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2.2.1 Definition of the Compared Structures

The conventional two-stage AC-DC OBC consists of a PFC rectifier followed by an isolated
DC-DC converter. Three-level AC-DC rectifiers are widely used in high-power systems for
lower switching losses, reduced voltage stress, and smaller grid filters. In the isolated
bidirectional DC-DC stage, phase-shifted full-bridge and CLLC resonant converters are
common, with CLLC preferred for operating at resonant frequency, enabling full
soft-switching and lower losses. Full-bridge LLC designs suit higher power levels by reducing
current stress and improving transformer use. For comparison, the reference system uses
a three-level Vienna rectifier with two series-connected full-bridge CLLC converters (Figure
2.6a). Figure 2.6b shows the alternative single-stage three-phase high-frequency link
matrix rectifier [18] and [43]-[47]. This design includes a grid filter, 3 x 1 matrix converter,
isolation transformer, secondary full-bridge rectifier, and output capacitor. The matrix
converter’s six bidirectional switches directly convert low-frequency AC to high-frequency
AC for the transformer primary.

2.2.2 Comparison Results
Figure 2.7 compares the performance of the traditional three-phase two-stage AC-DC
converter and the single-stage matrix converter for EV OBC. Both topologies have similar
physical volume and power density. However, conduction losses in the single-stage system
are nearly double those of the two-stage design, while the two-stage incurs about four
times higher switching losses.

Voltage stress analysis—under both ideal (calculated) and practical (device-rated)
conditions—shows that the single-stage design experiences higher switch voltage stress
in all cases. This directly impacts device selection for high-frequency operation. GaN
transistors, with typical voltage ratings of 650 V or 900 V, are well-suited for the
two-stage design, enabling higher switching frequencies, smaller passive components,
and improved power density. The single-stage topology, however, exceeds these voltage
limits, making GaN integration impractical and restricting its miniaturization potential.

Functionally, both converters can process three-phase AC into an 800 V DC output for
EV battery charging while maintaining a high Power Factor (PF). Yet, the control complexity
differs—the two-stage design primarily regulates power in the AC-DC stage, offering a
simpler control strategy, whereas the single-stage matrix converter requires more complex
modulation and control to manage power flow effectively.

Conduction Losses of Switches

Size of
Capacitors

Switching Losses Size of Inductors

—e—Two-Stage (Ideal) =e—Single-Stage (Ideal)
--*--Single-Stage (Non-Ideal) --e--Two-Stage (Non-ldeal)

Figure 2.7 Comparative spider chart illustrating the key performance metrics of the two-stage
versus single-stage converter topologies [20].
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2.3 State of Art Isolated DC-DC Converters

Galvanically isolated DC-DC converters are highly advantageous since they ensure
electrical separation between the source and load while accommodating large voltage
variations. Established isolated designs are generally classified into two groups:
voltage-fed and current-Fed topologies.

Current-fed DC-DC converters offer several advantages, including lower input current
ripple, smaller transformer turns ratio, improved efficiency, reduced voltage stress on
output semiconductors, and immunity to shoot-through faults in switching devices.
Another option is the impedance source converter, which blends the features of both
voltage-fed and current-fed designs, thereby inheriting the strengths of each. For clarity,
the characteristics of voltage-fed, current-fed and impedance source converters are
compared in Table 2.1.

Table 2.1  Key characteristics comparison of Voltage-Fed, Current-Fed, and Impedance Source
converters [PAPER-1V].

Feature Voltage-Fed Current-Fed Impedance Source
Voltage step-up No Yes Yes
Voltage step-down Yes No Yes
Short-circuit exemption No Yes Yes
Open-circuit exemption Yes No Yes

Minimum one capacitor

Element for storing ener One capacitor One inductor .
g &Y P and one inductor
Cascading capability of energy elements No No Yes
Simplicity in control Simple Complex Moderate

2.3.1 Current-Fed Isolated DC-DC Converters

Isolated DC-DC converters can be categorized into passive and active clamp types.
Passive clamp converters require fewer switches but are limited by hard-switching losses.
Active clamp versions—such as push-pull, half-bridge, and full-bridge—achieve ZVS turn-
on and suppress voltage overshoot but are less attractive in low-power ranges due to
higher cost and circuit complexity. Resonant bridge converters exploit parasitic elements
to realize soft switching without clamp networks; however, they are prone to
transformer DC bias, which increases the size requirement. 0 outlines the strengths and
weaknesses of established isolated DC-DC converter designs.

Table 2.2  Advantages and drawbacks of conventional isolated DC-DC converters [PAPER-1V].

Topology Advantages Disadvantages

v’ Simple design and low cost. Limited power handling capability.

v’ Suitable for low to moderate power applications|e High peak currents and voltage stresses.
v" Dual regulation: step-up & step-down. e Complex control, higher components.
v Reduced input current ripple. Limited for high power applications.

v' High efficiency. Limited voltage regulation range.

Flyback

Isolated SEPIC|

Forward v Good for high power applications o Needs tight control for reliability.
push-pull v’ High-frequency operation capability. e Complex control, higher components.
v Good for high power applications. o Transformer design can be challenging.
Half-Bridge v MQderate complexity. o o Needs careful control to prevent spikes.
v Suitable for a wide range of power applications. |e Limited for very low or very high power.
Full-Bridge 4 High efficiency. o e Complex control, higher components.
v’ Suitable for high-power applications o Not ideal for low-power applications.
v Reduced electromagnetic interference. e Complex control and higher cost.
Resonant

v" Improved reliability due to soft switching. e High current stress on semiconductors.
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a single compact system—remains out of reach. Bridging this gap calls for the next
generation of UOBCs, designed to meet both the technical and integration challenges of
hybrid AC and DC infrastructures.

Moreover, Both single-stage and two-stage OBCs are similar in size and achieve high
PF for 800 V EV batteries, but the two-stage offers higher efficiency and simpler control.
With GaN at higher frequencies, the single-stage suffers from excessive voltage stress,
while the two-stage benefits from smaller passives and better performance.
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Three-Wire DC Input Mode

As shown in Figure 3.5c, the charger can be directly linked to a three-wire DC distribution
system by connecting the positive, neutral, and negative terminals to L*, N, and L,
respectively. In this configuration, the system’s control logic automatically sets the
isolated DC-DC modules into a series arrangement, achieved via switches S, Sg, S11, and
SWi. This series setup provides balanced voltage distribution, maintains galvanic isolation,
and preserves the bidirectional power flow capability, ensuring proper operation in both
G2V and V2G modes.

Two-Wire DC Input Mode

When connected to a two-wire DC supply, as illustrated in Figure 3.5d, the charger adjusts
its internal configuration according to the input voltage range. For lower voltages
(around 350-380 V), the DC-DC modules are connected in parallel to increase current
capability. For higher voltages (700-750 V), they are switched in series to handle the
voltage level efficiently. This reconfiguration is managed by S11 and SW,, which control
how the DC-link capacitors are interconnected.

In this mode, S; and Sg remain continuously on to provide a direct path from the DC
input to the power conversion stage, while all other switches remain off during steady
operation. This minimizes unnecessary switching events, reducing losses and simplifying
control requirements for constant-voltage DC input operation.

3.2.2 Isolated DC-DC Unit Analysis

Based on the discussion in Subsection 4.2.1, to reduce switching losses at a 1 MHz
switching frequency, the isolated DC-DC stage is implemented as a conventional CLLC
resonant converter. To mitigate high-frequency losses, the CLLC operates above its
resonant frequency (Buck mode [67]: fs> f;) to ensure ZVS turn-on, rather than relying on
fs> f; for ZCS, based on Subsection 4.1.1.1 and [PAPER-II]. This approach addresses a key
feature of GaN devices—significant capacitance energy remains even at zero current
during turn-on, causing losses unless the voltage is also zero. Prior studies [68]—[70] show
that GaN switches experience minimal turn-off loss but substantial turn-on loss, making
ZVS far more valuable for efficiency. By enabling the resonant inductor current to fully
discharge the switch capacitance before conduction begins, ZVS reduces switching losses
and improves thermal performance at high operating frequencies.

