic of an N -level FCML with relevant signals high-
lighted. Fig. 3.10 plots operating waveforms for this converter performing dc-dc conversion
using PSPWM. The flying capacitor currents are shown (IC1 and IC2) with clear charging
and discharging phases during each switching period. Charge accumulates on the capacitors
during these cycles which causes the voltages (VC1 and VC2) to deviate from the nominal
values in (3.9). This changes the drain-to-source voltages across the devices (VDS,H1 -VDS,H3)
and therefore affects the switching loss calculations. We begin with fixed parameters for the
input voltage (VIN), output voltage (VOUT ), and average output current (IOUT ). Under dc-dc
conversion, the duty cycles for all of the high-side transistors (DH) will be identical.
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SH3

SH2

SH1

IC2

IC1

VC2

VC1

VDS,H3

VDS,H2

VDS,H1

VSW

IL

TSW 2TSW 3TSW

Figure 3.10: Key waveforms for a 4-level FCML during dc-dc operation demonstrating the
impact of flying capacitor voltage ripple on switch blocking voltages. Gate signals are shown
in green, currents in blue, and voltages in red.
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DH = VOUT/VIN (3.10)

Each low-side transistor has a complementary gate drive signal to its high-side counter-
part. These modulation signals determine the duration of flying capacitor charge/discharge
intervals, TC [8].

If DH <
1

N − 1
: TC = DHTSW

If
1

N − 1
≤ DH ≤ N − 2

N − 1
: TC =

TSW

N − 1

If
N − 2

N − 1
< DH : TC = (1−DH)TSW

(3.11)

Here, TSW = 1/fSW is the duration of the switching period. We can now determine
the voltage ripple on each flying capacitor due to the conducted current, as modulated by
the duty cycle signals. All of the flying capacitors will have an identical quantity of charge
added/removed each period, but the capacitance values can differ.

If DH <
1

N − 1
: QC = DHIOUTTSW

If
1

N − 1
≤ DH ≤ N − 2

N − 1
: QC =

IOUTTSW

N − 1

If
N − 2

N − 1
< DH : QC = (1−DH)IOUTTSW

(3.12)

∆VCx =
QC

2Cx

(3.13)

Finally, we can determine the voltage blocked by each transistor during its relevant
switching transitions. Device SHx blocks the difference in neighboring capacitor voltages,
VCx − VC(x−1). When flying capacitor voltage ripple is included, this value varies during the
switching period. During the high-side turn-on transition, it is at its maximum:

If x = 1 : VON,Hx = VNOM +∆VC1

If x = N − 1 : VON,Hx = VNOM +∆VC(N−2)

Else : VON,Hx = VNOM +∆VCx +∆VC(x−1)

(3.14)

Assuming that the input voltage is a stiff DC bus, the first and last devices (QH1 and
QH(N−1)) only have one flying capacitor connected across them. The rest of the devices
have flying capacitors on both sides, however, so they must block a higher voltage when
accounting for ripple. During the high-side turn-off transition, the blocking voltage is at a
minimum:
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If x = 1 : VOFF,Hx = VNOM −∆VC1

If x = N − 1 : VOFF,Hx = VNOM −∆VC(N−2)

Else : VOFF,Hx = VNOM −∆VCx −∆VC(x−1)

(3.15)

These results are then used for switching loss calculations in the multi-objective opti-
mization.

fSW = 100 kHz
fSW = 133 kHz
fSW = 167 kHz
fSW = 200 kHz

P = 1
P = 2
P = 3
P = 4

(a) (b)

(d)

= 0.10
= 0.20
= 0.30
= 0.40

(c)

N = 6
N = 8
N = 10
N = 12

Figure 3.11: Estimated performance for various converter designs with the colors indicating
various parameters. (a) Level count (N), (b) Switching frequency (fSW ), (c) Flying capacitor
voltage ripple ratio (α), (d) Number of transistors in parallel (P ).
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3.3 Multi-Objective Optimization

Approach

In virtual prototyping, there is a trade-off between simplicity and accuracy. Straightforward
theoretical analysis can be carried out to compare various FCML designs in terms of switch
stress or passive volume [32, 60, 43]. In practice, however, the performance of these converters
depends heavily on practical constraints such as available components, layout challenges,
thermal limits, etc. As a result, a more bespoke design approach is in order. Multi-objective
optimization techniques have proven effective for identifying promising design candidates in
these applications [77, 6]. The proposed methodology is an iterative process with five steps:

1. Sweep design parameters

2. Choose suitable components

3. Compute efficiency and maximum power

4. Estimate converter volume

5. Assess design in layout

The first step is to determine relevant, independent design parameters to sweep. The
selected parameters and their range of values swept in this work are given in Table 3.2. For
each design, the next step is to choose suitable components based on the parameters. For
example, the level count (N) combined with the ripple ratio (α) determines the blocking
voltage of the switches, which dictates which transistors should be used. Based on the
active and passive components selected, converter efficiency and maximum power may be
estimated using the aforementioned loss model. Next, the volume can be estimated using
existing techniques that model the energy storage densities of passive components [60, 43].
Finally, candidate designs may be evaluated in layout to determine how well the components
fit together in practice. Based on these results, the range of values can be adjusted for each
sweep parameter to find an overall “optimal design”. This process is depicted in Fig. 3.12.

Key Takeaways

Fig. 3.11 plots efficiency versus power density for all of the potential converter designs. In
Fig. 3.11a, data points are color-coded according to level count. Higher level counts allow
for a reduction in filter inductor size but increase the required volume for capacitors, PCB,
and active components. These results show that for the converter voltage and power level
considered in this work, the power density improves with increasing level count, reaching
an optimal balance around N = 10. Beyond this point (e.g. N = 12), further increases
in level count do not yield higher density. Fig. 3.11b indicates the switching frequency
of each design. Greater switching frequencies will enable reduced passive component size
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Table 3.2: Design Parameters

Parameter Value

Input Voltage
(VIN)

600V

Level Count (N) [6, 8, 10, 12]
Ripple Percentage

(α)
[0.10, 0.20, 0.30,

0.40]
Parallel Transistors

(P )
[1, 2, 3, 4]

2) Choose Components

1) Sweep Parameters

3) Estimate Losses & Peak Power

4) Estimate Converter Volume

5) Assess Layout Practicality

Figure 3.12: Proposed multi-objective optimization framework.

and therefore improved power density, at the expense of reduced efficiency. The range
of 100 kHz< fSW < 200 kHz provides a reasonable trade-off for this application. At lower
switching frequencies, the efficiency is barely improved, while at higher frequencies the losses
limit power density. Fig. 3.11c indicates the flying capacitor voltage ripple of each design.
Prior work has generally maintained ripple factors α ≤ 0.1 to limit hysteretic losses in the
capacitors [8, 72, 20] and prevent over-voltage stress on the switches. However, this analysis
reveals that operating with significantly larger ripple can lead to substantial gains in power
density—due to the reduction in flying capacitor size—without severely impacting efficiency.
While slightly higher voltage-rated switches are necessary to tolerate increased ripple, the
tradeoff is favorable in the range 0.20 < α < 0.40. Fig. 3.11d illustrates the number
of parallel transistors used in each design, P . Increasing the parallel count theoretically
improves power density, since the converter’s power capability scales linearly with P , while
PCB and active component volume grow more slowly. In practice, however, values of P > 1
can introduce excessive cost and layout complexity.
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Chapter 4

Component Sizing & Selection

(a)

(b)

C12
250 mJ

C1
2 mJ

Figure 4.1: Size comparison between
properly sized flying capacitors in the
proposed design. (a) The largest ca-
pacitor, C12, storing 250mJ of en-
ergy, (b) The smallest capacitor, C1,
storing 2mJ. This demonstrates the
importance of using different compo-
nents for each.

Identical Capacitors
Proper Sizing

Figure 4.2: Total flying capacitor energy storage.
Identically sized capacitors capable of handling
the highest blocking voltage compared against
properly sized capacitors designed for each indi-
vidual blocking voltage.

4.1 Flying Capacitor Design

For an N -level FCML, there are (N − 2) flying capacitors, with the nth capacitor blocking a
nominal voltage of Vn = nVIN/(N − 1). Identical capacitance is used at each node to ensure
that all of the switches see the same voltage across them when considering flying capacitor
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CF =
1

NSA

NPACA
+ NSB

NPBCB

(4.1)

VF = NSAVRA +NSBVRB (4.2)

(NPA/NPB)
∗ =

CBVRB

CAVRA

(4.3)

min
VF

| (VF > Vn + V∆) → N∗
SA, N

∗
SB (4.4)

NPB > (
CR

CB

)(
N∗

SAVRA

VRB

+N∗
SB) (4.5)

x NPB

x NPA

x NSB

x NSA

VRB

VRA

Figure 4.3: Schematic for each flying
capacitance with labeled parameters
for optimization.

voltage ripple. As each capacitor stores an energy of 1
2
CV 2, its energy storage requirement

is proportional to n2. In a 14-level FCML, C1 should theoretically be 144 times smaller
than C12 (assuming identical energy densities). Fig. 4.1 shows the size difference between
the components used for C1 and C12 in this work. In contrast, conventional designs usually
make the highest and lowest flying capacitors only 2-3 times different in size because the
same components are used, simplifying layout and assembly. Fig. 4.2 illustrates the total
energy storage for all of the flying capacitors in an FCML with different design approaches.
The simplest approach uses identical capacitors all rated for the highest blocking voltage,
while the proposed approach utilizes capacitors rated to their individual blocking voltages.
For high level counts, this can lead to greater than 50% reduction in size.

