2010 IEEE Energy Conversion Congress and Exposition, pp. 2803-2810, Sept. 2010. 1

High-Efficiency Inverter for Photovoltaic
Applications

Aleksey Trubitsyn*f, Brandon J. Pierquet*$, Alexander K. Hayman*9Y, Garet E. Gamache I,
Charles R. Sullivan "**, David J. Perreault *ff
flyoha45@mit.edu Spierquet@mit.edu Thayman@mit.edu |ggamache @ gmail.com
**charles.r.sullivan@dartmouth.edu ffdjperrea@mit.edu
*Research Laboratory of Electronics at Massachusetts Institute of Technology, Cambridge, MA, USA
fThayer School of Engineering at Dartmouth, Hanover, NH, USA

Abstract—We introduce a circuit topology and associated con-
trol method suitable for high efficiency DC to AC grid-tied power
conversion. This approach is well matched to the requirements
of module integrated converters for solar photovoltaic (PV)
applications. The topology is based on a series resonant inverter, a
high frequency transformer, and a novel half-wave cycloconverter.
Zero-voltage switching is used to achieve an average efficiency
of 95.9% with promise for exceeding 96.5%. The efficiency is
also projected to improve as semiconductor transistor technology
develops further. Design and control considerations for the
proposed approach are presented, along with experimental results
that validate the approach.

Index Terms—Module integrated converter, microinverter,
photovoltaic power systems, AC module.

I. INTRODUCTION
A. Motivation and Background

The market for roof-top solar panel installations is growing
rapidly, and with it grows the demand for inverters to interface
with the grid [1]-[3]. Multiple inverter system architectures
exist, of which two are the most widely considered. The first
approach involves a single grid-tie inverter connected to a
series string of PV panels. There are at least two limitations
to this approach. Firstly, the maximum power point tracking
(MPPT) is performed for the entire series string of panels,
which is not optimal given variations among panels and
variations in illumination of each panel [2], [4], [S]. Secondly,
a permanent defect or even a temporary shade to a single panel
in an array, which is controlled by a single inverter, limits
the performance of the entire string [2], [5]. One approach to
managing solar arrays is through the use of module integrated
converters or microinverters - power converters that are rated
for only a few hundreds of watts each, and directly tie an indi-
vidual panel to the AC grid. Connecting each solar panel via its
own micro inverter can improve the overall performance of an
installation. One advantage comes from MPPT of each panel’s
output, which yields greater energy extraction than centralized
MPPT of a series-connected string of modules can achieve.
Additionally, the performance of the entire installation is no
longer limited by failures in individual modules. Although
the obvious disadvantage of needing more, smaller inverter
modules, each providing much greater voltage transformation,
exists for this approach, the trends in residential installations
are expected to continue heading in that direction [1], [2], [4],

[6]. In this application, efficiency and compactness are the
driving design considerations [6].

There exists an extensive body of work on DC to AC
power converters specifically for grid tied PV applications.
A thorough overview and a topology classification is provided
in [2], [6], [8], [12]. Topologies for different power levels and
numbers of phases at the output are also presented in [4],
[7], [10], [11], for example. In this paper, we investigate an
inverter based on the architecture of Fig. 1, comprising a high-
frequency resonant inverter, a high-frequency transformer, and
a cycloconverter. This general architecture has long been
known (e.g., [7]), but it is perhaps the least explored of known
approaches (e.g., see the topology review in [2], [6], [8], [12]).
We propose an improved realization of this architecture that
enables reduced device losses compared to other realizations
along with flexible control, enabling very high efficiencies to
be achieved. All devices operate with resistive on-state drops
(no diode drops) under zero-voltage switching (ZVS). More-
over, the proposed approach scales favorably with anticipated
trends in semiconductor devices.