The CLLC converter operates in two main intervals per half-cycle (with the second half
repeating on complementary switches):

Power Transfer Mode (Figure 3.7b): Primary switches G; and G4 conduct, delivering
energy through the air-core transformer to the secondary side, where Gs and G, rectify.
The magnetizing inductance L, stores energy linearly and does not participate in the
resonant exchange. Power transfer occurs when the primary resonant current exceeds the
magnetizing current, with the secondary resonant current equal to their difference.

Dead Time Interval (Figure 3.7c): All primary switches are turned off to prevent shoot-
through. During this phase, device output capacitances either charge or discharge
naturally. G; and G, see voltage rise across their terminals, while G, and Gs discharge
toward zero volts—setting up ZVS for the next switching transition.
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Figure 3.7 (a) Gate drive waveforms along with the primary current, magnetizing inductance
current, and secondary current of the CLLC resonant tank, (b) operating power transfer
mode of the CLLC resonant converter, and (c) dead-time period of the CLLC resonant
converter.

3.2.3 Design Considerations of The Proposed System

Rectifier or PFC Stage Design

While optimized for three-phase AC input, the rectifier can also be configured for single-
phase AC operation with minimal changes. The sizing of the input filter inductors (La, Ls,
Lc) is based on the maximum allowable line current ripple (4iimax), With the minimum
inductance calculated using (3-4).

Voo (3-4)

- 4fSW_PFC 'AiLx,Max
The peakinput line current, needed for inductor and device selection, is obtained from
(3-5) as a function of the battery charge/discharge power (Pgq:t) and input PF:

1

Lx,Peak

=0.67xP,,, [PFxV, (3-5)

N ,Peak *

The modulation index (M), given by (3-6), defines the proportion of the available
DC-link voltage utilized to produce the required AC waveform:

VCH + VCL .
\/§VAN,Peak

To choose suitable SiC MOSFETs and GaN transistors and estimate conduction losses,
both average and RMS device currents are calculated via (3-7) and (3-8):

) 2 1
lAvf — Lx,Peak ;IAvg :IX . (__ j , (3_7)
51-56 2\/§M 59,510,512 Lx,Peak P \/§M

s 4 . [Rms = \/I (3-8)
51-56 Lx,Peak,la\/gxan 59,510,512~ xpeak 4| 33x1xM

Switching losses for GaN devices (Ss, S10, S12) and SiC devices (S1—Se) are evaluated using
(3-9), where rise/fall times for voltage (t., ts) and current (t,, ts) are taken from device
datasheets [71].

M= (3-6)
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The thermal resistance of a TIM, measured from the transistor’s top surface to the
heatsink, can be easily estimated by considering the device’s thermal pad area. Using the
thermal impedance values provided in the transistor datasheets, the corresponding TIM
thermal resistances for each device type can then be calculated by

Thermal Impedance (°C-inch® /W) ) (4-4)

RM (°C /W)= - >
Thermal Pad Area (inch?)

Thermal

Considering the thermal network shown in Figure 2(b) of [74] and including the
junction-to-case resistance of the transistors Rgc and the case-to-sink resistance of
the TIMs Rgcs, the required heatsink thermal resistance for each device category—
continuously conducting, main, and auxiliary transistors—can be determined using
the expression provided in [74].

4.1.3 Power Density and Efficiency Optimization

Figure 4.3a shows transistors switching and conduction losses, inductor conduction
losses, and total losses in buck mode for 220 kHz switching, 20 A input current, and
450V input voltage (GS66516T for Sg1—Sq4, GS66508T for S1—S4) versus the inductor value.
At 14 puH, the converter operates in BCM (main transistors ZCS). Reducing inductor value
increases negative /i.vaiiey, lowering Coss losses and enabling ZVS, but also raising auxiliary
transistors turn-off losses. Minimum main transistors switching losses occur at ~12 puH,
with minimum total transistors switching losses at ~12.5 pH.

Inductors Maximum Switching Frequency (kHz)

200 ,
Eangeriont 729365 182 121 91 73
180 Transistors
160+ \Conduction and 1
= Switching on
b 1407\ Losses : Condl{d i 0.8
%1201 \ itchind  onsistol- =
2 \ L0sSES =" g5 @
5 100 =7 et Eos
3 g0 \ LT _// duct\ / 2
* s ,/’ nucto” L055ES 04 =< .
60 \ 14 / nduct‘on / Heatsink ]
40 / 02l
N
5 10 15 20 25 10 20 30 40 50
InductoEs )Value (uH) Inductors(\éilue (uH)
a

Figure 4.3 Impact of inductor value on losses and volumes, (a) Buck-mode losses at 220 kHz,
lin=20A, Vi, =450V, (b) Inductor, heatsink, and total volumes [PAPER-II].

Transistors conduction losses are lowest near 7.5 pH but remain close to this minimum
up to 12 pH, while switching losses rise sharply below 10 uH. Thus, ~12 pH offers the best
trade-off between switching and conduction losses, supporting both efficiency and
thermal management for GaN devices. Inductor conduction losses are lowest near 8 uH
and show minimal change up to 12 pH.

Figure 4.3b indicates that minimum inductor volume occurs at 7-8 uH, but the higher
switching frequency at low inductance increases transistor losses and heatsink size.
The lowest combined volume of inductors and heatsink is achieved at ~12 pH.

Figure 4.4 shows the converter’s theoretical power density and maximum switching
frequency plotted against efficiency. The peak power density of 12.2 kW/L, using a
natural convection heatsink, occurs at an inductor value of 12 pH with a theoretical
efficiency of 98.42%. While actual power density depends on heatsink design, airflow,
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components (0.08 L), two air-core inductors (0.1 L total), and a natural convection
heatsink (0.325 L, no airflow). The overall mass is 1.5 kg, giving a power density of
17.65 kW/L (50 kW/L without heatsink) and 6 kW/kg. The converter was tested over the
input voltage range of 110-450 V while maintaining a constant 350 V output. Photos of
the prototype, air-core inductors, and PCB layout showing the GaN transistor placement
are provided in Table 4.1.

Table 4.1 Characteristics of the laboratory prototype of the GaN-based air-core DC-DC interleaved
converter, with (a) photograph of the laboratory prototype, (b) PCB bottom side designed
in Altium Designer, and (c) photograph of the air-core inductors [PAPER-II].

Components Characteristics

Air-Core Inductors L1 and L, 12 uH
Inductors L1 and L2 Wire 3000 litz \{\/lres with 50um
diameter
Input Capacitor Cin 7.4 uF / 630 V
Output Capacitor Cout 4 uF /630 V
Natural Convection (without LAM5D1005V,
airflow) Heatsink 100x100.5x50 mm?

