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Inrecentyears, more research has been done on Enhancement Mode Gallium Nitride (eGaN)
converters, as the world is moving towards more power efficient converters. Power convert-
ers play amajor role in efficiently controlling and converting electric energy used by machines,
systems, and everyday products. The process to make converters more efficient was compli-
cated and slow in the twentieth century. One of the important aspects in power electronics
is to evaluate different losses and minimize losses to achieve high efficiency of the converter.
With help of simulation tools such as MATLAB and LTspice, this process has become much
faster and reliable in the modern era. A model for estimating power losses for eGaN DC-DC
buck converter (12V/1.2V)isillustrated in this paper. This loss model was calculated for differ-
ent frequencies, and compared experimentally and theoretically. This paper also investigated
the constant variables, which help realize the difference between theoretical and experimen-
tallossesineGaN DC-DC buck converter. Pre-prints of this article have been previously made
available [1-4].
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1 Introduction

As eGaN power transistors appear to be most promising candidates to replace silicon power
Metal Oxide Semiconductor Field-Effect Transistors (MOSFETSs), eGaN power converters could
also be promising candidates to replace silicon based power converters [5]. There has been
a tremendous amount of research done on losses specific to eGaN power transistors, such as
switching losses, but little research has been done on the losses of the eGaN converter as whole.
One of the organizations that is leading this campaign is Efficient Power Conversion (EPC), which
was founded in 2007 [6]. According to EPC, power based converters not only improve the effi-
ciency of electrical power but also enable new, life-changing applications that did not exist five
years ago [6]. This research also used EPC 9036 eGaN half bridge DC-DC synchronous buck
converter development board as shown in Figure 1 to study the loss model. Buck converter was
chosen because of its simplicity and wide use in the power electronics world for testing purposes.
The loss model referred to the total loss in the buck converter.
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Figure 1
eGaN DC-DC buck converter

The proposed loss model included eGaN power transistor losses, inductor loss, and capacitor
loss. The eGaN power transistor losses included conduction loss on high side and low side, switch-
ing loss on high side, and gate driver loss. Switching loss on low side was small and thus was ne-
glected. Other losses, such as dead time loss and output capacitance loss, were also included. A
synchronous buck converter consisted of two power transistors which helped improve efficiency
by neglecting diode losses. Choosing a right inductor and a capacitor to improve loss model was
one of the important task as development board provided flexibility to design your own filter.

The power electronics industry projected that by 2025, 80% of the time the industry will in-
vest on the modeling and simulating and only 20% on hardware prototyping [7]. This method will
decrease the amount of iterative hardware prototyping require before successfully achieving high
efficiency. One focus of this research was to evaluate the constant variables in the different losses
which helprealize the difference between experimental and theoretical loss models. The next hard-
ware prototyping of this converter will be much more efficient and reduce the iterative process
when keeping in mind these constant variables.



2 Methodology

Threedifferent methods were used to validate the results and to make appropriate conclusion:
Experimental Analysis, Theoretical Analysis, and LTspice Simulation.

2.1 Experimental Analysis

For this experiment, the first challenge faced was to choose an appropriate inductor and a ca-
pacitor for the low pass filter. The best method was to use the simulation tool LTspice, which shows
the stability of the buck converter when different combination of inductor and capacitor values are
chosen [8]. LTspice simulation suggested low pass filter of 280nH inductor and 10uF capacitor to
achieve stability of the system. During the experiment, initial input voltage was set to OV and slowly
increased to its final value of 12V to further ensure the stability of the system. Further discussion
onthisisinthe LTspice simulation section.
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eGaN DC-DC buck converter block diagram [9]

A block diagram for the development board is shown in Figure 2 to understand the eGaN
buck converter development board. The input voltage (Vi,) was 12V DC power supply connected
straight to HS eGaN transistor. The gate drive voltage (VDD) provided between 7-12V DC power
to turn on the eGaN transistor which produced a flow of current in the drain. The pulse width
modulation (PWM) input provided the duty ratio of 10%, amplitude 3V peak to peak, 1 MHz or
500 kHz frequency to step down the voltage to 1.2V, and assisted in switching HS and LS eGaN
transistors.