B. Objectives

The goal of this paper is to present a power stage design
and preliminary results for an inverter that is suitable for grid
interfacing, operating from low input voltages (25-40 V DC)
to high output voltages (240 V,.,,s AC) at average power levels
of 175 W and below, as per the design specifications listed in
Table 1. Operating at unity power factor, the power into the
grid (averaged over a switching cycle) is given by (1), where
Wiine 1s 1207 rad/s for U.S. standards and V)., is the peak
line voltage, nominally 240+/2 V. The quantity P, represents
the power delivered into the grid averaged over a line cycle.
This quantity can change (e.g. based on solar panel insolation
and shading) over a wide range (over 10 to 1).
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The metric of efficiency considered in this paper is that
proposed by the California Energy Commission (CEC) for
these applications. The efficiency of an inverter is the weighted
average of its efficiencies at different power levels, expressed
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TABLE I
DESIGN SPECIFICATIONS

25-40 V, DC
240 Viyms, 60 Hz AC
0-175 W
> 96% CEC average

Input Voltage
Output Voltage
Average Power
Target Efficiency

TABLE I
CEC WEIGHTING COEFFICIENTS. SOURCE: [13]

Average Power (%) | 100

| 75 | 50 | 30 | 20 | 10
Weight | 0.05

053 | 021 | 0.12 | 0.05 | 0.04

as percent of maximum average power (with 100% corre-
sponding to 175 W). The weighting coefficients can be found
in Table II. For simplicity, efficiency testing is conducted in
DC/DC mode!. To do so, a series of DC output voltages is
used to approximate the AC line cycle. The instantaneous
power output is set to match the power of the corresponding
point in the cycle. Additionally this is performed for different
average power levels, with instantaneous power changing
appropriately. The term ‘operating point’ will hereafter refer to
a fixed triplet of (output power, input voltage, output voltage).

II. DESIGN
A. Topology

Fig. 1 shows the proposed inverter topology. A capacitor
bank (Cl,r) placed in parallel with the solar panel provides
the necessary twice-line-frequency energy buffering. The size
of this capacitance is given by (2), where ‘k’ is the voltage
ripple ratio on the input. For a reasonable ripple ratio of 0.95,
the required capacitance is approximately 7.4 mF (as dictated
by the lowest nominal input voltage). The buffer comprises
electrolytic capacitors placed in parallel with high-frequency
decoupling capacitance to carry the resonant current.

o VIN — Uripple

= (2a)
VIN + Uripple
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A full-bridge series-resonant inverter is operated under
variable-frequency phase-shift control, such that each bridge
leg is operated at 50% duty ratio under ZVS. For notational
convenience the two ‘A’ MOSFETs form the ‘leading’ half-
bridge leg, with the ‘lagging’ leg formed by the ‘B’ MOS-
FETs. In each half-bridge structure, the subscripts ‘H’ and
‘L’ refer to the high and low side device, respectively. The
diode and the capacitor across each MOSFET’s drain and
source represent the parasitic capacitance and body diode
of each device. Moreover, additional capacitance may be
added across some devices to improve ZVS charactertistics
(especially in the lagging leg). A high-frequency transformer
(turns ratio of 1:IN) is combined with the resonant tank
components to provide isolation and transformation, yielding

'Such DC/DC testing is not part of the CEC testing procedure but is used
here to simplify the development process.

a high-frequency quasi-sinusoidal AC current i,,. A half-wave
cycloconverter operates under zero-voltage switching to down-
convert the high-frequency AC current, yielding unity-power-
factor output current at line frequency. This cycloconverter,
which is new to the authors’ knowledge, provides smaller total
device drop than conventional bidirectional-blocking-switch
topologies, and enables greatly improved layout for high-
frequency currents.

Operation of the cycloconverter can be summarized as
follows: when the line voltage v,,; is positive (referenced
to the indicated polarity), the bottom two switches of the
cycloconverter (Fip and Fr, on Fig. 1) remain on, while the
top two switches (Dg and Di) form a ZVS half-bridge
that modulates the average current (over a switching cycle)
delivered into the AC line. Likewise, for negative output
(line) voltages, the top two devices remain on while the
bottom two devices modulate the power delivery. Given a low-
loss bypass capacitor across each pair of half-bridges in the
cycloconverter, the two switches that are on in a given half
cycle are effectively in parallel, and so contribute reduced
conduction loss compared to a single switch. At any given
time, then, cycloconverter conduction loss owing to 1.5 device
on-state resistances is obtained, as compared to two on-state
resistances for a conventional ‘back-to-back switch’ half-wave
cycloconverter. It can also be observed that only one of the two
half-bridges modulates at any given time, reducing switching
and gating loss in the cycloconverter. Finally, the compactness
of the layout of the high-frequency AC paths in the proposed
cycloconverter give it substantial practical advantage over
conventional ‘back-to-back switch’ cycloconverter topologies.