Thermal Interface Material TG-A1780- 150-150-0.8
Semiconductor Elements
Main GaN Transistors (S, ..., Sa)| GS66508T-TR, 30A, 650V
Auxiliary GaN Transistors
(Sa1,.-.,Saa)

GS66516T-TR, 60A, 650V

Solid State Circuit Breaker SiC | IMZA120R007M1HXKSA1,
MOSFETs 225A, 1200V

Operating Point

Input voltage range (Vin) 110 v-450 V
Output voltage (Vout) 350 V
Maximum rated power (Pout) 2.2 kW -9 kW

Switching frequency (fs) 18 kHz—304 kHz

Comparison of ZCS and ZVS operation

Experimental results in Figure 4.6 compare BCM with negative /..vq1ey Operation (ZVS) at
2 kW output, 200 V output voltage, and 340 V input voltage. In BCM (ZCS turn-ON,
300 kHz), the junction temperature of S; reached 97 °C, while in ZVS mode (250 kHz) it
dropped to 67 °C—a 30 °C reduction. This improvement comes from eliminating Coss
losses in the main transistors, even with only a modest reduction in switching frequency.
Auxiliary transistor S,3 ran slightly hotter in ZVS mode due to increased turn-OFF losses,
but overall efficiency improved from 97.8% to 98.2%.

Input Voltage
Input Current
Input Power
Output Voltage KEEKIEY

Output Current VY
Output Power IRICLYAR

Figure 4.6 Experimental comparison of converter performance in BCM and negative I,.yaie, Operation
at 2 kW, 200 V output, and 340 V input: (a) junction temperatures of S3 and Sg3 in BCM
(300 kHz), (b) in negative I,-variey (250 kHz), (c) efficiency in both modes [PAPER-II].
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4.2 High-Frequency Isolated DC-DC Stage Optimization

It is widely recognized that advancements in Wide Band Gap (WBG) semiconductor
technology serve as a major driving force in the progression of power electronics,
particularly in enhancing efficiency and reducing system size [77]—[78]. One of the key
advantages of these modern devices is their capability to operate at higher switching
frequencies, which not only supports an increase in power density but also contributes
to reducing future electronic waste.

While numerous studies have explored high switching frequency applications, there is
still a lack of clear, structured guidelines for designing isolated DC-DC converters that
fully consider the necessity of maintaining ZVS operation.

Within this framework, this subsection focuses on assessing different circuit
approaches for isolated DC-DC converters intended to operate at switching frequencies
of 1 MHz and above, with an emphasis on establishing a design methodology
that sustains ZVS conditions. The primary objective is to develop practical design
recommendations that ensure reliable ZVS operation at such high frequencies.

This study examines both the design process and performance of isolated DC-DC
converters operating beyond 1 MHz, concentrating on ZVS achievement. It presents a
comparative analysis of multiple resonant isolated converter topologies—namely
conventional LLC, conventional CLLC, Capacitive Coupling Isolation (CCl), and asymmetrical
CLLC—alongside an evaluation of air-core and ferrite-core transformers with respect to
efficiency, loss mechanisms, thermal performance, and implementation constraints.

The investigation begins by reviewing several high-frequency-capable converter
architectures, including Dual Active Bridge (DAB), LLC, CLLC, Cl, and asymmetrical CLLC,
while outlining the specific ZVS requirements for each. This is followed by a detailed
examination of ZVS conditions across the selected topologies. Transformer designs are
then compared, highlighting the trade-offs in losses and volume between standard
ferrite cores available commercially and custom air-core transformers optimized for
MHz-level operation.

Experimental validation is performed to benchmark the performance of both
ferrite-core and air-core transformer designs in LLC, CLLC, CI, and asymmetrical CLLC
configurations under 1 MHz switching frequency, power levels between 3.5 kW and
6 kW, and an input voltage of 350 V. The experimental analysis covers efficiency, thermal
behavior, limitations in practical implementation, and ZVS performance.

The findings emphasize the crucial role of optimized transformer geometry, accurate
selection of components, and appropriate circuit configuration to minimize parasitic
effects while preserving ZVS. The outcome of this work delivers concrete, application-
oriented guidelines for the design of high-frequency resonant converters, ensuring both
high performance and technical feasibility in MHz-range, multi-kilowatt applications.

4.2.1 High-Frequency Bidirectional Isolated DC-DC Converter Topologies

The isolated DC-DC stage of the proposed system can be implemented using several
bidirectional converter architectures, as shown in Figure 4.9. Four configurations are
considered in this study: Dual Active Bridge (DAB) with ZVS turn-on and hard turn-off
switching behavior; Conventional LLC and CLLC resonant converter with standard
compensation; Modified CLLC resonant converter adapted from Inductive Power
Transfer (IPT) concepts; and CCl topology that replaces magnetic coupling with capacitive
elements.
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coupling can cause frequency splitting and increase conduction losses. Standard LLC and
conventional CLLC remain practical due to their moderate magnetic requirements, though
they demand larger series capacitors.

Table 4.1 Passive components values required for resonant isolated DC-DC converters.

Symbol Values
DAB LLC CLLC CLLC [61]
Cn - 55 nF 55 nF 8 nF
Lr 6 uH 0.45 uH 0.45 uH 0.3 uH
Lm 60 uH 4.5 uH 4.5 uH 3.2 uH
L2 - - 0.45 uH 0.3 uH
Cr2 - - 55 nF 4 nF

CCl (Figure 4.9e) eliminates the transformer, reducing size, cost, and magnetic
complexity [62]. While switching performance can match inductive systems, this method
does not provide inherent galvanic isolation, which is required by most safety standards
for shock protection—usually achieved with transformers.

Figure 4.10 presents a simplified loss comparison for several isolated converter
topologies in a 5 kW system, evaluated across various switching frequencies using
GaN-based GS66516T devices. The study accounts for conduction losses Pcon, turn-off
switching losses Psw.oer, and losses from the output capacitance Pcoss. The DAB is
modeled under ZVS turn-on, while the LLC and CLLC are assessed assuming ideal ZCS with
high enough magnetizing inductance to maintain soft current transitions.

At lower switching frequencies, LLC and CLLC converters show slightly higher
conduction losses compared to the DAB. However, once frequencies exceed ~200 kHz,
switching-related losses—particularly those linked to device output capacitance—
become the dominant factor. In the DAB, turn-off losses rise sharply with frequency
despite ZVS turn-on, limiting its effectiveness for MHz-class operation. While LLC and
CLLC avoid hard turn-off losses due to ZCS, they still suffer from Pcoss because the stored
energy in the transistor’s output capacitance is dissipated during turn-on. This becomes
a major efficiency penalty at higher frequencies.
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Figure 4.10 Loss distribution of the evaluated solutions versus switching frequency using GaN
transistors [61].

4.2.2 Theoretical Comparison of Ferrite and Air-Core Transformers at 1 MHz
At megahertz-range switching frequencies, three widely used planar ferrite core
materials—PC200, ML91S, and 3F4—are favoured for their comparatively low core losses
under such conditions. Manufacturers supply loss characteristics for different frequencies
and flux densities, which can be modelled using the relationship:
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P, (kW /m*)=K.f,“B," . (4-5)

By applying provided data points to this formula, it becomes possible to determine the
frequency exponent a, flux density exponent 8, and loss coefficient K¢ for each material.

These constants, derived from datasheet specifications, are summarized in Table 4.2.
The peak flux density B, for (4-6) is given by:

B, =V, [4NfA,, (4-6)

where N is the number of turns in the winding and A. is the core’s effective cross-sectional
area.

Table 4.2 Values of core loss coefficients for PC200, ML91S, and 3F4 core materials.

Values for temperature of 100 °C and fs =500kHz-1MHz

Symbol Ke " B

PC200 0.00023671 1.518 2.497

ML91S 2.024x10 2.784 3.077
3F4 0.000034620 1.856 2.994

Using the dataset provided in Table 4.2, the trends in relative core losses across
different magnetic flux densities for switching frequencies of 500 kHz, 700 kHz, and
1 MHz—under the condition of a 100 °C core temperature—are illustrated in Figure 4.11.
Within this operating band, ML91S ferrite consistently demonstrates the lowest losses,
with PC200 delivering similar results. In contrast, the 3F4 material exhibits the highest
loss values, approximately five to ten times greater than the other two. For high power
density designs, the restricted physical size of available ferrite cores often necessitates
connecting multiple cores in parallel to share the thermal load and prevent excessive
heating. However, increasing the winding turns to satisfy flux density constraints
amplifies proximity effects and AC resistance, thereby elevating copper losses and
enlarging the transformer’s physical dimensions. While paralleling cores offers improved
thermal performance, it also increases overall transformer volume.
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Figure 4.11 Relative core losses versus magnetic flux density for (a) f = 500 kHz, T = 100 °C,
(b) f=700kHz, T =100 °C, and (c) f=1 MHz, T =100 °C.

