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Abstract: In this study, a systematic approach to the design and development of a high-efficiency, natural-air-cooled, single-phase inverter
with a multilayer high-current printed-circuit board (PCB) magnetics is presented. The size and efficiency of inverters implemented with
the silicon transistor technology have almost reached a certain limit. The use of wide bandgap power semiconductors, such as the silicon
carbide metal-oxide—semiconductor field-effect transistor and the gallium nitride (GaN) enhancement-mode (e-mode) transistor not only
pushes further the efficiency limits, but also shrinks the inverter size. A new approach is proposed here in order to obtain a high-efficiency
inverter which relies basically upon the derivation of analytical expressions for the inverter losses as a function of the inverter modulation
index, for the optimum transistor and highest switching frequency pair selection, and the design of the output filter based on a paralleled,
multilayer PCB magnetics. In the developed 5 kVA single-phase full-bridge inverter, GaN e-mode transistors are used to minimise the inverter
losses and to decrease the cooling requirement, and size of the system. The proposed systematic design approach has been verified on the
implemented 5 kVA, 50 kHz, naturally-cooled GaN inverter, with a power density of 2.7 W/cm® (44.3 W/inch®), and a full-load efficiency

of 98%.

1 Introduction

The efficiency of power converters has been a major concern for the
industry and academia for years. It has reached the theoretical limits
with silicon power metal-oxide—semiconductor field-effect transis-
tors (MOSFETs) and insulated-gate bipolar transistors (IGBTs)
[1, 2]. Thanks to the advances in power semiconductor technology,
wide bandgap power semiconductors, such as the silicon carbide
(SiC) MOSFET and the gallium nitride enhancement mode
(GaN e-mode) transistors, make now possible the design of
power converters at higher switching frequencies, lower size, and
hence higher power densities. Among these, single-phase inverters
share a considerable part in small-size uninterruptible power sup-
plies, household applications, photovoltaic energy conversion
systems, and so on. Reduction in the size and weight of the single-
phase inverter increases the applicability and modularity of the
whole system.

Power converters using wide bandgap devices have been paid
great attention due to the increased switching frequencies. In [3],
a boost converter application using SiC MOSFET at 300 kHz
switching frequency and at a power level of 1.2 kW is reported.
Similarly, for the same topology, higher converter efficiencies can
be reached using SiC MOSFETs instead of Si MOSFETs [4]. For
the single-phase inverters, Google Little Box Challenge [5] has
contributed to the inverter volume shrinking issue. In this contest,
utilisation of wide bandgap power semiconductors, power decoup-
ling methods, and proper mechanical integration of components
lead to the design of compact single-phase inverters. Power
density can be further increased by using forced-air cooling.
However, in practice, fans used in forced-air cooling have limited
lifetime, in the order of a few ten thousands of hours only [6]. To
overcome the undesirable effects of forced-air cooling which
reduces the reliability and applicability of the system, research
work has been carried out to increase the power density of the
natural-air-cooled single-phase inverters with the GaN e-mode
transistor-based full-bridge circuit, by applying interleaved
switching with modified modulation techniques, and some active
power decoupling methods [7]. On the other hand, a T-type,
single-phase inverter has been implemented with Si IGBT, SiC
MOSFET, and GaN transistors for performance comparison in
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[8]. DC-link capacitors constitute one of the major components
affecting the total inverter volume, which can be reduced by
using active power decoupling [9], at the expense of extra
power losses, and reduced overall efficiency of the single-phase in-
verter [10].

In this research and development work, a new design approach is
proposed for a natural-air-cooled, high power density, high-
efficiency, single-phase GaN inverter. Systematic design steps to
achieve the volume and efficiency targets of the inverter are
described. First, analytical calculation of transistor losses as a func-
tion of the inverter modulation index, m, enables the selection of
optimum transistor and highest switching frequency pair for a
given application, without running time consuming computer simu-
lations. Then, a new multilayer high-current printed-circuit board
(PCB) magnetics design methodology is presented for the output
filter inductor, to minimise the weight and volume, at a smaller tem-
perature rise as compared to the conventional wired inductor
designs. The proposed design approach is verified on the devel-
oped, natural-air-cooled, 5 kVA, 50 kHz, single-phase GaN invert-
er. The practical aspects of the implementation and the associated
experimental results are given in detail.

2 Systematic design approach

The systematic design of the single-phase, naturally-cooled, 5 kVA,
full-bridge inverter in Fig. 1 will be initiated by selecting the
most suitable power transistor among the wide bandgap power
semiconductors and new generation Si MOSFET alternatives, in
order to meet the target efficiency and volume specifications
at the highest possible switching frequency. This will be achieved
first by means of the proposed analytical transistor loss
calculation method, instead of running time consuming computer
simulations, and then by applying a new, paralleled multilayer
PCB magnetics design approach for a natural-air-cooled output
filter inductor.

