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Preface

In virtually every application of electricity in this millennium, there is a DC-DC converter in the path of
electrons. In many applications, the demands for extremely high power density, light weight, thin form
factors, low cost, and high reliability have caused the bounds of power transistors to be pushed beyond the
capability of the aging silicon power MOSFET.

This eBook discusses multilevel converters, a topology that enables higher power density by multiplying
the frequency seen by the inductors compared with the GaN transistors. This multiplication factor shrinks
the size of the inductors while keeping transistor switching losses low. An additional benefit of multilevel
converters is their ability to use lower voltage FETSs, which have proportionately superior figures of merit. Two
multilevel design examples will be discussed in this eBook: 1) 250 W, 60 Vin—20 Voup 97.8% efficient that
optimizes form factor and 2) 4-Level, flying capacitor, multilevel, GaN Totem-Pole PFC at 400 V-48 V, 99%
efficient at 3 kW that minimizes conduction loss of the diode bridge.

Three additional eBooks regarding different topologies for DC-DC Converter solutions using EPC GaN-
based solutions address:

1. GaN for DC-DC Conversion — Buck Converters: Buck converters exploring the bounds of efficiency
and size using state-of-the-art GaN transistors. Digital control is also compared with analog control
showing the pros and cons of each technology.
2. GaN for DC-DC Conversion — Bi-Directional Converters: Bi-directional converters using both
discrete GaN transistors and monolithic GaN power stage integrated circuits, which are being designed
into computers and mild-hybrid vehicles to power 48 V power distribution buses, as well as legacy 12 V
components.
3. GaNfor DC-DC Conversion — LLC Converters: LLC converters thatare quicklybecoming the preferred
topology for high density applications from 60—-30 V,,, where power levels exceed about 300 W.
In every case, the state-of-the-art performance in terms of efficiency or power density is achieved using
GaN devices.

A comprehensive analysis of GaN-based solutions, reliability, and applications are available in EPC’s latest
text book, GaN Power Devices and Applications, released in October, 2021. The book is available for
purchase on EPC’s web site.

1.0 Example 1: Bi-Directional Buck Converter - 250 W, 60V~ 20V ,,
97.8% Efficient

In this example, thickness is the key design parameter considered reviewing a multilevel converter with
digital control achieving an impressive peak efficiency of 97.8% and measuring only 3.5 mm maximum
component thickness!

1.1 Design of a GaN FET-based, Three-Level Converter

The simplified schematic of a GaN FET-based three-level flying capacitor buck converter with cascading
synchronous bootstrap gate driver power supply is shown in Figure 1.1. The circuit has three operating
modes at a duty cycle lower than 0.5:

1) Input voltage charges up the flying capacitor and load inductor through Q, and Q;
2) Flying capacitor discharges while the load inductor charges through Q, and Q,; and,

3) Inductor current discharges through Q, and Q, (either via the equivalent body diode of one and the
channel of the other during dead time, or via the channel of both FETs).
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The steady-state operation follows the cycle of 1+3-52-3. The effective frequency seen at the output in-
ductor is thus double the switching frequency for the FETSs. In combination with the reduced volt-seconds
and high inductor frequency, allows the a significantly lower inductance value than required in a conven-
tional synchronous buck converter.
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Figure 1.1 Simplified schematic of the GaN transistor-based three-level converter

The switching frequency of the converter is optimized at 400 kHz so that the effective frequency seen
at the inductor is 800 kHz, high enough to allow the use of a 3.5 mm thick, 2.4 pH inductor, while main-
taining low switching loss, and thus high overall efficiency and good thermal performance. The cascaded
synchronous bootstrap circuit that ensures adequate gate voltage (> 4.5 V) for the upper FETs is adopted.

Three control loops are implemented using a digital controller to regulate the output voltage, output
current, and flying capacitor voltage, respectively. Flying capacitor voltage should be kept at half of the
input voltage at all times to avoid over stressing any of the FETs and ensure correct circuit operation.

1.2 High Performance GaN FETs for the Three-Level Buck Converter

In Figure 1.1, Q; blocks the 60 V input voltage before the flying capacitor voltage is established. As Q,-Q,
only need to block half of the input voltage at any given operating mode, they only need to be rated for 24 V.
Therefore, the 100 V rated EPC2053 with RDS(On) of 3.8 mQ, and the 40 V rated EPC2055 with RDS(OH) of
3.5 mQ shown in Figure 1.2 are selected for Q, and Q,—Q, respectively. Both GaN FETs are of tiny size, and
can operate at up to 150°C junction temperature.