51






despite its higher core loss values, is often preferred in multi-kilowatt designs because it
is available in larger core sizes capable of handling greater throughput.

In MHz-frequency planar transformer design, mitigating core losses along with
proximity and skin effects is critical to maintaining low AC resistance. One effective
strategy to lower stray capacitance is reducing the overlap area between adjacent turns
or increasing the physical spacing. A horizontal routing approach—where adjacent turns
are laid side-by-side instead of stacked—can achieve this, as demonstrated in Figure 9(a)
of [84]. In such a layout, the overlap is governed by the conductor length and thickness,
with PCB copper thickness being much smaller than its width. Although this arrangement
increases the footprint by limiting vertical PCB stacking, it reduces AC resistance,
enhances leakage inductance, and is well suited for LLC and CLLC applications.
Additionally, because of the limited core dimensions and the properties of available
ferrite materials, the number of winding turns is kept minimal in both primary and
secondary to avoid excessive AC resistance from skin and proximity effects.

Thermal performance also becomes a deciding factor in core selection. From Table 4.3,
PC200 and ML91S possess relatively high thermal resistance due to their compact
dimensions, which demands operation with lower allowable losses for safe thermal
margins. At an ambient temperature of 40 °C and an allowable temperature rise of 60 °C
(resulting in a core temperature of approximately 100 °C), their maximum operating flux
density should be restricted to around 100 mT. Larger-sized 3F4 cores, with lower
thermal resistance, can accommodate higher power levels but at the cost of increased
core losses. To limit the temperature rise to 60 °C, Figure 4.12 shows that the E64/10/50
core should operate at a maximum flux density of 35 mT, while the E38/8/25 core should
not exceed 45 mT.

For LLC and CLLC converters running at 1 MHz, the required number of parallel cores
Nearaier and winding turns N—to keep core temperature under 100 °C without using an
air gap—are provided in Table 4.3. While adding parallel cores reduces flux density and
core losses, keeping temperature rise under control, it increases the transformer’s
volume. At multi-MHz frequencies, hysteresis and eddy-current losses also become more
prominent, limiting the practicality of excessive core parallelism.

In horizontal winding layouts, the number of turns is dictated by the output power and
the available core window area. With a PCB trace current density limit of 15 A/mm? and
an output current of 10 A (11.11 A RMS per winding [81]), the transformer requires a
minimum routing cross-sectional area of 0.74 mm?2. At frequencies above 1 MHz, copper
thickness should not exceed 2 oz/ft? (0.07 mm) to keep skin and proximity effects in
check, leading to a minimum trace width of 10.58 mm. Under these constraints, the
E22/6/16 core cannot accommodate the required conductor width, making it unsuitable
for such current levels in a horizontal routing design. By comparison, the E38/8/25 and
E64/10/50 cores allow a maximum of one and two turns per winding, respectively,
without exceeding the thermal and geometric constraints.
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Figure 4.13 Maximum output voltage and power in LLC converters (1 MHz, 10 A) versus core
temperature rise (ATcore) and volume, for various turns, parallel cores, and materials:
(a,b) E38/8/25, 3F4, N = 2; (c,d) E64/10/50, 3F4; (e,f) E22/6/16, PC200 and ML9I1S,
including air-core and ferrite-core transformer comparison.

While PC200 and ML91S remain advantageous in loss performance for MHz-range
operation, their smaller size limits practical deployment in kW-scale systems. In contrast,
larger 3F4 cores can meet these power demands either by increasing the number of turns
or by paralleling two or three E64/10/50 units.

Figure 4.13 maps the maximum output voltage against the number of turns N, parallel
cores Npgrarie, and core material type for LLC and CLLC converters at 1 MHz and 10 A
output, factoring in core temperature rise ATcore. Air-core transformers are also included
in the comparison, with evaluations covering maximum output power, winding count,
parallel core count, and volume for equivalent designs.

For the E38/8/25-3F4 core (Figure 4.13a), horizontal routing limits the design to one
turn per winding, but employing top and bottom PCB layers for the primary and
secondary enables two turns without raising AC resistance or capacitance [85]. Under a
60 °C maximum rise (ambient = 40 °C), the achievable output voltages are 149 V, 224 V,
298 V, and 373 V for Npgraier Values of 2, 3, 4, and 5, respectively. Thus, obtaining 350 V
output requires five parallel E38/8/25-3F4 cores with two turns each. In Figure 4.13b,
when compared to an air-core transformer of similar design, the air-core unit surpasses
configurations of 2—4 parallel cores in kW power capability and occupies less volume than
the 4-core and 5-core versions.

The E64/10/50-3F4 case (Figure 4.13c) allows two turns in horizontal routing, but
planar transformer techniques enable up to four turns with separate PCBs for each
winding layer, thereby keeping AC resistance and stray capacitance under control [85].
For a 100 °C limit, Table 4.3 lists the output voltages achievable for various Npgraier and N
combinations, showing that most configurations can meet a 350 V target except for
Nearaer = 1, N = 4. Adding a fifth turn with standard routing increases AC losses, while
vertical layouts worsen skin and proximity effects and boost capacitance. As shown in
Figure 4.13d, the air-core transformer again outperforms single-core designs in both
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Figure 4.15 (a) Second air-core coil for CASE 1: asymmetrical CLLC (half-size core from [61]) and
CASE 3: classical LLC/CLLC; (b) first air-core coil for CASE 2: classical LLC; (c) ferrite
transformer, two parallel E38/8/25-3F4 cores for CASE 4: classical LLC; (d) capacitive
coupling with air-core coupled inductor.

CASE 1: Asymmetrical CLLC as in [61]

Initial experiments focused on understanding the impact of the asymmetrical CLLC
configuration. The baseline test used a symmetrical setup, with 4.33 nF series capacitors
placed on both the primary and secondary sides, tuned to resonate at 1 MHz with the
coil inductance. Since GaN transistors suffer significant Coss-related losses at high
frequencies [32], the target was toward ZVS at turn-on, thereby eliminating these losses
by adjusting the secondary-side series capacitor Cs.

In the second test, Cs was reduced to 3 nF (Figure 4.16a), allowing complete charging
and discharging of the devices’ drain—source capacitances, which successfully enabled
ZVS turn-on at 100 V with a turn-off current of 6 A. Under these conditions, the measured
efficiency was 90.3% at 330 W. However, operation at higher voltage and power levels
was still necessary to meet the intended design targets.

The next test pushed the input voltage to 150 V, with Cs further reduced to 2.66 nF.
As depicted in Figure 4.16b, this configuration led to pronounced voltage oscillations
across Cs under high-power operation. At 150 V input and 800 W output, the capacitor
voltage swung between approximately =500 V and +500 V—approaching its 630 V
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rating—creating instability in the converter. Moreover, the drain—source capacitance of
switch S; remained partially charged despite an 8 A turn-off current, preventing full
elimination of Copss losses and resulting in only partial ZVS turn-on. Under these operating
conditions, the peak efficiency achieved was 91.3 %.

