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POWER LOSS CHARACTERIZATION IN COMPACT GAN TRANSISTOR-BASED
SYNCHRONOUS BUCK CONVERTERS FOR AERIAL DRONE APPLICATIONS

This article presents a comprehensive analysis of power loss in compact Gallium Nitride (GaN) transistor-based
synchronous buck converters, specifically tailored for aerial drone applications (UAV). The study begins by outlining the
increasing demand for efficient power management in drones, driven by the need for longer flight times and enhanced
performance. The focus then shifts to the utilization of GaN transistors, highlighting their advantages over traditional silicon-
based components in terms of efficiency, size, and thermal performance.

The core of the research involves an examination of power loss mechanisms in these converters. This includes both
conduction and switching losses, with a particular emphasis on how the unique properties of GaN transistors influence these
factors. The methodology adopted for this analysis combines theoretical modeling with empirical data.

Subsequently, the article delves into the design considerations for optimizing these converters. It discusses the
balancing act between minimizing power loss and maintaining other critical parameters, such as size, weight, and cost.
Practical strategies for achieving this balance are explored, including circuit design optimizations and the selection of
appropriate ancillary components.

The findings of this study are significant for engineers and designers in the field of power electronics, particularly
those working on aerial drone technology. The solutions provided into the GaN transistor-based synchronous buck converters
under real-world conditions offer valuable guidelines for enhancing the efficiency and performance of these systems.
Furthermore, the research contributes to the broader understanding of GaN technology in power applications, reinforcing its
potential as a superior alternative to traditional silicon solutions.

In conclusion, this article not only provides an analysis of the specific area of power loss in GaN-based converters for
drones but also underscores the broader implications and benefits of this technology in advancing the capabilities of power
electronic systems.
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Harionansauit TexHivHMiA yHiBepenTeT YKpainu « KnuiBchkuit momitexHigHMi iHCTUTYT iMeHi Iropst CikopchKkoro»

METOJAUKA OLHIHKHA BTPAT Y CHHXPOHHUX IOHUXKXYIOUUX NTEPETBOPIOBAYAX CUCTEM
KUBJIEHHS BIIJIA HA OCHOBI GAN TPAH3UCTOPIB

Y yiii cmammi npedcmaesneHo KoMnieKcHUll aHAAi3 8mpam NOMYXCHOCMI 8 MPAH3UCMOPHUX CUHXPOHHUX NOHUNCYHOHYUX
nepemeoprosayax Ha ocHosi Himpudy eanito (GaN), cneyiaabHO po3pobieHUX 04151 BUKOPUCMAHHSA 8 6e3Ni0MHUX AIMA/AbHUX anapamax
(BIIJIA). [locaioxceHHss no4uHaemvbCsi 3 OKpec/neHHs 3p0Cmarn4020 nonumy Ha egekmueHe ynpasaiHHs HCUB/JEHHSM y 6e3ni0mHuUX
AimanbHUX anapamax, o6ymoesneHo20 nompeborw 6 6ilbll MpusasoMy nonbomi ma NOKpauwjeHi Xapakmepucmuk, a Makoxc aHaaizy
sukopucmanHs GaN mpaH3aucmopis, nidkpecawiovu ixHi nepesazu neped mpaduyiliHuMu piuleHHAMU HA OCHOBI KpeMHil0 3 movKu 30py
egpekmusHocmi, po3Mipy ma men/s108ux XapaKkmepucmux.

OcHO8010 Joc1iddiceHHs1 € BUBYEHHS] MEXAHI3MI8 empamu nomyxcHocmi 8 Yux nepemeoprogayax. Lle exksaouae empamu sk Ha
nposidHicms, mak i Ha koMymayiio, 3 oyiHkow mozo, sk eaacmusocmi GaN mpaHsucmopie enaugaioms Ha yi gakmopu. Memodosozis,
npuiliHIma 0415 Yybo20 aHa.izy, N0EOHye meopemuyHe MOO0eABAHHS 3 eMNIPUYHUMU OAHUMU.

3200om y cmammi po32180ar0mbCcsl KOHCMPYKMUBHI MIpKY8aHHs 0451 onmumisayii yux nepemeoprosauis. Y Hbomy
062080pHEMbBCS 6ANAHCYBAHHS MidiC MIHIMI3ayielo empam esekmpoeHepzii ma 36epexceHHsM THWUX KpUMU4HUX napamempis, makux sik
po3mip, 8aza ma eapmicmb. Buguaromucsi npakmuyHi cmpamezii 045 docsizHeHHs1 Yb020 6A/1aHCY, 8KANYANYU onmuMmi3ayilo cxemu ma
8ubip 8idnogidHUX JONOMINCHUX KOMNOHEHMI8.

