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Abstract—The Google Little Box Challenge, an open competition to
build the world smallest 2 kW Photo-Voltaic (PV) inverter, triggered a
trend in the power electronic community to design PV inverter systems
with a very high power density. In particular, in this paper, a novel
single-phase non-isolated PV inverter topology is presented, achieving
both high efficiency and high power density.

The proposed solution takes advantage of a highly efficient resonant
DC-DC stage to generate multiple intermediate DC voltage levels; these
levels are then modulated by means of a high-frequency operating tap-
selector and the resulting waveform is filtered and unfolded to obtain
a low-frequency sinusoidal voltage at the output. Only a fraction of the
full DC-link voltage is switched in every commutation of the tap-selector,
consequently the occurring switching losses are reduced with respect to
single-stage PWM inverters.

At the core of the DC-DC stage, a high-frequency auto-transformer with
multiple output taps is employed. Since it is realized only with a single
winding and a fraction of the input current directly flows to the output,
its utilization increases the efficiency and reduces the volume with respect
to an equivalent transformer based solution.

A detailed analysis of the working principle of the investigated inverter
is presented in this paper together with a Pareto optimal design, focusing
in particular on the resonant operation and on the modeling of the auto-
transformer. The performance in terms of losses and volume is finally
provided for the optimal solution.

Index Terms—PV Inverter, High Efficiency, High Power Density, Auto-
Transformer, Multi-Tapped Inductor, Google Little Box Challenge.

I. INTRODUCTION

With the aim of pushing the frontier in power density of today’s
Photo-Voltaic (PV) inverter systems and promoting the advantages
of modern wide band-gap semiconductor devices, Google and IEEE
launched the Google Little Box Challenge (LBC) [1], an open
competition to build the world smallest 2kW PV inverter. At the
official drop-off event, all invited finalists presented their technical
approaches [2] and the majority of the submissions relied on a single-
stage non-isolated full-bridge based PWM inverter topology, herein
schematically represented in Fig.1 (a). Generally, single-phase PV
inverter systems without galvanic isolation exhibit higher efficiency
(up to 98 %) and reduced volume and weight compared to solutions
with isolation [3]. However, in single-stage inverters, the full DC-link
voltage is continuously switched and the occurring losses limit the
switching frequency and, to a large extend, the power density of the
system. In fact, an increase of the switching frequency reduces the
volume of the components in the output filter but, if the switching
losses are prevailing, it also leads to a substantially larger volume
requirements for the heat-sink. In case soft-switching modulation
techniques, such as triangular current mode (TCM), are applied,
switching losses are reduced at the expense of increased conduction
losses in power switches and in filter inductors, due to higher ripple
currents [4].

At the final LBC event, a very unconventional approach, proposed
by one of the participants, caught everyones attention, claiming
astonishing 99.5% efficiency at a remarkable power density of
17.4kW /dm? (285 W /in®) [5]. At the core of this solution, an auto-
transformer based DC-DC stage generates intermediate DC voltage
levels; then, a tap-selector alternately connects to these levels in order
to approximate a staircase-shaped sinusoidal voltage waveform at
the output. Increasing the number of DC voltage levels, the voltage
switched by the tap-selector decreases, as opposed to conventional
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Fig. 1. Single-phase non isolated PV inverter systems: (a) conventional single-

stage solution (b) auto-transformer based DC-DC stage solution with tap-
selector and full-bridge unfolder.

PWM inverters where the full DC-link voltage is always switched.
Moreover, the utilization of an auto-transformer offers the advantage
of reduced copper losses with respect to a conventional transformer
since a portion of the primary current flows directly to the connected
output tap. Furthermore, since the auto-transformer is realized just
with a single winding with multiple taps, a higher power density can
be achieved [6] but galvanic isolation is not provided.

With the purpose of verifying the claimed performance and the advan-
tages in terms of efficiency and power density of an auto-transformer
based PV inverter, several topologies, schematically summarized in
Fig.1 (b), have been investigated and compared; the resulting most
promising approach is presented in this paper.

