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MODELLING OF OPERATION MODES AND ELECTROMAGNETIC INTERFERENCES
OF GaN-TRANSISTOR CONVERTERS

Goal. To analyze the efficiency and EMI of a half-bridge converter built on GaN transistors at different switching frequencies
and to issue recommendations for its application. Methodology. An EPC9035 development board from Efficient Power
Conversion was selected for research. This board is a half-bridge converter built on the EPC2022 eGaN® transistors and
contains a driver for controlling these transistors. To simplify the assessment of the conversion efficiency, it is suggested to use a
computer model of the development board and LISN, which simulates the active load with the LC filter. Results. Simulation
results of the converter efficiency with the nominal values of the elements according to the EPC9035 manual showed significant
deviations from the calculated values at frequencies above 50 kHz. This is explained by the presence of inrush current through
transistors. The inrush current depends on the «dead time» between the intervals when the transistors are open and the delays
specified in the SPICE model of LM5113 driver. To reduce the amplitude of inrush current and, accordingly, to increase the
duration of the «dead timey interval, it is proposed to double the capacitors responsible for the formation of this interval.
Simulation of the converter efficiency with the doubled values of the circuit elements showed that the results almost coincide with
the calculated values of the efficiency in the range from 0.05 MHz to 5 MHz. The converter on the EPC2022 transistors has the
highest efficiency at 50 kHz which decreases by 0.03-0.04 at 500 kHz. Therefore, it is recommended that the operating frequency
should be set close to 500 kHz. Simulation of EMI levels resulted that the difference in the duration of the «dead time» does not
have a significant effect on the levels of simulated EMI. The largest difference between the simulation results and the experiment
is observed at frequencies about 30 MHz and is 3-6 dB. Originality. For the first time, the computer model was used to calculate
the efficiency of a half-bridge converter on GaN transistors at different frequencies. Practical significance. Considering the high
output current, high operating voltage and short switching times, GaN transistors are promising for use in pulse generators,
power supplies with operating frequencies exceeding 500 kHz, and in powerful Class D hi-fi amplifiers with small dimensions,
such as automotive ones. References 10, tables 3, figures 5.
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Y pooomi oocnioryceno ennaue uacmomu nepemeopeHHs HaA eheKmusHicmov podomu HANIEMOCHIO06020 Nepemeoplosaud Ha
GaN mpanszucmopax. Hasedeno pesyromamu Komn’lomepHozo MOOeNI06AHHA MAK020 NeEPemeopioeaya 3 ypaxyeaHHAM
empam Ha piznux yacmomax. Ilokazano, w0 3anpononoeana Komn’iomepua mooens 0036014€ UHAYUUMU PiGeHb CHPYMY
cnoxycueanns, a, omce, i KK/l naniemocmoeozo nepemeopiosaua na GaN mpanzucmopax. Mooeniosanus 3 napamempamu,
e3AmuMuU 3i cxemu 6i0 6UPOOHUKA NPU3EOOUMDB 00 3ABULLEHUX OUIHOK CHOMCUBAHHA cmpymy 00 2,3 pa3zu. 3mina napamempie
RC-kin, wio popmyroms inmepean «mepmeozo uacy» mpan3ucmopie 3MeHuLy€e ROXUOKY 6UZHAYEHHA CIPYMY CRONCUBAHHA 0O
Menws Ak 5 %. 30invwenna mpueanocmi «Mepmeozo uacy» CYMmEEO He 6NAUGAE HA MOYHICMb MOOeNI08AHHA
HeCUMEMPUYHUX eeKMPOMAZHIMHUX 3a6a0 | npu3eooums 00 3minu ix piena ¢ mexcax 3 0b. Y pesynvmami 0ocnioxncenusn
6CMAHOGIEHO, W0 KOMN’IOMEPHA MO00enb Ma€e€ O0CHMAMHI0O MOYHICMb O1A OUIHOYHUX PO3PAXYHKIE, @ pPO32AHYMI
nepemeopiosaui na GaN mpauzucmopax Haiikpauje 6uKopucmogyeamu 3 yacmomamu nepemeopenus oauzvko 500 xl'y. Taxi
nepemeopiogaui Modxcymv 3HAUMU 3ACMOCY6AHHA 6 0J)cepenax MNCcueieHHs 00pmoeoi anapamypu i aemomoodinibHux
niocunrosauax kaacy D. bi6n. 10, Tabn. 3, puc. 5.

