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Embarking on a New
Frontier of Power Density

with GaN

The latest power-conversion devices will help engineers achieve higher power in
smaller spaces, thus providing the highest power density at lower cost.

e'll kick off this article with a power
component recently introduced by
Efficient Power Conversion (EPC): the
EPC2361 enhancement-mode GaN FET
at 100V, 1 mQ, housed in a 3- x 5-mm QFN package. This
component offers a higher power density for DC-DC conver-
sion, motor drives, fast charging, and solar maximum power
point tracking (MPPT). Claimed as the lowest on-resistance
GaN FET on the market, it offers twice the power density
when compared to EPC’s earlier generation products.
Driven by such a FET or similar types of components,
let’s look at high-power-density applications that are push-
ing the limits of power design.

GaN Needed for More-Electric Aircraft (MEA) and
All-Electric Aircraft (AEA)

MEA and AEA are very good solutions for fuel con-
sumption and combating greenhouse gas emissions. Thus,
their applications always need high power density along
with solid reliability.

Aircraft typically have a limited load. Reducing the weight
by just one kilogram will have a cost savings of $4,500 for
medium- and short-range aircraft during 20 years of op-
eration. As a result, high-power-density converters become
vital to these systems.

On this front, scholars at Nanyang Technological Univer-
sity - NTU Singapore presented their work with a weight-
optimized power-supply design for aircraft.

Research focused on an optimized converter architecture

1. Shown are typical LLC plus buck (a), typical Boost
+ LLC-DCX (b), and typical phase-shifted full-bridge
schemes. (Courtesy of Steve Taranovich)
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2. This 3kW LLC+Buck schematic image (from Fig. 1a) was chosen as the final

Bus: 28V Output: 28V

that reduces weight and improves air-
craft performance. It was determined
that a high-voltage DC (HVDC) elec-
tric power system (EPS) with a £270-V
main DC bus would be the best future
structural design for MEA and AEA.
As of this point, there’s not much re-
search on the weight optimization of
the converters that connect the 3-kW
HVDC 270-V bus and the 28-V DC
load in the AEA and MEA.

A planar transformer with inductor
is used in the design, leading to the
best performance in the LLC resonant

design scheme based on the weight minimization and high reliability prin- converter. High reliability, coupled with

ciple. (Image courtesy of Reference 2)
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3. Shown is the relationship between weight, parameter design, and loss: The
weight of the magnetic core of the transformer and the inductor (a) and the
losses of the LLC primary side (b). (Image courtesy of Reference 2)

a light weight, will lead to the selection
of one of the three schemes shown in
Figure 1.

Among the three converters, the
LLC+Buck, was chosen for the final
scheme (Fig. 2).

The LLC+Buck circuit influences
the overall weight and is the lightest of
the three converters shown in Figure 1.
Typically, this scheme has a tradeoff be-
tween weight, efficiency, and gain range:

« Comparing weight: The LLC+Buck
is lighter than the Boost+LLC-DCX
since the boost inductor must func-
tion at a high of 270 V, while the
buck inductor only operates at 28
V. The larger and heavier magnetic
core in the boost inductor elimi-
nates the Boost+LLC-DCX in this
case.

Comparing efficiency: The
Boost+LLC-DCX has the highest
efficiency since it essentially oper-
ates for two distinct reasons. First,
the LLC-DCX is able to constantly
operate quite close to the resonant
frequency, which is the highest ef-
ficiency point of the LLC resonant
circuit. Second, the boost is situ-
ated at the high-voltage side. The
conduction loss is less than a buck
in the LLC+Buck design. Therefore,
the phase-shifted full-bridge will
have the lowest efficiency for the
zero-voltage-switching (ZVS) prob-
lem when under light load condi-
tion with a large current in the filter
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inductor.

o Comparing the short-circuit protection reliabil-
ity: The LLC+Buck, along with the phase-shifted full-
bridge, will perform much better. Both of these output
stages exhibit the capability of strong voltage regulation.
However, the LLC circuit in the Boost+LLC-DCX de-
sign exhibits a gentle frequency-gain curve. As a result,
the duty cycle needs to be changed, or it must function
at a high frequency to limit the current. This doesn’t of-
fer a very reliable means of short-circuit protection.

» Comparing complexity: With the control and hardware
design complexity, the simplest option is the phase-shift-
ed full-bridge since it has a single-stage circuit, along
with phase-shift modulation. Also, the pulse-width
modulation (PWM) of the Boost+LLC-DCX design is
very simple. However, the voltage control strategy of the
LLC+Buck design needs frequency modulation and is
fairly complex.

Takeaways are that the LLC+Buck design is fairly com-
plex, and its efficiency is lower than the Boost+LLC-DCX
design, but it will function better in short-circuit protection
reliability and weight. So, based on the high-reliability prin-
ciple and the minimization of weight, the 3-kW LLC+Buck
is the best choice.

How to Further Minimize Weight

Let’s look at the LLC circuit resonance parameters that
may also influence weight. In this case, there’s a tradeoff
with weight, gain range, and efficiency. First, pinpoint the
parameters that will minimize the LLC converter weight and
control any losses within a suitable range. Then analyze the
relationship between the loss of the circuit and parameters,
along with the weight (Fig. 3).

Resonant parameters and weight

The resonant parameters will mostly influence the weight
of the magnetic components. Thus, the designers chose a
planar transformer and inductor for the LLC circuit.? The
magnetic components’ weight for the magnetic core plus the
weight of the winding is included in the weight of printed-
circuit-board (PCB). Reference 2 goes into great on how to
estimate the weight of the magnetic core.