The main advantage of the proposed solution is the reduction of
switching losses, in fact, as described in Section II, the multi-level
DC-DC stage is operated in resonant fashion achieving Zero Voltage
Switching (ZVS) in every load condition. Additionally, the switching
losses in the tap-selector are reduced since only a fraction of the
full DC-link voltage is switched. Finally, a full-bridge unfolder is
employed to generate an AC voltage and as a consequence of its
low-frequency operation, switching losses are negligible and the chip
area can be increased to reduce conduction losses.

The structure of the multi-tapped high-frequency auto-transformer
employed in the DC-DC stage and its advantages are described in
Section III. Transparent estimates of the claimed improvement in
efficiency and power density are provided in Section IV, together
with a detailed description of the adopted design parameters and the
associated simulated waveforms.

II. WORKING PRINCIPLE AND RESONANT OPERATION

The proposed inverter topology is illustrated in Fig.2 with four DC
voltage levels considered. The DC-link voltage and the 0 V reference
are available from the source, while two intermediate DC voltage
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Fig. 2. Proposed topology with four DC voltage levels considered, divided in six parts: input half-bridge and DC blocking capacitor (I), auto-transformer (II),
voltage doubler (III), tap-selector (IV), output filter (V) and full-bridge unfolder (VI). All labeled potentials are referred to DC_.

levels are generated in the DC-DC stage. A half-bridge circuit,
operating with a 50 % duty cycle at a frequency fsw,in, together with
a DC-blocking capacitor Cp, (I), applies a zero-mean square-wave
voltage vy, of amplitude Vcde/2 to the input of a high-frequency multi-
tapped auto-transformer (II). Depending on the turns ratio between
the input tap and each output tap of the auto-transformer, scaled
square-wave voltages viap,i appear at the input of the voltage doubler
circuits (III), generating intermediate DC voltage levels Vcievel,i-
A subsequent tap-selector (IV), operating at a PWM switching
frequency fsw,ts, alternately connects to the individual Viievel,i such
that the low-pass filtered voltage vout resembles the voltage reference
Uref = |Umains| as shown in Fig.3 (c). Hence, a LC-filter (V) and a
full-bridge unfolder (VI) are connected between the tap-selector and
the mains to attenuate the high-frequency components of v originate
from the PWM operation of the tap-selector and to generate a low-
frequency AC output voltage Umains, respectively.

The unique feature of this novel topology is the resonant operation
of the DC-DC auto-transformer based input stage. As mentioned
in Section I, the DC-DC stage is dimensioned such that a series-
resonance between Cp, Ly j) and Ctap,i is excited. Ly ) is the
leakage inductance between the i*" and the j'* tap of the auto-
transformer and it can be calculated from L, ; indicated in Fig.2.
Consequently, the input current of the auto-transformer icp, depicted
in Fig.3 (d), is sinusoidal and, despite its time-varying envelope
shown in Fig.3 (c), the resonant operation is maintained during the
whole mains period.

The difficulty in maintaining the resonant operation is that, depending
on the actual tap-selector position, the prevailing leakage inductance
seen from the input tap of the auto-transformer changes. For example,
when the tap-selector switches S¢s 2 and S, 1 are alternately operated,
the leakage inductance results in a time-varying linear combination
of Lg1,2) and Lgy 3y. Therefore, the value of Ciap,i and Cp, must
be selected in order to match L. ;, tuning the resonant frequency
to fsw,in in all the operating conditions. A closed-form expression
defining this procedure will be provided in Section III, after a detailed
modeling of the auto-trasformer. Consequently, near Zero Current
Switching (ZCS) and ZVS, due to the magnetizing current of the
employed auto-transformer [7], are achieved for S, 1 and Sin 2.
The employed control scheme only operates simultaneously the two
tap-selector switches which associated Vcievel,i encloses vyer. For
example, if Viievel,2 < Uret < Vide, Sts,2 and Sts,3 are alternated
as shown in Fig.3 (c). In the following, each operating pair of
switches is addressed as tap-selector state: in the mentioned case, the

associated state occurs for ¢ < ¢ < t2 in the first quarter of mains
period, as shown in Fig.3 (c). This control strategy minimizes the
voltage switched by the tap-selector switches and the current ripple of
iLflter, 1llustrated in Fig.3 (e), therefore reducing the occurring losses.
Additionally, due to the bidirectional blocking capability of the tap-
selector switches, a commutation strategy is required to continuously
provide a path for the current ¢1.g1ter during the tap-selector dead-
times [8].