Kniouosi cnosa: GaN-TpaH3NCTOPH, KOMII’I0TePHE MO/IETIOBAHHA, €JIEKTPOMATHITHI 3aBau, eHeproegeKTUBHICTD.

B pabome uccneoosano énuanue uacmomol nepexniouenusn Ha IPphexmusHocmes padbomol ROIYMOCHI08020 NPeodpazoeamens Ha
GaN mpanzucmopax. Ilpusedenst pe3ynvmanmsl KOMRbIOMEPHO20 MOOENUPOGANUA NMAKO20 NPEOOPAZ06AMENS C YHEmOM NOmeps
Ha pasnbix uyacmomax. Iloxazano, umo npeonoIHceHHAs KOMNbIOMEPHAA MOOeNb NO3601AEH Onpedeums yposeHs MOKa
nompeébnenusn, a, cneoosamenvro, u KII/I nonymocmosozo npeoopazosamens na GaN mpanszucmopax. Modenuposanue c
napamempamu, 63AmMbIMU U3 CXeMbl OMl NPOU3EOOUmMeNns, Oaem 3aeviuieHHoe nompednenue moka 00 2,3 pas. HUsmenenue
napamempoe RC-yeneii, 3a0aiouux unmepean «mepmeozo 6pemenu» mpan3ucmopos ymeHsluiaem nozpeuiHocms onpeoeneHus
moka nompebdnenun 00 menee 5 %. Ilpu >3mom, ysenuuenue npooONIHCUMENLHOCHU (MEPMEO20 BPEMEHU) He GaUACH 6
3HAYUMENbHOU CHIeneHu Ha MOYHOCHL MOOEUPOBAHUA HECUMMEMPUUHBIX ITIEKINPOMAZHUMHBIX NOMEX, UIMEHAA UX YPOBCHb G
npedenax 3 0b. B pesynomame uccnedosanun ycmano6neno, Ymo KOMRbIOMEPHAA MOOeNb UMeen 00CMAmOUYHYI0 MOYHOCMb
01 OUEHOUHBIX PaAcuemos, a paccmompensl npeoopazosamenu na GaN mpan3ucmopax Jyduie UCHONb306AMb HA YACHOMAX
nepekntouenusn okono 500 kl'y. Takue npeodpazosamenu mozym Halimu npuMeHeHUe 6 UCMOYHUKAX RUMAHUA O 00PMOBoll
annapamypel u agmomoounsuvlx ycuaumenax knacca D. bu6in. 10, tabn. 3, puc. 5.

Kniouesvie cnosa: GaN-TpaH3HCTOPBI, KOMIILIOTEPHOE MOJICJIUPOBAHHE, 3 16eKTPOMATHUTHBIE IIOMEXH, YJHePro3(pGeKTUBHOCTS.

Introduction. In recent years, transistors based on
gallium nitride (GaN) and silicon carbide (SiC) have
become widespread. Such transistors have low control
and switching losses, short switching time and good heat
transfer. These properties give GaN transistors a number
of advantages over silicon (Si) MOSFET and IGBT

transistors and expand their scope. At present, GaN
transistors are promising substitutes for high-power Si
transistors. Their use ensures compliance with modern
requirements for reducing energy consumption and
dimensions of electronic equipment. But GaN transistors
are still relatively expensive. Due to their advantages,
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GaN and SiC transistors are widely used in radars,
telecommunications equipment and are promising for
many applications, where the requirements for high
efficiency and small size come first. For example, for use
in Class D audio amplifiers and electric drives.