Design decisions embodied in the topology of Fig. 1 focus
on achieving high efficiency at small size while meeting the
large voltage transformation and isolation requirements. Full-
bridge inverter and half-wave cycloconverter topologies are
selected because together they reduce the required transformer
turns ratio (e.g., as compared to using a half-bridge inverter
or a full-wave cycloconverter), thus improving achievable
efficiency. Likewise, by eliminating diode drops from main
operation of the converter, and by operating all of the (resistive
on-state) devices under zero-voltage switching as described
below, one can achieve low loss by scaling device areas up
beyond that which is optimum for hard-switched topologies.
Moreover, given an absence of diode drops in the main
conversion path, the efficiency achievable with this topology
is expected to improve as the characteristics of resistive-
drop devices continue to improve. Finally, we are able to
absorb transformer leakage as part of the resonant inductor,
facilitating at least partial component integration. Note that
the capacitor (Cpiock) placed on the secondary side of the
transformer is not a resonant element, but merely ensures that
no DC is present that can possibly saturate the transformer.
Its value has to be large enough not to significantly affect the
total effective capacitance of the main circuit loop.

The entire resonant tank may be placed on either the
primary or the secondary side of the transformer as long
as the inductance and capacitance are scaled appropriately.
The DC blocking capacitor is placed on the side opposite
that of the resonant capacitor. The benefit of placing the
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Fig. 1.

resonant components on the primary side arises from the
presence of an effective parasitic capacitance across the (high-
voltage) transformer secondary. When there are no resonant
components on the secondary, this capacitance is absorbed
into the overall capacitance across the cycloconverter. This
reduces the ringing, which could be present in the resonant
current waveforms due to the charging and discharging of the
parasitic capacitance.

B. Idealized waveforms and ZVS

Fig. 2 shows the idealized waveforms of interest for this
topology, with naming indicated on Fig. 1. For simplicity,
the waveforms have been scaled to fit and are missing their
ordinate values as their relative timing is of greater importance.
The figure illustrates waveforms on the time scale of the
switching period (Tsw = fslw = wz;;v)‘ Since the switching
frequency is much greater than the line frequency, the instan-
taneous output voltage can be well approximated as constant
during each switching period®. This is also correct for any
operating point. The cycloconverter voltage ‘v..’ is a square
wave changing between 0 and the instantaneous value of vyy;.
Angle ¢ is the angle (normalized to the switching period)
by which the zero-crossing of current leads the rise of ‘v..’.
The full-bridge is controlled to generate a three level stepped
voltage waveform, labeled by ‘vpp’. Angle 0 is the angle by
which the zero-crossing of resonant current ‘¢,’ lags the rise
of ‘vpp’. When the switching frequency is above the natural
frequency of the LC tank, the overall impedance seen by the
full-bridge is inductive and angle 6 is positive. For a given
peak current and input and output voltages, we define 0.,it;cal
and @.riticqr as the angles corresponding to the amount of time
necessary to fully discharge the drain to source capacitance of
the full-bridge and the cycloconverter MOSFETSs, respectively.
Operating the inverter with 6 > O.riticar and ¢ > Gcritical

2This assumption holds for the rest of this paper. The instantaneous value
of vout Will be referenced as Viut.

Circuit topology of the proposed inverter. A DC voltage source replaces v+ for a DC/DC operating point.

(Dswitching t

Fig. 2. Waveforms and angles of interest for voyt(t) > 0.

allows for ZVS on all eight MOSFETs, virtually eliminating
switching losses [9].