EPC2053 EPC2055
(3.5x2 mm) (2.5 x 1.5 mm)

Figure 1.2 Photo of the bump side of EPC2053 (left) and EPC2055 (right)



1.3 Results

The three-level buck converter in Figure 1.3, EPC9148 [2], was built to verify the design. The overall
thickness of the circuit, including the circuit board, is only 5 mm. The circuit was tested with no forced
air up to 12.5 A output current with a temperature rise of 47°C. The switch-node voltage V., waveform
at 8 A output current is shown in Figure 1.4. The capacitor voltage is well-balanced during charge and

discharge phases.
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Figure 1.3 Photo of the 60 V to 20 V three-level buck converter (EPC9148)
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Figure 1.4 Switch-node voltage V,,, waveform at 8 A output current

The overall power efficiency of the three-level converter operating at 20 V output and with 800 LEM forced
air is shown in Figure 1.5, with a peak efficiency of 97.8%. It maintains efficiency above 97% above 4 A load
current. The overall power efficiency at 12 V output and with 800 LEM forced air is shown in Figure 1.6 with
a peak efficiency of 97%. This is all achieved within the 5 mm height limit including PCB.
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Figure 1.5 Total system efficiency including the housekeeping power consumption at 20 V output
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Figure 1.6 Total system efficiency including the housekeeping power consumption at 12 V output

The thermal image of the converter operating at 48 V to 20 V, 12.5 A output current with 800 LFM forced
air cooling is shown in Figure 1.7. The FETs are capable of carrying much more current with forced air.

al: 33.9°C Q% J14°C
Qe 38.9°C Qo 9.8°C

Figure 1.7 Thermal image of the three-level buck converter at 12.5 A output current and thermal steady state with
800 LFM forced air



1.4 Summary for the Multilevel Converter with Digital Control
The GaN-FET-based multilevel buck topology can be used for designing an ultra-thin and highly efficient
DC-DC converter. A 60 V to 20 V, 250 W three-level buck converter built using GaN transistors achieved a

peak efficiency of 98% and a maximum component thickness of only 3.5 mm.
The GaN transistors not only reduce the area occupied with their tiny footprints but improve the overall

power efficiency with their fast-switching capability.
Finally, Figure 1.8 shows the power density improvement and size reduction that multilevel converters

produce, when compared to a standard two-level buck converter, operating from the same input and out-
put specifications.
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Figure 1.8 Size comparison between a two-level buck converter EPC9153 and three-level multiphase buck converter,
EPC9148, that have the same input and output voltage and power specifications.

In the next section, a multilevel topology is used in a 400 Vin 48 Vo 3 kW converter for power factor

correction (PFC).



2.0 Example 2: 4-Level, Flying Capacitor, Multilevel, GaN Totem-Pole PFC:
400 V-48V, 99% Efficient at 3 kW

2.1 Introduction

As data center energy demands grow, the efficiency and the power density of the AC/DC switching power
supplies are becoming more important [3]. In the typical two-stage power supply solution, there is a power
factor correction (PFC) rectifier that creates a 400 V DC bus, and an isolated DC-DC stage to convert the
400 V DC to 48 V. Bridgeless PFC topologies are getting more interest due to their reduction of the diode-
bridge conduction loss [1] with an example shown in Figure 2.1.
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Figure 2.1 Topology of 2-level, GaN totem-pole PFC

2.2 GaN-Based Totem-Pole Bridgeless PFC

The dual-boost bridgeless PFC removes two line-frequency diodes, but it still has two low frequency
diodes in the circuit. The two boost converters work alternatively, making the utilization of the
inductors and the devices in the dual-boost PFC low [4, 5]. A GaN-based totem-pole bridgeless PFC has
been considered as a solution recently, since the 650 V GaN FETs have no reverse recovery [6-8]. In this
implementation, the GaN totem-pole PFC has two high frequency 650 V GaN FETs, two line-frequency
650 V Si MOSFETs and one inductor, as shown in Figure 2.1. This topology eliminates the diode-
bridge conduction loss and highly utilizes the devices and the inductor. This GaN totem-pole PFC
has been demonstrated with 99% efficiency for kW-level applications with hard-switching continuous
conduction mode (CCM) operations.