For example, in [1] the results of a comparative
analysis of the efficiency of GaN and SiC transistors
utilization for high-speed electric drives are presented.
Increasing the conversion frequency, due to the use of
GaN transistors, has reduced the losses of the rotor in the
drive with permanent magnets and increased its efficiency
and specific power in general. In [2] the efficiency of
three transistor rectifiers is compared: IGBT, MOSFET
and GaN FET. Due to the low frequency (50 Hz) selected,
the GaN converter did not show greater efficiency than
the others, but provided a lower harmonic ratio. The use
of SiC transistors instead of IGBT in high-power
converters (up to 12 kW) does not provide an advantage
in terms of efficiency, but allows them to be used at high
operating temperatures [3].

In [4], the results of comparison of asymmetric
(Common Mode) electromagnetic interferences (EMI)
generated by Si and GaN transistors are presented. For the
study, the authors chose both types of transistors, the
characteristics of which are similar and little different. As
a result, their study did not reveal a significant difference
in interference levels in the standard frequency range
from 150 kHz to 30 MHz. Differences occurred only at
frequencies above 30 MHz.

The influence of the value of the decoupling
capacitor on the level of EMI generated by a half-bridge
converter on GaN transistors is studied in [5]. The effect
of additional capacitance on both symmetric and
asymmetric interference components using a computer
model is estimated. Simulation is widely used for EMI
analysis because it greatly simplifies the process of
research and development of converters, provides ease of
model construction and the ability to quickly change it. In
addition, it saves money on the development process.

However, in the literature, insufficient attention has
been paid to the justification for the choice of the
conversion frequency of converters on GaN transistors.
Therefore, it is advisable to create a computer model of
the converter, to investigate which parameters can provide
the highest efficiency and how the simulation results
coincide with the experimental data.

The goal of the work is to analyze the efficiency
and electromagnetic interference of a half-bridge
converter on GaN transistors at different switching
frequencies using its computer model and to form
recommendations for its use.

To achieve this goal it was necessary to solve the
following tasks:

e cvaluate the efficiency of the converter on GaN
transistors depending on the frequency of conversion;

e cvaluate the adequacy of the computer model of the
converter to calculate the efficiency when operating at
different frequencies;

e cvaluate the adequacy of the computer model for
calculating the EMI of the converter, measured at the
output of the network equivalent;

e based on the results of research to formulate
recommendations to developers on the feasibility of using
GaN transistors for various tasks.

Description of the computer model. The EPC9035
development board from Efficient Power Conversion was
chosen for the research. This board is a half-bridge
converter module implemented on EPC2022 eGaN®
transistors and contains a driver for controlling these
transistors. Table 1 shows the main parameters of the
EPC9035 board.

The main electrical and time characteristics of the develozifl)ifltl

board EPC9035

Parameter Value
Output voltage, V 80
Output current, A 25
Time of rise and fall of output voltage, ns 3-5
Resistance of transistors in the open state, mQ 4
Minimum width of the input pulse in the «high» state, ns| 50
Minimum width of the input pulse in the «low» state, ns | 100

The on and off times of the transistor EPC2022 are
indicated approximately, they were measured during the
experiment.

Computer simulation of a half-bridge converter on
GaN transistors has previously been performed using the
EPC9062 board [6]. The paper also presents the results of
EMI simulation when operating on active load. The
model proposed below takes into account the differences
in the design of the boards, the components used and
simulates the operation on active load with an LC-filter.
The computer model of the EPC9035 board, connected to
the power supply via the network equivalent, is shown in
Fig. 1. Logic elements Ul and U2 are used on the
EPC9035 board as buffers and to invert the input signal.
RC circuit consisting of R2, C2 and diode D1 forms a
switching on delay of transistor Q1, RC circuit R7, C4
and diode D2 forms a switching on delay of transistor Q2.
Chip U3 is the driver of transistors Q1 and Q2.