For this particular experiment, the data gathered at 500 kHz and 1 MHz in order to analyze
the data accurately and provide an unbiased conclusion. On the development board, the switch
node terminal and ground terminal were specifically designed to observe the switching frequency
in the oscilloscope. Figure 3a and 3b provide confirmation of the duty ratio of PWM at 1MHz and
500kHz, respectively.
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Figure 3
Switching frequency at: (a) 1 MHz, (b) 500 kHz.

To obtain a various range of output current, an electric load was considered. The electric load
was set to the constant output current as desired and made any changes as needed. To ensure
the quality of the measurements and avoid any resistance in the wire, Kelvin (4-wire) Resistance
Measurement method was used. The input current and input voltage was directly measured from
the development board. The electric load also had voltage-sensing capabilities which accurately
provided output voltage at the load. The duty ratio of PWM had to be increased slightly at higher
output currents as the input current of the power supply was limited to maximum of 3.3 A. The
efficiency was calculated from experimental input power and output power.

2.2 Theoretical Analysis

In order to evaluate different losses in the EPC 9036 development board, previous loss model
datasheet from Fairchild was used as a reference [10]. The datasheet provided a basic idea of dif-
ferent losses in the synchronous buck converter. Because the loss model needed to be as explicit
as possible, considering other datasheets would improve the loss model and make it as accurate
as possible. Loss model datasheets from Texas Instrument provided precise equations to study in
depth the different losses in the buck converter [11-12].

Power losses in the synchronous buck converter included several parts: eGaN transistors loss,
inductor loss, capacitor loss etc. Among these, eGaN transistor loss contributed a significant part
of the loss model. The first loss associated with eGaN transistor was conduction loss. The on re-
sistance onthe eGaN transistor and the RMS current determined conduction loss. Specifically, the
conduction losses were divided into high side (HS) eGaN transistor loss and low side (LS) eGaN
transistor loss as shown in equation (1) and (2). The RMS current used in equation (1) and (2) was
calculated by equation (3) and (4) for HS and LS eGaN transistors respectively. The ripple current
is given by equation (5) [10-12].

Pcond(Hs) = Ras(onyHs X |§MS(HS) (1)
Peond(Ls) = Ras(onLs X |§MS(LS) (2)
lRMs(HS) =
D |ripp\e 2 |ripp\e |ripp|e |ripp|e 2 (3)
5 X ((lout + 2 ) + (lout + 2 ) X (Iout - 2 )+ (lout - 2 ) )
lRms(Ls) =

1-D i i i i
\/ 3 X ((Iout + %ple)Z + (IOUt + %ple) X (lout - %ple> + (lout - %DIG)Z)
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The second loss associated with eGaN transistor was switching loss. Switching loss was com-
posed of HS and LS switching loss in eGaN transistor, gate drive loss, deadtime loss and output
capacitance loss. Switching loss on HS was induced during turn on and turn off transition due to
the LS clamping effects, which causes HS affected by both high current and high voltage at the same
time. HS switching loss and HS gate current is given by equation (6) and equation (7) respectively.
Considering LS eGaN transistor, both LS turn on and turn off were soft switching at normal oper-
ations. Therefore, the LS switching loss was small and thus neglected in this report [10-12].

Q
Psw(rs) = Vin X lout X fon X lsw (6)
g
I — \/driver - \/PL (7)
& Rg + Rdri\/er

Deadtime loss was induced by LS eGaN transistor during dead-times and can be calculated by
equation (8). The gate drive loss is given by equation (9). The deadtime during rise and fall is given
by equations (10) and (11) [10-12].