In order to dimension the DC-DC stage components, the envelopes
of icp and of all the other currents flowing in the auto-transformer
have to be calculated. As an example, a purely resistive load Rout is
considered. Given a value for vyef, assumed to be constant within
the tap-selector switching period Tiw,ts, the tap-selector state is
determined and a duty-cycle d; for each S¢s,; is computed in order to
generate vout. The average current in each tap-selector switch Isis i
results proportional to the output current %oy, constant within Ty ¢,
as

. Vout
ISts,i = di'Lout - dii-
out

1

Furthermore, Is¢s i, assumed to be constant within an input switching
period Tiw in, can be related to the peak of the high-frequency
sinusoidal current Iciap,i,pk in the corresponding voltage doubler,
imposing, on average, constant charge of Clevel,i

1 Tsw,in/2
_— / ICtap,i,pk sin(27rfsw,int) dt
Tsw,in 0

— ICtap,l,pk ) (2)
T
Equating (2) and (1) through the common term Ists,;, an expression
relating the currents in the DC-DC stage to the currents in the output
stage is obtained,

ISts,i =

Vout
. 3
Rout ( )

According to (3), knowing d; for each Sis;, the corresponding
Ictap,i,pk is determined directly from vout for each Tiw in.
Because of the resonant operation of the input half-bridge, each
current in the DC-DC stage can be characterized by a generic
sinusoidal waveform

[Ctap,i,pk - diﬂ'

“
(&)

Ix = Ix,pk sin (27Tfsw,int) )

~ Vout
Ix,pk = dX(t)ﬂ-R(Z:lt7
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Fig. 3. Current and voltage waveforms in a mains half-period: (a) sinusoidal
currents at the input of the voltage doubler circuits (b) sinusoidal currents in
the auto-transformer winding (c) auto-transformer input current; PWM and
filtered voltage at the output of the tap-selector; variable ripple current at
the output of the tap-selector (d) zoom of the sinusoidal currents in the input
half-bridge switches and in the voltage doubler circuits (e) zoom of the PWM
voltage and of the triangular currents at the output of the tap-selector.

TABLE I
ENVELOPE OF THE CURRENTS IN THE AUTO-TRANSFORMER WINDING
AND AT THE INPUT OF THE VOLTAGE DOUBLER CIRCUITS AS A FUNCTION
OF THE OUTPUT VOLTAGE IN A QUARTER OF THE MAINS PERIOD. THE
CORRESPONDENT TIMING IS INDICATED IN FIG.3 (C)

dx O0<t<to to<t<t: ti<t<ts
dctap.1 d* 2—d* 0
Evatap.,Q 0 d -1 3-d"

dop = dia d* /3 d* /3 2(3-d") /3
dro d* /3 (3-2d%)/3 (d*=3)/3
dis —(2d")/3 (4" =3)/3 (@ =3)/3

with different time-varying envelopes dx(t). Subscript x denotes a
component in the DC-DC stage and all the calculated dx(t) are listed
in Table I, when a uniform turns ratio in the auto-transformer winding
is considered and the generic duty-cycle d* is defined as

* . Uref
4= ©)

As example, particularizing (5) with * = Ctap,i and comparing it
with (3)

dtapi(t) = d; ©)

results immediately. Considering, on first approximation, the auto-
transformer as a loss-less network, knowing the voltage waveforms
at its output taps and imposing power conservation at its_ports,
icp can be calculated from ictap,i, therefore determining dcp(t).
Additionally, the current circulating in the winding ¢r; can now be
calculated directly from the Kirchoff’s current law.