2.1 System description
Technical specifications of the single-phase inverter to be designed
are given in Table 1. In this circuit topology, active power
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Fig. 1 Single-phase full-bridge inverter circuit
Table 1 Single-phase inverter technical specifications
Parameter Value
input voltage 370 V+30 V DC
output power SkVA
output voltage 230 V RMS, 50 Hz
output current 30 A peak
output current ripple 10% peak
target efficiency 98%
target power density 2.5 W/em®
target volume 21t

decoupling methods have not been used in order to maximise the
efficiency. In order to avoid the common-mode currents, bipolar
pulse width modulation method is applied to the full-bridge
circuit, with a precaution taken against the common-mode currents
by the symmetry of the AC line connections. For this purpose, the
output filter inductor is split into two identical filter inductors L1
and L2 in the power stage, as shown in Fig. 1. The main compo-
nents determining the size of the inverter are, (i) output filter induc-
tors L1 and L2, (ii) power transistors 7R1, TR2, TR3, TR4 and their
cooling heat sinks, and (iii) DC-link capacitor, C1. Minimum in-
verter size will be achieved via the proper selection and design of
these main components.

Table 2 Candidate transistors’ technical specifications

2.2 Analytical approach for power transistor loss calculation

The total loss limit is found to be 102 W for the target efficiency in
Table 1. The target power transistor loss contribution to total invert-
er loss can be initially set to nearly 60%, as shown by design for
similar power ratings [11]. Hence, total transistor loss budget is cal-
culated as 61.2 W, which means that 15.3 W maximum power loss
is allowed for each power transistor. The next step is to determine
the candidate power transistors for this application, by taking the
technical specifications given in Table 1 into account. For a single-
phase inverter with 370 V DC input, Si CoolMOS C7 series, SiC
MOSFET, and GaN e-mode transistors (with 650 V or above break-
down voltage levels) are the most possible options for a high-
efficiency design. Electrical ratings of three such up-to-date
power transistor candidates are given in Table 2.

The transistor power loss components, the conduction loss,
P.ong, and the switching loss, Py, for each of the Si MOSFET,
SiC MOSFET, and GaN e-mode transistors are to be expressed
analytically for a quick systematic design. Note that all three
power transistors have reverse conduction capability via their
conducting channels. On the other hand, during the negative
cycle of the phase current, the anti-parallel diode conducts only
during the dead-time period. Si and SiC MOSFETs anti-parallel
body diode with a specified forward voltage drop is active in the
dead-time period, and the characteristics of the diode do not
change with varying gate-to-source voltage. On the other hand,
GaN e-mode transistor behaves like a diode, whose threshold
voltage, Vpo(Vgs), and effective resistance, Rpgsor(Vgs), varies
with the OFF-state gate-to-source voltage (reverse-conduction oper-
ation mode). Hence, for the conduction loss calculation, the GaN
e-mode transistor should be handled separately.

For an accurate analytical calculation of conduction losses, tran-
sistor root mean square (RMS) current, /p,s, the reverse average
current, lr,,, and the reverse RMS current, /g, €xpressions
should be derived. Also, body diode losses during dead time
should be calculated using the threshold voltage, Vpg, and the ef-
fective resistance of the body diode, Rp. Total conduction loss
expressions, P4, Of all transistors are given in Table 3.

For switching loss calculation, turn-on and turn-off parameters of
transistors specified in the datasheets should be scaled according to
the operating conditions of the inverter. The transistor parameters
given in Table 2, such as the rise time ¢,, fall time, #g drain-to-source
resistance, Rpson, and reverse recovery charge O, are used in the
calculation of Pg,. Ips and Vpg in Table 3 denote the transistor
peak current and peak voltage values, respectively, for one period
of the fundamental output current and voltage waveforms. For the

Silicon Infineon IPW65R019C7

SiC ROHM SCT3030AL GaN e-mode Gansystems GS66516T

breakdown voltage 650 V 650 V 650 V
continuous current 75 A (25°C) 70 A (25°C) 60 A (25°C)
on-state resistance 19 mQ 30 mQ 25 mQ
total gate charge 215nC 104 nC 12.1 nC
recovery charge 20 pC 130 nC 0
package TO-247 TO-247-3 GaN PX
Table 3 Transistor power loss expressions

Si MOSFET SiC MOSFET GaN e-mode
PCO"d RDSonIIZ)rms + VDOIRav + RDII%mls RDSon[%ms + VDOIRav + RDSoff’l%rms

I 1,

Psw <% VDS (tr + tt') + er VDS)];W + 025er VDS}(;W (% VDS (lr + tf))f;w
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GaN transistor, Q,,, is zero, and thus not included in the switching
loss calculation.