Pdeadtime =

|ripp\e |ripp\e (8)

Vsp X ((lout - 2 ) X J[deadﬂme(rise) + (lout - ?) X J[deadtime(rise)) X fou
Pgate = Pgate(rs) T Peate(ts) = (Qghs) + Qg(s)) X Variver X fsw (9)
J[deadtme(rise) ~ tde\a\/(rise) (10)
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Another eGaN transistor related power loss in synchronous buck converters was eGaN output
capacitance loss, which was induced by output capacitance charge/discharge. The output capaci-
tance loss for HS and LS is given by equation (12) and (13) respectively [10-12].

1
PCoss(HS) = 5 X Qoss(HS) X \/% X fow (12)

1
PCOSS(LS) = E X QOSS(LS) X \/% X fsw (13)

DC Resistance (DCR) in inductor and Equivalent Series Resistance (ESR) in capacitor were di-
rectly proportional to the inductor and capacitor loss. The 280nH inductor and 10uF capacitor
used in the development board had very low DCR and ESR values, which minimized the inductor
loss and capacitor loss. Inductor loss and capacitor loss are provided by equation (14) and equation
(15) respectively. The RMS current on the inductor was calculated by equation (16) [10-12].

PocL = lwsy X DCR (14)
Pocc = I2pe X ESR (15)
2.
r e



Parameter Value Parameter | Value Parameter | Value
Vi 12V Rds(ON)LS | 1.5mQ elay(rall) 750 ps
Vout 12V Vriver 10V Qes(L5) 4.6nC
L 280 nH Rgate 0.3Q Vin 2V
C 10 uF Rariver 27Q Vg 1.8V
fow 1 MHz/500 kHz Qau(His) 1.1nC Coss(Hs) 290 pF
Tow 1us/2ps Q(his) 3.5nC Coss(L5) 1600 pF
lout OAto32A Qg(Ls) 15nC DCR 0.29 mQ
Ras(ON)HS 6mQ telay(rise) | 650PS ESR 1.5mQ
Table 1

Parameters and Values

The datasheet of the eGaN transistor EPC 2100 provided values for the parameters to calcu-
late losses associated with transistor [13]. Datasheets for inductor loss and capacitor loss were
obtained from Coilcraft and Digikey respectively [14-15]. Table | provides all the values for the
parameters used in equation (1) to (16).

Allindividual losses were added together to calculate total lossinthe eGaN buck converter. The
output power was easily obtained, as the output current and output voltage were known parame-
ters. The total loss was added to output power to get input power. Finally, efficiency was obtained
when output power was divided by input power.

The complexity and sluggishness of calculating equations by hand was greatly reduced when
MATLAB was utilized [16]. MATLAB has a unique feature that allowed a variable to be defined in
a range. With the help of this feature, output current was defined from O to 32 amps with incre-
ment of 0.032 to ensure precise curve of efficiency. The efficiency versus output current graph was
plotted at 500 kHz and 1 MHz in order to make the accurate conclusion.

2.3 LTspice Simulation

One of the advantages of using LTspice simulation was that it provided more option to check
your results and to ensure that progress was made in the right direction [8]. As mentioned earlier,
LTspice simulation initially used to decide the right inductor and capacitor for the development
board. The stability of the system was sufficient to confirm that 280nH inductor and 10uF capaci-
tor would work experimentally.
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Figure 4
LTspice model for development board



The LTspice model of the development board is shown in the Figure 5. To justify results from
LTspice, losses such as inductor loss, capacitor loss, gate drive loss, etc. are also modeled as shown
inFigure 4. The LTspice model for the inductor and its parameters are provided on Coilcraft's web-
site [17]. The gate drive loss modeled with a resistor in series with the gate and the PWM source.
The LTspice model used for EPC2100 eGaN transistor provided on EPC's website [18]. There-
fore, all the transistor related losses are embedded inside the EPC2100 eGaN transistor model.
The capacitor loss is also embedded inside the capacitor model in the LTspice.