The so obtained close-form expressions for the current envelopes are
highlighted in Fig.3 (a)-(b) in a quarter of mains period, perfectly
matching the simulated results. In particular, the red and the green
curves point out the correspondence between the high-frequency
Fig.3 (d)-(e) and the mains frequency Fig.3 (a)-(b)-(c) currents in
different plots. For example, when Sis 3 is operating, part of the
output current iout flows directly from the DC-link, reducing the
amplitude of icp and the conduction losses in the DC-DC stage.
Additionally, Fig.3 (a) shows that the current in the voltage doubler
circuits ¢ctap,; flows only when the relative tap selector is operated.
Finally, Fig.3 (b) illustrates the current waveforms in the auto-
transformer winding highlighting the reduction of copper losses with
respect to the case of a conventional transformer. In fact, while in a
step-down auto-transformer the whole primary current flows directly
to the connected output tap, in a conventional transformer each
output current would entirely flow in the corresponding secondary
winding, having the envelope of ictap,i for the same load condition.
A quantitative expression evaluating this advantage is provided in
Section III.

III. MULTI-TAPPED HIGH-FREQUENCY AUTO-TRANSFORMER
DESIGN AND MODELING

The auto-transformer is the key component of the presented converter
and, as discussed in Section II, the high efficiency of the DC-DC stage
results from its usage. In order to dimension the resonant circuit
components, an equivalent circuital model of the auto-transformer,
independent from the operating point of the converter and including
the respective leakage inductances, is needed. A solution to this
problem, based on the Short and Leakage Inductance Method (SLIM)
[9], is explained in this section.

Initially, considering a particular auto-transformer design, a procedure
to determine the values of Ly ;) is presented. However, the leakage
inductances seen from the primary side of the auto-transformer



Lg(1,5 are not suitable for the model, since they depend on the
actual tap-selector state. Therefore, a solution to estimate the leakage
inductances L, ; shown in Fig.2, is proposed later on. Hence, the
values of C, and Ciap,i can be easily calculated in order to match
the impedance of the associated L., achieving a series-resonance at
f sw,in-

An E-type magnetic core with the winding configuration illustrated
in Fig.4 (a), is considered as an example. The SLIM characterizes the
non-ideality of a magnetic component by measuring or calculating
each L j) through the magnetic energy of the system for a specific
configuration of the winding taps. In particular, index ¢ refers to
a tap from which the inductance is measured and a current [ is
impressed, while index j refers to a tap which is shorted to the
reference point. The impressed current generates a magnetic flux that
is partially compensated by the current induced in the short circuit,
while the remaining flux is related to the leakage inductances. To
clarify the notation and to express the result only as a function of the
position of the taps with respect to the total number of turns Niot,
the following three quantities are additionally defined. In particular,
Ny is the number of turns from the beginning of the winding ¢ to
the input tap a, N2 between tap a and the output tap b and N3 from
tap b to the reference point 7.

In the setup depicted in Fig.4, the magnetic energy Wii(a,p) stored
in the leakage inductance L, 1,) can be expressed as

:1/B-Hdv
2 v
1

= §Ls(a,b)l2 (8)
where the indicated integration volume V' corresponds to the entire
winding volume. Assuming that the magnetic field H is only oriented
in y direction, constant in y and z directions, and directly proportional
to the magnetic flux density B through o, (8) can be simplified to

lwh [*
Wit(a,p) = po—~ / H(z)dz. )
0

Whi(a,b)

Considering piece-wise linear trends for H, (10), reaching a max-
imum Hpy directly proportional to the ampere-turns and inversely
proportional to h

1 a7, N2 z Ng
hN5N3[ e 0§x<NMw
tot
o - M (10)
=< _1 Ntot N3 Na+N3
y > N2l . N w <z< R w
Niot
Na+N:
0 %w <z<w
tot

equation (9) can be solved

1 piolww (Nmt)le 3(Na + N3)N3

Wht(a,b) =

2 h 3 Nt?’ot

1. 53(Na+ N3)N3
= —Lol"—"— = 11
5 Lo N3, (11)

where for convenience
2

. NOlww Niot
Lo = —— 12
2 b (N "

is defined. Lo only depends on the geometrical characteristics w, h
and [, of the core, indicating the width and the height of the winding
window and the average length of a turn, respectively. A general
expression for Lge,p) (13), only depending on the constructive
parameters of the transformer, is obtained equating (8) and (11).