CASE 2: First Air-Core Coil in Classical LLC Operation

To evaluate the capability of an air-core transformer under high-frequency, high-power
conditions, tests were performed at 1 MHz, 3—4 kW input power, and a 350 V input
voltage using a classical LLC resonant configuration. The test arrangement, shown in
Figure 4.15b, operated at 4 kW input power, delivering 300 V output from a 350 V input
at 1 MHz switching frequency. As shown in Figure 4.16c, ZVS at 350 V was achieved
through the use of an 8 nF primary-side series capacitor Cp. Approximately 16 A of current
was required to store enough energy in the equivalent series inductance to fully charge
and discharge the drain—source capacitances of the transistors during switching events.

Thermal imaging after one hour of continuous operation (Figure 4.16d) indicated the
air-core coil reached a steady-state temperature of 104 °C while carrying 13.6 A RMS at
1 MHz. Given the coil’s thermal resistance of 1 °C/W per winding and an ambient
temperature of 30 °C, total coil losses were estimated at 148 W, corresponding to an AC
resistance of 0.4 Q per winding. At such high switching frequencies and power levels,
GaN devices face significant thermal dissipation challenges, which necessitate not only
large heatsinks but also the use of high-quality thermal TIM for effective heat transfer.

The thermal profile in Figure 4.16d also includes both the primary-side PCB hosting the
GaN transistors and the secondary-side PCB with SiC diodes. For the GaN switches, a
measured junction-to-heatsink temperature difference of 13 °C, combined with a
thermal resistance of 1.88 °C/W (from Table 4.4), corresponds to a power loss of 6.9 W
per device—totaling 27.7 W for four transistors. On the secondary side, the SiC diodes
exhibited a 10 °C temperature difference with a thermal resistance of 0.81 °C/W, leading
to losses of 12.4 W per diode, or 49.4 W in total. This gives a combined semiconductor
loss of approximately 77 W, with the SiC diodes dissipating nearly double the heat of the
GaN switches.

These findings confirm that the thermal management strategy implemented was
effective for maintaining stable operation, and they also indicate headroom for either
increasing output power or pushing the switching frequency beyond 1 MHz without
surpassing safe operating temperatures.

CASE 3: Second Air-Core Coil in Classical LLC and CLLC Operation

To further improve efficiency and reduce losses in air-core transformer applications, a
smaller coil was tested. The evaluation was carried out at 1 MHz switching frequency,
350 V input, and a 3.5-4.5 kW power range, with both LLC and CLLC configurations
examined for their ZVS performance, as shown in Figure 4.15a.
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Figure 4.16 Key waveforms and thermal images for four cases — (a,b) CASE 1: Asymmetrical setup
with reduced CS; (c,d) CASE 2: First air-core coil at 4 kW and thermal image; (e,f) CASE
3: Second air-core coil in LLC and CLLC modes; (g,h) CASE 4: Ferrite-core transformer
waveforms and thermal image at full load; (g,h) CASE 5: Capacitive coupling isolation
coil at 6 kW and 1.5 MHz switching frequency and thermal image.

In the LLC setup, Figure 4.16e illustrates the primary and secondary currents alongside
the drain—source voltages of switches S; and S,. A 15 nF primary-side series capacitor Cp
was used to achieve resonance and enable ZVS at 350 V. Achieving full charging and
discharging of the transistor drain—source capacitances required approximately 18 A of
current in the equivalent series inductance.

For the symmetrical CLLC configuration, shown in Figure 4.16f, both the primary and
secondary sides used 22 nF series capacitors (Cr and Cs), providing resonance for ZVS at
350 V. In this case, around 22 A was needed to store enough energy in the series
inductance for full ZVS turn-on.

Thermal performance was assessed after one hour of operation at 4.2 kW, 350V input,
and 1 MHz switching. The second air-core coil reached 101 °C while conducting 13.4 A
RMS. Given a thermal resistance of 2.6 °C/W per winding and an ambient temperature
of 30 °C, total coil losses were calculated at 54.6 W, corresponding to an AC resistance of
0.15 Q per winding.

For the GaN transistors, a junction-to-heatsink temperature difference of 16 °C
combined with a thermal resistance of 1.88 °C/W indicated losses of 8.5 W per device,
or 34 W for four transistors. The SiC diodes showed a 12 °C temperature difference and
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0.81 °C/W thermal resistance, equating to 14.8 W per diode, or 59.3 W total for four
devices. Overall semiconductor losses summed to approximately 93.3 W, with diode
losses being nearly double those of the transistors.

CASE 4: Two-Parallel E38/8/25-3F4 Ferrite Cores in Classical LLC Operation

To evaluate ferrite core behavior at high-frequency operation, a test was conducted
using two parallel E38/8/25-3F4 ferrite cores under 1 MHz switching, 350 V input, and
3.5 kW power. The total core volume was 36 cm3, which is smaller than the second
air-core coil (53 cm?). The experimental arrangement and transformer are shown in
Figure 4.15c, while Figure 4.16g displays the primary and secondary winding currents
alongside the drain—source voltages of switches S; and S, during LLC operation.
To achieve ZVS at 350 V, a 1.2 pH external inductor was connected in series, forming a
resonant tank with a 50 nF primary-side capacitor Cp. Achieving full drain—source
capacitance charging and discharging for ZVS turn-on required approximately 16 A flowing
through the equivalent series inductance.

Thermal imaging results, presented in Figure 4.16h, show that the ferrite cores
experienced rapid heating at 350 V, 3.5 kW, and 1 MHz switching. The core temperature
reached 146 °C within seconds of startup, significantly impacting performance and
reducing efficiency to 86.1%. Semiconductor device temperatures remained stable,
indicating that the primary loss source was the ferrite core itself.

This case highlights the challenge of managing excessive core losses in ferrite materials
at MHz-level switching, even when parallel cores are used, and underlines the importance
of material and geometry selection in high-frequency, high-power transformer designs.

CASE 5: Capacitive Coupling Isolation

Figure 4.16i illustrates the key operating waveforms of the converter under an output
power of approximately 6 kW and 1.5 MHz switching frequency, including the
drain-source voltages of switches S; and S, along with the primary and secondary
currents of the coupled inductor. The waveforms clearly indicate ZVS for both turn-on
and turn-off events, with the transistors experiencing only minimal voltage stress during
switching transitions. Operating in ZVS mode allows the switches to transition
at zero voltage, effectively eliminating Coss losses and reducing heat generation.
The observed primary and secondary currents follow the expected resonant patterns,
confirming that the resonant network successfully shapes both current and voltage
profiles for efficient power transfer.

Figure 4.16j presents the measured operating temperatures of the main switch S; and
the air-core coupled inductor, respectively, under an output power of approximately 6 kW
and 1.5 MHz switching frequency. The temperature of S; remains comfortably within safe
limits, indicating that the applied thermal management strategy ensures adequate heat
dissipation. Likewise, the air-core coupled inductor maintains a stable temperature
profile without signs of excessive thermal stress, highlighting the design’s robustness for
high-power operation. These results collectively verify that the thermal characteristics of
both the switching devices and the magnetic components do not impose any negative
impact on the converter’s overall efficiency and stability, even under heavy-load
conditions.

Feasibility and Efficiency Analysis

The findings from CASE 1 indicate that while lowering the secondary series capacitance
Cs can improve performance by enabling ZVS turn-on, it also substantially raises voltage
stress, risking capacitor reliability. In high-power, high-voltage operation at 1 MHz,
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Figure 4.17 (a) Efficiency comparison of four test cases versus input power, (b) measured and
calculated loss breakdown for all cases except CASE 1 at maximum tested power, and
(c) performance comparison between air-core and ferrite-core transformers.