C. Power transfer control

The switching cycle-averaged power is given by (3). Fourier
series coefficient notation is used in the expansion of the inte-
gral and I, ; represents the fundamental (switching) frequency
component of the resonant current. The final approximation
provides an intuition for how the power transfer is affected
by the fundamental of current and the variable ¢. Since the
switching harmonics account for less than 10% of total power
transfer for the quality factors which are used here, ignoring
harmonics is valid for qualitative purposes.
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There are at least four ways to control the amount of power
that is delivered in this circuit. They are now introduced
individually, followed by the stategy which results in the most
efficient operation of the inverter.

1) Full-bridge phase shift: Taking the fundamental of vrp
as the phase reference for all waveforms of interest, the
Fourier series coefficients of vpp are given by (4), where
0 = 2% The phase of each component is therefore either
0 or 7 radians. Each leg of the full-bridge operates at 50%
duty ratio. Changing phase shift of the full-bridge can be
defined as changing the amount of time between the rise
of the voltages of high sides of leading and lagging legs.
This directly corresponds to changing 7, the overall ‘width’
of the positive and negative voltage pulses of vpp, while
also affecting 6 (however, that relationship also depends on
frequency). According to (4), changing phase shift changes
the magnitude of each harmonic component of the voltage,
which in turn changes the resonant current and the overall
power transfer.

0’ n=024,...
VFBJ’L = {4\/”\, sin ng71" n=135,... @

2) Cycloconverter phase modulation: According to (3c),
for a given resonant current amplitude of the fundamental
and output voltage, increasing the cycloconverter phase shift
¢ decreases the instantaneous output power. This also means
that for a given output power, operating at larger phase angle
¢ means having larger peak (and rms) resonant current.

3) Switching frequency: The impedance presented by the
series resonant LC network is a function of frequency. Starting
just above resonance (as a minimal ZVS requirement), the
magnitude of the impedance increases as the frequency in-
creases, which in turns causes the resonant current magnitude
to decrease. Thus, fixing everything else constant, the power
transfer to the load decreases with increased frequency.

4) Burst mode (ON-OFF) control: One can control average
power by bursting the entire converter on and off at a mod-
ulation frequency that is far below the switching frequency.
While this technique is not presently utilized in the prototype,
it is anticipated that it could be very useful for maintaining
efficiency at light loads.

D. Control for high efficiency

Efficient control of the converter is realized as a combina-
tion of the above techniques [14]. Without further details, the
sum of all loss estimates may be lumped into one equation, (5),
referenced as ‘the loss function’. The loss function has some
direct dependence on the switching frequency and the resonant
rms current value. The goal of an efficient control law is to
minimize the loss function while satisfying the power delivery
requirement given by equation (3) and the appropriate ZVS
constraints (otherwise the loss function is invalid).

Loss = A(fswiz) fSw + B (fswiz) ia” (5)

The maximum amount of power which the inverter can
deliver (ignoring ZVS requirements) occurs when it is operated

at fow = fres» 0 = 1, and ¢ = 0. Decreasing power delivery
can be done by increasing fsw or ¢, or by decreasing §.
An operating point determines the minimum required resonant
current and the corresponding minimum cycloconverter phase
shift ¢ = @critical- Any extra cycloconverter phase shift will
result in extra loss as a consequence of higher current. For
the components chosen for the prototype, the loss function
is more sensitive to current than it is to frequency for most
of the operating region. The nominal control strategy which
minimizes losses looks to operate at the lowest possible
cycloconverter phase shift ¢, as this results in the lowest rms
current, while also switching at the lowest allowed frequency
and consequently the narrowest pulse width 7 on the full-
bridge. The cycloconverter is thus not utilized as a control
handle beyond modulating it to resemble a diode rectifier.
Essentially the combination of frequency/phase shift is more
favorable in terms of loss than cycloconverter modulation, with
further preference going to lower frequency. The equivalent
circuit model for the converter under this control scheme is
shown on Fig. 3. It emphasizes that the most efficient way to
control the cycloconverter is by operating it as close to a diode
rectifier as possible, with the only deviation being due to the
parasitic (output) capacitance of the cycloconverter MOSFETs.