3(Na + N3)N2

13)
thot

Ls(a,b) = Lo

The general equation (13), valid for all the Ly ;) of every auto-
transformer design with the winding arrangement depicted in Fig.4,
can now be applied to the specific case shown in Fig.2.

The auto-transformer employed in the DC-DC stage has one input and
two output taps, therefore it can be characterized by means of three
independent Lg; ;) which associated SLIM experiments are depicted
in Fig.5. The current fractions derives directly from the adopted turns
ratio. Considering the auto-transformer as an ideal voltage divider,
the voltages at the output taps are fixed from the input voltage and
the output current can be calculated imposing power conservation.
Differently from a conventional transformer, a third current is flowing
in the winding to compensate the difference between the input and the
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Fig. 4. Short and Leakage Inductance Method measurement circuit applied to
a multi-tapped auto-transformer: (a) magnetic field Hy and magnetic energy
W (a,b) trends due to an impressed current [ in a E-type magnetic core (b)
equivalent circuital model.
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Fig. 5. Equivalent circuital models of the three Short and Leakage Inductance
Method measurement circuits necessary to characterize the considered multi-
tapped auto-transformer and magnetic field Hy trends due to an impressed
current [ for two different possible winding solutions: (a) Lg(1,2) (b) Lg(1,3)
(©) Ly(2,3)-



TABLE 11
EQUIVALENT NUMBER OF TURNS AS A FRACTION OF Niot NEEDED TO
APPLY (11) TO THE THREE EXPERIMENTS DEPICTED IN FIG.5 AND
RESULTING VALUE FOR THE LEAKAGE INDUCTANCE Lgj j).

(%]) Nl/Ntot N2/Ntot N3/Ntoc Ls(i,j)
(1,2) 0 /3 2/3 1/3Lg
(1,3) 0 2/3 /3 4/3Lg
(23) s Ys s Lo

output currents. If a uniform turn ratio is considered, each Ly ;) and
each Hy can be calculated from equations (13) and (10) respectively,
considering the values for the number of turns reported in Table
II. For example, in the case of Lg 2y, tap a coincides with tap
q and represents tap 1 of the considered auto-transformer design
(N1 = 0), tap b represents tap 2 (N2 = 1/3Niot) and tap r is DC_
(N3 = 2/3Ni01). Repeating the procedure for L1 3y and L2 3y, the
magnetic fields illustrated in red in Fig.5 and the value for L ;)
summarized in Table II result.

If the winding arrangement is modified, for example interleaving
the three winding segments, (10) is not valid anymore. However,
this expedient can reduce the magnetic energy, often yielding to
a preferable magnetic design. For example, swapping the turns
associated to Lo and L3 and repeating the procedure, the magnetic
fields illustrated in green in Fig.5 result. As can be seen in Fig.5 (b),
the peak of the magnetic field is halved in the worst case, therefore
only this second solution is examined further. In this case, L, j) can
be expressed as

T .
L= [Lia2) Leas) Le@s) =A"Lo (14)

A= {1 1 2} _
3 3 9
The inductances gathered in Ls do not have a direct correspondence
in the considered auto-transformer equivalent circuit shown in Fig.2,
therefore they must be translated to L,. A procedure aiming at this
purpose have been developed and it is explained in the following. A
compact notation is introduced to clarify the calculation; in particular,
Wh,j) indicate the magnetic energy associated to the experiment
considered for the calculation of Ly ;).