Component Selection

A unique combination of capacitors must be used for every flying capacitance in order to
optimize for its unique energy storage requirement. The range of blocking voltages required
is VIN/(N−1) to (N−2)VIN/(N−1), which corresponds to 61.5V −738.5V for VIN = 800V ,
chosen in this work. The first step is to determine which capacitors have the highest energy
density within these voltage ranges, by simply computing (C(V ) ∗ V 2)/(size) for each of
them. Here, C(V ) accounts for any nonlinearity in small-signal capacitance across DC bias
voltage (e.g. in class II ceramic capacitors). Either volume or mass may be used as the size
metric. A comprehensive survey was done, with the aid of recently published work [125].
Two capacitors were chosen, capacitor A (CA) with a rated voltage VRA = 100V , offering
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the highest energy density for voltages between 50V − 100V , and capacitor B (CB) with
VRB = 450V , providing the highest density for voltages between 100V − 450V . Note that a
single capacitor technology has the highest density across a relatively wide range of voltages.

Capacitance Optimization

Given the two types of capacitors selected, the appropriate combination may be computed
(this can be extended to more than two as well). It will consist of a certain number (NSA) of
CA capacitors in series with a number (NSB) of CB capacitors. NPA and NPB capacitors will
be connected in parallel at each node, with blocking voltages of VRA and VRB respectively.
Fig. 4.3 shows a schematic drawing that illustrates this design approach, where the overall
capacitance is calculated in (4.1), while the total blocking voltage is provided in (4.2).

The optimal ratio between NPA and NPB can be found by ensuring that all of the
capacitors have a blocking voltage proportional to their rated voltage, as computed in (4.3).
The optimal values for NSA and NSB are given in (4.4), where V∆ is the worst-case peak
ripple on the capacitor. A series combination of CA and CB should be selected such that
the minimum total blocking voltage is achieved, which is still greater than the worst case
voltage on that flying capacitor. The number of parallel capacitors can now be determined
by combining (4.1), (4.3), & (4.4) to ensure CF is greater than CR, the required capacitance
to meet voltage ripple constraints. This is done in (4.5).

4.2 Decoupling Capacitor Design

For a power converter operating under hard-switching conditions, significant dv/dt and di/dt
will occur during the switching transition. When a device turns on, its conducted current
must rise rapidly while its blocking voltage falls, and the reverse is true during turn-off.
Ideally, these changes would happen instantaneously and the overshoot/settling time would
be minimal. In reality, there is a parasitic inductance associated with the loop connecting
the switching components, known as commutation loop inductance [32]. This causes the
circuit to have a high quality factor, leading to large voltage overshoot and oscillation during
switching transitions. As such, switch stress and electromagnetic interference (EMI) are
increased, while reliability is diminished. These problems are especially relevant for wide-
bandgap devices such as gallium-nitride high-electron-mobility transistors (GaN HEMTs)
[95, 14, 78, 61], which offer an improved figure of merit as compared to other technologies
[5]. The small on-resistance and output capacitance of these devices causes the switching
circuit to be especially underdamped, so excessive overshoot can occur.

In order to mitigate these issues, the quality factor of the circuit must be reduced. This
is typically done by increasing the gate resistance, thereby slowing the switching transition,
but converter efficiency will be reduced due to the increased overlap loss. Another option
is to decrease the commutation loop inductance. This can improve performance somewhat,
but large bulk capacitors are typically required to meet voltage ripple constraints under load.
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As such, their package inductance is considerable and they may need to be placed far from
the power path. The use of a much smaller capacitor located closer to the switches, called a
decoupling capacitor, allows for a reduced commutation loop inductance. Advanced layout
techniques can be used to reduce this inductance further, but they are not always feasible
as they require extra board area and increase manufacturing cost [46, 85, 116].

The process for decoupling capacitor sizing in power delivery networks (PDNs) has been
studied [39, 100]. Power converter switching transitions differ from PDN load steps, however,
because both the voltage and current at the converter input change throughout the switching
interval. A detailed analysis specific to this application is therefore in order. Prior art has
developed analytical models for transistor switching performance [113, 118], but these works
focus on a boost-type switching circuit and utilize simplified models which neglect non-linear
effects that are shown in this paper to be important. Reference [18] determined the proper
sizing of decoupling capacitance to minimize EMI, but did not include the dependence on load
current. This work builds upon these efforts by developing a model of the switching dynamics
which provides insight for an empirically determined optimal decoupling capacitance in GaN-
based power converters.

Model Analysis

Simplified Circuit Model

Fig. 4.4a shows the simplified schematic of a synchronous buck converter undergoing a
high-side turn-on, with the switch node voltage, VSW , labeled. Subsequent analysis will
focus on this circuit. The input voltage source may be ignored because it is assumed to
have a higher impedance path than CIN . The output filter and load can be treated as a
current sink because the current through the large filter inductance will be roughly constant
during the short switching interval. These simplifications yield Fig. 4.4b. Next, the input
capacitor is separated into bulk and decoupling capacitance, each with a corresponding series
parasitic inductance. Mutual inductance between these paths is neglected. The large bulk
capacitance may be approximated as a voltage source because its voltage will be constant
during the switching event. This gives Fig. 4.4c. QLS is off during the high-side turn-on,
so its equivalent circuit is COSS in parallel with a body diode. The diode is on during
the dead-time, but not during the transition itself, so it affects the initial conditions of the
model but can be excluded from Fig. 4.4d. The device model of QHS is considered in Fig.
4.4e. Most of the current through QHS will be conducted by the channel, ich, and drain-to-
source capacitance, CDS, so the gate drive can be treated separately. Miller feedback is still
considered, but the current through CGD is not included in the main circuit. Finally, the
voltage across and current into QHS are both strictly positive during the switching transition,
so its channel can be viewed as a variable resistance controlled by the gate voltage, as in
Fig. 4.4f.
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Figure 4.4: Switching transition circuit models. (a) Synchronous buck converter high-side
turn-on, (b) Input voltage removed and output filter treated as current sink, (c) Input
capacitance separated into bulk and decoupling loops with bulk capacitance approximated
as voltage source, (d) Low-side transistor replaced with output capacitance, (e) High-side
transistor device model included, (f) Gate drive removed with channel modeled as controlled
resistance.

Figure 4.5: Linear second order circuits. (a) Decoupling loop, (b) Bulk loop, (c) Simulation
illustrating initial decoupling loop overshoot followed by bulk loop overshoot for VSW .

Linear System Model

If a linear charge-equivalent capacitance value is used for COSS, and Rch is assumed roughly
constant, the circuit in Fig. 4.4f can be treated as a linear fourth order system. These
assumptions will be dropped later, but are useful for intuition. In the following analysis,
it will be assumed that both the bulk and decoupling loops are underdamped, which is
reasonable for a well-designed, high-efficiency converter. In addition, it is assumed that LD
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is much smaller than LB. This is always true in practice, because otherwise the decoupling
path serves no purpose. Given these assumptions, the circuit can be treated as two weakly
coupled linear second order systems. The linear loop models are shown in Fig. 4.5, along
with simulation results demonstrating the decoupling and bulk overshoots.

The initial dynamics are due almost entirely to the decoupling loop, which acts first
before the current in LB ramps up. CD begins fully charged to the input voltage. During
the switching transition, charge transfers to the output capacitance and load current. If CD

is too small, it loses all of its voltage during this process. The underdamped bulk loop will
then generate significant overshoot as it charges up COSS the rest of the way. If CD is large
enough, however, it will maintain its voltage, so the bulk overshoot will be small because
COSS is already charged up. If CD is too large, it causes excessive decoupling loop overshoot
on the switch node.

Figure 4.6: Simplified schematic highlighting QHS device model.

Non-Linear Effects

The gate-to-drain capacitance of QHS is a non-linear component which significantly affects
the switching dynamics. Fig. 4.6 shows a simplified circuit model without inductances,
which are neglected here so that a useful analytical derivation of VSW may be computed.

˙VGS =
igs
CGS

=
ig − igd
CGS

(4.6)

igd = CGD
˙VGD ≈ CGD

˙VSW (4.7)

˙VSW =
ich − IL
CSW

(4.8)

˙ich =
∂ich
∂VGS

∂VGS

∂t
≈ gm ˙VGS (4.9)
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Equations (4.6)-(4.8) can be obtained through visual inspection, while (4.9) is derived
from the saturation model of a transistor. Here, ig = (VG −VGP )/RG, where VGP is the gate
plateau voltage of the device for the given load current. CSW = COSS + CDS, is the total
capacitance on the switch node. The approximation in (4.7) is valid because the dv/dt of
the switch node is much greater than that of VGS. Combining (4.6)-(4.9) leads to (4.10).

˙ich =
gm
CGS

(ig − CGD
˙VSW ) =

gm
CGS

(ig − CGD
ich − IL
CSW

) (4.10)

The differential equation in (4.10) can be solved for ich, with an initial value of IL.

ich = IL + γCSW (1− e−αt) (4.11)

V̇SW can be computed by combining this result with (4.8).

˙VSW = γ(1− e−αt) (4.12)

Here, γ = ig/CGD and α = (gmCGD)/(CGSCSW ). It is clear by looking at (4.12) that the
maximum derivative of the switch node voltage is γ. VSW cannot change faster than this
because of the negative feedback loop with the gate drive through CGD. When the device
begins to turn on, this capacitance is small, so LD and LB restrict the rise of VSW . As the
drain-to-source voltage drops, however, the value of CGD rises dramatically. For example,
the EPC2218 GaN HEMT exhibits a 50x increase in the value of CGD when its VDS value
goes to zero [30]. This is a non-linear characteristic which causes more damping at higher
switching speeds. Skin and proximity effect are also increased at higher switching speeds [58].
As a result, the decoupling loop overshoot is damped more than the bulk loop overshoot,
and much more than the linear model predicts. Decoupling loop overshoot is actually not
a concern in practice due to these non-linear effects, and large CD values do not increase
overshoot. Fig. 4.7 plots simulation results with linear CGD versus non-linear CGD and
illustrates this damping effect.