A restriction of how low the frequency can be comes from
the ZVS requirements: the resonant current has to completely
charge or discharge Cp,, before v.. can change between 0
and V,,; or vice versa. This gives rise to the angle ¢.rticqr as
the angle (in the switching period) during which the required
amount of charge is delivered to or from this capacitance. Note
that Cl,q, is placed across only one of the diodes but its value
absorbs the capacitance across the other diode as the two are
in effectively in parallel. The effective value of Cpq, is given
by (6), considering the nonlinear characteristics of the device
capacitances. This value was empirically found to have worked
best in predicting the behavior of the MOSFETs. In general,
this is a function of the output (line) voltage: Vis = Voui.
The value of C,ss (Vys) is obtained from the manufacturer
datasheet.

Under this scheme, the switching frequency is high at low
output powers while the resonant rms current is low. There
exists a boundary in switching frequency and current level
above which it becomes more efficient to operate with non-
minimal current but in turn to switch at a lower frequency.
This is achieved by increasing ¢ above ¢.,iicq for a certain
output requirement. Since extra resonant current results (i.e.
the resonant current is determined by ZVS and not power
delivery), this will be referenced as the ‘sloshing boundary’.
It may refer to the maximum allowed frequency at a nominal
current level or vice versa, and is dependent on the component
selection and the loss. Note that the analytical models may
not be accurate enough to exactly predict which direction
is best and experimental verification will often be needed.
The discussion presented in the rest of this paper comes
as a result of experimentally determining that most of the
operating points of CEC interest occur in the minimal current
mode of operation, with the current sloshing technique mostly
relevant for the very low output powers, which have small CEC
weighting coefficients. Additionally, the gain in efficiency due
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Fig. 3. Equivalent circuit model in the most efficient control mode for positive
output polarity. The two connections to the diode rectifier are swapped for
negative output polarity.
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Fig. 4. Basic inverter model for control timing calculations.

to sloshing is typically very small for the chosen components,
so the minimal current mode is often very close to the most
efficient control law.

2 Vas

Cpar (Vds) = W o

Coss (V) dv (6)

E. Inverter analysis and timing calculations

Having presented the optimal control stategy, it is still a
challenge to calculate the proper MOSFET timing, such that
testing may be conducted. Apart from switching frequency,
full-bridge phase shift, and cycloconverter phase shift (w.r.t.
full-bridge timing), deadtimes need to be calculated for each
half-bridge leg. Having a deadtime that is too small might
lead to hard switching (and thus extra losses) and even failure
due to voltage spikes. Having too much deadtime results in
higher losses as the parasitic body diode conduction of each
MOSFET is generally more lossy than conduction through the
device. It is typically better to overestimate deadtime (rather
than underestimate) as that is much less likely to result in
failure of the components. It is also undesirable to operate at
angles 6 and ¢ that are much greater than minimal possible
values as that results in higher rms current and thus greater
loss. However, underestimating these leads to hard switching,
which may compromise robust operation of the converter, and
overestimation is also favored here.

A simplification of model of Fig. 3 replaces the cyclocon-
verter with an AC voltage source equal to v.., as shown on
Fig. 4. This model reflects all circuit elements to the secondary
side of the transformer, and the voltage source v, is thus equal
to Nx vgg. The model describes the time domain relations
but it may also represent the converter at each switching

harmonic if the two voltage sources and the resonant current
are taken as phasor quantities (with f,, = n x fey for the n*"
switching harmonic). The parasitic resistance (‘R,,,’) arises
from modeling all loss in the converter as some equivalent
resistor. One way to calculate control inputs under minimum
current control law is by determining the minimum allowed
cycloconverter phase shift given a switching frequency and the
full-bridge pulse width®. These inputs fix the magnitude and
phase of all harmonics of v,, consistent with (4). To solve for
resonant current 7,, and thus the output power, v.. needs to
be determined. However, v.. depends on i,. In setting up the
equations to arrive at the solution, we assume that:

1) v is a square waveform of values 0 and V,,;, and of
duty ratio 0.5.

2) vee has an instantaneous rising edge transitions, occur-
ring when a charge of Qpqr = %V‘”” is delivered
by ¢, after it crosses zero while rising. A similar
calculation is used for the falling edge.