Spicedirectivesthat measuredtheinput current, input voltage, output current, and output volt-
age inthe LTspice were used to receive precise measurements. Changing the load resistance pro-
vided avarious range of output current as well as adding initial condition produce faster simulation.
The initial condition was changed depending upon the output current. The LTspice simulation was
also done at 500 kHz and 1 MHz frequency.

3 Results and Discussion

Thetheoretical efficiency was collected for two different frequencies with the help of MATLAB.
Because the output current included one thousand points (increment of 0.032 from O to 32), it was
impossible to contain all the results in this paper. Therefore, those points were plotted in a graph
to make comparison with experimental efficiency and efficiency from LTspice simulation at 1 MHz
as shown in Figure 5a.
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Figure 5

Output Current vs Efficiency at: (a) 1 MHz, (b) 500 kHz.

Looking at similarities of the theoretical and experimental efficiency, both have a similar kind
of shape. However, comparing both there were marginal differences. At lower current, the exper-
imental efficiency had higher efficiency than theoretical efficiency. Once output current reached
6 A the theoretical efficiency was higher than experimental efficiency. The purpose of plotting LT-
spice efficiency was accomplished as it clearly matches with experimental efficiency. The similar
kind of characteristics can also be seen at 500 kHz in Figure 5b.
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Loss difference at: (a) 1 MHz, (b) 500 kHz.

From these plots, two loss models showing the loss difference between theoretical and exper-
imental were plotted at 1 MHz and 500 kHz as shown in Figures 6a and 6b respectively. Both of
these plots show exponential trend. In fact, the loss difference approaches O watts approximately
at 10 Ain both cases. However, this does not justify that arbitrary frequency can be used to obtain
an accurate loss model.

Inorder to point out the exact variables that contributed inthe loss difference, curve-fitting tool
from MATLAB was used to check the error. Figures 7a and 7b show that second order polynomial
method fits the best through all the points. This indicated that any equation with second order
polynomial might have caused the loss difference.
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Figure 7
Second Order polynomial loss difference with R? value of: (a) 0.9441 at 1 MHz, (b) 0.9792 at 500 kHz.

Equations (1), (2), (14), and (15) demonstrate second order polynomial equation. From these
equations, following variables were tested experimentally to verify the loss model: Ryson(tis).,
Rason(Ls). ESR, and DCR. The Ryson on HS was measured between 5 mQ2 and 7 mQ, while Ryson
on LS was measured between 1 m&2 and 2.2 mQ. The theoretical values for HS and LS are 6 mQ
and 1.5 mQ respectively. Therefore, Ryson on HS and LS do not contribute to the loss difference.
When DCR of the inductor was measured, the experimental value was between 1 mQ and 3 mQ.
This range of values is higher than theoretical value of 0.29 mQ. This clearly indicated that DCR
did contribute in loss difference. To confirm further, the theoretical value was changed from 0.29
mQ to 2 mQ. The new plot shown in Figures 8a and 8b clearly suggested that DCR was one of
the variable as the theoretical and experimental efficiency matched closely after 6A of output
current. The method attempted to measure the ESR on the capacitor experimentally was not
precise enough to conclude that ESR was also part of the loss difference.
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After changing theoretical value from .29 mQ to 2 mQ at: (a) 1 MHz, (b) 500 kHz.

4 Conclusion and Future Work

As the relevant technology continues to improve, power converts will evolve to become more
efficient. Having a known loss model for a converter is useful to improve efficiency in less time and
less iterative process for hardware prototyping. This research showed that the loss difference be-
tween experimental and theoretical data was an outcome of DCR of an inductor. Although DCR is
one of such variables that are at the fault, more detailed experiments can be done in the future to
test different variables such as ESR, Ryson(Hs), Rdson(Ls), €tc. Measurements that are more precise
will also help to make the loss model as accurate as possible. Some known facts such as the ini-
tial difference between experimental and theoretical efficiency can also be resolved in the future.
New designs with different capacitors and inductors to produce new loss model and compare with
current loss model can also be useful to understand the difference in the performance.
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