With the capacitive isolation, at an output power of 5 kW, the converter reaches an
efficiency of 95%, and at 5.46 kW, it maintains a high efficiency of 94.55%. These results
demonstrate the converter’s ability to keep losses minimal across its entire operating
range. This performance is primarily attributed to the ZVS switching operation and the
integration of low-loss devices such as GaN transistors and SiC diodes. The minimal
variation in efficiency between different load levels further confirms the robustness of
the design in sustaining high performance.

Figure 4.15d compares the coupled inductor sizes used in magnetic coupling versus
capacitive coupling-based converters. Under equivalent testing conditions, the inductive
element in the capacitive coupling design is notably smaller, contributing to higher power
density and lower overall system cost, while still meeting the same operational
requirements. However, capacitors do not provide inherent galvanic isolation, and most
safety standards mandate galvanic isolation to protect against electric shock. This
requirement is more reliably met using magnetic isolation methods, such as transformers.

4.3 Summary

This section presents a comprehensive investigation into GaN-based DC-DC converter
optimization, covering both wide-input non-isolated architectures and high-frequency
isolated resonant designs, with an emphasis on achieving maximum efficiency, high
power density, and effective thermal management.

For the non-isolated GaN-based DC-DC converter, a 9 kW GaN prototype reached 99%
peak efficiency and power densities of 17.7 kW/L (50 kW/L excluding the heatsink) and
6 kW/kg by implementing four key strategies:
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1. Utilizing GaN transistors with air-core inductors to eliminate switching frequency
constraints and avoid magnetic core saturation.

2. Applying variable switching frequency control to generate negative inductor valley
current, enabling full ZVS.

3. Using a suitable TIM to efficiently transfer heat from the GaN transistor junction,
especially given the small cooling pad area, ensuring effective thermal management
without relying solely on oversized heatsinks.

4. Removing core losses entirely through the use of air-core designs instead of ferrite
inductors.

5. Employing a systematic design optimization framework for practical replication.

For the isolated DC-DC converter, experimental evaluation of LLC, CLLC, Cl, and
asymmetrical CLLC topologies operating above 1 MHz confirmed that ZVS can be
sustained at very high frequencies with proper control, though magnetic design remains
the dominant loss contributor. Air-core transformers outperformed ferrite designs,
achieving up to 96.2% efficiency at 4.2 kW without core loss constraints.
In contrast, ferrite cores required flux derating or parallel core arrangements to control
heating—both of which increased size and reduced compactness.

A Cl-based resonant converter operating at 1.5 MHz and 6 kW demonstrated high
efficiency, stable thermal performance, and reduced size by minimizing magnetic
volume. Capacitors inherently lack galvanic isolation, and since most safety regulations
require it to protect against electric shock, magnetic isolation—typically achieved
through transformers—remains the more dependable solution.

Additionally, when designing GaN-based converters, TIM selection is critical.
The relatively small top-side thermal pad area of GaN devices can limit heat removal,
meaning even high-performance heatsinks or active cooling solutions may underperform
if the TIM is poorly chosen. Ensuring optimal thermal transfer between device and
heatsink is therefore essential for sustaining high efficiency and reliability.

In summary, combining GaN transistors with air-core magnetics and optimized control
strategies enables exceptional performance in both isolated and non-isolated systems.
For MHz-range isolated designs, air-core transformers deliver the best efficiency—size
trade-off, while capacitive coupling offers superior compactness and cost advantages in
applications where safety-compliant galvanic isolation is not required.
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The converter can be modeled as a three-port system: two series-connected input
ports, each tied to a different half of the soft DC-link, and a single output port. Operating
close to its resonant frequency (hundreds of kHz up to several MHz) allows all GaN
switches to achieve ZVS turn-on, effectively removing Coss and turn-on losses while
minimizing turn-off losses. The switching frequency fsw,ococ is defined as NgXfsampiing,
where Ng determines both the number of high-frequency cycles executed per sampling
interval and the achievable control resolution. Higher Ng values yield finer control of
inductor currents iL; and iL,, as well as the input grid current.

Both input sections contribute to a three-level primary voltage waveform Vp,; (Figure
5.1a). Within each sampling period, four switching states are available: Full-state (Figure
5.1b): draws power from both DC-link sections, controlling both inductors;
Up-state (Figure 5.1c): draws from the upper DC-link, mainly controlling i;;; Down-state
(Figure 5.1d): draws from the lower DC-link, mainly controlling i;>; and Zero-state (Figure
5.1e): no power transfer, freewheeling mode. The number of each state’s cycles—
denoted neu, Nup, Npown, and Nze,—determines how energy is shared between inductors
and must satisfy:

N Ful/ + n + nDawn + nZero . (5'2)

This control method allows precise shaping of inductor currents while maintaining high
efficiency and compact magnetics, supporting a lightweight and space-efficient EV
charger architecture.

5.1.2 Modulation Scheme of the Cycle Skipping Control
The three-level converter legs can connect the bridge input to the positive (p), midpoint (M),
or negative (n) terminals of the DC-link. Unequal DC-link voltages expand the available
unique states to seven, as summarized in Table 5.1. Among these, the zero-voltage state
can be achieved through three redundant switching combinations.

The cycle counts ngu, Nup, Npown, and Nzer, are adjusted to keep the grid currents
sinusoidal for PFC, while the absolute sum of these cycles sets the delivered power.

65



The average inductor currents /;; and I, over a sampling period are related to the
full/up/down states by:

/“ — (ﬂ+ni)£_' /Lz — (nFu[l + nDaWn )i VB&II
N, N, 7 w,M, N, N, 7 w,M;

where wp is the angular resonant frequency and My is the transformer’s mutual

inductance.

As shown in Figure 4, the controller distributes cycles according to the relationship
between /;; and /5. If I;; exceeds I;,, shared full cycles ng,follow /> and the surplus of IL1
is managed with ny,, while npown is unused. Conversely, when I, is higher, ne. follows /L,
and the excess is assigned to Npown, leaving ny, at zero. In the balanced case (/i1 = 112), all
current is handled by ngy, with no need for ny, or npows.The DC-DC stage runs at a fixed
frequency near to the primary tank resonance, as in conventional CLLC converters.
To maintain ZVS at every transition, the resonant capacitors are intentionally made
asymmetrical—specifically, which is discussed in [61], the secondary-side capacitor is
reduced—introducing a slight inductive load characteristic that keeps current flowing at
turn-on. Table 5.1 The asymmetrical capacitor arrangement ensures that primary current
is sufficient to discharge Coss before turn-on, improving efficiency.

Batt .

) (5-3)

Table 5.1 Switching states of the 3-level leg and their corresponding primary-side voltages [PAPER-

vii].
Cycle . . . . Primary Side .
Name Positive Leg of Primary |Negative Leg of Primary Voltage Vo Voltage Range (V) |Related Figure
Full- Gi: ON, Ga: OFF Ga: ON, G3: OFF Von=VentVa 480... 560 i 5 1b
igure 5.
Cycle Gi: OFF, G2: ON Ga: OFF, G3:0ON Viop= -(Ven+Ver) -560...-480 g
Up- Gi: ON, Gs: OFF Gs: ON, G3: OFF Vpm=Ver 0...480 Figure 5.1c
Cycle | Gu: OFF, Gs: ON Ge: OFF, G:ON Visp= Ve -480...0 gure >
Down- Gs: ON, G2: OFF Ga: ON, Ge: OFF Vin=Vc 0... 480 Figure 5.1d
Cycle Gs: OFF, G2: ON Ga: OFF, Gs:ON Viom= -Va -480... 0 g )
Zero- |Gi: ON, Ga: OFF, Gs: OFF | Gs: ON, Ga: OFF, Gs: OFF
State |Ga: ON, Gi: OFF, Gs: OFF | Ga: ON, Gs: OFF, Gs: OFF 0 0 Figure 5.1e
Cycle |Gs: ON, Gi: OFF, Go: OFF | Ge: ON, Gs: OFF, G3: OFF
173\/#\ | Vpn:VCH+VCL | |
1.5V [~ > Ve > ‘ < Va
| . | | -
In 4 ‘ Ly, —
0.5/ : ] : : -
Zone?2 ' Zonel ' Zone2 | Zonel | Zone’2
o>l | Ia>ly 0 >l >l >
Praplie 0 el 0 PRl PRl ) PR