3) For a given Vo1, Cpqr is a linear capacitance.

Furthermore, ~q is defined as the angle, along the switching
cycle, at which i, crosses zero while rising. Angle g is
defined as the angle at which charge Q4 is delivered by .
Equation (7) shows the relationship between these angles and
Ocritical- Following the above assumptions, the Fourier series
decomposition of v, is approximated by that of a square wave,
as given by (8). This allow us to define a relationship between
resonant current and the two voltage waveforms for the n*®
switching harmonic by writing the current-impedance equation
for the standard series RLC circuit (excited by the difference
of the two voltage sources), as given by (9a). Equation (9b)
enforces that 7 is indeed a zero crossing angle of i, and (9¢)
specifies that the right amount of charge is delivered in the
time % Solving (9) yields a consistent current and a set
of anglegz‘y which can be used to set the final control input
(cycloconverter phase shift) in order to achieve ZVS with
minimal current sloshing for a given full-bridge phase shift
and switching frequency.

¢critical =7Q — Y0 (7)
V"Q“"‘, n=0
Vcc,n = O, n=24... (8)
%(sinnwg +jcosnyg), n=13,...

AViN o nd Wour (u ,
Lo N =L sin 25T =2eut (sinnyg + j cos nyq)

' ! + janwLTES J’_ Rp(lT

JnwewCres

Z [ 1,0l cos (nyo + £ ) =0

(9a)

(9b)

1 TQ
L / ST Ll cos (7 + £10) ) d7 = Qpar (90)
Yo

wsw ~

3 Although this is possible with SPICE, having a semi-analytical model is
useful for generating and testing large sets of operating points.
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Equation (9a) needs to be solved for each harmonic used
in the analysis. Equations (9a) and (9¢) provide the time
domain constraints. To arrive at solution, a numerical iteration
was performed over -y with the zero crossing of the time
domain waveform reconstructed using (9a), evaluated with
the concurrent value of 7g. By comparing this model to
LTspice IV simulations, it has been determined that adding
more harmonics to the analysis increases the accuracy in
predicting power delivery through the effect that including
more harmonics has on shifting the angles v and g, and
not through the actual power transfer through the harmonics.
Since it is often impractical to model the resonant components
at a frequency beyond the 5*" switching harmonic, this was
taken as the number considered for this analysis. Comparing
results of this method with LTSpice IV simulations, we find
that the error in power delivery is less than 7% for powers
of up to 400 W with Cpq, in the range of values of the
actual components (up to 1.5 nF). Some error is to be expected
given the assumptions that went into this model (specifically,
ignoring the waveform curvature that is due to charging of a
linear capacitor, in favor of a much analytically simpler square
wave).

An almost identical procedure is performed for the full-
bridge MOSFETs. The different value of C),, needs to be
taken (per the datasheet and any additional capacitance used)
and the fact that the primary-side resonant current is N times
greater than the secondary-side current often results in 6.,;¢;cql
being close to zero. Equation (10) gives an expression for
Ocriticar in terms of yo rpp, which is defined as the angle at
which the current completely commutates between the low and
the high side of one leg of the full-bridge. The two legs are
not symmetric in this regard: typically the lagging leg switches
near the peak of 7., which requires a smaller critical angle for
that half-bridge. It is also possible that the MOSFET is unable
to change its state before the current fully commutates. In that
case, extra drain to source capacitance may be placed on the
lagging leg MOSFETSs to ensure no overlap loss, even near
peaks of resonant current.

Ocritical = YQ,FB — 70 (10)

Having arrived at a consistent solution (to within some
tolerance), the deadtimes for full-bridge and cycloconverter
switching are computed as given by (11). The two safety
factors (SF) are some values between one and two. They are
included to compensate for the assumptions made about v,
and vrp. Physically, the aforementioned procedure calculates
the time to deliver approximately half of the required charge.
Since the resonant current is typically rising at that point (and
definitely not falling), the time to deliver the full charge is at
most twice of the calculated value and is at least the same.
Selecting these factors refers to the tradeoff between more
robust and more efficient operation of the inverter. The final
control input is the cycloconverter phase that is given by (12a)
for the high side of the positive-output-polarity cycloconverter
half-bridge and by (12b) for the negative polarity half-bridge.
Since the operation is identical for the two halves, a simple
change of phase is required when switching polarity. The

safety factor SF cc,on is generally smaller than SF'.. of (11b)
and is also meant to absorb any shortcomings in the model and
guarantee that the devices never turn on too early.