Components for modelling the process of EMI
propagation and losses on the printed circuit board
(throttles L1, L3, resistors R1, R10), four decoupling
capacitors C8—CI11 are presented in the diagram with
parasitic parameters: throttles L8-L11 (inductance of
terminals) and resistors R15-R18 (internal resistance).
The parasitic parameters of the supply wires are presented
by throttles L6, L13 and resistors R11, R20. The load of
the converter is the throttle L2, the load resistor R9 and
the filter capacitor C3 with the inductance of the terminals
L4. The network equivalent is presented by capacitors C6,
C7, C12, C13, throttles L5, L12 and resistors R12, R19.
The input resistance of the selective microvoltmeter is
presented by resistor R14. Resistor R13 takes into account
the internal resistance of the power supply and the
resistance of the power wires. Capacitor C5 takes into
account the parasitic capacitance between the output of
the converter and the «ground».
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Fig. 1. Computer model of a half-bridge converter with network equivalent and power supply

Evaluation of energy efficiency of a half-bridge
converter on GaN transistors. Figure 2 shows the
oscillograms of the output voltage of GaN transistors
EPC2022 during switching on (Fig. 2,a) and during
switching off (Fig. 2,b).

i
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Fig. 2. Shapes of output voltage pulse fronts of the
half-bridge converter EPC9035:
a — pulse front, b — pulse fall
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The power losses of the half-bridge converter are
determined for each of the GaN transistors separately [7].
The total losses Pq, of the transistor Q1 consist of losses
in the open state Peond o1, losses on recharging the output
capacitance Pogs, losses during switching on Poy overiap,
losses during switching off Pt overiap, l0SS€S ON recharging
the input capacitance Pg ;. The total losses P, of the
transistor Q2 consist of losses in the open state Pcond o2,
losses on recharging the output capacitance in reverse
mode Poss s¢, losses on the built-in diode until the
transistor opens Py and losses on recharging the input

capacitance Pg . The losses of transistors Q1 and Q2
can be calculated by the formulas [8]:

PQI = Pcond7Q1 + POSS + Ponioverlap + Poffioverlap + PGin;
Fa2 = Feond Q2 + Foss sd + Fsd + F6_q2-

For transistor Q1, the losses during switching off
Potr overlap and the losses on recharging the input capacitor
recharge are insignificant and can be neglected. For
transistor Q2, we can neglect the losses on recharging the
output capacitor in the reverse mode Pogs s and the losses
on recharging the input capacitor Pg o,. Other types of
losses can be determined by the formulas:
I rzipple
12
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7 -7 I ripple |
L,turn on = *OUT — y

1.
I L,turn_off = Tout + %ple’

where Vpys is the input voltage, Ioyr is the output
current, Voyr is the output voltage, f;, is the switching
frequency, Loyr is the throttle inductance, D is the fill
factor, Rpson) 1 is the resistance of transistor Q1 in the
open state, Rpseon) o2 is the resistance of transistor Q2 in
the open state, Coss(Vys) is the dependence of the output
capacitance on the resistance of the drain-source, . is
the time of increase of the drain current of the transistor,
tyr is the time of voltage drop of the transistor drain-
source, t4 is the «dead time» before switching on the
transistor Q1, #4, is the «dead time» before switching on
transistor Q2, #sp; and tsp, are, respectively, the current
flow time through the reverse diode until the opening of
transistors Q1 and Q2, Vsp; i Vsp, are, respectively, the
drain-source voltages of transistors QI and Q2 in
reverse flow mode, Iippe is the maximum value of
throttle current, /i tum on, {Lwm oft are, respectively, the
values of throttle current at the moment of switching on
and switching off.

Even an approximate calculation of losses in a half-
bridge converter according to the above formulas is quite
a time-consuming procedure. To simplify the evaluation
of the conversion efficiency, we can use the computer
model shown in Fig. 1. To calculate it is enough to set the
conversion frequency, supply voltage, output voltage and
load resistance. If we know period, it is easy to determine
the duration of the control pulses, after determining the
fill factor by the formula

p=Jour
VBus

Table 2 shows the value of the efficiency of the GaN
module with an LC filter and a load of 8.6 (2 with output
voltage of 7.5 V, supply voltage of 12 V for different
conversion frequencies. The efficiency of the converter is
investigated at frequencies from 50 kHz to 5 MHz using
the proposed computer model with element
denominations according to the circuit given in the
Development Board EPC9031/32/33/34/35 Quick Start
Guide. Also for comparison Table 2 shows the efficiency
values calculated using the results of measuring the

voltage at the output of the power supply and the current
consumption of the EPC9035 board.