The switching frequency of the CCM, FCML GaN totem-pole PFC is normally under 100 kHz to
reduce the switching loss. Compared with the traditional hard-switching boost PFC, the main inductor
size of the GaN totem-pole PFC is not reduced, due to their similar frequency range. The soft-switching,
triangular-current mode, 2-level, GaN totem-pole PFC [9, 10] reduces the inductor size, due to the
much higher switching frequency which is from several hundred kHz to several MHz. An efficiency of
99% can be achieved due to ZVS operation.
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Figure 2.2 Topology of 4-level, FCML, GaN totem-pole PFC

Compared with the hard-switching CCM totem-pole PFC, the complexity of the sensing and control for
the TCM totem-pole PFC is much higher due to the requirements of the high-speed current sensing and
the variable frequency operation. The challenge is to achieve a reliable cycle-by-cycle ZVS at the higher
frequencies.

2.3 Flying Capacitor Multilevel (FCML) Converters

The flying capacitor multilevel (FCML) converters can achieve much higher current ripple frequency with
reduced switching voltage and switching loss. The current ripple frequency of an N-level FCML converter is
(N-1) times of the switching frequency. This feature leads to a reduced inductor size.

FCML converters are traditionally used for medium voltage power electronics [8-10]. Recently, they have
also been demonstrated with high efficiency and high density for low voltage grid connected applications
[11]. A 1.5 KW bridgeless, 7-level FCML boost PFC is reported in [12]. With twelve 100 V GaN devices
switching at 150 kHz, the peak efficiency is 99.07%. However, in this topology there are four line-fre-
quency Si MOSFETs while the totem-pole PFC has only two of them. Additionally, the loss is not evenly
distributed between the high-side devices and low-side devices since the boost PFC is not a symmetrical
topology.

2.4 FCML Totem-Pole Bridgeless PFC Topology

The FCML totem-pole bridgeless PFC topology combines the FCML boost converter and the totem-pole
PFC. It addresses the above issues of the FCML Boost bridgeless PFC. A 200 W, 4-level, FCML, totem-
pole PFC rectifier with 200 V Si MOSFETs is reported in [13] and a simplified circuit diagram is shown in
Figure 2.2. However, due to the high switching loss and reverse recovery loss of 200 V Si MOSFETs, the
efficiency is only around 98% at 150 kHz switching frequency.

A 3 kW, 3-level, FCML, totem-pole PFC with two 150 V Si MOSFETs in series is implemented with 99%
efficiency in [11] since the performance of 150 V Si MOSFETs is significantly improved compared with 200
V Si MOSFETs. However, due to its low switching frequency of 70 kHz and the 3-level operation, the main
inductor size is still large [14], and not significantly improved compared with the 2-level, GaN totem-pole PFC.
The voltage balance between the two series connected MOSFETSs can be a major reliability issue.



To reduce the main inductor size while achieving 99% efficiency, a 3 kW, CCM, 4-level, FCML, GaN
totem-pole PFC rectifier is discussed in this section. The 4-level operation reduces the device voltage
stress to only one third of the DC bus voltage, and the inductor current ripple frequency is three times the
transistor switching frequency.

In the system design, 200 V GaN devices are used, and the switching frequency is designed to 120 kHz
while the current ripple frequency is 360 kHz. Compared with the conventional low-frequency CCM
2-level, GaN totem-pole PFC, this 4-level, FCML, GaN totem-pole PFC has much higher inductor current
ripple frequency. Thus, the inductor size is significantly reduced and the switching loss is very low due
to the much reduced switching voltage. Compared with the Si-based FCML totem-pole PFC, this 4-level,
GaN totem-pole PFC can switch at much higher switching frequency due to the much lower switching
loss and zero reverse recovery loss. Thus, the density of the 4-level, FCML, GaN totem-pole PFC is also
higher than the density of the FCML Si totem-pole PFC.