Pe3yabmamu yb020 00CAidNHCEHHS € 8aNCAUBUMU 0151 IHHCEHepI8 y 2a1y3i cU/1080i es1eKMPOHIKU, 0C06.1U80 MUX, XMO NPAYI€ Had
mexHosoziamu cucmem dncusaeHHs bBIIJIA. PiweHHs, 8UKOPUCMAHI 8 CUHXPOHHUX NOHUMCYHYUX nepemeopiosayax Ha ocHosi GaN
mpaH3ucmopie 8 peanbHUX yM0o8ax, NPONOHYMb YiHHI pileHHs 041 nideuweHHs edpekmusHocmi nodibHUX cucmem scueseHHs. Kpim
mozo, 00CAI0HCeHHST CNPUSIE WUPWOMY PO3YMIHHIO mexHoso02ii GaN @ cusosili enekmpoHiyi, demoHcmpytouu ii nhomeHyian sk kpawjoi
asnbmepHamueu mpaouyitiHum KpeMHIE8UM piUleHHSIM.

Y nidcymky, yss cmamms He minbKu Micmumb aHai3 KOHKpemHoi 06acmi empam nomyxcHocmi 8 nepemaeopr8avax Ha 0CHO8I
GaN oas BIJIA, ane makooi nidkpecatoe wupwi nepesazu yiei mexHo.102ii 8 po3wupeHHi Moxicau80cmeli cucmeM HcuAeHH .

Karouosi caoea: cunxpoHHuil noHudcyovuii nepemeoprosat, Himpud 2anito, GaN, BI1/1A, kepyeaHHs y#cus/1eHHAM, PO3PAXYHOK.

Introduction
In the rapidly evolving landscape of UAV technology, the search for enhanced efficiency and performance
has become an essential task. Central to this goal is the development of advanced power management systems,
capable of meeting the strict demands of extended flight times and robust operational capabilities. This paper
focuses on a critical component of these systems: the power converters. Specifically, we examine the application of
compact Gallium Nitride (GaN) transistor-based synchronous buck converters in drones, a choice driven by the need
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for high efficiency and a lightweight in a compact form factor.

Gallium Nitride, a semiconductor material that has gained significant attention in recent years, offers
several advantages over traditional silicon in power electronics. These advantages include higher efficiency, faster
switching speeds, and better thermal management — attributes that are particularly beneficial in the constrained
spaces and demanding thermal environments of aerial drones [1]. The adoption of GaN transistors in synchronous
buck converters, a common type of voltage regulator, promises not only to enhance power efficiency but also to
reduce the size and weight of the power management system, a critical consideration in UAV design [2].

However, the integration of GaN transistors into these converters is not without its challenges. One of the
primary concerns is the characterization and optimization of power loss. Power loss in converters not only affects
efficiency but also impacts heat generation, a critical factor in compact and thermally constrained spaces [3].
Understanding and minimizing these losses is crucial for the practical application of GaN transistor-based
converters.

This paper presents a comprehensive analysis of power loss in these converters, focusing on both
conduction and switching losses. The study employs a blend of theoretical modeling and empirical data, gathered
under various operational conditions to simulate real-world applications. The insights gained from this analysis are
then applied to explore design strategies for optimizing these converters, balancing the trade-offs between
efficiency, size, cost, and complexity.

Tasks of the research

Through this research, we aim to
provide a detailed understanding of the loss
calculation in GaN-based synchronous buck
converters. This work not only contributes to
the field of power electronics in UAVs but also __I:—_—?kg 1
offers broader insights into the application of —

GaN transistors in different power systems.
Main research |

Synchronous buck converters are V_bus Y YN AN
widely employed for voltage step-down B, dex _L
applications, converting higher input voltages
to lower output levels. A fundamental o ;F load
schematic of this system is depicted in Figure ,_ES
1. The operational principle of the converter _Eak
can be described as follows: The Q1 MOSFET
is connected to the input voltage source. Upon
activation of Q1, current flows from the input ——
to the output, leading to an increase in the L1
inductor current and consequent energy storage Fig. 1. Basic synchronous buck converter
within the inductor. During this phase, the Q2 MOSFET remains inactive. Conversely, when Q1 is deactivated and
Q2 is activated, the current traverses through Q2 in the opposite direction. This results in a decrease in the inductor
current, facilitating the transfer of some of the stored energy in the inductor to the load. Figure 2 illustrates the basic
waveforms associated with this process.