Optimal Decoupling Capacitor Sizing

An approximate optimal value for CD can be estimated based on the previous conclusions,
using voltage overshoot and decoupling capacitor size as the performance metrics. The
decoupling loop must source the initial load current before the bulk inductor current ramps
up. During this time, as the switch node voltage rises from 0 V to the input voltage, U , the
average voltage across LB is approximately U/2. Given the fundamental inductor equation,
diL/dt = vL/L, the following equation calculates the time necessary for the bulk inductance
to carry the full load current, in the worst case.

tD =
2LBIML

UML

(4.13)
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Figure 4.7: Simulation results demonstrating effect of non-linear CGD on voltage overshoot.
Using actual datasheet gate-drain capacitance curve for EPC2218.

Here, IML is the max load current and UML is the minimum input voltage for which that
current will be drawn. The charge required from the decoupling capacitance during this time
is

QR =
2LBI

2
ML

UML

(4.14)

while the charge on CD is

QD = CDUML (4.15)

These equations can be rearranged to determine the required capacitance value to source
the load current.

CR1 =
2LBI

2
ML

U2
ML

(4.16)

The decoupling capacitor must be large enough to charge up COSS as well.

CR2 = COSS (4.17)

CD must be larger than these two requirements; if CD = CR1 or CD = CR2, the voltage on
the decoupling capacitor will drop all the way to zero during tD. It is empirically determined
that a margin of 10x provides enough charge to source these loads, without excess size. Larger
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values of CD require bigger packages with more package inductance, which is detrimental
to performance, while smaller values exhibit more overshoot. As such, CD = C∗

D is deemed
optimal. This is the inflection point in Fig. 4.9b, yielding the following design guideline for
the optimal sizing of CD.

C∗
D = 10 ∗max{COSS,

2LBI
2
ML

U2
ML

} (4.18)

Table 4.1: Switching Cell Parameters

Figure 4.8: Hardware setup with double pulse testing motherboard and half-bridge switching
cell daughterboard.
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Figure 4.9: (a) Experimental waveforms demonstrating minimal overshoot at CD = C∗
D, (b)

Experimental results showing inflection point at CD = C∗
D and that overshoot percentage is

small for CD > C∗
D.

Hardware Results

In order to validate the proposed model and conclusions, a system for double pulse testing
(DPT) is employed. The design utilizes a motherboard which houses the large inductance
and capacitance required for the test. Modular daughterboards can be swapped in, each
containing a different half-bridge switching cell. This setup allows for the following param-
eters to be swept: blocking voltage, load current, switching device, decoupling capacitance,
bulk capacitance, decoupling loop inductance, and bulk loop inductance. For switch node
measurements, a 1.5 GHz, 5 GSa/s, Keysight InfiniiVision MSOX4154A oscilloscope is used
with 750 MHz N2894A passive probe connected to a surface-mount uFL connector. EPC
GaN HEMTs are used as the switching devices for all of the tests. Fig. 4.8 shows the setup.

Fig. 4.9a shows VSW waveforms for three different values of decoupling capacitance, with
a blocking voltage of 30 V, load current of 27 A, 10 Ohm gate resistance, 1 nH decoupling
loop inductance, 3.5 nH bulk loop inductance, and EPC2218 switching device. The overshoot
percentage is very large (80%) with CD = 5.6nF , and much smaller (13%) for the optimally
sized CD = 60nF . When the decoupling capacitance is increased beyond the optimal point,
to CD = 300nF , the peak overshoot percentage increases slightly to (23%). More than 200
DPT measurements are made across various operating points. Table 4.1 lists the parameter
variations for these tests. Fig. 4.9b plots the percent overshoot of VSW as a function of
CD/C

∗
D. The inflection point at CD = C∗

D is clearly visible. Experimental data shows
consistently that throughout all measurements, a CD value below C∗

D leads to increased
overshoot, while increasing the value of CD beyond C∗

D has little effect. According to the
linear model, there would be excessive decoupling loop overshoot at high values of CD/C

∗
D,

but the damping effect of CGD counteracts this so that overshoot remains constant beyond
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the inflection point.

Conclusion

This work has presented a simplified circuit model describing converter operation during
the high-side turn-on switching transition of a synchronous buck converter. Weakly coupled
linear second order systems are derived and it is determined that separate decoupling and
bulk loop overshoots will occur. The most important deviation from the linear model is
described: non-linear gate-drain capacitance, which causes decoupling loop overshoot to be
highly damped. Finally, a simple empirical optimal point is found for the sizing of CD, which
achieves minimal overshoot without excess size. Future work will expand these results to
other switching transitions and devices.
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Chapter 5

Layout & Packaging

5.1 Stacked-PCB Design

Figure 5.1: Proposed commutation loop design. (a) schematic with color-coded nets, (b) side
view, (c) top view, (d)-(f) isometric view highlighting separate paths, (g) combined hybrid
paths, (h) including bulk capacitors.

The FCML topology contains many floating switches, each with isolated gate drive cir-
cuitry, which takes up a large portion of board area. The devices used in high-performance de-
signs have very low on-resistance and high current limits (1.4 mOhm, 101 A for the EPC2302
used in this design [31]). The routing resistance must therefore be minimized to avoid excess
conduction loss. The outer copper layers of the PCB are typically the thickest, so they
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should be reserved for the power path. The use of vias and inner layers for the conduction
path reduces density. High-power converters generate considerable EMI from their switching
actions, which can interfere with low-voltage control signals. Signal integrity is crucial in
FCMLs because the switches are not rated to the full input voltage, so false turn-ons can
lead to complete system failure.

The use of a separate daughterboard PCB for the gate drive circuitry resolves both of
these issues. In the proposed design, a 6-layer daughterboard is used. Layers 1 and 2 contain
the gate drive components and routing, while layer 3 provides shielding pours. Layers 4-
6 are empty so that there is 1 mm of FR4 separating the shields and the power path.
The ground-referenced control signals enter from the top and bottom of the daughterboard
through castellated vias soldered onto the motherboard. A digital isolator, with isolated
power, provides gate signals referenced to the source of each switch. A high-current gate
driver with split-gate outputs is connected to the switches again through castellated holes.
Fig. 5.2a and 5.2b highlight the schematic and layout of the gate drive PCB switching cell,
respectively. The area on the motherboard beneath the signal domain is used for routing
gate signals from the main controller. The area on the motherboard beneath the switching
domain is used for power path routing. This enables an extremely dense design where
high-voltage clearances are satisfied and the sensitive ground-referenced control signals are
distanced from noisy power nodes in both the vertical and horizontal directions, and have
shielding layers beneath them. Moreover, the power path is completely uninterrupted on all
layers of the motherboard.

Table 5.1: Commutation Loop Comparison

Commutation Loop Routing

Prior work has demonstrated the severe impact that parasitic commutation loop inductance
has on switching performance. It degrades both the reliability and efficiency [95, 94, 11]. A
hybrid layout (utilizing the closest inner layer as a return path) with decoupling capacitors
has been shown [46] to provide the lowest inductance to date for high voltage designs. In this
work, a novel commutation loop layout is employed, which features 3 anti-parallel hybrid
paths. It relies on the interleaved pads of the chip-scale packaged land-grid-array (LGA)
EPC devices. It does not require any advanced manufacturing techniques from the PCB
manufacturer, but does have smaller clearances than the standard hybrid approach, and
thus a more limited voltage range.
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Figure 5.2: Stacked PCB design with gate drive circuitry on daughterboard and power path
on motherboard. (a) Schematic, (b) Layout with separate low-voltage signal domains and
high-voltage switching domains on the daughterboard, which is matched by the motherboard.

The advanced commutation loop layout is shown from a variety of angles in Fig. 5.1.
Fig. 5.1a shows the schematic drawing of a single switching cell, with color-coded nets
corresponding to the traces in other parts of the figure. Fig. 5.1b and 5.1c show side and top
views respectively, while Fig. 5.1d-f highlight each hybrid path in isometric view. Note that
the direction of current flow in each path is alternating. This provides flux cancellation which
reduces inductance. Fig. 5.1g and 5.1h combine the paths and show the connections to bulk
capacitors on the bottom of the motherboard, also in isometric view. The inductance values
of both the decoupling and bulk capacitor loops are important for voltage overshoot during
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switching transitions [47]. Ansys Q3D was used to simulate the commutation loop inductance
of this proposed design. Hardware measurement of the inductance was also performed with
a Keysight E4990A Impedance Analyzer and 42941A probe, using the method in [14]. The
simulated inductance is 443 pH while the measured value is 1.14 nH. The large difference
between simulated and measured inductance is attributable to the package inductance of
the devices and capacitors, which are not accounted for in simulation. The simulated value
assesses the PCB routing only, with all components modeled as copper sheets. Table 5.1
compares the proposed design to prior art, both of which use blind and buried vias. As
each design uses different components, the comparison is not entirely equal. To provide a
fair reference, an alternate layout was made with a standard hybrid loop; this yielded a
simulated inductance of 521 pH. The proposed design achieves comparable performance to
the state of the art, without the need for blind or buried vias.

5.2 Dual-PCB Design

In Section 4.1, an optimal sizing scheme for FCML flying capacitors was developed. This
section complements that work by developing a layout which can properly include those
capacitors into an overall converter layout. Fig. 5.3 shows component placement for the
dual-PCB design. The ‘Top Board’ has active circuitry on the top and passive components
on the bottom. The ‘Bottom Board’ is mirrored, such that the active circuitry is on the
bottom and the flying capacitors are on the top. This design allows the two PCBs to be
combined such that the flying capacitors fit neatly together, as shown in Fig. 5.4. The
largest flying capacitor (C12) is paired with the smallest (C2), the next biggest with the next
smallest (C11 and C3), and so on. This allows all of the uniquely sized flying capacitors to
fit together within a compact box volume. Moreover, the routing for the active circuitry
remains modular, which simplifies design.