In order to derive an analytical expression for the RMS current
values in Table 3, first an exaggerated waveform of the transistor
current in conjunction with the AC output current will be consid-
ered as shown in Fig. 2. In this plot, the transistor current is
shown to be composed of a few pulses only for the sake of illustra-
tion, due to the difficulty in representing the current pulses at rela-
tively high switching frequencies, f;,, in practice. Also, it should be
noted that the transistor current waveform given in Fig. 2 is valid for
reverse conducting power switches. As illustrated in Fig. 2, & stands
for the pulse number. In one fundamental period, T, of the output
current, there exist N pulses, as calculated from the following
equation:

N =

: ¢y

TSW

where T, is the switching period. The approach in this derivation
relies upon the fact that the square root of the sum of mean-square
values of pulses from 1 to N is equal to the RMS value of the tran-
sistor current, I, ., as expressed in the following equation:

[Drm.y:\/112m+122ms"'+[k2mu"'+11%/ms 2)

Here, the mean-square value of the kth pulse can be calculated
from the following equation:

1 (90T

o= - J I*sin’(wx + 6) dx 3)

sJt

where 0 stands for the phase angle between the fundamental
phase voltage and current waveforms. The integral limits here are
t and t+d(1)T,,, where d(t) is the duty cycle of the transistors,
and m is the modulation index calculated from the following
equation:
VOut
m=—_—- 4
Voc 4

where V,, is the inverter peak output voltage and Vpc is the inverter
DC input voltage.

The duty cycle can then be expressed as given in the following
equation:

1 + m sin (wt)

d(t) = 5

®)

In (5), w=2nf; where f; is the inverter output frequency.
Since, Ty =NT,, t in (3) can be replaced by Ty, resulting in

?Tm'
drru'

! - Output current

Transistor current

Current

t t+dTo, \ 4 5

Fig. 2 Single-phase inverter transistor current waveform
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the following equation:
1 U+ )Ty
= J IPsin®(wx + 6) dx

2
[knns - F
s J kT

[T —cos (2wx + 26)] dx

2 (k+d (kT )Ty
I KTy (6)

:Z_TS

I? 1.
= o7 [d(kTSW)TSW ~ 5 [sinQ@w(k + d(kTy,)) Ty

+26) — sin QwkT,,, +26)]]

Finally, by substituting d(#) in (6), the analytical expression of Ipys
in terms of m and 6 is obtained as in (7). This RMS current calcu-
lation approach is also verified by computer simulations

k=N 2 1 + msin(wkT,,)
Ipms = T fzﬂsw
=1 els

7
_ i [sin(wT,, (2k + 1 4 msin(wkT,,)) + 26) )

—sin(2wkT,,, +26)]])""*

A single-phase inverter simulation model is constructed in
MATLAB-Simulink by using the technical specifications of the
sample inverter given in Section 2.1. From the simulation model,
transistor RMS current is tabulated for one switching period, T,
using both the MATLAB RMS function block and the derived tran-
sistor RMS current, as shown in Table 4. Almost the same transistor
RMS current is obtained from both computer simulations and ana-
lytical calculations, the small difference being attributed to the
small high-frequency ripple on the output current, which is
neglected in the analytical calculations.

Additionally, the reverse conduction RMS current, /g, can be
expressed analytically as in (8), by using the approach followed in
Ipms calculation. In the Iy, expression, Ty stands for the dead-
time period. Also, for the reverse conduction loss, average current
flowing through the Si and SiC MOSFETs can be derived as
given in (9). Ir,y can be expressed similar to the /g,y case, and

Table 4 RMS calculation comparison

Time, ms Computer simulation, A Analytical calculation, A
1 7.57 8.02
2 15.69 16.24
3 22.98 23.20
4 28.05 28.24
5 29.92 29.99
6 28.19 28.11
7 23.24 22.97
8 16.04 15.58
9 7.94 7.39
10 0.49 0.42
11 4.65 5.69
12 7.56 8.02
13 7.39 7.40
14 4.61 4.47
15 2.06 0
16 4.50 4.47
17 7.58 7.58
18 7.98 7.98
19 5.40 5.40
20 0.26 0.10
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has negligibly small magnitude, since the MOSFET body diodes
conduct during dead-time periods only

k=N[2 12 1
Roms = —|:——[sin(2wkTW —|—20+2wTd)
s < ; 2T, 2w * ®)

— sin(2wkT,,, +20)1]]) "

k=N/2
L= Y L [cos(WkT, + 6+ wT,) — cos(wkT,, + 6)] (9)

— 2T

In order to select the highest transistor switching frequency within
the power loss budget, total power loss of each candidate transistor
should be calculated, from the analytical expressions. Using the loss
relations in Table 3, and the analytical expressions for RMS and
average currents in (7)—(9), each candidate transistor’s conduction,
switching, and total loss plot can be obtained as a function of the
switching frequency and operating current as in Fig. 3. Peak
output current is swept from 0 to 50 A, and switching frequency
from 5 to 80 kHz, for the sake of illustration. Switching power
loss is computed from the expressions given in Table 3, by linearly
scaling the switching turn-on and turn-off energies with respect to
the operating voltage and current. It should be noted that although
Si MOSFET has the lowest conduction loss for all operating points,
GaN e-mode transistor is the best in terms of switching loss. The
total power loss curves in Fig. 3¢ show that the GaN e-mode tran-
sistor gives the best overall performance for this sample design.
Considering the total loss plot, among three power transistor candi-
dates, GaN e-mode transistor loss curve crosses the power loss limit
curve at a higher switching frequency point for all current levels, as
seen from Fig. 3d. Therefore, GaN e-mode transistor should be
selected for this application, to meet the efficiency and volume
targets.