YQ,FB

deadtimepp = SFpp X (11a)
deadtimee, = SF oo x L& (11b)

Wsw
Yon,HS,pos = Y0 + SFcc,on X deadtimecc (1221)
Yon,HS,neg = Yon,HS,pos +m (12b)

The presented model may be extended to the non-minimal
¢ mode of operation, for example, by adding an extra angle
¢s to both limits of integration in (9c). This would mean
that each of the cycloconverter MOSFETs starts conduction
¢ radians after the earliest that it can do so. Finally, the
assumption of a fixed parasitic resistance may be inaccurate
across a wide frequency range. It is possible to use different
values in different frequency bands or to provide an analytical
estimate instead.

F. Resonant component sizing

Specifying an operating point determines the minimum ¢
and the corresponding minimum ¢, ,ms. The values of the
resonant components determine the switching frequency. Re-
ducing resonant frequency reduces loss in all circuit elements.
This may be achieved by reducing the resonant frequency
through selection of larger values for L,.; and C,.s, which
may require physically larger circuit components. Selecting
frequency range is thus a balance between size and efficiency.

The lowest allowed switching frequency is determined by
the natural frequency of the resonant tank: ﬁ The
switching frequency range beyond resonance is determined by
the tank’s characteristic impedance: / ﬁ Using a computer
script* to sweep through a range of inductor and capacitor
values, it was determined that a characteristic impedance of
50-60 €2 (as seen on the secondary side) provided an optimal
balance between efficiency and component values. In addition,
a resonant frequency of about 40 kHz gave an acceptable
balance between efficiency and passive component size. The
final component values used in the prototype are given in
Table III. Using a similar procedure to compare current
sloshing to the presented control scheme, it was determined
that for our component values, operating with current sloshing
is not needed>.

4A script was set up to implement the described control method for the
fundamental frequency analysis only given a set of resonant component values.
For each case, a CEC efficiency was estimated using loss models instead of
a single parasitic resistor. Using the fundamental-only analysis was necessary
to speed up the computation time to allow to sweep through a large (100s of
pH and 10s of nF inductance and capacitance, respectively) range of resonant
component values. This script is shown in appendix C of [14].

SIn general, current sloshing is less efficient unless the natural frequency of
the resonant tank is selected greater than approximately 200 kHz. However,
the efficiency at those frequencies is at least one percent lower than in the
selected range.
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Fig. 5. Experimental setup diagram for testing with positive output voltage
polarity. The ‘DC OUT’ supply connection is reversed for negative polarity.

The frequency consideration gives preference to a lower
turns ratio of the transformer. Higher N gives higher voltage
amplification and requires switching at a higher frequency
to achieve the same power transfer as a lower turns ratio
at a lower frequency. The minimum turns ratio, as dictated
by the fundamental components of the full-bridge and the
cycloconverter waveforms at the minimum input and the
maximum output voltages, with § = 1, is given by (13). A
turns ratio of 7.5 is chosen for the prototype.

chc 1,max g240\/i
Nmin - — == ~ 6.8 (13)
VFB,Lmz’n %25
III. EXPERIMENTAL VERIFICATION

A. Testing setup

A prototype has been built and tested. Fig. 6 shows the
populated prototype board. Table III specifies the circuit
components of the tested design. Testing was performed using
static DC voltages at the output. To approximate the line cycle,
8 or 9 output voltages were tested for each average power
level. Due to symmetry, only one quarter of the line cycle is
unique in its operation. Fig. 5 shows the experimental setup.
The output voltage was controlled by a DC power supply
connected to a ballast resistor. The common mode chokes
were important at the output as that power supply was not
grounded. Two 20 mH chokes were used in series. The input
and output power were monitored by two meters per port.
The auxiliary DC power supply labeled ‘DC gating’ provided
the power to gate all eight MOSFETs. The front panel of
that supply was used to monitor this component of loss. At
each DC operating point, the inverter was controlled in an
open loop manner, with static gating waveforms being supplied
by an FPGA development board (the power for which is not
considered in the efficiency summary).