5.3 Decoupling Device

Prior work has shown that a power converter’s commutation loop inductance, which arises
from the physical layout of the switching components, is critical to its performance[47, 94, 11].
This parasitic inductance affects the switching speed, voltage overshoot, and electromagnetic
interference. For designs with small, surface-mount devices, it may be minimized through the
use of clever layout techniques[46, 85, 14, 116]. But for many applications, power transistors
with larger through-hole packages (e.g. TO-220, TO-247, TO-252) are used, due to their
low junction-to-case thermal impedance and compatibility with heat sinks, both of which
allow for high power handling capability. These devices have long leads which inhibit low
commutation loop inductance design. Fig. 5.5a shows a standard buck converter schematic
with the commutation loop inductance modeled as LBIG. During switching transitions, this
large inductance will resonate with the output capacitance, COSS, of the devices, and large
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Figure 5.3: Component placement for dual-PCB design. The Top Board has active circuitry
on the top and passive components on the bottom. The Bottom Board is mirrored.

Figure 5.4: Dual-PCB stacking design. (a) Flying capacitors fit together between the Top
Board and Bottom Board, (b) Larger flying capacitors on one PCB are paired with smaller
ones on the other so everything fits together neatly.
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voltage overshoot will occur. Furthermore, the large gate-to-source inductance can lead to
false turn-ons via the Miller effect. In order to mitigate these issues, gate resistance may be
increased to slow down the switching transition, but this will cause even greater overlap loss.
Alternatively, various snubber circuits have been developed to reduce overshoot, overlap loss,
and output capacitance hard-charging loss [114]. These circuits are designed to redirect the
reactive energy in the main commutation loop. Dissipative snubbers typically do not provide
significant efficiency improvements, while regenerative snubbers require extra active circuitry
along with magnetics, which increases size, complexity, and cost [27, 50, 1, 9].

In this work, a small surface-mount switch is added in parallel to the large through-hole
power transistor in a buck converter to improve switching performance. Unlike other snub-
bers, this switch will act in place of the main power device during the switching transitions,
and will form a much smaller commutation loop together with the low-side anti-parallel
diode and decoupling capacitors. The switching transition can therefore be fast with low
overlap loss. The use of hybrid switches has been demonstrated, typically for a field-effect
transistor (FET) in parallel with an insulated gate bipolar transistor (IGBT) [35, 66]. This
work extends prior art by paralleling a GaN HEMT with a Silicon FET and focusing on com-
mutation loop and gate drive design considerations to develop a practical, high-performance
solution.

Design

This work proposes a circuit which provides a parallel low inductance path during the switch-
ing intervals. One active switch is required, which is named a decoupling device. Along with
a decoupling capacitor and low-side anti-parallel diode, it comprises a small commutation
loop which undergoes the hard-switching transitions, while the main power transistor han-
dles the steady-state current conduction. Two different gate drive methods are compared
for use within a buck converter.

Normal Buck Operation

Fig. 5.5b shows the modulation diagram for a standard buck converter. There are 4 states
of circuit operation. State 1: The high-side transistor, QH , turns on, and the high-side
on phase begins. This turn-on is “hard” or lossy. The large di/dt in LBIG causes voltage
overshoot on the switch node which generates EMI and can damage the active devices if their
blocking voltage is not sufficiently overrated. Energy stored in the output capacitance of QH

(COSSHV
2
IN/2) and the energy required to charge up the output capacitance of the low-side

transistor, QL, (COSSLV
2
IN/2) are both lost. In addition, during the switching transition, QH

conducts current and blocks voltage simultaneously, which creates overlap loss proportional
to the duration of the switching interval. These switching loss mechanisms diminish efficiency
and generate heat. State 2: QH turns off slowly due to LBIG and incurs overlap loss once
again. The buck converter will naturally soft-discharge the output capacitances here, so
hard-charging loss and diode conduction loss can be greatly reduced or even eliminated,
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Figure 5.5: Normal buck converter with commutation loop inductance modeled as a single
lumped LBIG. (a) Schematic, (b) Modulation diagram highlighting the overshoot, reduced
switching speed, and EMI caused by this parasitic inductance.

provided that the deadtime duration is controlled appropriately and the switch can turn off
quickly enough, which may be challenging for large parts. State 3: QL turns on softly and
the low-side on phase begins. State 4: QL, turns off and diode conduction occurs.

Method I: Interval Only

Fig. 5.6a shows the schematic and the modulation diagram for Method 1. The decoupling
device is labeled QD. It is placed in parallel with QH because the high-side transistor has
hard transitions in a buck converter (in a boost topology, the decoupling device would be
connected parallel to the low-side power transistor). The decoupling device operates only
during the switching intervals, and remains off during the rest of the period. For this method,
there are 8 separate states of circuit operation. State 1: Normal high-side on phase. State 2:
QD turns on so that it can carry the full load current during the high-side turn-off transition.
State 3: QH turns off softly because QD maintains current conduction. State 4: QD turns
off very fast with little overlap loss as a result of a highly compact gate drive loop and small
commutation loop inductance, LSMALL (highlighted in green in Fig. 5.6a). Subsequently,
as with the conventional buck, the output capacitances of QH and QL are soft-charged and
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Figure 5.6: Schematic and modulation diagram for each decoupling device method. Main
loop shown in black, decoupling loop in green, and parasitic components in red. (a) Method
1: Requires separate gate driver and two on-times for QD, (b) Method 2: Gate signal voltage
divider utilized so only one high-side gate driver is needed.

discharged, respectively, with low loss until the switch node, VSW , reaches zero volts and
diode DL begins conducting. State 5: Normal low-side on phase. State 6: QL turns off and
diode DL resumes conduction for the allotted deadtime duration (ideally short for reduced
losses). State 7: QD turns on and initiates fast rise in switch node voltage, with low overlap
loss or overshoot due to LSMALL. State 8: QH turns on softly because QD is already on and
begins to conduct the load current. The decoupling switch is not sized to carry the full load
current continuously, only during the short switching transitions, so it can be small and it
does not require a heatsink. The gate signals of the main power transistors are unaffected by
the addition of the decoupling switch, but QH now turns on and off softly, and the switching
transitions are much faster than what is achievable with only the large commutation loop,
leading to reduced overlap loss. One major drawback of this method is that the decoupling
switch requires its own high-side gate driver and PWM signal. This adds cost and complexity,
but brings improvements in efficiency which in many applications may be preferred.
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Method II: Fully Parallel

An alternative option is to utilize the same gate signal for both QH and QD. GaN HEMTs
and Silicon FETs have different optimal gate drive voltages, however, so 3 small surface-
mount passive components must be added to divide the gate signal down. In this case, the
only added circuitry is QD and these passives (along withDL and CD, which are often utilized
even without a decoupling device). Fig. 5.6b shows the schematic and modulation for this
option. QD will naturally turn on before QH , due to its much lower gate capacitance and
package inductance. It will also turn off before QH , producing no altering effect. However,
as previously noted, the high-side turn-off transition is inherently soft in a buck converter,
and thus the high-side turn-on is much more important for efficiency. With Method I, the
switch could be sized very small because it does not carry the load current for long. For
Method II, QD must be sized with sufficiently large RDSON so that QH carries most of the
current when both QD and QH are on, but it cannot be so large that it creates excess loss or
heat while it carries the full load current during the switching transition. In this work, the
on-resistance of QD is chosen to be approximately 10x that of QH . State 1: Normal high-side
on phase. State 2: QD turns off before QH (due to smaller RGateCISS time constant). Here,
D1 enables this fast turnoff by the gate driver. State 3: QH is turned off slowly due to LBIG

and diode-conduction dead-time occurs. State 4: Normal low-side on phase. State 5: Diode-
conduction dead-time after QL turns off. State 6: QD turns on before QH and initiates fast
rise in switch node voltage, with little overlap loss and minimal overshoot or ringing due to
the small commutation loop inductance, LSMALL. The junction capacitance of D1, CJ , is
sized such that it forms a high-frequency voltage divider with the input capacitance of the
decoupling device, CGS. R1 and R2 form the low-frequency portion of the divider. Together,
these components allow for the GaN switch to be driven at any voltage level lower than the
Silicon gate drive voltage, with minimal delay. State 7: QH turns on softly because QD is
already on.

Table 5.2: Hardware Prototype Component List
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Figure 5.7: Demonstrat-
ing size difference be-
tween the main power
and decoupling devices.

Figure 5.8: Annotated picture of hardware used for measure-
ments. Large commutation loop of QH , QL, and CIN high-
lighted. Small commutation loop of QD, CD, and DL shown in
green inset.

Results

A 50 V, 250 W buck converter is designed to assess the merit of the proposed decoupling
device and corresponding gate drive circuit. Fig. 5.8 shows an annotated picture of the
hardware. The main power transistors are placed very close together, with the drain tabs
soldered onto the PCB. This provides the lowest possible commutation loop inductance for
the large loop, and real designs (e.g. with the power transistors mounted to heatsinks)
could see far worse performance if decoupling is not employed. QD, CD, and DL are placed
underneath the leads of the low-side device, as shown in the inset of Fig. 5.8, with a hybrid
layout [94, 48] to minimize the small loop inductance as well. Fig. 5.7 highlights the dramatic
difference in size for the decoupling devices utilized in this work (chip-scale land grid array
package) versus the main power transistors (TO-247 package). Table 5.2 lists the components
used. Efficiency measurements with forced air cooling are taken at a switching frequency of
50 kHz, as shown in Fig. 5.11 and Fig. 5.12, comparing operation without the decoupling
device, Method I with an EPC2207 used for QD, and Method II with an EPC2012C as QD.
As can be seen, up to a 55% reduction in power loss can be achieved when the proposed
decoupling is employed. Fig. 5.9 shows the switch node, input, and output voltage, while
Fig. 5.10 demonstrates the drastic decrease in rise time afforded by this technique.

Conclusion

This paper has presented a circuit design which places a small GaN HEMT in parallel
with the large Silicon through-hole power transistor to greatly reduce the commutation
loop inductance and increase the switching speed. Two different gate drive schemes are
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Figure 5.9: Measured switch node and
output voltage waveforms.

Figure 5.10: Measured rise times for each
method.

Figure 5.11: Measured efficiency data
across output power.