Table 2
Dependence of converter efficiency on conversion frequency
with denominations of elements according to the circuit

Frequency, MHz | 0,05 | 0,5 1 2 3 5
U, V 11,74 11,73 {11,71 | 11,67 | 11,62 | 11,52
Iom A 0,59 | 0,6 | 0,63 | 0,68 | 0,75 | 0,9
Teale 0,94 | 0,93 | 0,89 | 0,82 | 0,75 | 0,63
Up mod» V 11,77 | 11,64 | 11,44 | 11,0 | 10,8 | 10,48
Iris, A 0,58 1075| 1,0 | 1,6 | 1,9 | 2,33
Tlmodel 0,96 | 0,75 | 0,57 | 0,37 | 0,32 | 0,27

In Table 2 the following abbreviations are used:
U, is the power supply voltage, /. , is the measured DC
power consumption from the power supply, 7., is the
efficiency calculated using U, and /; v, U, mod and I3 are,
respectively, the simulated power supply voltage and
current through its internal resistance, 7y04e 1S the
efficiency obtained by simulation.

As follows from Table 2, measured and simulated
converter efficiencies quite accurately match only at
frequency of 50 kHz. As the frequency increases, the
difference between them increases. From the simulation
results it follows that the current consumption contains
the through current of the transistors, which reaches 80 A
at the time of switching. The shape and amplitude of the
current of transistor Q1 and the voltage at the gates of
transistors Q1 and Q2 are shown in Fig. 3.
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Fig. 3. Simulated control voltage and transistor drain current

of the converter
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As can be seen from Fig.3, jumps of through current
through transistors occur when one of them has not yet
closed, and the other has already opened. This current
depends on the duration of the «dead time» between the
intervals when transistors Q1 and Q2 are open, and the
time delays that are set in the SPICE model of the
LMS5113 driver. The «dead timey, in turn, is set by the RC
link of the elements RS, C1 for the transistor Q1, and the
RC link of the elements R7, C4 for the transistor Q2.
Thus, the SPICE model of the LM5113 driver with the
manufacturer-specified component denominations does
not operate correctly at frequencies above 50 kHz. It is
possible to reduce the amplitude of the through current
through the transistors extending the duration of the «dead
time» by replacing the parameters of the RC links R8C1
and R7C4. Resistors are selected with a value of 100 Q,
and the values of capacitors are doubled to 200 pF.
Table 3 shows the results of modelling with a changed
duration of «dead time». Also for comparison, the value
of efficiency calculated from the results of the experiment
is presented.

As can be seen from Table 3, the efficiency of the
half-bridge converter on GaN transistors, obtained in the
process of modelling 77,04e1 after changing the parameters
of the RC links, almost coincides with the efficiency
obtained experimentally 77.,c. The converter on transistors
EPC2022 has the highest efficiency at frequency
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of 50 kHz and decreases by 0.03-0.04 at frequency of 500
kHz. Thus, it is recommended to choose the operating
frequency near this value, because with increasing
frequency, the efficiency of the module decreases, and
with decreasing frequency, the advantage in speed is lost.

Table 3
Dependence of converter efficiency on conversion frequency
with changed denominations of model elements

Frequency, MHz | 0,05 | 0,5 1 2 3 5
Up mods V 11,79 | 11,77 | 11,74 | 11,7 | 11,64 | 11,54
Iriz, A 0,56 | 0,59 | 0,61 {0,67| 0,76 | 0,89
TTmodel 0,98 | 0,94 | 0,91 {0,83| 0,74 | 0,64
Neale 0,94 | 0,93 | 0,89 |0,82| 0,75 | 0,63

Evaluation of the EMI of the converter on GaN
transistors using the proposed model. An important
indicator of the converter is the level of generated EMI. In
[8], a study of the EMI level of a boost converter with
conversion frequency of 100 kHz is performed, in which
Si IGBT IRG4BC30U, cascade GaN NCT8G206N and
SiC SCT2120AF transistors in the TO-220 housing are
alternately used. As a result, the difference in EMI levels
in the frequency range up to 30 MHz is not more than 3
dB, except for one frequency with a frequency response
failure, where the difference is 10 dB. Thus, the level of
EMI in a given frequency range is more influenced by the
conversion frequency, the parameters of the passive
elements and the design of the converter, and much less
by the type of transistors.

