1054

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 34, NO. 2, FEBRUARY 2019

Ripple-Free Boost-Mode Power Supply Using
Photonic Power Conversion

Matthew M. Wilkins

Abstract—Photonic power converters (PPCs) are a class of pho-
tovoltaic devices designed for efficient conversion of monochro-
matic (laser or LED) light to electricity. These devices are composed
of multiple p-n junction diodes arranged in a tandem configuration
and connected in series. They have reached high energy conversion
efficiencies (70%) and areal power densities of 100 W/cm?. When
these devices are illuminated with a high-efficiency diode laser,
they can provide isolated dc—dc conversion from the laser voltage
(<2.3 V) to the open-circuit voltage of the PPC (1.2 to 23 V) with
low capacitance and low conducted electromagnetic interference
(EMI) compared to conventional switching power converters. The
voltage conversion ratio is controlled by varying the number of
p-n junctions in the PPC from 1 to 20 in demonstrated designs.
In this paper, we demonstrate the use of photonic power conver-
sion within two new applications. First, the laser/PPC unit is ap-
plied as a linear photonic boost converter, producing a regulated
12 V output stepped-up from a 3.3 V input to the control board.
Output ripple is negligible as compared with a switching boost
converter of similar size. Efficiency of this linear, regulated dc—dc
conversion system was 12.7%, compared with a 77.6% reference
switch-mode converter. Power density was 0.18 W/cm?®, compared
with 1.5 W/em? for the reference. Relative to switch-mode power
conversion, the photonic technology has lower efficiency and lower
power density, but superior isolation and rejection of ripple and
EMI. Both technologies are highly scalable. For the second appli-
cation, the same unit is applied to power a 650-V SiC MOSFET gate
driver requiring high galvanic isolation, demonstrating a 20 dB
reduction in conducted-current EMI from the power circuit into
the low-voltage control systems.
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I. INTRODUCTION

HOTONIC power converters (PPCs) are photovoltaic de-
P vices designed for producing power under illumination by
a laser or a light-emitting diode [1]. They have been proposed
in the past for power-over-fibre and other systems needing ex-
treme galvanic isolation [1]—[3] or wireless power transmission.
Here, we study how they can be used in ubiquitous applications
for dc power supplies in instrumentation, power electronics,
and other systems. Isolated dc power supplies typically employ
magnetic-based galvanic isolation, i.e., using a transformer, as
in Fig. 1(a). This leads to a significant capacitive coupling be-
tween the primary and secondary windings, and provides a path
for electromagnetic interference (EMI) currents, which can flow
between the otherwise isolated circuits. A widespread trend to-
ward wide bandgap transistor devices [4], [5] is enabling an
increase in switching frequency and a reduction in switching
losses, with benefits in terms of reduced size of heatsinks and
passive components [6]-[10], but also an increase in EMI [11],
[12]. If this EMI is mitigated through passive filtering [13]-[15],
the gains in power density may be negated. Photonic power con-
version [see Fig. 1(b)], on the other hand, can help to minimize
conducted EMI due to a smaller capacitive coupling between
input and output than is achievable with inductively coupled cir-
cuits [16], [17], making it attractive in systems, which combine
sensitive instrumentation and high-power switching devices.

An example is in hybrid and electric vehicles, where the
drivetrain power electronics are tightly packaged along with
sensitive control, navigation, and safety systems [18]. Another
application is in handheld electronics, where a variety of sensors
are packaged with digital electronics and powered by a single
3-V lithium-ion battery. While the digital electronics use less
than 3 V, many analog circuits and sensors require a high-quality
power supply of 12 V or more. If the 12 V is generated through
a switching boost converter, ripple is introduced, which must
then be filtered to meet the requirements of the circuit. Photonic
power conversion operates entirely at dc and so it can be used to
create ripple-free dc power supplies in very compact packages.

Since most power supply requirements call for a potential
of several volts, it is advantageous to connect several photo-
voltaic junctions in series to produce the desired output. In some

See http://www.ieee.org/publications_standards/publications/rights/index.html for more intormation.
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cases, this has been done by segmenting a single planar junc-
tion into pie-shaped mesas, which are isolated and connected in
series via microfabrication [19]-[21]. More recently, vertically
stacked PPCs with a structure similar to that of multijunction
solar cells have been demonstrated with 2 [22], [23], 5, 12, and
20 junctions [3], [24], as in Fig. 1(b). The segmented planar
design fundamentally requires a design tradeoff between resis-
tivity of the series connecting conductors and the amount of
device area, which is shaded by these elements [22]. The ver-
tical design, which employs optically transparent tunnel diodes
for series connection of the photovoltaic junctions, requires no
such tradeoff and the elimination of isolation trenches and series
connecting elements yields a smaller device area. Consequently,
this vertical structure enables higher conversion efficiencies and
higher power densities [22], with output voltages proportional
to the number of stacked n-p junctions, having demonstrated up
to 23 V to date. When coupled to a laser diode, the result is a
circuit that provides dc—dc boost conversion without the need to
convert to ac as an intermediate step. Although the efficiency of
this approach is not as high as in a conventional switching boost
converter, the advantages include reductions in complexity, vol-
ume and parts count, and the elimination of ripple associated
with switching boost converters.