Figure 5.12: Total converter loss across
output power.

explained and then compared experimentally in a 50 V, 250 W buck converter. For both
methods, significant improvements in efficiency were realized. More than 50% of the losses
were eliminated with the decoupling device added. Method 1 allows for fast turn-on and
turn-off switching transitions. Method II does not require an added gate signal or driver,
but still achieved very similar efficiency results to Method I, so it provides good performance
with minimal added complexity and cost.
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Chapter 6

Thermal Management

As electric vehicles (EVs) and data centers push the boundaries of performance and efficiency,
they are also confronting a critical thermal challenge: rapidly increasing power densities and
heat fluxes. In EVs, power electronics such as inverters, onboard chargers, and battery
systems must manage high currents and switching speeds within compact, lightweight pack-
ages. Similarly, data centers are deploying increasingly dense servers and high-performance
computing units that generate substantial heat in confined spaces. In both domains, tradi-
tional air-cooling methods are becoming insufficient to maintain optimal thermal conditions,
threatening system reliability, efficiency, and longevity.

To address these challenges, the industry is undergoing a significant shift toward more
advanced thermal management strategies—most notably, liquid cooling. In data centers,
liquid cooling solutions such as direct-to-chip cold plates and immersion systems offer supe-
rior heat removal capabilities, enabling higher server densities and reducing overall energy
consumption for cooling infrastructure. In EVs, liquid cooling is now commonly applied
to batteries, power electronics, and traction motors to ensure consistent performance under
dynamic load conditions and wide ambient temperature ranges.

The move toward liquid cooling in both EVs and data centers reflects a broader trend:
thermal management is no longer a passive concern but a central enabler of progress. As
power and performance demands continue to grow, efficient and scalable cooling solutions
are essential for unlocking the next generation of mobility and computing technologies.

6.1 Cooling Solutions

The simplest and most widely used method for cooling is forced air convection, where fans
drive airflow across electronic components to enhance heat transfer. When used in conjunc-
tion with a heat sink, which increases surface area and directs thermal energy away from hot
spots, the effectiveness of air cooling improves significantly. However, as heat fluxes approach
or exceed the practical limits of air-based systems, liquid cooling using cold plates becomes
a compelling alternative. These systems circulate a coolant through a metal plate in contact
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with high-power components, offering a much higher thermal conductivity and heat transfer
capacity. For the most thermally demanding environments—such as data centers hosting
high-density computing clusters or power electronics in electric vehicles—liquid immersion
cooling is emerging as a next-generation solution. In this approach, components are fully
or partially submerged in a dielectric fluid, allowing direct, uniform heat removal from all
surfaces and eliminating the need for complex heat sinks or cold plates.

Each of these methods represents a step forward in thermal performance, with trade-offs
in complexity, cost, and infrastructure. As electronic systems evolve, especially in sectors
like automotive and computing, the choice of cooling strategy becomes a defining factor in
system architecture and scalability.

Figure 6.1: Photograph of inverter prototype with attached monolithic heat sinks. An
insulating gap pad is placed between the transistors and the heat sink to prevent electrical
short circuits.
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Forced Air

Forced air convection is the most broadly used cooling technique because of its simplicity
and reliability. In contrast to subsequent approaches, there is no mating between different
materials. This elimiates concerns for coefficient of thermal expansion (CTE) mismatch,
pump-out of thermal pastes, degradation of thermal interface materials (TIMs), uneven
mounting pressure, excess mounting pressure, or insufficient mounting pressure. Also, air
cooling may be considered more reliable than liquid cooling because it avoids concerns for
leaks, corrosion, biological growth in the fluid, particles in the fluid causing excess erosion,
and the need for water-tight pumping/tubing. All of the FCML inverter hardware prototypes
presented in the next chapter were tested with this cooling method.

Forced Air with Heat Sink

The addition of a heat sink significantly alters system design. All power converters feature
multiple switching devices at different voltage potentials. For top-side cooled devices, the
top surface of the package is exposed for cooling, but is usually electrically shorted to a
node (either the drain or source) of the transistor to minimize thermal resistance between
the junction and case. This creates limitations, though, for the cooling system because if
different devices are placed in direct contact with an electrically conductive surface (such
as a metal heat sink), they would short-circuit and the system would fail. Instead, there
needs to be an electrically insulating layer between any conductive surface and the transistor
packages. This is a serious impediment to high-performance thermal management design. In
general, electrically conductive materials are thermally conductive and vice versa. Therefore,
in order to to minimize thermal resistance, conductive materials are still primarily used. The
short-circuit problem has been addressed in a few different ways.

An electrically insulating gap pad may be placed between the transistors and the metal
heat sink, enabling the use of a single, monolithic heat sink for all of the transistors. This
provides a very simple, cost-effective solution with considerably higher performance than
without the heat sink. Fig. 6.1 shows a hardware photograph of an inverter prototype
mounted to monolithic heat sinks on the top and bottom. The gap pad will typically have
a thermal conductivity (<20 W/mK) far lower than metal, however, and will bottleneck the
thermal performance of the system. Thinner, or more thermally conductive pads (such as
graphite) will be less compliant, thus hindering reliability.

To avoid this constraint, an alternative approach is to use an individual heat sink for
every transistor. The gap pad can thus be removed, and the heat sink may be mounted
directly to the devices along with a thin layer of thermal paste to ensure good connection.
This improves thermal performance because the thermal resistance of the gap pad is elimi-
nated, but many new complexities are introduced. First, the converter must accommodate
many more mounting holes around each of the devices. For high-density designs, this can
significantly increase converter size. Second, the cost and complexity increases dramatically
because the number of heat sinks and mounting assemblies is much higher. Third, each indi-
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vidual heat sink will be much smaller, which diminishes some performance benefits realized
from the removal of a gap pad. Fourth, reliability is a concern with so many separate mount-
ing assemblies and great care must be taken during production. Despite these challenges, it
has been shown that a significant performance increase can be realized by moving toward
this modular heat sinking approach [84].

Figure 6.2: Photograph of electronic system with liquid cold plate mounted on top. Inlet
and outlet tubes are clearly visible. An electrically insulating gap pad is used to prevent
short-circuits.

Liquid Cooling with Cold Plate

Liquids have the potential to remove a much higher heat flux due to the larger specific heat
and thermal conductivity of the working fluid. An analogous approach may be taken to
the monolithic heat sink with forced air convection, whereby a monolithic liquid cold plate
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Figure 6.3: Photograph of insulating gap pad after removal from liquid cooling setup. There
is a noticeable difference in the amount of compression each transistor sees, indicating that
thermal performance will not be uniform across devices.

mounted to the transistors. Again, an electrically insulating gap pad will be necessary to
prevent short-circuit between the devices. The reliability and cost of this system will be
worse than air-cooling, but the efficiency is much higher. The weight and volumetric density
will be reduced as well, and the large inlet and outlet tubes in Fig. 6.2 will take up even more
volume. Fig. 6.3 shows indentations in the gap pad after removal from the system. It can be
seen that there is a significant disparity in the depth of indentation between different devices,
indicating varying thermal resistances. This is a serious concern for long-term reliability of
the system, and therefore represents a weakness of this monolithic mounting approach.

Liquid Immersion Cooling

The form factor of aforementioned cooling solutions is insufficient. Upon looking at Fig. 6.1,
it is immediately obvious that the size and weight of the heat sink will be non-negligible.
Despite the fact that this heat sink design was painstakingly optimized, it is still larger and
heavier than the converter itself. In order to continue pushing the forefront of advanced
converter design, we need to reimagine the cooling solutions as well.

Immersion cooling consists of directly bathing active components in the working fluid.
The same concern for electrical shorts arises, necessitating the use of electrical insulation
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somewhere. One approach has been to use dielectric (electrically insulating) fluids. Many
companies have developed special engineered fluids with improved thermal conductivity and
a low boiling point (e.g. 45 degrees Celsius) so two-phase solutions may be considered
(unlike the 100 degree Celsius boiling point of water, which is prohibitively high for data
center electronics). Unfortunately, all of the fluids developed to date are significantly worse
than water across many dimensions: worse thermal conductivity, worse specific heat, worse
for the environment, more expensive, more difficult to source, etc. Water would be the ideal
working fluid because it is abundant, non-toxic, and offers very good thermal properties.
Water is electrically conductive, however, which has traditionally prohibited its use in these
applications.

Our collaborators have proposed a different approach: coat the electronics with a thin
layer of dielectric material, and then perform liquid immersion cooling with water. In the-
ory, this offers many attractive benefits: the coating can be extremely thin and therefore low
thermal resistance, immersion cooling is high-performance, and water is the ideal fluid. In
practice, there are many challenges. Developing a coating material which is simultaneously
conformal enough to coat the electronics with a watertight seal, robust enough to deal with
thermal expansion and contraction, electrically insulating, and highly thermally conductive,
is very challenging. Moreover, erosion and corrosion concerns are dire because the coating
thickness is typically on the order of microns. To address these issues, an improved ap-
proach was proposed [37]. First, the electronics are coated with a thin layer of parylene
C, which is known to be highly conformal, and is the most common material utilized for
these applications. Next, a multi-step process is used to coat a layer of copper on top of the
parylene. This copper acts as a heat spreader and an erosion barrier for the thin dielectric
layer. Various thicknesses of copper were explored ranging up to 600 microns. Overall, it
was demonstrated that similar or superior (for thicker copper coating) thermal performance
can be achieved compared to a heat sink, with far lower volume and mass. Fig. 6.4 shows
an example PCB which is coated in this manner. This cooling method fits the form factor
of the converter far better, and may be considered a promising emerging cooling strategy.

Figure 6.4: Photograph of copper-coated power electronics converter.
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6.2 Thermal Test Vehicles

As the adoption of liquid cooling accelerates in both electric vehicles and data centers, the
development of reliable and effective thermal management systems becomes increasingly
dependent on accurate, repeatable testing. This is where thermal test vehicles (TTVs) play
a critical role. TTVs are engineered hardware platforms that mimic the thermal behavior
of actual electronic components—such as power modules, CPUs, or battery cells—while
providing a more convenient testing environment. They enable researchers, engineers, and
thermal solution providers to evaluate the performance of cooling strategies under controlled
and representative conditions.