The parameters of the printed circuit board and the
design determine the level of the asymmetric component
of the interferences due to the parasitic capacitance. It is
formed between the power and load wires, the PCB tracks
and the «ground». The parasitic capacitance between the
output circuits of the converter and the «ground» has the
greatest influence on asymmetric interferences.

The parasitic capacitance of the converter board is
measured by the method described in [9] using an
additional capacitor, which is connected between the
output of the converter and «ground». The EMI level is
measured with and without an additional capacitor. Then
the parasitic capacitance is calculated, which is 1.8-2 pF.

Below are the results of estimating the influence of
model parameters on the level of simulated EMI in
comparison with the measured ones. Figure 4 shows the
levels of interferences for the circuit shown in Fig. 1.
Figure 4,a shows the EMI with «dead time» according to
the documentation, and Fig. 4,b — with extended «dead
time» (capacitors C2, C4 have capacitance of 200 pF).
The simulation is done with an additional capacitor, in
order to increase the asymmetric component of the
interferences. Capacitor C5 in the circuit has a nominal
value of 58 pF (capacitance of the EPC9035 board plus
the capacitance of the additional capacitor of 56 pF).

As can be seen from Fig. 4, the difference in the
duration of the «dead time» does not have such a
significant effect on the level of simulated EMI as on the
efficiency. The biggest difference between the simulation

results and the experimental is observed at

frequencies around 30 MHz.
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Fig. 4. EMI levels with an additional capacitance of 56 pF,
connected to the output of the converters

Description of the test module and test bench. The
EPC9035 is mounted on another board, which contains
the elements necessary to ensure the correct order of on
and off power and control signal supply in accordance
with the Instructions for use of the EPC9035 board. It
should be noted that the minimum duration of the output
pulses provided by the LMS5113 driver is 40 ns. This
allowed to build on the basis of the EPC9035 board a
short pulse generator with voltage of up to 90 V and
current of up to 20 A [10].

As part of the test bench (Fig. 5) a selective
microvoltmeter SMV11, V-shaped equivalent of the
NNBI101 network (Line Impedance Stabilization Network
— LISN), ammeter and 12 V transformer power supply
block with linear voltage stabilizer are used. The
assembly of metal-film resistors with total resistance of §
Q is connected to the output of the converter by wires of
minimum length.

Selective
; Microvoltmeter
Mains
220V
Load

Power + || GaN
51 supply 00 LISN Power %
O_

12V —1 stage

Fig. 5. Diagram of the test bench for measuring current
consumption and EMI

Conclusions.
1. As a result of the investigation carried out using the
proposed computer model, it is found that the simulation
results with parameters taken from the manufacturer's
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circuit have a large error (up to 2.3 times) due to
inaccurate SPICE model of the GaN transistor driver.
Changing the parameters of the RC circuits which form
the interval of «dead time» increases the accuracy of
determining the current consumption to at least 5 %.

2. The efficiency of the converter on GaN transistors
does not practically change up to frequency of 500 kHz,
which allows the use of capacitors and throttles of small
denominations and dimensions. Then, with increasing
conversion frequency, the efficiency decreases.

3. For a converter with additional output capacitance,
the parameters of the SPICE model of the driver do not
significantly affect the accuracy of modelling of the
asymmetric EMI.

4. Thus, due to high output current, high operating
voltage and short switching time, GaN transistors are
promising for use in pulse generators, power supply
blocks with operating conversion frequencies above 500
kHz and in powerful Hi-Fi Class D amplifiers with low
required dimensions, such as automotive ones.

5. The disadvantage of GaN transistors is the high cost,
several times higher than of silicon MOSFET and IGBT
transistors.
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