Maximum switching frequency for GaN e-mode transistor is
52 kHz under 15.3 W power loss limit, as shown in Fig. 3d.
Hence, for this application, switching frequency is set to 50 kHz.
A loss comparison for all three power transistors at 50 kHz, is
given in Table 5. For this single-phase inverter application, the ma-
jority of the total loss is due to switching, for Si and SiC MOSFETs.
GaN transistor creates a difference in reducing the switching loss by
three times with respect to SiC MOSFET and ~20 times with
respect to Si MOSFET, while showing a closer performance with
others in terms of conduction loss. Total GaN transistor loss is
found to be nearly one-half of the SiC MOSFET loss, and more
than one-tenth of Si MOSFET loss for this application.

For the positive half-cycle of the line current, the high-side transis-
tor carries a forward current while the low-side transistor a reverse
current, consecutively in each switching cycle, and vice versa for
the negative half cycle. During reverse conduction, the effective re-
sistance of GaN transistor is the same as that of forward conduction,
Rpson- As a result, in the calculation of RMS transistor current, both
the positive and negative cycles should be taken into account. The
only exception is the dead-time period. During this period, the
GaN transistor conducts a reverse current with an equivalent
voltage drop, Vpo, and a resistance, Rpso, Which are much higher
than those in the case of forward conduction. As a result, the RMS
current and hence the power loss should be handled separately
during the dead-time period. For this purpose, Irmms in (8) and /g,y
in (9) are derived. Since the dead-time period of GaN transistor is
negligibly small, the corresponding power loss is in the order of
0.1% of the total transistor conduction loss.

2.3 Multilayer high current PCB magnetics design procedure

A major component of the single-phase inverter, which determines
the total size, is the output filter inductor. In this application, an
L-type output filter will be designed for the sake of reduced
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Fig. 3 Candidate transistor power loss plots
a Conduction power loss

b Switching power loss

¢ Total power loss

d GaN transistor total power loss

complexity. The design is initiated by determining the area
product of the required inductor, with the filter loss distribution
between core and copper losses chosen as 50% each for optimum
design, initially.
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Table 5 Total power loss with GaN e-mode transistor

Transistor Switching loss,  Conduction loss, Total power
w w loss, W
IPW65R019C7 177.68 4.87 182.55
SCT3030AL 27.10 7.68 34.78
GS66516T 8.77 6.40 15.17

For a few kVA applications, planar inductor designs with copper
foil conductors are being used as the state-of-the-art technique,
instead of the classical wired inductor design. In this work, a new
approach has been proposed for the output inductor design of a
few tens of amperes, called the paralleled multilayer, high current
PCB magnetics. The multilayer PCB approach brings flexibility
in the design, and standardisation and ease in the manufacturing
process. The thickness of traces forming the winding can be
adjusted by choosing the trace widths in the PCB. In particular,
copper foil or Litz-wire like designs can be implemented easier,
and hence high-frequency effects, such as the skin and proximity
effects can be suppressed better. Furthermore, due to the layer by
layer design, the copper density is distributed through the layers
of the PCB, and a lower thermal resistance is obtained. Parallel con-
nection of multilayer PCBs further contributes to the cooling and
current rating of the windings.

In the sample design, the output filter inductance is calculated
from the ripple current, Al,,., which is selected as 10% peak
with respect to 30 A peak output current, at 50 kHz. Hence, the
required total inductance is calculated as 600 uH from the following
equation:

Vbe
Taking common-mode current minimisation into account, the in-
ductance is shared between the phase legs, and 600 pH inductance
is split into two 300 pH inductances on both of the inverter phase
legs (L1 and L2 in Fig. 1). The design of the output filter inductor
is initiated by the area product method [12], using the following
equation:

L]IRMS = kquRMSBAW Acore (1 1)

where [ is the peak inductor current, lzys is the inductor RMS
current, k., is copper fill factor, Jrus is the RMS current density,
B is the peak flux density, 4,, is the winding area of the core, and
Acore 1s the core cross-sectional area.