Wm = [WM(1,2) Whi(i,3) WM(273)]T
Lo- = [Lcr,l Lo’,2 Lg,g]T
ol — |:i 1 1 :|T
7 CP Ctap,Q Ctap,l

Considering as example the case of Lg1,2), the associated magnetic
energy Why(1,2) can be expressed as

1 1
Whnma,2) = §Ls(l,2)—[2 = 512

3 2
Lo,l + (5) La,2 +OLU,3] . (15)

Repeating the procedure for Lg(1,3) and Lg(2 3) and gathering the
results,

W = %lez = %MLC,IQ (16)

L (32 0
M=|1 o0 3
o 1 2
is obtained. Equation (16) provides the necessary transformation

Ly =M"'Ls=M"A"Ly (17)

from L to L,. Consequently, the capacitors C; ! can be calculated
in order to tune the resonant frequency at fsw in, as

Cr' = 20 fowin)’ Lo = (27 fowin) M 'ATLo.  (18)

As discussed in Section II and showed in Fig.3 (a)-(b) the utilization
of an auto-transformer reduces the current flowing in the winding
with respect to an equivalent transformer based solution. A simple
analytical expression (21), comparing the copper losses in the two
cases P.t and P at, can be obtained for single output designs.
For the fairness of the comparison, two designs with the same
input-to-output voltage ratio are considered. In the case of the auto-
transformer, this assumption results in connecting the output tap after
N turns out of the total N, turns that form the winding.
Considering a conventional transformer, the copper losses P can
be expressed as

Pc,t = Rturn (NpIrzms,p + NSIersA’s)
= RturanIers,p (n + 1) (19)

assuming same Riurn (©/turn) for the primary and the secondary
windings. In the case of an auto-transformer, the equivalent primary
current [, flows in N, — Ny turns, while the difference between I,
and the equivalent secondary current I flows in Ny turns; therefore
the copper losses P .t can be expressed as

Pc,at - Rturn [(Np - Nq) Iers,p + Ns (Irms,p - Irms,s)Q:I

- Rturanlfms,p |'fl - 1| . (20)
Finally, the ratio P ratio can be obtained as
Pc.t n+ 1 N,
P ratio = — = n:JG 0,1 21
ratio = po = ] N, Q{01 2n

As a general design rule, (21) shows that the auto-transformer is more
and more beneficial when n approaches one. (21) can also be applied
in the considered case of a multi-tapped auto-transformer, averaging
the three different tap-selector states that occurs every quarter of
mains period, according to the timing expressed in Fig.3 (c). In
particular for 0 < t < to, n = 3 and P ratic = 2 while for
L <t<ta,n= 3/2 and Pc,ratio = 5. For tg < t < tq, Pc,ratio is
depending on the output current but for continuity goes from 2 to 5.
The duration of the three tap-selector states increases when the slope
of vous reduces, therefore it is necessary to weight and average the
different values. The so obtained result is a good approximation of
the simulated value P rqtio = 4.2.

IV. np PARETO OPTIMIZED DESIGN AND PERFORMANCE
EVALUATION

The results of a np Pareto optimization, minimizing the total volume
of the converter, are described in detail in this section.

In this optimization routine, the switching frequency of the DC-DC
stage fsw,in and of the tap-selector fsw, s are chosen independently
in a range of 50 kHz-500 kHz. For each frequency pair within this
design space, a subsequent routine optimizes the magnetic compo-
nents, selecting the magnetic cores with the minimum volume and the
most efficient winding solution [10]. Several constraints regarding, for
instance, the saturation flux density and the maximum current density,
address the choice among a wide range of cores available on the
market. The optimized switching frequencies are few,in = 105 kHz
and fsw,ts = 130 kHz, while the optimal magnetic cores are indicated
in Table III, among all other selected components listed.

In line with the aim of the LBC, modern wide band-gap semicon-
ductors are employed in the converter. In particular, a 600 V n.OFF
CoolGaN™ GaN Infineon Technologies power transistor is consid-
ered, providing both low switching and conduction losses. Solely the
full-bridge unfolder, mainly because of its low-frequency operation, is
realized with super-junction Si MOSFETs. Two anti-series connected
devices, needed in order to prevent unwanted current flow through the
body diode, are used as tap-selector switches, however, in the near



TABLE III
CHOICE OF COMPONENTS TO REALIZE THE PARETO OPTIMAL DESIGN.