2.5 Advantage of a 4-Level GaN PFC Over a 2-Level GaN PFC

The inductance required for the 4-level, FCML, GaN PFC is much lower than that for the low frequency
CCM, 2-level PFC. However, a high-current, high frequency and high-density inductor design for this 4-lev-
el GaN PFC is a still a challenge since the conventional PFC inductors based on toroid powder cores and
the ferrite cores are not suitable in this 4-level PFC. To design a high-density and low loss inductor for this
4-level, GaN totem-pole PFC, a low-profile matrix inductor design method is used using the commercial
inductors based on powdered iron cores. Based on this design and analysis, a high-density 3 kW, 4-level,
FCML, GaN totem-pole PFC prototype with 120 kHz switching frequency (360 kHz current ripple frequen-
cy) is developed and tested. The operations and performance are verified by the experimental results and the
prototype achieves 99.25% peak efficiency, 99.1% full load efficiency, and 104 W/in3 power density without
heat sink and with forced air cooling. The 4-level, FCML, GaN totem-pole PFC stand-alone power stage card
achieves the density of 1150 W/in3 without heat sink and with forced air cooling.

2.6 Efficiency Compared With 2-Level GaN Totem-Pole PFC

To evaluate the efficiency advantage of the 4-level totem-pole PFC, a detailed device loss comparison be-
tween the 2-level, GaN totem-pole PFC and the 4-level, GaN totem-pole PFC with the same ripple frequency
is discussed in this section. In this comparison, the grid voltage is 240 V/ /60 Hz, the DC bus voltage is 400
V and the full power is 3 kW. The 4-level totem-pole PFC works at 120 kHz switching frequency, and the
ripple frequency is 360 kHz.

To reduce the inductor size of the 2-level totem-pole PFC, the switching frequency of the 2-level PFC is
increased to 360 kHz, and the ripple frequency is increased to 360 kHz as well. Two 650 V GaN devices
for the 2-level PFC (360 kHz) and one 200 V GaN device for the 4-level PFC (120 kHz) are selected in this
comparison.

The key parameters of the devices are listed in Table 2.1. The GaN device loss includes the switching
turn on loss, switching turn off loss, charging and discharging C ¢ loss, and conduction loss. Since the
GaN devices do not have reverse recovery, there is zero reverse recovery loss. The switching turn on/off
losses are the switching transition losses caused by the device current and voltage overlapping.

Table 2.1 Comparison of GaN devices

Part number Voltage rating Ros(on) Qqiotal Coss

GS66516T 650V 24 mQ 14.2nC 335 pF
(GS66508T 650 V 50 mQ 6.1nC 160 pF
EPC2215 200V 8mQ 13.6nC 556 pF




Device loss comparison between 2-level totem-pole PFC and 4-level totem-pole PFC with the same ripple
frequency is given in Figure 2.3.
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Figure 2.3 Device loss comparison between 2-level totem-pole PFC and 4-level totem-pole PFC with the same ripple frequency



The comparison between 2-level totem-pole PFC and 4-level totem-pole PFC with the same ripple frequen-
cy, shown in Figure 2.3 can be summarized as follows.

1) For the conduction loss, the 650 V, 25 mQ GaN device GS66508T has similar conduction loss com-
pared with the 4-level GaN solution, and the 650 V, 50 mQ GaN device GS66516T has higher conduc-
tion loss.

2) The switching loss dominates the total loss. As shown in Figure 2.3, the 650 V, 25 mQ GaN device
GS66508T for the 2-level PFC has much higher switching loss due to the larger gate charge and the
larger output capacitance compared with the 4-level GaN solution. The 650 V, 50 mQ GaN device
GS66516T reduces the switching loss compared with the 25 mQ one, however, it still has much higher
switching loss compared with the 4-level GaN solution.

3) The switching turn-on loss and the charging and discharging C . loss are much higher than the turn-

off loss. The switching turn-on loss can be reduced by further reducing the gate resistance. However,
the charging and discharging C ¢ loss is not dependent on switching speed, and it dominates the
switching loss especially under half and light load conditions. The 4-level GaN solution has only 3.6 W

charging and discharging C,¢ loss which is much less than those of the 2-level GaN solutions.

4) The 4-level GaN solution with EPC2215 achieves more than 55% reduction of the total device loss com-
pared with the 2-level GaN solution with GS66516T, and achieves more than 70% reduction of the total
device loss compared with the 2-level GaN solution with GS66508T. The 4-level GaN solution achieves
very low device loss while keeping the ripple frequency to 360 kHz and reducing the voltage swing on
the inductor.