2.3.1 Magnetic core design:  For the inductor design, among differ-
ent core material alternatives such as the Molybdenum Permalloy
Powder (MPP), High Flux, XFlux, and Kool Mu [13], Kool Mu
has been chosen for the best trade-off between core loss and satur-
ation flux density. The required area product can be calculated for
Kool Mu by setting peak core flux density to 0.75 T. In the design,
peak ripple current is selected as 3 A. The copper fill factor of the
PCB winding is assumed to be 0.15, and the current density is
selected as 6 A/mm?”. By substituting these values into (11), the
required area product, AwAcow, 1S calculated as 31.09 cm®*. Since
the core will be used with PCB windings, E or U core shapes are pref-
erable. In the case optimum core sizing cannot be achieved with
standard E or U cores, the required area product can be constructed
with some commercially available core blocks. By this way,
optimum core sizing can be achieved for various magnetics designs.

In the design approach, initially it is assumed that nearly 40% of
the total loss comes from the output inductors, which corresponds
to a loss budget of 40.8 W for inductors. Since the inductor is
split into two equal parts, the loss limit is 20.4 W, for each. For
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maximum efficiency, target copper and core losses will be
equally distributed for each inductor. Therefore, for each associated
core, the core loss limit is 10.2 W. For optimum core sizing, each
inductor’s core has been constructed by using Magnetics Kool
Mu rectangular core blocks (product number: 00K6030B090),
since the dimensions of the E- or U-shaped standard cores satisfy-
ing the required area product, were over-sized. The size of a full
core block is 60 mm % 30 mm x 15 mm, as shown in Fig. 4b. Full
size Kool Mu blocks are used in the horizontal sections of the
core, whereas, half-size cores, in the vertical sections by dividing
each full-block into two equal parts. To assemble the core blocks,
epoxy-based Loctite™ ESP-109 adhesive is employed. The core
and winding areas thus obtained are calculated as Acore=4.5 cm?,
and A, =9 cm?, respectively. Hence, the area product of the core
can be calculated as 4y Ao =40.5 cm*, which is greater than the
required 31.09 cm®, with a safety margin of 30%. Subsequently,

16 turns

16 turns

Each PCB layer (70 um)
has 32 turns (20 mil)

16-layer PCB winding (3 mm thick)
Layers 1 to 15 : 32-turn windings
connected in parallel

Layer 16 : terminal connections

16" PCB layer

60 mm

Top horizontal
core block

Nine
parallel-connected,
solder-masked
16-layer PCB's
in Fig. 4-a

= W B T 00D

Vertical core blocks

Bottom horizontal
core block

o 20T g
Winding thickness ratio, //&

c

Fig. 4 Paralleled multilayer PCB magnetics design

a Winding structure in a multilayer PCB

b Parallel-connected multilayer PCB based inductor design with 1 mm air
duct between PCBs

¢ High-frequency AC loss curves
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the number of turns of the inductor, V, is calculated as 32, by using
(12), where / is the mean core length, and x is the core permeability

Ll
N= |—/— 12
lLACOI’S ( )

After determining the core dimensions and number of turns, core
loss should be calculated and checked with the target value. It is
composed of 50 and 50 kHz components. The peak values of flux
density swing, B,., are calculated separately for both the 50 Hz
and the 50 kHz components, as 0.65 and 0.065 T, respectively,
from the following equation:

_ NALyp

B
ac l

13)
The total volume of the custom core is 81 cm®. Core loss per unit
volume in W/em® is obtained from (14), as specified by the manu-
facturer [13]

P

core/vo.

= 19382011 (14)

The 10% peak flux density ripple of 0.065 T at 50 kHz and the peak
flux density of 0.65T at 50 Hz yield to a total core loss,
P... = 10.14 W, which meets the target value of 10.2 W.

core

2.3.2 Multilayer high-current PCB winding design: In the design
of the copper winding structure, the skin effect, proximity effect,
and DC resistance should be considered. Although the high-
frequency ripple is small, skin depth, 8, will be taken into
account in the selection of the trace thickness, and in the calculation
of high-frequency losses. For the 50 kHz component, the skin
depth, 8, can be approximately calculated from [14] as 0.34 mm.
Following design steps will then be sequentially carried out:

e First, calculate the PCB trace width and thickness by using the
manufacturing tolerances, and skin depth, 6: The trace width of
the windings is determined by considering the mechanical con-
straints of the core winding area. 1 mm (39.37 mil) mechanical tol-
erance in addition to 1.27 mm (50 mil) PCB keep out from both
edges are subtracted from the 30 mm (1181 mil) window width to
obtain the effective window width of the custom-designed core as
25.46 mm (1002 mil). For the sake of low leakage and symmetry,
16 turns will be distributed to each leg to obtain N=32 turns. For
each winding, the available space is 0.84 mm (33 mil). By assum-
ing 10 mil PCB manufacturing clearance, it is possible to use traces
with 20 mil width, utmost. The thickness of the copper in each layer
is selected as 70 um, with the available low-cost PCB manufactur-
ing facilities. This value can be increased up to 230 um, at the
expense of extra cost.
o Design the multilayer PCB winding and determine the number of
PCBs in parallel to reduce copper loss: Maximum PCB thickness
and maximum number of layers are dictated by the PCB manufac-
turer, which are specified to be 3 mm, and 16 layers, respectively,
for the local manufacturers. The number of PCB winding layers
is therefore selected as 15, and the remaining one layer is used
for terminal outputs. As seen from Fig. 4a, the winding structure
is repeated in 15 layers of the PCB. Nine such solder-masked
PCBs are connected in parallel in order to increase the effective
copper thickness, as shown in Fig. 4c. 1 mm air duct is put
between the multilayer PCBs for a better cooling, since effective
cooling surface of the windings is increased. The corresponding
total copper cross-sectional area is then calculated as 4.8 mm?,
from the following equation:

A =t Lnp (15)

copper
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where t,, is the trace width, 7 is the trace thickness, 7 is the number
of layers in one PCB and p is the number of parallel-connected
multilayer PCBs. Hence, for the 21.2 A RMS rated current, the cor-
responding current density is calculated as 4.42 A/mm?. The mean
length of the winding for one turn is 15 cm. This corresponds to
4.8 m for N=32 turns. Hence, the DC resistance, Rpc, of the
winding can be calculated as 19.5 mQ. Consequently, total DC
loss, Ppc is equal to 8.8 W, at rated current.

o Determine the high-frequency losses arising from the proximity
and skin effects: The high-frequency loss at the operating point
can be determined by plotting the high-frequency resistance multi-
plier, Roc/Rpc, as a function of winding thickness ratio, 4/6 [15],
where /4 is the winding thickness. AC resistance for this 16-layer
high-current PCB design is found to be ~5.36Rp, as indicated in
Fig. 4c. Note that, the winding thickness ratio, #/6=0.2, is much
smaller than unity. The AC loss, Pachp, can be calculated as
0.54 W from (16), which is much less than the DC loss due to
the small magnitude of high-frequency current ripple, as expected

Prcne = AL Ryc (16)

where Al is the RMS value of the high-frequency ripple superim-
posed on the fundamental AC current.

o Calculate total loss and temperature rise: The total loss, Pr, is
calculated from (17) as 19.48 W

Pr =Py + Ppc + Pache 17

Finally, thermal performance of the design is checked by using
the empirical expression [13] given in the following equation:

AT = (P;/SA)"83 (18)

where Py is in mW and SA denotes the surface area of the filter in
cm?. SA is calculated as 162 cm?. Hence, the inductor temperature
rise corresponding to this surface area is estimated as AT=54°C.
Since the operational limit for PCB temperature is specified as
105°C, one can conclude that both the core and the PCB will
remain within the safe operating range, for a maximum ambient
temperature of 40°C.

Fig. 5 Thermal images of conventional wired inductor (left), paralleled
multilayer high-current PCB inductor (right)

a Implemented inductors

b Thermal images of front view for wired design, and top view for the
multilayer high-current PCB design
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3 Implementation of GaN inverter
3.1 Multilayer high-current PCB inductor

The thermal performance of this multilayer high-current PCB mag-
netics design, for the output inductor with 300 uH — 21.2 A RMS
ratings, has been compared with that of the wired inductor
design, using the same cores. The multilayer high-current PCB in-
ductor and the wired inductor are presented in Fig. 5a. The mea-
sured parameters of both inductors are as given in Table 6. Both
using the multilayer PCB and wired design approaches, same in-
ductance values are obtained, with a higher but acceptable parasitic
capacitance of the multilayer PCB winding design.

Nevertheless, wired design results in a lower DC resistance
which corresponds to lower losses. In order to observe the tempera-
ture variation for both winding designs, a constant current of 30 A
DC is supplied during 20 min to both inductors for the sake of

Table 6 Inductor parameters comparison

Resistance,  Inductance, AT,°C Parasitic
mQ pH capacitance, pF
wired inductor 14.0 301 66.2 30
PCB inductor 23.5 324 453 360

DSP control card
GaN transistor heat-sink

DC link capacitor

Filter inductor

6cm

GaN transistor gate
drive circuits

High frequency
ceramic capacitors

Multilayer high
current PCB inductor

b

Fig. 6 Implemented single-phase 5 kVA GaN inverter
a 3D model top view

b 3D model bottom view

¢ Implemented inverter top view

d Implemented inverter bottom view
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thermal balance, and the temperature rise is observed. In order to
be able to measure maximum temperature values, side view is
taken for the wired inductor, while top view for the multilayer high-
current PCB inductor.