In EV power electronics, TTVs are essential for validating cold plate designs, coolant
flow configurations, and interface materials before integrating with costly silicon-based de-
vices. Power modules in inverters, DC-DC converters, and onboard chargers operate under
high-voltage, high-temperature conditions, where even small thermal inefficiencies can lead
to reduced efficiency or premature failure. TTVs allow thermal engineers to replicate the
heat flux profiles and spatial thermal gradients of these modules, facilitating detailed inves-
tigations of thermal resistance, pressure drop, and cooling uniformity across a wide range of
operating scenarios—without risking real, expensive components.

In data centers, where cooling infrastructure accounts for a significant portion of oper-
ational energy use, TTVs are even more valuable. As facilities move toward liquid-cooled
server racks and direct-to-chip cold plate configurations, it becomes critical to assess system-
level performance prior to deployment. TTVs designed to emulate CPUs, GPUs, or other
heat sources allow for systematic evaluation of coolant distribution, thermal contact quality,
and transient thermal response. These test platforms also help identify integration issues
and verify compliance with thermal specifications—key steps in reducing downtime, improv-
ing energy efficiency, and accelerating time-to-market for liquid-cooled server architectures.
As shown in Fig.1, the thermal design power (TDP) of data center GPUs has tripled in
recent years, while server-class CPUs have also experienced a dramatic TDP increase [104,
53]. Meanwhile, high-speed network equipment and high-density voltage regulation modules
(VRMs) further contribute to the cooling burden within the constrained server environment
[117, 124].

Ultimately, TTVs serve as a vital bridge between thermal design and real-world deploy-
ment. They offer a safe, scalable, and repeatable approach to optimizing cooling technologies,
supporting the transition to higher power densities and more sophisticated thermal solutions
in both mobility and cloud computing sectors.

Thermal Test Vehicle Requirements

The purpose of a TTV is to mimic the thermal operating conditions of a commercial GPU or
CPU, while providing an accessible testing environment to assess performance of the cooling
solution [105]. There are three main aspects to this:
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1. Heat Generation: The system must be capable of generating very large amounts of
heat (kW scale for modern and emerging computing platforms) in a small surface area
(< 100 cm2) with a controllable spatial and temporal profile.

2. Temperature Sensing: Accurate temperature measurements should be recorded at
the surface of the heater with good spatial fidelity.

3. User Interface: Users should be able to quickly and easily specify operating con-
ditions for tests such as power levels, hotspots, and duration. Data collection and
transmission should be amenable to integration within existing testing platforms.

Existing Commercial Solutions

It is possible to test cooling systems with the end-use electronics themselves, such as an actual
data center server blade, but high-performance commercial servers are extremely expensive
and inflexible. There are also strict limitations in the amount of heat that can be generated
before the server shuts down, and there is typically little control of how the heat is localized
spatially along the surface.

An alternative approach is to use an array of mechanical heaters, such as copper pads,
and to conduct current through them to dissipate power. Each heater is usually fairly large,
however, so the heat cannot be localized acutely. Moreover, a complex mechanical assembly
is required to extract the operating temperature. If each heater in the array is individually
addressable, it will require its own temperature sensor and power supply, which drastically
increases the complexity and cost.

Another option involves designing application specific integrated circuits (ASICs) to si-
multaneously perform heat generation and temperature sensing [10, 55, 111, 107, 12]. This
technology is very expensive to develop and difficult to scale to large enough size and power
levels. Additional circuitry would be required to communicate between ICs, which would
complicate the electrical design.
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Figure 6.5: Overall schematic for the proposed thermal test vehicle design approach. The
three main aspects are an array of power transistors, measurement/control circuitry, and
onboard computer.
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Figure 6.6: Detailed schematic showing the transistor array. The drain-to-source current
(IDS), drain voltage (VD), gate voltage (VG), and source voltage (VS) of each transistor are
connected to the measurement/control circuitry.
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Figure 6.7: Detailed schematic showing the measurement and control circuitry. The transis-
tor signals are connected through analog multiplexers so they can be sampled individually.
Analog-to-digital converters (ADCs) are used to measure IDS and VDS, while a digital-to-
analog converter (DAC) is utilized to generate VGS.

Proposed Approach

Fig. 6.5 provides an outline of the proposed design, highlighting the three main sections:
transistor array, measurement/control circuitry, and onboard computer.

Transistor Array

A power supply (PSU) is used to conduct current through an array of power transistors,
thus generating heat due to conduction losses. Fig. 6.6 shows a detailed schematic with
relevant signals. The number of transistors and size of each individual transistor can be
adjusted. This provides a great deal of flexibility in implementation, such that the TTV can
be modified to match the dimensions of a desired commercial GPU or CPU. The total power
generated by the array may be adjusted by controlling the output current of the PSU. Each
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Figure 6.8: Detailed schematic showing operations of the onboard computer. Based on test
conditions specified in the graphical user interface (GUI), appropriate control signals are
generated for the power supply, SPI communication, and analog multiplexers. Measured
results are used to estimate thermal performance. which is reported by the GUI.

transistor acts as a variable resistor, so there is individual control of the power dissipated in
every device. This enables the generation of custom heat maps, hot spots, and pulsed power
profiles which can mimic a desired testing scenario. For each device, the drain-to-source
current (IDS), drain voltage (VD), gate voltage (VG), and source voltage (VS) are connected
to the analog multiplexers of the measurement/control circuitry.

Measurement/Control Circuitry

Fig. 6.7 provides a schematic of the measurement and control circuitry. Signals from the
array connect through analog multiplexers, such that each transistor can be addressed in-
dividually. A digital-to-analog converter (DAC) generates the gate drive voltage, while
analog-to-digital converters (ADCs) are used to record IDS and VDS. The power dissipated
by the transistor (PT ) is computed by multiplying these values, while its on-resistance (RT )
can be found by dividing them.

PT = VDS · IDS (6.1)

RT = VDS/IDS (6.2)

The on-resistance of a transistor is temperature-dependent, so the junction temperature
of each device (TT ) may be extracted as a function of the measured on-resistance and applied
gate-to-source voltage (VGS).

TT = f(RT , VGS) (6.3)
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Figure 6.9: Measured device resistance as a function of temperature for different applied
gate-to-source voltages. These trends enable temperature estimation and controllable power
dissipation in every transistor.

Fig. 6.9 illustrates measured results for the on-resistance of the devices used in this work
as a function of temperature and gate-to-source voltage. This enables temperature estima-
tion with good spatial fidelity, without requiring additional mechanical assembly. The system
only requires a single power supply, one gate driver, and two high-precision ADCs, which
significantly reduces complexity, component count, and cost. The use of standard, com-
mercially available components also lends to a large reduction in cost compared to existing
solutions.

Onboard Computer

A small, onboard computer is included to handle all of the low-level control, store calibration
data, and to provide an accessible interface. It can be connected directly to a computer
monitor where a graphical user interface (GUI) will enable users to specify testing profiles
and heat maps. This enables live data collection and visualization. Fig. 6.10 shows an
example where a user can select from three different heat maps, and the temperature of
every transistor is displayed with color-mapping. Serial peripheral interface (SPI) protocol
is utilized for communication with the measurement circuitry, while digital control signals
set the analog multiplexer outputs. The measured resistance of each transistor (RT ) is used
to estimate its temperature, along with stored calibration data. Fig. 6.8 shows the main
operations of the onboard computer.
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Figure 6.10: Graphical user interface enabling the selection of different thermal test profiles
and live visualization of measured characteristics.

Conclusion

Thermal challenges in data centers have been growing rapidly. To address these concerns,
high-performance cooling solutions must be developed and tested. This work proposes an
affordable, highly flexible, and scalable TTV design using an array of power transistors,
associated measurement circuitry, and onboard computer. Overall, the proposed approach
offers the following features:

� High power and high heat flux

� Flexible, scalable, affordable design

– Standard commercial components

– Standard contract manufacturing

� Simple setup

– Single power supply

– No external temp. sensors

– No programming required
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Chapter 7

Hardware Demonstrations

7.1 FCLLC Converters

Gen I

Figure 7.1: Hardware photograph of proposed 8-level 400V to 1V FCLLC converter with
matrix transformer inset to PCB. Key components are annotated, with the power path shown
in red. (a) Top view, (b) Side view, (c) Primary windings of transformer, (d) Secondary
windings and output rectification.
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Figure 7.2: Cascaded bootstrap gate drive architecture for 8-level FCLLC design. (a) De-
tailed schematic for unit cell highlighted in Fig. 3.9c, (b) Layout of unit cell with annotated
components. (N − 1) of these cells are connected in series to form the primary side of the
converter.

Hardware Design

To validate the proposed topology and application, a 400V to 1V, 8-level FCLLC converter
is fabricated (MFCML = 1/14). An annotated hardware photograph is given in Fig. 7.1.
Chip-scale packaged gallium-nitride high-electron mobility transistors (GaN HEMTs) are
used due to their superior figure-of-merit (FOM) versus silicon transistors at this voltage
level [6]. A cascaded bootstrap power supply architecture is used to power all of the floating
gate drivers with low dropout regulators (LDOs) ensuring a reliable 5V supply for the
GaN switches [120]. Digital signal isolators provide the level-shifted gate signals. Fig. 7.2
illustrates the gate drive architecture and details all of the components for each unit cell;
the 8-level converter contains (N − 1) = 7 of these cells connected in series.