Item Quantity ~ Value Code Manufacturer Description

Sin,i 2 n.a. - prototype Infineon Technologies 600V n.OFF CoolGaN™ Transistor

Dya,i 2 n.a. - prototype Infineon Technologies 600 V n.OFF CoolGaN™ Transistor

Dout,i 2 n.a. - prototype Infineon Technologies 600 V n.OFF CoolGaN™ Transistor

Sts,i 7 n.a. - prototype Infineon Technologies 600V n.OFF CoolGaN™ Transistor

Sout,i 4 IPW65R019C7 Infineon Technologies 650 V CoolMOS™ C7 Transistor

L; 3 582uH E 40/16/12 TDK N87 Ferrite

Leiter 1 20 pH E 25/13/7 TDK N87 Ferrite

Cac 3 493uF  B43991X0009A223 Panasonic 450V Aluminium Electrolytic Capacitor

Cp 6 1uF C5750X7R2E105K230KA  TDK 250V Multilayer Ceramic Capacitor

Chap,2 4 1uF C5750X7R2E105K230KA  TDK 250V Multilayer Ceramic Capacitor

Chap,1 15 1uk C5750X7R2E105K230KA  TDK 250 V Multilayer Ceramic Capacitor

Clevel,i 30 2.2uF  C5750X6S2W225K250KA  TDK 450V Multilayer Ceramic Capacitor

Chiter 3 2.2uF  C5750X6S2W225K250KA  TDK 450V Multilayer Ceramic Capacitor
future, single die four quadrants power semiconductors could replace
them. Moreover, the rectifier diodes of the voltage doubler circuits are

99 100 replaced with active switches for synchronous rectification, reducing
n*=97.7% 99t ncec=974% nu=97.9% the conduction losses.

Experimental measurements and numerical simulations have been
conducted on the mentioned power switches in order to estimate the
losses for different operating points, with the purpose of accurately
evaluating the efficiency of the overall converter.

Multilayer ceramic capacitors, reaching a higher energy density than
equivalent film capacitors, are employed in the different stages. In
particular, X7R capacitors are preferred in the resonant circuits,
guaranteeing a lower capacitance derating across the overall operating
temperature range. Ripple specifications on Vcgc directly provide

n (%) @ 2kW
O O
~ o0

o
N

6

3
p (eW/dm’) Output Power (W) an analytical expression for the dimensioning of Cgc. Due to its
@ ®) high value of 1.2mF, solely in this case electrolytic capacitors are
preferred.
Input HB Others Fig.6 (a) shows the result of the optimization routine highlighting the
3.89W 632 W selected solution among all the ones generated from the mentioned
FB Unfolder design space; in particular, an efficiency 1;* = 97.7% at rated power
A 3.96 W and a power density p* = 7.4kW/dm>(121 W/in®) are reached.
uto-Transformer . o
6.46 W The np Pareto front and the analytical locus that limits p due to
éﬁ7he6fw thermal constraints, as a function of 7 and for a given Cooling System

Performance Index (CSPI), are also plotted in Fig.6 (a) to explain
the peculiar alignment of the points. The obtained efficiency, with

Voltage Doubler Tap-Selector

932 W 15.41 W respect to the output power, is indicated in Fig.6 (b) together with the
© California Energy Commission (CEC) efficiency ncec = 97.4 %.
The contribution of the different component categories to the total
. volume of 271 cm® (16.54in%) and the losses in the different stages
Power S‘zgc}lei (z)lthm} of the converter are shown in the pie charts of Fig.6 (c)-(d). Analyzing
em em Fig.6 (c), it becomes evident the highly efficient operation of the DC-
Heat Sink DC stage (>99 %), and especially of the input half-bridge. Despite
Gate Drivers 60 cm? the employed modern wide band-gap semiconductors, the principal

source of losses, is the tap-selector. The anti-series connection of
the power-switches increases the conduction losses; furthermore, the

3
30 cm Magnetic Cores

23 cm? — . . ..
om hard-switching commutation of the tap-selector switches significantly
Cdcl Capacitors contributes to the total switching losses. Although in the analyzed
103 cm’ 6 cm’ design only four DC voltage levels are used, already 17 switches

are required to implement the described topology. However, their
contribution to the total volume is comparably low, as shown in

(d

Fig. 6. Performance analysis in terms of efficiency and power density: (a) np
Pareto optimization and power density optimized design (b) overall efficiency
with respect to the output power (c) losses distribution in the different stages
(d) contribution of the different component categories to the total volume.