Table I provides a relative comparison of switching and pho-
tonic conversion on several metrics. Photonic conversion has
excellent isolation, since it is possible to provide a larger sepa-
ration distance between laser and PPC to realize an arbitrarily
large electrical isolation while keeping the same efficiency. Both
photonic and switching technologies are highly scalable, as it is
possible to fabricate the devices to the required size or assemble
several devices for a given application. The market for PPCs
using this architecture is not established at this time, so cost
of the photonic technology is expected to change as the market
develops. The photonic assemblies use III-V based semicon-
ductor devices, which are more expensive than silicon, but this
higher cost will be partially offset by a reduced parts count.
The remaining metrics in Table I are discussed in the following
sections.
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TABLE I
QUALITATIVE COMPARISON OF PHOTONIC AND MAGNETIC
POWER CONVERSION

Switching Photonic
Power Density Excellent Good
Efficiency Excellent Fair
Isolation Fair Excellent
Scalability Excellent Excellent
Expected Cost Excellent Good
Ripple Fair Excellent
EMI rejection Good Excellent

To our knowledge, this is the first reported result for system
efficiency of such a laser/PPC system with >12 V output ca-
pability. Given that the PPCs used here are roughly twice as
efficient as previous generations, we believe that this system
efficiency is greater than has been achieved before and sets a
benchmark for future improvements through new laser sources,
optical system design, and thermal management.

The paper is structured as follows. In Section II, we describe
the optical characteristics and power conversion efficiency of
the coupled laser and PPC device. We then apply it, first to a
dc—dc boost converter with minimal ripple in Section III, and
then in a switching circuit requiring a dc supply with minimal
capacitive coupling to ground in Section IV.

II. COUPLING OF LASER AND PPC

The laser used is a commercially available I mm x 0.8 mm
vertical-cavity surface-emitting laser (VCSEL) array with 202
laser elements [see Fig. 2(a)]. The array emits nominally 1 W
at 850 nm. The current- and temperature-dependence of the
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VCSEL laser array and PPC devices. (a) Microscope image of the laser diode chip. (b) Microscope image of the PPC chip. (c) Layer structure of the

PPC showing the multiple series-connected p-n junctions. (d) VCSEL array and PPC on copper carriers. (e) Cutaway view of the VCSEL array and PPC, with a
plastic spacer providing galvanic isolation. The laser array and PPC are each connected to separate, electrically isolated heatsinks. Plastic screws serve to hold the

assembly together and mount it to a PCB (not shown).

emission peak is in Fig. 3(a). The peak wavelength shifts by
1.4 nm/A and 0.08 nm/°C. The PPCs are 3.7 mm x 3.7 mm and
are designed and manufactured by Azastra Opto Inc. (acquired
by Broadcom Semiconductors ULC) based on the vertical
epitaxial heterostructure architecture (VEHSA). The structure
contains 12 GaAs series-connected n-p junctions of varying
thickness, grown by metal-organic chemical vapor deposition
on a GaAs substrate. Each junction generates ~1.15 V at open
circuit, so that the open-circuit voltage of the entire PPC is
>14 V. A microscope image of the PPC chip is shown in
Fig. 2(b), and a cross-sectional view of the layer structure is in
Fig. 2(c). A two-layer dielectric antireflective coating tuned to
the laser wavelength is applied to the PPC.

The VCSEL laser diode array and the PPC are packaged
on separate copper submounts [see Fig. 2(d)]. We orient the
two devices facing one another with a 3-mm airgap, which is
maintained by a plastic spacer, providing an isolation voltage
>1 kV. The two submounts are passively cooled with separate
aluminum heatsinks [see Fig. 2(e)], which are also separated by
an airgap.

Since the absorption coefficient of GaAs is wavelength de-
pendent, PPCs with the vertical architecture must be designed
for optimal operation at a specific wavelength. Photocurrent is
generated equally in each of the N series-connected junctions
through a careful choice of layer thicknesses. Each optically
thin junction is designed to absorb (1 — 7T")/N of the incident
light, where T is the fraction of light transmitted through all

junctions without being absorbed. The total absorber thickness
for the PPC design used herein was 3.5 pm, so that T is less
than 1%. The design rules for the choice of individual layer
thicknesses are outlined in [25]. The spectral response of the
PPC is characterized by its internal quantum efficiency (IQE),
which is the ratio of electron flux across the device terminals to
absorbed photon flux. IQE for N = 12 PPC was measured using
a Newport IQE-200 system, and is shown in Fig. 3(b). Whereas
multijunction solar cells are usually light-biased to produce a
measure of the quantum efficiency of an individual junction,
all of the junctions of the PPC absorb over the same range of
wavelengths and so light-biasing is not possible. Instead, we
measure the IQE of the entire device under single-wavelength
illumination, without light biasing.