2.7 Control Strategy and Feed-Forward Modulation for 4-Level Totem-Pole PFC

The control strategy of this 4-level totem-pole PFC is shown in Figure 2.4. This control strategy is based
on the dual-loop control including the outer DC voltage loop and the inner AC current loop. The duty
cycle, d, is for the high-side devices. The duty cycle, d, has a step change during the AC zero crossing as
shown in Figure 2.4. This step change is a challenge for the dynamic response of the AC current control
loop.

To solve this issue, a feed-forward signal, dﬁ, is added to the output of the AC current controller. The
calculation of dff is expressed as dff =Vic!/Vpe if Vic>0, and 1+ Vic!Voe if V,c<0.Since the feed-forward
signal d, is the big signal of the duty cycle, the step change of the duty cycle is generated by this feed-for-
ward signal. The feed-forward signal also compensates the variation of the input and output voltages.

Therefore, the output of the AC current controller, ch’ can be a small number, around zero, and it does
not include the step change signal. With this feed-forward signal, the dynamic response of the AC current
control loop is improved. The PWM signals are generated by the duty cycle, d, and PSPWM. The voltage
balancing is naturally achieved by PSPWM. The gating signals for line frequency switches S, and S, are
determined by the AC voltage polarity detection.

10



’_l ® -O
Sgao—'!
Sgao—‘ S%JM
3 }_‘
_ L Sqg0—~
I C1 Cg
Lo o | Vi
Sip o
Y
i
Vac v Sop o— S%J
S
303y, | -
Sta S2a Sza Sip Sop Sap Sa  Sp
v N T N N N |
) Vac
PLL PSPWM Polarity — j&——
d
Ve
_ Lt ={VAC/VDC Vio> 0«
. LT +Vac/Voe Vo< 0«22
sin(d) ; +
> Iref
I [ 5 Voo
cv <

A

e

VRef

Figure 2.4 Control strategy for 4-level totem-pole PFC

2.8 Hardware Demonstration and Experimental Verification of a 4-Level, FCML, GaN
FET Totem-Pole PFC

In this section, a 3 kW, 4-level, FCML, GaN totem-pole PFC is designed and tested. For the evaluation unit,
the operation conditions are as follows: the grid voltage is 240 V, /60 Hz, the DC bus voltage is 400 V, and
the switching frequency is 120 kHz.

The list of the key components is shown in Table 2.2. The 3 kW, 4-level, FCML, GaN totem-pole PFC
power stage card is shown in Figure 2.5 and Figure 2.6. The size of the PFC card is 7.8 x 4.2 x 1.1 cm.
The power density of this power stage card is 1150 W/in3 without heat sink and with forced air cooling.
This GaN PFC card is a power stage module. Figure 2.5 shows the top-side view of the GaN PFC card.
The GaN and Si switches, the drivers, the driver power supplies, and the high frequency decoupling
capacitors are highlighted.

Table 2.2 Components for the 2.5 kW, FCML, 4-level, GaN totem-pole PFC

Component Part number Parameters

GaN devices EPC2215 200V, 8 mQ

Si devices IPTB0R028G7XTMA1 650V, 28 mQ
Isolated gate driver Si 8271 1.8 A/4A

Flying capacitor C5750X6S2W225K259KA 450V, 2.2 uF, 4 in parallel
Inductor IHLP-5050FD-01 3.3 uF, 4 in series
DSP controller TMS320F28379 200 MHz

11
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Figure 2.6 Bottom-side view of the 3 kW, 4-level, FCML, GaN totem-pole PFC card

Figure 2.6 shows the bottom-side view of the GaN PFC card. The flying capacitors and the main in-
ductor are highlighted. This GaN PFC card, which is very compact and low profile, can be used as a PFC
module in the PFC system. It is easy to build a higher power PFC system with multiple GaN PFC cards.

The driver power supply solution uses the cascaded bootstrap method [15]. This solution provides
multiple driver power supplies for the FCML converter without any transformers and with low cost and
small footprint area. The whole 3 kW PFC system, including the GaN PFC card, the controller card, the
DC bulky capacitors, EMI filter, and relay, is shown in Figure 2.7. The size of this whole PFC prototype
is 12.1 x 7.3 x 4.5 cm, and the density is 104 W/in3 without heat sink and with forced air cooling.