As seen from Fig. 5b, the wired inductor reaches to a maximum
temperature of 7;,=90°C, at the ambient temperature of
Tamp=24°C, whereas the PCB inductor temperature reaches to
only 69.3°C. Although both inductors are similar in dimensions,
due to the increased surface area and air ducts between parallel-
connected PCBs, the multilayer PCB inductor is expected to have
a lower thermal resistance. Experimental verification indicates
indeed that the temperature rise of the windings can be reduced
by 32%, when the multilayer, high-current PCB magnetics design
method is used. Note that, a lower temperature rise is obtained
with the multilayer PCB winding even though higher power is dis-
sipated. When the peak operating temperature values are considered
for the worst-case ambient temperature, forced-air cooling would be
required for the wired inductor, while natural-air-cooling is suffi-
cient for the multilayer PCB design. Hence, by using the proposed
multilayer PCB design, fan space is saved and system complexity is
reduced, resulting in increased reliability and modularity.

3.2 High-efficiency single-phase inverter

Before the implementation, three-dimensional (3D) model of the
whole single-phase inverter is drawn in the Altium Designer PCB
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design computer program, as shown in Figs. 6a and b. In the top
layer, DSP control card, GaN transistors (just under the heat
sinks), DC-link capacitors, and PCB filter inductors are placed.
Texas Instruments F28377D digital signal processor board is used
as the microcontroller in the DSP control card. On the bottom
side, electronic circuitry for GaN e-mode transistor gate drive and
snubber capacitors is placed. Maximum dimensions of the resulting
inverter are measured as 14.2 cm x21.8 cm x 6 cm, which corres-
pond to 2.7 W/em® (44.3 W/inch®) power density for a 5 kVA
rated output power.

The implemented single-phase, 5 kVA GaN inverter and its
dimensions are shown in Figs. 6¢ and d. Its mass is 2.3 kg. As
seen from Fig. 6, a heat sink is used for the natural-air cooling of
the GaN transistor, which is placed just on the top of each GaN tran-
sistor. The power loss for each transistor at 5 kVA output power,
and 50 kHz switching frequency is 15.2 W. A heat sink with
4.5 K/W thermal resistance (Fischer Elektronik, ICK S R40 x 50)
is selected to cool down the GaN transistor. Additionally, copper
fills at the drain and source terminals of the GaN transistor
supported with multiple via an electrical connection on the multi-
layer PCB further contributes cooling of the transistors. For this
design, six pieces of 450V, 220 uF electrolytic capacitors
(Rubycon, 450VXG220MEFCSN30X30) are used in parallel to
obtain the DC-link capacitor bank, which corresponds to a total
input capacitance of C1=1.32 mF. Electrolytic capactiors cannot
handle high-speed switching currents of the GaN transistor. For
that purpose, 10 %2 high-frequency ceramic capacitors (EPCOS,
B5803115105M2) are used in parallel with the electrolytic capaci-
tors, as shown in Fig. 6b. Each high-frequency ceramic capacitor
has 12 mQ ESR and 2.5 nH ESL values. In the layout and trace
connection phase of the PCB, a special effort is made to place high-
frequency capacitors as close as possible to GaN transistors and

Fig. 7 Single-phase GaN inverter electrical waveforms at full load
a CH2: AC output voltage (100 V/div), CH4: AC output current (20 A/div)

connect them to the transistors with traces with the lowest
impedance.

4 Experimental results

Technical specifications of the implemented system are given in
Table 1. The associated measurements are taken by using
Tektronix DPO 3034 oscilloscope. The current waveforms are mea-
sured using Tektronix TCP202 current probe, and the
drain-to-source and gate-to-source voltages are measured by using
500 MHz voltage probes. For noise immunity of the measurements
at high frequencies, the voltage probes are used with a tip ground
clip connection. In addition to these, the dead-time value is set to
100 ns in order to minimise the power loss on GaN transistors,
and the harmonic distortion on the output current waveform. AC
output current and voltage waveforms are observed as shown in
Fig. 7a, at full-load. Note that the single-phase inverter operates
at a low-current total harmonic distortion value of 0.85%.

Inverter DC input voltage and current are also recorded in con-
junction with the AC output voltage and current as shown in
Fig. 7b. As seen from waveforms, there exists an oscillation super-
imposed on the DC current at double the output frequency
(100 Hz). Due to these double line frequency oscillations at the
DC input current, a voltage fluctuation is observed on the input
voltage. With the properly chosen DC-link capacitance value,
voltage oscillations are kept at operationally acceptable levels
(<5% of 370 V DC). In order to illustrate the high switching
speed and to calculate the transistor losses, switching waveforms
of the GaN e-mode transistor are also observed. Turn-on and
turn-off switching waveforms are presented in Figs. 7c and d, re-
spectively. As seen from these waveforms, the drain-to-source
voltage fall time during turn-on is 40 ns, while the drain-to-source