Npown: I2=li1 '+ Nup: li1-li2  Npown: lia-li1t Nup: lia-lia '+ Npown: 112711
nUp:O Npown= Nyp=! Npown= Nyp=
Zone 1: nZero:N'(nFuII+ nUp)l Zone 2: nZEro:N'(nFuII+ nDuwn)

Figure 5.2 Dynamic cycle allocation method that adjusts for inductor current imbalance to
achieve optimal power sharing and precise current shaping [PAPER-VII].
5.1.3 FCB-MPC-Based Cycle Skipping Control System

Figure 5.3 illustrates the complete control architecture of the proposed system.
The front-end, consisting of the three-phase unfolding stage, operates at twice the mains
frequency (as shown earlier in Figure 3.2) and is directly coupled to the high-frequency
3LA-CLLC-FB-IPT DC-DC stage. This DC-DC stage is tasked with regulating power transfer
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A brute-force search evaluates all permissible integer combinations of ngu, nyp, and
Npown Under the constraint N 2 7, . + 1o, 1, T Rop_pown - ThE cOMbination yielding the

smallest overall tracking error is selected for implementation.
Once determined, these cycle counts directly set the gating patterns of the
3LA-CLLC-FB-IPT converter. Any remaining cycles are unused switching cycles

N opi-zero = Ny - Ropi—rut T Pope—vp T Mopt—pown *

The simulation waveforms and analysis of the proposed FCB-MPC control method are
provided in [PAPER-VII]. Furthermore, in [61], the cycle-skipping approach for voltage
and current regulation was experimentally verified in a high-frequency CLLC-FB-IPT
DC-DC stage operating at a 500 kHz switching frequency and 5 kW nominal power, where
cycle skipping of up to 90% was demonstrated and validated.

| Control
Board
L] AN

Figure 5.4 Laboratory prototype of the proposed Unfolding-Based PFC [PAPER-VI].

5.2 Experimental Results the Proposed Three-Phase Unfolding-Based
PFC Connecting to Grid

To verify the performance of the proposed two inductor three-phase unfolding-based
PFC topology, the theoretical analysis presented in section 3 and [PAPER-VI] was
complemented with experimental validation using a laboratory-built prototype.
A photograph of the constructed prototype is shown in Figure 5.4.

The grid connected experimental tests were conducted at an output power level of
3.6 kW, with the three-phase grid voltages set to 50% of their nominal values. In this setup,
two independent conventional high-frequency buck-boost converters were connected to
the DC-link capacitors Cy and C;, each supplying a separate load. These converters acted
in place of the high-frequency DC-DC converters illustrated in Figure 3.1, serving as the
interface between the loads and the proposed PFC stage.

In the implemented system, the reference currents i;; and i, for the filter inductors L;
and L, were regulated independently by adjusting the duty cycles of the buck-boost
converters. This allowed precise control of the inductor currents, thereby enabling the
desired PFC functionality.
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Figure 5.5 Laboratory Experimental waveforms of the proposed three-phase unfolder: (a) DC-link
capacitor voltages (Vcn, Vo) and inductor currents (I1, I12); (b) grid phase-to-phase
voltage (V) and grid phase currents (iy, ig, ic) [PAPER-VI].

The measured experimental waveforms are presented in Figure 5.5. As shown in Figure
5.53, the currents through inductors L; and L, are effectively regulated, with peak values
reaching 15 A, confirming the accuracy and stability of the control strategy presented in
[PAPER-VI]. The figure also includes the voltage profiles of the DC-link capacitors, further
validating the correct operation of the proposed structure. Figure 5.5b shows the grid
currents and voltage V,, confirming that power factor correction is achieved by
regulating inductor currents L; and L, using only two current sensors.

5.3 Experimental Results of the Proposed UOBC

A laboratory prototype of the proposed 11 kW system (Figure 5.6) was constructed to
validate performance. The rectifier stage operates at 100 kHz, while the isolated DC-DC
stage runs at 1 MHz, supporting battery voltages up to 800 V. Key electrical and
mechanical parameters for all active and passive elements are summarized in Table 5.2,
with control implemented on a TMS320F28379DPTPT digital controller.

Figure 5.6 Photographs of the laboratory prototype and experimental test setup of the UOBC.

With passive cooling, the charger achieves a power density of 4.3 kW/L (6.7 kW/L
excluding the heatsink), based on a 2.57 L total volume including magnetics, capacitors,
and thermal hardware. The DC-DC stage employs air-core transformers to avoid core
losses at high frequency and high power. Most components are PCB top-mounted,
except for GaN devices (optimized for top-side heat extraction), SiC MOSFETs, and
certain decoupling capacitors, which are mounted on the underside. All semiconductors
share a single 2.5 cm-thick heatsink beneath the PCB, spanning most of the board for
uniform heat removal.
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At 4.3 kW per module, the converter’s efficiency was 96.7%. Deducting the 45 W coil
losses from the measured 142 W total system loss leaves 97 W attributable to switching
and conduction—closely matching the 93.6 W estimated from thermal analysis,
confirming strong agreement between electrical and thermal performance data.

TekStop. [ I T Tek Stop. I 1

T

Vo (150 V//dlis) %

(400 nsec/div [0 (20 A/diY) Iiv: pepe (10 A/div)
lout pcoc (10 A/div)
L

Time: (2 usec/div)

(a)

o
DC-DC GaN
Transistor 63.3° C
Heatsink 41° C
(c)

Figure 5.7  Experimental waveforms and thermal images of the DC-DC stage at 8.6 kW discharge,
720 V battery voltage, and 1 MHz switching: (a) primary/secondary currents (Ip,, Isec) with
drain-source voltages of Gy and Gio; (b) drain-source voltages of Go and Gio with module
input/output currents; (c) thermal image of GaN transistors; (d) thermal image of the air-
core transformer.

Figure 5.8 presents a set of significant experimental findings that demonstrate the
performance of the proposed system when functioning in inverter mode during battery
discharge operation. In Figure 5.8a, the test case corresponds to three-phase inverter
operation where the system delivers 8 kW of output power from a 730 V battery pack to
the three-phase AC output. The measured waveforms include the voltages of all three
phases (Va, V5, and V() as well as the current flowing through phase A. Under these
conditions, each phase voltage reached a peak value of approximately 325 V, while the
peak phase current was measured at around 16 A. These measurements confirm the
system’s ability to generate balanced three-phase output voltages and currents under
high-power operation, maintaining waveform integrity while operating from a high-
voltage DC source.

In Figure 5.8b, the system is operated in single-phase inverter mode with a load power
of 3 kW, still using a 730 V battery as the DC source. The recorded traces capture the
voltage across phase A (V4), the corresponding current (ia), the voltage measured across
the power decoupling capacitor (Vcp), and the current through the decoupling inductor
(L¢). In this configuration, the phase A voltage reaches a peak of about 315 V, while the
current peaks at roughly 19 A. The decoupling capacitor voltage exhibits a clear 100 Hz
ripple, corresponding to twice the mains frequency, with a peak-to-peak swing of
approximately 230 V centered around a mean value of 215 V. Simultaneously, the current
through the decoupling inductor peaks at around 14 A. These results align with the
theoretical prediction of equation (3-13) and demonstrate that the active power
decoupling stage effectively compensates for the double-frequency power oscillations in
both single-phase charging G2V and discharging V2G modes.