A planar matrix transformer is utilized to maximize power density and reduce manufac-
turing complexity, with detailed design guidelines of one such implementation provided in
[34]. The transformer is inset to the PCB such that its height is level to rest of the compo-
nents. A 24-to-1 turns ratio is selected, so MLLC = λ/24. The parameter λ is selected such
that the overall conversion ratio is MFCLLC = 1/400, i.e. this design choice is suitable for di-
rect 400V to 1V conversion when operated slightly above resonance. The power path wraps
around the board, beginning at CIN next to the transformer, continuing to the left before
going through vias and returning along the bottom of the PCB (illustrated by red arrow in
Fig. 7.1). Relevant components are provided in Table 7.1, while operating parameters are
given in Table 7.2. The converter box dimensions are 20mm by 50mm by 4.8mm, including
all passive components, devices, and gate drive circuitry; the total box volume is 4800mm3.

Experimental Results

To demonstrate the converter operation, measurements at 400V input and 1V output have
been collected, with relevant waveforms shown in Fig. 7.3. Efficiency measurements were
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Table 7.1: FCLLC Component List

Table 7.2: FCLLC Parameters

Figure 7.3: Measured waveforms for 8-
level FCLLC prototype performing 400V
to 1V conversion at full load.

Power Stage Efficiency
Overall Efficiency

(%
)

Figure 7.4: Efficiency measurements under
400 V to 1 V conversion across load. Power
stage efficiency (excluding gate drive loss) and
overall efficiency provided.

taken with forced air cooling and without heat sinking, as shown in Fig. 7.4. Peak efficiency
is recorded at 85.5% for the power stage and 81.5% including gate drive losses. The full load
efficiencies are 74.8% and 72.5%, respectively. The maximum output power of 65.4 W, yields
a power density of 223 W/in3. A comparison to state of the art designs in high conversion
ratio data center applications is given in Table 7.3.
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Table 7.3: FCLLC Comparison with State of the Art

Figure 7.5: Layout of 4-level FCML converter with proposed switching cells utilizing gate
drive daughterboards.

7.2 FCML Inverters

Gen I

A 4-level FCML was designed and fabricated, as shown in Fig. 7.5. The motherboard is 6
layers and 1.6 mm thick. Blind and buried vias are used for the electrically thin routing. A
cutout is utilized for the placement of the 2 series output inductors so that their height is
level to the rest of the converter. Relevant components are listed in Table 7.4. The FCML
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Table 7.4: Gen I Inverter Component List

Figure 7.6: Waveform showing the switch
node (Vsw) and output voltage (Vout) dur-
ing light load. The DC input voltage is 200
V, the output is a 950 Hz, 64 VRMS sine wave.

Figure 7.7: Converter efficiency (including
gate drive losses) operating as an inverter
under various DC input voltages and output
powers. The output is a sine wave at 950 Hz
with a peak amplitude of .45 times the input
voltage.

is operated as an inverter with a 950 Hz sine wave output, which demonstrates the cascaded
bootstrap gate drive functionality at a range from .1-.9 duty ratio. A split-bus design is used,
so that the output has a peak amplitude of approximately .45 times the DC input voltage.
The switching frequency of the devices is 115 kHz. Due to the frequency multiplication
effect of the FCML, however, the output switching frequency is 345 kHz. Table 7.5 lists
significant converter parameters. Efficiency measurements were taken for a range of input
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Table 7.5: Gen I Inverter Parameters

voltages and output powers with forced air cooling and without heatsinking, plotted in Fig.
7.7. The converter achieves a peak efficiency of 98.3%, including gate drive losses, for a 200
V DC input voltage, 64 VRMS sine wave output voltage, and a load current of 6.6 A. Peak
power is recorded at 1.3 kW with an efficiency of 97.8%, for a 300 V DC input voltage, 95
VRMS sine wave output voltage, and 13.8 A load current. The converter exhibits excellent
passive balancing and low distortion, despite a small output filter size, as demonstrated by
the waveforms in Fig. 7.6. The power density is computed using the peak power divided by
the minimum-sized box volume which contains the converter (including power devices, gate
drive circuitry, passive components, and output filter). This yields a volume of 100 mm x 30
mm x 7 mm, or 1.28 inch3. Given a peak power of 1.3 kW, the power density is 1 kW/in3.

Gen II

Table 7.6: Gen II Inverter Component List

A 400 V, 3.6 kW, 8-level FCML with stacked PCBs was fabricated. The simplified
schematic and annotated hardware photograph are depicted in Fig. 7.8. Both boards are 6
layers and 1.6 mm thick. The output inductors are inset to a cutout in the motherboard.
Relevant components are listed in Table 7.6 The FCML is operated as an inverter with 950
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Figure 7.8: Proposed 8-level FCML prototype. (a) Simplified schematic, (b) hardware image
with labels

Hz sine wave output. The switching frequency is 102 kHz, which corresponds to a 714 kHz
effective switching frequency for the output filter, due to the frequency multiplication effect
of the FCML. Table 7.7 summarizes the converter parameters. Efficiency measurements are
taken with a 400 V DC input voltage and 135 Vrms sine wave output voltage. These are
shown in Fig. 7.10. The converter achieves a peak efficiency of 98.1 %, including gate drive
losses, for an output power of 1.7 kW. Peak power is recorded at 3.67 kW, with an efficiency
of 97.3 %. Given a mass of 70 g and box volume of 1.78 in3, this yields a gravimetric density
of 52.5 kW/kg and volumetric density of 2.06 kW/in3 (126 kW/L). Forced air cooling is
used for these tests, but no heatsink is attached. The converter exhibits excellent passive
balancing and low output distortion, as demonstrated by the VSW and VOUT waveforms in
Fig. 7.9.
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Table 7.7: Gen II Inverter Parameters

Figure 7.9: Converter operating wave-
forms demonstrating 8-level operation
with passive balancing.

Figure 7.10: Efficiency measurements for
inverter operation with 400 V DC input
voltage. Power stage efficiency (excluding
gate drive loss) and overall efficiency.
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Gen III

An 800V, 10 kW, 14-level dual-PCB FCML was fabricated. A simplified schematic is given
in Fig. 7.11a, with the layout depicted in Fig. 7.11b. It is a dual PCB design: the conduction
path begins at power connectors on the right side of the top board, travels the length of the
PCB, traverses headers to the bottom board, and then travels back to the right and up
through the output filter (highlighted by red loop in side view of Fig. 7.11b). The bulk
flying capacitors are located in-between the two circuit boards, while all of the active devices
are on the outside of the converter to provide opportunities for double-sided cooling of the
power semiconductors. Both boards are 6 layers and 1.0mm thick with blind vias. Relevant
components are listed in Table 7.8. The FCML is operated as an inverter with 950Hz
sine wave output, as dictated by the high density electric machine fundamental frequency.
The switching frequency is 150 kHz, which corresponds to a 1.95MHz effective switching
frequency for the output filter, due to the frequency multiplication effect of the FCML.
Table 7.9 summarizes the converter parameters. Efficiency measurements are taken with an
800V dc input voltage and 270V rms sine wave output voltage. These are shown in Fig.
7.13. Forced air cooling is used for these tests, without heatsinking. The converter exhibits
excellent passive balancing and low output distortion, as demonstrated by the VSW and VOUT

waveforms in Fig. 7.12. A peak efficiency of 98.3% is achieved, including gate drive losses,
for an output power of 3.4 kW. Peak power is recorded at 10.4 kW, with an efficiency of
97.3%. Given a mass of 59.8 g and box volume of 1.68 in3, this yields a gravimetric density
of 175 kW/kg and volumetric density of 6.2 kW/in3 (380 kW/L).
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VSW COUTCFLY1 VOUT

LOUT
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Q13B Q12B
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Figure 7.11: Proposed 800V, 10 kW, 14-level FCML prototype with optimized flying capac-
itors. (a) Simplified schematic, (b) Annotated hardware photograph from top, bottom, and
side view with the power path highlighted in red.

Table 7.8: Gen III Inverter Component List
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Table 7.9: Gen III Inverter Parameters

Figure 7.12: Converter operating wave-
forms demonstrating 14-level operation
with passive balancing and low output
distortion.

Figure 7.13: Efficiency measurements for
inverter operation with 800 V dc input
voltage. Power stage efficiency (excluding
gate drive loss) and overall efficiency.
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Gen IV

A 600V, 6.6 kW, dual-PCB 10-level FCML inverter was fabricated to validate the design
optimization. Fig. 7.14 shows a photograph of the fully assembled hardware prototype.
Converter specifications are detailed in Table 7.10. Efficiency measurements were taken
across load under these operating conditions. A peak efficiency of 97.34%, including gate
drive losses, was achieved at an output power of 4.84 kW. Peak power was recorded at
6.61 kW, with a full load efficiency of 97.16%.

55 m
m

25 mm

6 mm

Figure 7.14: Photograph of assembled hardware prototype.

Table 7.10: Gen IV Inverter Parameters

Parameter Value

Input Voltage 600V dc
Output Voltage 200V RMS

Effective Switching Frequency 1.8MHz
Maximum Power 6.6 kW

Volumetric Density 800 kW/L
Gravimetric Density 250 kW/kg
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Comparison to State-of-the-Art

The performance of this work is compared to state of the art medium-voltage inverters for
motor drive applications. Fig. 7.15a plots the peak efficiency vs. gravimetric power density,
while Fig. 7.15b shows the volumetric power density. For the gravimetric power density
calculations, the mass for the PCBs and all of the power stage components including: all
gate drive components, power transistors, flying capacitors, decoupling capacitors, output
inductors, and output capacitors are included. For the volumetric power density calculation,
the minimum box volume enclosing all of these components in the converter is used.