12



4-level GaN PFC Card

Figure 2.7 3 kW, 4-level, FCML, GaN totem-pole PFC system

Figures 2.8 through 2.10 show the experimental waveforms under the following conditions: V. = 240
V,c/60 Hz and V|, = 400 V. Figure 2.8 shows the start-up waveforms for 2.5 kW high power condition.
The grid current, DC voltage and multilevel waveforms are controlled very well during the start-up. Fig-
ures 2.9 and 2.10 show the steady-state waveforms for 1.5 kW and 2.5 kW respectively.

The well-controlled current, DC voltage and the multilevel waveforms verify the operations and the
control strategy of this 4-level, FCML, totem-pole PFC. Figure 2.11 shows the measured efficiency for the
converter. The measured peak efficiency is 99.25% under half load condition. The measured full power
efficiency is 99.1% and remains above 99% from 1 kW to 3 kW. The efficiency does not include the gate
driver and the controller power consumption.

Vac

Vsw

Figure 2.8 Start-up waveform for high power 2500 W condition
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Figure 2.10 Steady-state waveform for half load 1500 W condition
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Figure 2.11 Measured efficiency for 4-level, FCML, totem-pole PFC shown in Figure 2.7
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2.9 Summary for the 4-Level, FCML, CCM GaN Totem-Pole PFC

In this section, a 99% efficient, 3 kW, 4-level, FCML, CCM GaN totem-pole PFC with 200 V rated
EPC2215 GaN devices was investigated, designed and tested. Compared with the conventional 2-level,
CCM, GaN totem-pole PFC, this 4-level, FCML, GaN totem-pole PFC has the following benefits:
utilization of the low voltage GaN devices, reduced switching voltage, reduced voltage swing on the
inductor and increased equivalent ripple frequency of the inductor.

This 3 kW, 4-level, GaN PFC is designed with a 120 kHz switching frequency and has a 360 kHz current
ripple frequency. The device loss between the proposed 4-level, totem-pole GaN PFC with 200 V GaN
devices and the conventional 2-level, GaN totem-pole PFC with 650 V GaN devices, under the same ripple
frequency 360 kHz condition were compared.

The 4-level, GaN PFC solution with EPC2215 (200 V, 10 m<) shows the full load device loss of only
13.1 W and achieves more than 55% reduction of the total device loss compared with the 2-level GaN
solution with GS66516T (650 V, 50 m(2), and achieves more than 70% reduction of the total device loss
compared with the 2-level GaN solution with GS66508T (650 V, 25 m()). In addition, even if increasing
the switching frequency of the 2-level GaN PFC to 360 kHz, the current ripple of the 2-level PFC is
still much higher than that of the 4-level PFC, since the 4-level PFC has much less voltage swing on the
inductor. The inductor is only 13.2 pH for this 3 kW 4-level PFC.

A 3 kW, 4-level, FCML, GaN totem-pole PFC prototype under 120 kHz switching frequency (360 kHz
ripple frequency) is developed and tested. The start-up and steady state waveforms verify the efficient and
stable operation and control of this 4-level PFC. This prototype achieves a power density of 104 W/in3
without heat sink and with forced air cooling. The peak efficiency is 99.25% at halfload, and the full power
efficiency is 99.1%.

The last section discusses LLC converters which are most popular in high-density DC-DC converters
with V|, in the range of 60-30 V.

3.0 Summary

EPC’s latest textbook , GaN Power Devices and Applications, explores GaN power conversion solutions
for four DC output topologies: buck, multi-level, LLC and bi-directional, discussed in this eBook.

GaN devices were examined in terms of their ability to meet the ever-increasing demands placed on
power conversion systems from emerging applications requiring extremely high-power density, light
weight, thin form factors, low cost, and high reliability. These constantly increasing requirements have
caused the bounds of power transistors to be pushed beyond the capability of the aging silicon power
MOSEFET.

In all power conversion topologies reviewed, best-in-class performance in terms of efficiency or power
density, is achieved with GaN devices.

;ﬁxém For design assistance submit a request to Ask a GaN Expert
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