A
Iy

-
Rise time =20 ns

b CHI: input voltage (100 V/div), CH2: leg-to-leg output voltage (250 V/div), CH3: input current (10 A/div), and CH4: output current (20 A/div)
¢ GaN transistor turn-off, CH1: drain-to-source voltage (100 V/div), CH2: gate-to-source voltage (5 V/div), CH3: drain current (10 A/div)
d GaN transistor turn-on, CH1: drain-to-source voltage (100 V/div), CH2: gate-to-source voltage (5 V/div), CH3: drain current (10 A/div)
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voltage rise time during turn-off is around 20 ns. The difference
in fall and rise times is a result of the asymmetrical gate drive cir-
cuitry. Turn-on is performed slower in order to limit the dv/dt and
parasitic turn-on of the off-transistor due to the Miller effect.
Still, dv/d¢ at turn-on and turn-off are 9.25 and 18.5 kV/us, respect-
ively. Switching energy loss is measured from the multiplication,
and then integration of the drain current and drain-to-source
voltage, during turn-on and turn-off. For turn-on, switching
energy is measured as E,, =203 pJ, and turn-off switching energy
as E,p=62 ), from Figs. 7¢ and d, respectively. The total loss
for GaN transistors was calculated as 61.6 W. For the full-bridge in-
verter configuration, this corresponds to 15.4 W for each GaN tran-
sistor. Since the switching loss is taken as linearly proportional to
the drain current for the same operating voltage, the experimental
Pgw can be determined from (19), for 30 A peak AC output
current. Using (19), for each cycle of AC output current, turn-on
and turn-off losses for the k-pulses are summed up to find
Psw=28.5W for f;, =50 kHz and f;=50 Hz

k=fsw/(2f5)

Poyw =Y (Egn+ Eyp)foy sin(Wk/fiy,) (19)
k=0

Table 7 GaN transistor experimental loss breakdown

Transistor Switching loss, W Conduction loss, W Total loss, W

GS66516T 8.5 6.9 15.4

100;
99

97

961 (—Experimental|

951 f i, THeEOTERICEI

Efficiency (%)

94t

P

05 1 15 2 25 3 35 4 45 5
Inverter Output Power (kW)

a

Filter Inductors
m Control circuitry
Cable
® GaN switching loss
m GaN conduction loss

m DC-link capacitors

m GaN transistor and heatsink
Filter inductors

m Others

c

Fig. 8 Performance parameters of the implemented 5 kVA single-phase
GaN inverter

a Inverter efficiency versus power plot

b Inverter loss distribution at full load

¢ Inverter volume distribution
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The resulting loss breakdown for one transistor is given in Table 7.
The small difference in conduction loss value between analytical
calculations given in Table 5 and the implemented system is attrib-
uted to the Rpgon variation of the GaN transistor as a function of
temperature. Thus, a verification of the RMS current and conduc-
tion loss expressions has been carried out. The inverter is operated
at different load levels, and the corresponding efficiency values
obtained are plotted in comparison with the theoretical values, as
shown in Fig. 8a. At the full load, measured efficiency was
97.8%, which corresponds to a total loss of 112.5 W at 5kVA
output power. The graphical representation of the experimental
loss distribution at full load is also plotted as given in Fig. 8b. In
addition, inverter volume distribution is shown in Fig. 8c. The
filter inductors and GaN transistor heat sinks constitute the major
components that determine the total volume distribution.

5 Conclusion

In this paper, a high-efficiency, 5 kVA single-phase GaN inverter
equipped with a new multilayer, high-current PCB magnetics, has
been designed and implemented. For this purpose, a new design
methodology has been proposed, which is based first on the analyt-
ical calculation of the transistor losses for the selection of optimum
transistor and highest switching frequency pair in order to meet the
target volume and efficiency, without running time-consuming
computer simulations. Then, the multilayer, high-current PCB mag-
netics design concept has been introduced for a better cooling,
easier manufacturing and standardisation of the output filter mag-
netics, as compared to the conventional wired magnetics design
techniques. In this approach, multilayer PCBs are connected in par-
allel for the winding design by taking into account the skin and
proximity effects, which are then combined with a sufficient
number of core blocks joint together to form an application-specific,
high-current, high-frequency magnetics design solution.

The proposed approach has been validated on the developed,
natural-air-cooled, 5 kVA single-phase inverter operating at
230 V AC output voltage, with a power density of 2.7 W/em®
(44.3 W/inch®), and a full-load efficiency of 98%. Fifty-five per
cent of the total loss comes from GaN transistors, and 37% from
the output filter. Note that more than half of the total inverter
volume is occupied by the output filter, and nearly one third by
the GaN transistors and their heat sinks. It has been also experimen-
tally verified that the temperature rise of the magnetics design is
reduced by 32% with the application of the proposed multilayer,
high-current PCB magnetics. As a result, natural-convection
cooling is found to be adequate with the proposed magnetics
design concept, while forced-air cooling would be required in the
case of a conventional wired inductor design approach in order to
meet the target power density for this application.
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