Following a 30-minute operation in three-phase inverter mode at 8 kW output power,
a series of thermal measurements was carried out to assess the temperature rise of the
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key components, namely the filter inductors, GaN transistors, and SiC MOSFETs in the
PFC section. In Figure 5.8c, the thermal image of inductor L, is shown. Each input inductor
was measured to have a winding resistance of 20 mQ, and with an RMS current of 11.3 A,
the conduction loss per inductor was calculated to be approximately 2.6 W. Therefore,
the combined conduction loss for all three inductors is about 7.8 W. The inductor core
temperature was recorded at 32.2 °C. Considering an ambient temperature of 30 °C and
a thermal resistance of 4 °C/W for the ETD59/31/22 core, the core losses for each
inductor were estimated at 0.6 W, resulting in a total of 1.8 W for all phases. This brings
the total losses associated with the inductors (conduction plus core) to roughly 9.6 W.

ToRun- £ g i g Tekerevu

//‘“\\\{AN(ZSO V/di\‘/i/'“\\

Ve (250 V/div) »
i /,»f‘ "'*\\ / M‘”“\{Q\ (20 A/div)
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Time: (4 msec/div)

(b)

Inductor:

Windi
3 éng ing Transistors
Core 32.2°C 35.8°C

SiC MOSFETs 53.3°

(d)

Figure 5.8 Experimental waveforms and thermal images of the DC-AC stage in battery discharge
mode for three-phase and single-phase operation: (a) three-phase voltages (Van, Van, Ven)
with phase current iy at 8 kW, 720 V: (b) single-phase operation showing V,, ia, decoupling
inductor current iic, and capacitor voltage Vcp at 3.2 kW, 720 V; (c) thermal image of filter
inductor L at 8 kW three-phase; (d) thermal image of SiC MOSFETs S,, S, at 8 kW three-
phase; (e) thermal image of GaN switches Sy, at 8 kW three-phase.

Thermal pictures for the semiconductor devices are illustrated in Figure 5.8d and
Figure 5.8e. The SiC MOSFETs S3 and S, exhibited a maximum recorded temperature of
53.3 °C, while the GaN transistors S1; reached 55.8 °C, with the shared heatsink maintained
at 39 °C. From these readings, the estimated conduction and switching losses for each
SiC MOSFET were about 12.1 W, whereas each individual GaN transistor dissipated
around 8.9 W. It should be noted that the S, switch is implemented as a four-quadrant
configuration composed of two GaN devices; therefore, the total power loss per Si;
switch is approximately 17.8 W. The SSCB MOSFETs, on the other hand, displayed only a
minor temperature increase during operation. By analytical estimation, considering their
7 mQ on-resistance and an RMS current of 11.3 A, the conduction loss for each SSCB
device was calculated to be roughly 1.8 W, resulting in a combined loss of 3.6 W across
all three phases. When summing the losses from inductors, semiconductors, and SSCBs,
the inverter stage was determined to dissipate approximately 139.2 W at the 8 kW
operating point. This yields a calculated efficiency of 98.3%, which is in very close
agreement with the 98.2% efficiency measured directly using a power analyzer.
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(b)

(a) Voltage source modular interleaved dc dc converter sche-
matic. (b) Two-phase voltage source interleaved dc dc converter
schematic.

optimizes switching losses, inductor performance, and switching
frequency, ensuring optimal ef ciency.

Thermal management plays a crucial role in the performance
of GaN-based converters, and this article provides an in-depth
analysis of thermal strategies, including a tailored top-side cool-
ing design, selection of heatsinks, and thermal interface materi-
als (TIMs). The experimental ndings demonstrate that the
proposed design reaches an outstanding 99% ef ciency, with
power densities surpassing 17.5 kW/L and 6 kW/kg under high
power conditions of 9 kW using natural convection heatsink.
In contrast, previous studies [29], [30], [31], [32] reported
power densities of 6.6 8.7 kW/L and maximum ef ciencies of
96% 98.5% for output powers ranging from 1 kW to 3.5 kW.
These ndings highlight the substantial improvements in power
density, ef ciency, and thermal management for GaN-based
dc dc converters in high-power applications. Overall, this arti-
cle offers valuable insights and practical guidelines for advanc-
ing power electronics in DCMG systems, renewable energy
integration, and other high-power applications, providing a path-
way to more ef cient, compact, and reliable energy solutions.

Il.  OPERATION PRINCIPLE

The interleaved approach under examination, depicted in
Fig. 1(a), derives from the established concept of modular
interleaved 4-switch noninverting buck-boost converters inter-
connected at a shared ground point. In this con guration, each
module represents a nonisolated buck-boost dc dc converter
cells connected to the negative dc terminal (ground). The opti-
mal number of module cells Npoquie depends on factors such
as the converter s cost, the power board s area, the overall
energy stored in the inductances, and ef ciency. The ndings
reveal a linear increase in both cost and power board area with
the addition of an extra buck-boost cell. Simultaneously, the
energy stored in the inductances exhibits a linear decrease,
allowing for a reduction in inductance size with a higher num-
ber of cells. The following study in the article (Section )

identi es two module cells Nyoquie @S the optimal number for
this investigation which is done based on [33]. Fig. 1(b) depicts
the interleaved converter with two identical dc dc converter
cells explored in this article. The PMC introduces several key
advantages:

1) Buck-boost capability: Leveraging the inherent buck-
boost characteristics of each phase-module, the inter-
leaving allows for the regulation of the output voltage to
the dc-link, which can be either higher or lower than the
dc input voltage.

High operational ef ciency: In the interleaved con gura-
tion, the input current divides among cells, leading to the
distribution of total losses by the number of phases.
Additionally, typically, only one out of the two half-
bridges of each phase is actively switched at any given
time. This approach effectively minimizes switching
losses, resulting in a substantial improvement in the
overall ef ciency of the converter.

3) Low input current ripple: In the interleaved approach,
the implementation of a phase shift operation between
cells ensures minimal input current ripple and output
voltage ripple. This, in turn, leads to the compensation
of both output voltage and input current ripples, facili-
tated by the phase shift operation. This exibility in
managing both inductor current ripple and phase output
voltage ripple reduces the necessity for high-value pas-
sive components in the converter design.

Streamlined control strategy: Each individual module
within operates independently of the other module, adopt-
ing a straightforward control con guration reminiscent
of traditional dc dc converters. This simplicity not only
improves overall system manageability but also enhan-
ces control ef ciency.

Each individual module comprises two half-bridges: the buck
half-bridge and the boost half-bridge. These are connected to
opposite terminals of an inductor L. During the operational
phase in which the converter s input voltage exceeds the output
voltage (Vin > Vour), the converter operates in the buck mode, as
illustrated in Fig. 2(a). In this con guration, only the buck half-
bridge is activated. Conversely, when the converter s input volt-
age is lower than the output voltage (Vin < Vou), the converter
shifts into boost mode, depicted in Fig. 2(b), where only the
boost half-bridge is activated.

It is crucial to acknowledge that the operating point of each
cell experiences a 180-degree phase shift in comparison to the
other phase. This consideration is vital for a comprehensive under-
standing of the converter s behavior, especially with regard to the
relative phase shifts between the two buck-boost converters.

2

~

4

=

Employing a variable switching frequency scheme is essential
to uphold zero voltage switching (ZVS) turn-on across the entire
operational range of the converter. Maintaining ZVS turn-on and
emphasizing the necessity to steer clear of hard-switching are crit-
ical for the converter s functionality for high switching condi-
tions. This approach leads to a substantial reduction in switching
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