Fig.6 (d). The achievable power density is strongly affected by the
DC-link capacitor C4. and by the heat-sink volume. Since only a
small fraction of the energy on average stored in Cyc is needed to



compensate the power pulsating at the double of the mains frequency,
the electrolytic capacitor is poorly utilized. Instead of employing a
purely passive capacitors bank, an active auxiliary converter called
Power Pulsation Buffer can be installed to increase the power density
[11]. In order to further decrease the volume needed to extract
the heat, advanced cooling methods, such as heat-spreaders and
extractors, are beneficial. In the described design, a cooling system
with a CSPI = 25.6 W/dm?®/K is considered, limiting, in only
60 cm? (3.661n>), the temperature raise to 30 °C at full load.

The performance of the described design, in terms of efficiency
and power density, is comparable with many solutions presented
at the LBC finals, confirming the potential of this novel inverter
topology. However, the bright claims of above 99 % efficiency and
17.4kW /dm?® (285 W /in’) could not be proved with the approach
presented herein.

Finally, with the purpose of verifying analytical waveforms and
results presented in Section II, accurate circuit simulations have
been carried out. The obtained waveforms are presented in Fig.7,
showing stable intermediate DC voltage levels Vcievel,; during the
whole mains period and no visible distortion in the output voltage
waveform when the tap-selector changes state. Considering 1,fiter in
Fig.7 (a), it is evident how the current ripple is drastically reduced in
contrast to an equivalent conventional PWM converter design where
only Vcqc is available as DC voltage level. Similarly, considering
vgs, it is clear that for every tap selector transition, only Vcac/s is
switched across the anti-series connected devices. Moreover, Fig.7 (b)
illustrates the soft-switching condition and the resonant behavior of
the input half-bridge when S¢ 1 and S¢s 2 are operated alternately and
the load current is split between the two voltage doubler circuits.
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Fig. 7. Simulated current and voltage in a mains period at rated output power:
(a) sinusoidal output voltage and current before and after the output filter (b)
zoom of the sinusoidal currents in the input half-bridge switches highlighting
the resonant operation and soft-switching conditions.

V. CONCLUSION

A novel, single-phase, PV inverter topology, based on a highly
efficient resonant DC-DC converter stage, is presented in this paper.
The advantages of generating intermediate voltage levels by means
of a high-frequency multi-tapped auto-transformer are stated and
confirmed with efficiency estimation and losses calculation, com-
paring the proposed solution with conventional PWM single-stage
inverters and galvanic isolated topologies. The operating principle of
the proposed inverter is outlined, providing close-form expressions
for the analytical waveforms, validated with accurate simulations.
The high-frequency resonant operation and the mains frequency
current envelopes dependent on the tap-selector state are analyzed in
detail to dimension the components in the DC-DC stage. Resonant
operation and ZVS are maintained during the entire mains period
and independently from the load, guaranteeing low switching losses
in the DC-DC stage. The design of the auto-transformer is presented
together with a procedure to calculate its leakage inductances, es-
sential for the resonant operation. Hence, a circuit model for the
auto-transformer, independent from the operating point, is derived
and consequently, a procedure to dimension the resonant capacitors
is obtained. A Pareto optimized design is finally presented and the
resulting performance are discussed. High efficiency and high power
density are reached, justifying the interest in a multi-tapped high-
frequency auto-transformer based inverter system. However, even
employing modern wide band-gap semiconductors and ensuring a
very efficient operation, the bright claims of the LBC participant
could not be confirmed in this work.
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