Resonant parameters and losses

The resonant parameters, as measured, will mostly influ-
ence the primary-side current that may impact conduction
loss of the components in that primary side. It takes into
account the magnetic core losses in the resonant inductor
plus conduction loss in the transformer’s windings on the
primary side.

Conduction losses for each component is able to be calcu-
lated via the use of the square of I,, which will be multiplied
via the equivalent series resistance value on the primary
side. We can estimate the core losses of a resonant inductor

with Equation 1:

Quure = Py X107
d.

where:

» m; (in g) and m;, (in g) are the mass of the magnetic core
of the inductor and transformer.

e P, (in mW/cm?) is the unit volume loss, which can be
acquired by the frequency and B,,, from the datasheet of
the core material that’s chosen.

e d_ (in g/cm?) is the density of the core material chosen.

« ;(in g) is the mass of the magnetic core of the inductor.

« m, (in g) is the mass of the magnetic core of the trans-
former.

o C; and G, are constants that are determined via the core
shape and material.

« B, is equal to the variation value of the AC magnetic
flux density since there’s no DC component in the reso-
nant inductor current.

Now the LLC resonant circuit can reach ZVS when the
power devices on the primary side turn on and the turn-on
loss may be disregarded. Via the analysis of the working pro-
cess of the LLC circuit, the power devices' turn-off current
is the I,,,.

Switching losses can now be estimated using Equation 2:

st = 1/2fswlm(‘/i/2)tcross

where:

ot 18 i seconds and is defined as the crossing time of
the current and voltage wave during the power devices’
turn-off process.

« f,,, is the switching frequency.

Figure 3 shows the relationship of the estimated weight of
the magnetic components, the losses on the primary side,
and the parameters to be designed.

Therefore, when Q, is fixed, the efficiency increases; the
weight of the magnetic components will decrease as L,, rises.
When Q, increases, the weight of the magnetic components
will rise in regions of large L,,, and the loss will decrease.

Optimized Design Methodology

There are a few restrictions when selecting Q, and L,. The
optimized resonant must satisfy several restrictions to have
the optimum design requirements:

Restriction 1

The peak gain that’s attainable in the inductive region of
the LLC is higher than needed maximum gain. To reach
ZVS within the entire regulation range, the resonant input
impedance must be inductive within the designed operating
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4. Here’s the frequency-gain curve of the LLC resonant circuit at different Q,
(L, =4) (a), and the curve at different L, (Q, = 0.5) (b).
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5. A power density of almost 1700 W/in.3 (104 W/cm?) is achieved with an
overall efficiency of more than 98% using a GaN-based LLC solution. (Image
courtesy of EPC)

range (Fig. 4).

The boundary of the inductive area is

the solid black line phase = 0 in Figure
4a.
If we fix Q, and L,, the critical frequen-
cy may be solved and the M, values at
these frequencies is the attainable peak
gain. This boundary may be achieved by
solving this equation:

jwL, R, } —0
jwL.,+R.,|

: 1
Im [JLULT + 7w, +

where:
o L, is the resonant inductor.
o C, is the resonant capacitor.
Restriction 2
At the maximum frequency, M, is
smaller than the required minimum
gain. To avoid any high losses, a maxi-
mum frequency must be set when the
LLC circuit is designed. Selecting L, and
Q, determines the minimum M.

Restriction 3

Now the magnetizing current should
be large enough to finish the ZVS of the
primary-side power devices that are
within the deadtime. A large L, can
weaken the I, —this charges the capaci-
tor within the deadtime and reduces
the voltage of the power devices to be
turned on to zero while realizing the
ZVS. If the L,, is too large, the power de-
vices’ ZVS might not be able to properly
achieve their function.

Restriction 4

The temperature rise of every com-
ponent is within their proper limits.
However, even though the overall losses
are estimated, the temperature rise of
each component has their separate indi-
vidual limitation. Still, the losses of each
component must be checked.

Higher Power Density with GaN
Integration

The performance of eGaN FETs (refer
to first paragraph) is expected to double
every two years, resulting in increased
performance from a smaller form fac-
tor. GaN devices increase the efficiency,
shrink the size, and reduce system cost
for 48-V power conversion.
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Due to the significant improvements GaN offers in
switching performance and size reduction, power-supply
designers realize that GaN FETs lead to higher power den-
sity and more efficient 48-V power supplies.

For example, the EPC9143 uses the EPC2053 100-V
eGaN FET to achieve 96.6% efficiency up to 25 A (300 W)
in a very small 1/16"-brick form factor. This represents a
power density greater than 610 W/in.>.

In high-density server applications, high power density
and efficiency can be realized by using simple topologies
such as a DC-DC converter with an LLC topology. eGaN
FETs are well-suited for LLC converters since their com-
bined low gate charge (Qg) with 5-V gate operation yields
very low gate power consumption, ultra-low on-resistance,
and low output capacitance charge (Qggg)

Figure 5 shows a power density of almost 1700 W/in.? (104
W/cm?), which is achieved with an overall efficiency more
than 98% using a GaN-based LLC solution.

Simplified, High-Efficiency Power-Conversion Design

When delivering efficient power conversion, especially in
high-voltage systems, GaN power density simplifies power
designs. Its impact can be felt in applications ranging from
energy storage systems, electric vehicle (EV) onboard and
oftboard chargers, and residential AC distribution power
systems to telecommunication and server power systems
and DC microgrids in renewable-energy systems.
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