Many of the designs in this comparison feature 2- or 3-level topologies. These designs
output slow PWM waveforms with very large volt-seconds, which places a heavy burden on
the filtering components. The filters would need to be very large or potentially inefficient.
As a result, some of the reported designs neglect filtering. They assume that the inductance
of the motor being driven can act as a sufficient filter. This approach will not work for high-
performance motors with reduced inductance, and could be quite inefficient for standard
motors due to winding losses and core losses in the magnetic materials. In addition, the
large dv/dts at the output cause common-mode current into the bearings of the motor which
significantly worsens EMI. For these reasons, it is essential to include proper filtering when
reporting inverter performance in these applications. Designs without filters are designated
with a circular icon in Fig. 7.15, while designs with filters have a star icon. The proposed
designs achieve the highest power density to date by some margin.
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Figure 7.15: Performance comparison to state of the art.
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7.3 TTV Prototypes

The proposed MCM testbed involves a novel design with the use of an array of power tran-
sistors to provide a mock thermal load which mimics the characteristics of a real commercial
CPU or GPU. As this design has never been attempted before, we began by exploring dif-
ferent options for the electrical design. We considered various approaches, each with their
own drawbacks and limitations.

Series vs. parallel transistors: The first dilemma involved the determination of how
the array of power transistors would be connected. The parallel connection of transistors
has the advantage of placing the potential of every device equally. Therefore, a conductive
TIM could be used and there would be no concern of this interfering with electrical signaling
and shorting out connections on the MCM. Unfortunately, this approach would require
a separate current sensor measurement for every device, because we cannot predict how
current will split between parallel transistors. In addition, this arrangement would require a
power supply which outputs very high current at very low voltage, which may be unrealistic.
By contrast, the series connection of transistors would enable us to use a single current
measurement and more reasonable power supply operating conditions, with the drawback of
different potentials.

Bare die vs. metallized packages: Next, we considered the characteristics of the
transistor package. We want the device to closely match a CPU or GPU silicon material.
Therefore, it was determined that the use of GaN-on-Si transistors would provide an ideal
match, while also being commercially viable and affordable. Si transistors could be used,
but often come with a metallized package which covers up the pure silicon die.

Size of first revision testbed: We wanted to develop a first revision prototype to
validate the proposed MCM concept, but the complexity of using >100 transistors with the
associated connections appeared too risky for an unproven approach. We decided, therefore,
that we would first design a simplified version with 12 transistors. If this worked correctly,
we would begin scaling upward from there.

Method for controlling the transistors:
The use of series transistors creates a challenge of controlling the transistors because

they are all at different voltage potentials. The use of a dedicated signal isolator for each
transistor would be costly and bulky. Instead, a simplified approach was developed, whereby
signal multiplexers would cycle through the array, allowing for brief connections and com-
munications with each transistor, without dedicated circuitry for each.

After all of these dilemmas were resolved, we began the design of the first revision pro-
totype printed circuit board.
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Gen I

Software Development

In order to operate the MCM, we need to develop a full software stack capable of controlling
the electrical components on the printed circuit board, allowing a user to interact with the
board to specify desired testing parameters, and displaying the results in an intelligible
manner. For the initial prototype, our team had decided to utilize a small single-board
computer called a Raspberry Pi. This comes with certain challenges when compared to
using a microcontroller: it runs a full Linux operating system which makes it much more
difficult to achieve fast, reliable control of peripherals. The main benefit, however, is that
it can be directly interfaced with a computer monitor (via HDMI cable). This reduces cost
and minimizes overall system complexity greatly, as all of the software can be written in
one language on one device, as opposed to having a distributed control architecture. The
proposed plan is to develop software in Python on the Raspberry Pi to determine if it is
possible to achieve the desired electrical specifications using this device. If not, the backup
plan is to split control between a microcontroller (performing low- level operations) and a
Raspberry Pi (generating the user interface).

Low-Level Control: The first layer of software involves direct interface with the com-
ponents on the custom printed circuit board. The proposed electrical approach involves a
multiplexing scheme whereby the controller must select a particular transistor in the array,
set its gate voltage to a desired value, then measure its gate-to-source voltage, drain-to-
source voltage, and the conducted current. The multiplexers can be controlled via binary
logic and a lookup table to store the necessary logic signals for each specific transistor. Mea-
surements can be taken by communicating with the analog-to-digital converters (ADCs) on
the PCB. This is done using a low-level communication protocol named serial peripheral
interface (SPI).

User Interface: All of the low-level control details must be abstracted away behind a
convenient user interface. This will enable a user to specify their desired testing conditions
and export the results. During this quarter, data visualization code was developed to enable
plotting of all measurements during operation (transistor gate-to-source voltages, transistor
drain-to-source voltages, and transistor drain-to-source currents). Subsequent work will focus
on design of a graphical user interface for control of the MCM.

Electrical Testing: A first revision prototype PCB was designed. As this design has
never been attempted before, we first wanted to verify basic functionality and the utility of
this methodology before continuing on to a full-scale electrical design with more transistors.
The initial prototype has 12 transistors. In this quarter, we tested the board in 6 differ-
ent dimensions: power-up, multiplexing, gate voltage drive, voltage measurement, current
measurement, and temperature trend.

1. Power-Up: The first test for the board is to simply determine if it can be powered on
and all of the voltage rails reach the desired values. There are four voltage rails on the
design. All of the voltage rails powered up successfully.
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2. Multiplexing: The next step is to check that the multiplexing scheme is working cor-
rectly, such that we are able to turn all of the transistors on and perform measurements.
This involves sweeping through the array, thus validating both the software and hard-
ware layout of the design. We were successful in driving all of the transistors and
conducting power through the array.

3. Gate Voltage Drive: The third test involved sweeping the gate drive voltage to change
the effective resistance of the transistors. Unfortunately, the component we selected to
do this (a programmable LDO) can only change the voltage upon startup, so the board
would need to be powered down for each change. This is something we will correct in
subsequent revisions.

4. Voltage Measurement: The multiplexing scheme is designed to extract each transistor’s
precise gate, drain, and source voltage. This is the most sensitive part of the project.
The drain-to-source voltage is amplified to improve measurement fidelity. In order to
make these measurements, the controller must communicate with the ADCs to take a
measurement, and the electrical design must be sufficient to provide the correct voltage
with low noise/interference. Successful voltage measurements were made for all of the
transistors, albeit with more noise than desired. The electrical design will be adjusted
slightly in subsequent revisions to reduce this noise level.

5. Current Measurement: The current conducted through the array is fed across a sense
resistor, amplified, and then measured by an ADC. This measurement was made suc-
cessfully, and the results were sufficiently accurate.

6. Temperature Trend: The operating mechanism for the proposed TTV is reliant on
the change in effective resistance of the transistors as a function of temperature. It is
critical that our circuitry is accurate enough to detect these changes precisely. Voltage
and current measurements were made, and the effective resistance was plotted versus
time for different current loads. We were able to distinguish a very clear change in
device resistances as they increased in temperature. A thermal camera was used to
verify the measurement. This indicates that the proposed mechanism is viable.

Hardware Design

We began with the simplest possible approach: an array comprising 12 large Si power tran-
sistors. Fig. 7.16 shows a hardware photograph. The goals were simply to verify basic
functionality and derisk a full prototype design.

Overall, these results obtained with this prototype were highly encouraging. They demon-
strated that the proposed approach is valid, and encourage the development of a full-scale
array with many transistors to provide a high-performance TTV. The next steps will in-
volve implementation of this high- performance second revision design. Aside from small
hardware fixes, the main difference in the next revision is the utilization of much smaller
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Figure 7.16: Hardware photograph of Gen I TTV prototype.

transistors such that the spatial localization is greatly improved and hotspot generation can
be done with high fidelity. The new design contains 154 uniquely controllable transistors,
as compared to 12 in the current design. This comparison may be easily visualized in Fig.
7.17.

Gen II

We had previously demonstrated our first revision prototype, which contained 12 transistors
in the array. This represented an initial validation of the design approach. Next, a second-
generation prototype containing 154 transistors was developed. This provides much greater
flexibility in the heat maps which can be generated, and much better spatial fidelity in
the temperature measurements. Fig. 7.18 shows an annotated hardware photograph of the
second revision prototype.
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Figure 7.17: Comparison of the transistor array for Gen I TTV prototype and proposed Gen
II TTV prototype.

Software Development and Hardware Validation

The second revision prototype represents a large increase in complexity from the initial
design, necessitating development time to properly handle all of the low-level control. In
addition to this, a GUI was added. This allows for user interaction to specify the testing
environment and heat profile to be generated. It also reports the measured device charac-
teristics live during testing. These features were developed and then integrated with the
low-level control code to provide a complete solution.

The second revision hardware prototype contains hundreds of electrical components so
the first step in using the board was to validate correct electrical operation. Fortunately, the
design functioned as expected and we were able to perform all of the necessary measurements.

Energy Innovation Summit Demo

In order to display this work, a demonstration was devised for the ARPA-E Energy Inno-
vation Summit 2024. Live operation was exhibited, with custom heat profiles generated, a
thermal camera used to display the results and a GUI for user interaction. Fig. 7.19 shows
an image of the setup.
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Figure 7.18: Photograph of the second revision hardware prototype with the transistor array,
measurement circuitry, and onboard computer highlighted.

To summarize the overall results: a flexible TTV design capable of generating custom
heat profiles up to 500 W was achieved. Precise resistance measurements were taken with
verified changes over temperature such that this relationship may be mapped in the future.
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Figure 7.19: MCM TTV Demo for ARPA-E Energy Innovation Summit 2024. Includes a
fully functional TTV operating in real-time with the thermal camera and GUI reporting the
results.
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Gen III

In theory, the proposed TTV design is amenable to highly flexible transistor array sizing
and component selection. In practice, the previous prototypes contain all of the circuitry
on a single PCB, which means that the entire system would need to be redesigned every
time. Moreover, the entire system needs to be replaced if a transistor breaks during testing.
To combat these issues, a modular design approach was adopted for Gen III. The transistor
array is separated onto its own PCB, and the signals are brought to a motherboard PCB
which houses all of the control and compute circuitry. This greatly reduces the cost of the
transistor array PCB, enabling destructive or permanent testing approaches to be used. It
also simplifies the redesign process for new designs with different transistors and component
count. Fig. 7.20 shows the full modular system with separate PCBs.

Figure 7.20: Gen III TTTV prototype with modular design. The transistor array is separated
from control/compute circuitry onto separate PCBs.
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