B. Results

The converter was tested with output voltages ranging from
20 to 90 degrees along the AC line cycle, spaced by 10 degrees
(this is a range of 115 to 339 V). For average power levels of
50% and higher, the 10 degree measurement was also taken
(58 V). The safety factors (of (11), (12)) used for the model
were as follows: full-bridge - 1, cycloconverter deadtime - 2,
cycloconverter turn on - 1.5. A table of control inputs and

TABLE III
PROTOTYPE PARAMETERS

Chres 4.4 pF, 20x.22 uF Ceramic COG
Chiock 2 uF 2x 1.0 uF Capstick 105K400CS6G
Liyes 3.9 uH ETD-54 core, 3C90
4 turns of 8400x AWG44

N =17.5, RM14-3C95
Primary: 4 turns of 600x AWG40
Secondary: 32 turns of 80x AWG40

ST STB160N75F3
Infineon IPP60R250CP
45-350 kHz

Transformer

Full Bridge FETs
Cycloconverter FETs
Switching frequency

Fig. 6.

Photograph of the prototype converter with a U.S. quarter-dollar
coin. This circuit board is designed to be configurable for multiple different
topologies and control options, so is considerably larger than strictly necessary.

the resulting converter outputs was generated by sweeping the
switching frequency from resonance to about 400 kHz and the
full-bridge pulse width from 0.35 to 0.99 in steps of 0.01, for
each output voltage. The input voltage was fixed at 32.5 V. To
provide accuracy in power delivery (to properly simulate an
AC line cycle), a computer script adjusted the control inputs
until the power delivery was within 3% of what is desired. In
general this was achieved in 2 steps or less.

Fig. 7 shows the measured efficiency as a function of
instantaneous power delivered over a quarter line cycle for
32.5 V at the input. Assuming that the efficiency is 0 when 0
W is delivered and assigning a CEC weight of 0.09 to the 20%
average power case (the 10% case was skipped) the overall
CEC efficiency of the prototype is approximately 95.9%. Fig. 8
shows typical waveforms of converter operation.

Results for a single (negative) polarity of the output voltage
are presented. However, both halves of the cycloconverter were
tested with their respective output polarities. Additionally, the
output voltage and the operating point were adjustable (across
the operating range) while the converter was running. This
gives confidence in the design being suitable for true DC/AC
conversion.

An immediate area of revision is an improved layout. It
was determined that layout contributes to the ringing on the
full-bridge and higher than expected parasitic impedance. In
fact, measurements have shown that between 6 and 12% of
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Fig. 7. Efficiency vs. instantaneous delivered power. For each average power
level, different points correspond to different output voltages.
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Fig. 8. Experimental waveforms taken with the prototype converter. V:

32.5 V, Vout=338.9 V, output power: 175.1 W, input power: 179.3 W, DC
gating power: 0.7 W, Net efficiency: 97.3%. Switching frequency: 115 kHz,
resonant current: 1.19 A cycle rms, 3.56 A peak to peak.

loss comes from the high frequency ESR of the primary-
side current loop. Additionally, utilizing a different MOSFET
package would allow for devices which are projected to yield
higher efficiency.

IV. CONCLUSION

This paper introduces a microinverter for single-phase PV
applications that is suitable for conversion from low-voltage
(25-40 V) DC to high voltage AC (e.g. 240 V,,,,s AC). The
topology is based on a full-bridge series resonant inverter,
a high-frequency transformer, and a novel half-wave cyclo-
converter. The operational characteristics are analyzed, and a
multidimensional control technique is utilized to achieve high

efficiency, encompassing frequency control, inverter phase
shift control and cycloconverter phase control. An experi-
mental prototype is demonstrated which achieves 95.9% CEC
efficiency and higher efficiencies appear to be attainable.
Further details about this work may be found in [14].
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