The primary distinction between non-synchronous and synchronous buck converters lies in the construction

of the low-side switch: it is a diode in the non-

Ql _‘_I l—] I_l synchronous variant and a transistor in the

t d synchronous version. In the synchronous buck

: : converter, the allowance for reverse current flow

VIN

lw]

fl

1

1
! { | leads to reduced efficiency under light load
QZ_;_ l—‘ I—' l—' conditions when compared to its non-synchronous
' : : : : : counterpart. Conversely, under heavy load
A i 0 [ (| conditions, synchronous buck converters exhibit

l l I ' ' l . . . . . .
L i - : superior efficiency. This improved efficiency is
1 1

attributable to the reduced conduction losses in the
low-side  switching  device. =~ Consequently,
synchronous buck converters are the preferred
choice in applications where the converter is
anticipated to predominantly operate under heavy
Fig. 2. Synchronous buck converter switching waveforms load conditions.

In a synchronous buck converter, the

|

v

primary sources of losses can be categorized as follows:
e  Static losses (High and low side switches Rds, inductor active resistance, input and output capacitor losses)
e Dynamic losses (High and low side switch dynamic losses, high side switch output capacitance loss,
reverse recovery loss
The control switch duty cycle is defined as follows:
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D=lu (1)

I/bus

Where D — is duty cycle, Vout — converter output voltage, Vbus - converter input voltage.
Given a known duty cycle, we can calculate the peak-to-peak inductor current:

_ Vo = Vo) D

bus

=
o ~f.‘S'W ’ LUM[

Where fiw — working frequency, Loy — inductance of L1
The inductor current at turn-on and turn-off is determined using the ripple current and specified output current:

2

1.
_ ripple
L(umON - Iout - T (3)
1.
_ ripple
Lymore Iom + )

Conduction losses can be estimated by using [4] for a known RMS current:
2

2 Iripple
})condﬁl =1 Lo +? (D—ty 'fsw)'RDS(oan (5)
]2
ripple
Rond7Q2 = Ijut +% (I-D—ty, 'fsw)'RDS(oan (6)

Where tq: — specified dead-time, Rason) — GaN switch resistance in enabled state
Losses related to Coss (output capacitance) can be estimated using output charge (Qoss) as follows:

Poss = f;w ' Eossitotal = f;w : I/bus ' Qoss (7)

Reverse conduction losses related to Coss are typically relatively small, as can be confirmed with the
following, based on output capacitance for 0V and Vi, drain-source voltage:

1
EOSS_SD = 5 : (COSS(QI)_Vbus + COSS(QI)_OV) : Vsﬁ (®
])oss_SD = 2 ’ Eoss_SD “Ssw (9)

Here, Vi can be derived from the reverse drain-source characteristics found in the GaN transistor
datasheet.
Turn-off transition timings for current are calculated as follows:

_ QGS 2 .(RGint + RGext + Rl’“)

v v [ Vasam +VpL ] (10)
drv_on f

Where Rain is the internal gate resistance of the transistor, Rgex: is the external gate resistor, Rpu is the internal pull-
up resistance of the gate driver. Var on — nominal driver voltage, Qg2 — approximated gate charge for specified
current, Vg and Vp — gate threshold and plateau voltages for given GaN FET

Subsequently, the turn-off transition timings for current and voltage are calculated as follows, using driver
turn-off voltage (Var ofr, usually, 0V), reverse transfer capacitance (Cr.) and transconductance (gs), calculated from
transfer characteristic:

_ QGsz '(RG,-,,, + RGm + de)

. =
o
Ver +Vasan | (11)
2 drv_off
to= Qossin + Qoss7Q2 i L + 2 ‘(Rsz + RGext +RP”)' CVSS(Ql)_OV (12)
e
I/drvion - Vpl gfv Coss(Ql)fOV + COSS(QZ)iVbLIS
1
E ’ té'f ) IL/m'nOFF 13
AVps o = (13)
Coss(Ql)fOV + Cass(QZ)iVbus
_ Q().V.v7q1 + Q()Ssicﬂ tc/
B (14)
L,turn _off

Based on the calculated transition timings, we can estimate the turn-on and turn-off transition losses:
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1

PON_averlap = f;w ' EON_overlap = f;w : ) BUS 'IL,W,,()N : (tcr + t\gf) (15)

1
POFFfoverlap = fsw : EOFFfaverlap = fsw g : th : IL,turnioff ’ AVdSﬁLf (16)

Reverse conduction timing and losses can be estimated as follows:

[ QGS(lh) ’ (RGim‘ + RGext on + Rp“)
n_ SR = -
- y [VGS(th) Vi o j (17)
drv_on -\~
- 2
2-Qgsan " (Rg,,, + R,y * Rpa)
lof SR = v v (18)
GS(th) ~ Vdrv_off
Ispr =ty — Loy — 1y _E'ton_SR (19)
by =ty b — et Ly (20)
SD2 dt2 vf > cr 7 off SR
Pyp = ((IL,turrLOFF Voo tsp) +Up i _on Vep 'tSDZ)) “Sow (21)
The gate charge losses for both GaN switches can be calculated in the following way:
PG7Q1 = QGle '(I/drvion - V:irvio_{f') ) fsw (22)
PG7Q2 = QG7Q2 ' (Vdrvion - Vdrvioﬁ") ) f;w (23)

Losses in the windings caused by specified DC resistance of the coil (Ring) of inductors can be calculated
based on equations from [5]:

2
1 Iri e
&7winding = Rind 'Igut ’ 1+1_[LPIJ (24)

Losses related to input and output capacitors can be estimated based on capacitor equivalent series
resistance (ESR), as follows:

PRein = ESRciy - Iy - D-(1=D) (25)
1
PCout = ESRCout : E ' Irzipple (26)
The total losses in a GaN FET can be described as follows:
PQI = Leond QI + Poss + PON_over]ap + POFF_overlap + PG_QI (27)
For =Rond 2+ Foss sa tRa+tFy o2 (28)

Losses in the converter can be estimated by considering both the losses in GaN transistors and in passive
components:

Ppassive = F},iwinding + PCin + PCout (29)
Ptot = PQI + PQZ + Ppassive (30)
Table 1
Main components losses
Type of loss Value
Conduction losses in Q1 (Pcond Q1) 0.09 W
Coss related losses (Poss) 0.96 W
Turn-on related losses (Pon overlap) 039 W
Turn-off related losses (Por overlap) 0.48 mW
Gate charge losses in Q1 (Pg 1) 0.01 W
Conduction losses in Q2 (Pcond 02) 0.27W
Reverse conduction losses related to Coss (Poss sd) 6.2 mW
Reverse conduction losses (Psq) 0.26 W
Gate charge losses in Q1 (Pg 2) 0.01 W
Inductor winding losses (PL winding) 031 W
Input capasitor losses (Pcin) 0.02 W
Output capacitor losses (Pcout) 0.15 mW
Total losses (Piot) 2.33W
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In the given scenario, a UAV main power supply buck converter operates at a frequency of 1 MHz,
providing a maximum current of 10 A to a 12 V load from a 48 V supply. The analysis of hard-switching losses
employs the EPC2065 [6] model for both the control switch Q1 and the synchronous rectifier Q2. The converter
utilizes an output inductor of 4.7 pH, characterized by a DC series resistance of 3.1 mQ. Both devices are powered
by a 5 V supply and feature zero external gate resistance for both the turn-on and turn-off phases. The gate driver is
configured with pull-up and pull-down resistances of 0.7 Q and 0.4 Q, respectively. Additionally, a dead time of 12
ns is set for each switching edge. This example will focus on the calculation of the overall losses at a load current of
10 A, using the equations previously introduced. It is important to note that this initial estimation overlooks the
effects of parasitic inductances. Calculation results are provided in the table below (Table 1).

Distribution of calculated losses is visualized on Figure 3:

Histogram of Different Types of Losses
10°

107t

1072

Loss Value (W)

Type of Loss

Fig. 3. Synchronous buck converter loss distribution
Overall efficiency can be estimated as:

1, V.
=—ou ou .100%=98.1%
T Vet By ° (31)
Conclusions

This research presents a comprehensive exploration of power loss estimations in compact GaN-based
synchronous buck converters, specifically designed for UAV applications. The study underscores the importance of
efficient power management in drones to improve flight duration and performance. The insights derived from this
study are instrumental in optimizing converter design, achieving a balance between minimizing power loss and
preserving essential features such as size, weight, and cost-effectiveness, all critical in UAV systems. This work
holds particular significance for engineers and designers in the field of power electronics for UAVs, as it
demonstrates the capabilities of GaN technology in enhancing power systems.

During the research, a detailed loss calculation method for synchronous, GaN-based buck converters was
proposed, and the main power supply for a UAV was calculated. The proposed design operates at a high frequency
of 1 MHz, delivering a maximum current of 10 A to a 12 V load from a 48 V supply, utilizing the EPC2065 GaN
transistors. This design achieved an overall theoretical efficiency of 98.1% under full load. Future research
directions could include SPICE simulation and physical prototyping of the proposed design.
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