We might expect that this wavelength sensitivity would in-
crease for increasing N, however experiments have shown es-
sentially no change in wavelength response for 5, 6, 12 or 20-
junction devices [1]. This is explained through the phenomenon
of luminescent coupling (LC) [26]-[28], where one junction is
absorbing more than its share of incident photons, the excess is
re-emitted as photons with energy near the material bandgap.
These photons are reabsorbed in the other junctions, leading
to an efficient redistribution of photocurrent between the junc-
tions [29]-[31].

The impact of this LC has been evaluated through device sim-
ulations. Simulated IQE results were calculated using a drift-
diffusion based solver as described in [29], and an overview of
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Fig.3. Wavelength-matching of the laser diode and PPC. (a) Laser wavelength

and peak intensity for varying temperature and applied current. (b) Measured
IQE of the N = 12 junction PPC (blue dots), compared to simulations including
(dashed) and excluding (solid) the effects of LC. Measured laser emission
spectra are shown at two temperatures.

our process for device simulations is found in [32]. This redistri-
bution of light and resultant photogeneration yields a broadened
IQE, shown for a 12-junction PPC in Fig. 3(b). With LC ex-
cluded from the simulation, the device short-circuit current is
limited by the n-p junction with the lowest photocurrent, lead-
ing to a strong sensitivity to wavelength (—1.1%/nm) near the
design point of 850 nm. When the effects of LC are included,
this sensitivity is reduced to —0.4%/nm and closely follows
experiment. In Fig. 3(b), we also show measured spectra of a
laser diode array at temperatures of 25 °C and 65 °C. Although
the laser wavelength is nominally well-matched to the PPC, the
small shift in wavelength as a function of current and temper-
ature can be significant. Consequently, nearly three-fold reduc-
tion in wavelength sensitivity due to LC is important to maintain
high efficiency of operation without temperature stabilization of
either the laser or the PPC.

The laser and the PPC are separated by an airgap of 3 mm, and
are coupled such that >99% of light emitted by the laser is in-
cident on the PPC. The overall electrical-to-optical-to-electrical
efficiency (E.-O.-E.) 14, of the power converter is the prod-
uct of the laser efficiency n).ser, the optical coupling efficiency
Noptical, and the PPC efficiency nppc

Tleoe = Tlaser Toptical /PPC - (1)
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Fig. 4. Terminal characteristics of the optically isolated dc power supply.

(a) Current-voltage characteristics for the VCSEL laser diode array at 25 °C.
(b) Current-voltage characteristics for the PPC at the same temperature for
illumination of 0.5, 1, and 1.5 W. (c) Efficiency of the VCSEL laser, the PPC, and
the complete power converter as a function of optical power and optical power
density on the bottom and top axes, respectively. (d) Overall E.-O.-E. power
conversion efficiency of the coupled device, operating at 1-W optical power,
with each data point taken immediately at start-up from a cold condition and
after reaching a steady-state temperature. Inset: image of the coupled laser/PPC
package.

The operating principle of the converter can be understood by
studying the current-voltage characteristics of the laser and the
PPC, as shown in Fig. 4(a) and (b), respectively. The laser diode
emits with a peak electrical-to-optical efficiency of 42%. Optical
power output from the laser increases linearly with current,
according to

hc
Popt - anext(l - Ith) (2)

where h is Planck’s constant, c is the speed of light, A is the laser
wavelength, 7. is the laser’s differential external quantum ef-
ficiency (efficiency of converting electrical current into emitted
photons), and Iy, is the laser’s threshold current, 300 mA in this
case [33].
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The PPC used here has 12 GaAs junctions and provides a
voltage of 14.5 V under open-circuit conditions and 12.4 V at
maximum power. Each junction behaves as an ideal diode

W _ ’YZlen <Iph,i — I)
q

I,
where 7 indexes the junctions, +; is the ideality factor of an
individual diode junction, I}, ; is the photogenerated current,
Iy ; s the saturation current density, and [ is the current density
conducted through the full device [34]. Assuming that the in-
cident optical power is shared equally in each of the junctions,
the photocurrent density in each junction is

3

qnopticalpopt A
Ipyi=—7—"7"7-—. 4
ot N he @

If all junctions have the same ideality factor v and saturation
current [y, the voltage across all N series-connected junctions

is then
N~EkT Iy, —1
V= V= 1 P .
Y= S ()

&)

The power output of the PPC varies with voltage, and so
output is maximized when it is connected to a properly matched
load, either by design or by active control of the converter [35].
In practice, the amount of light absorbed in each of the junctions
is not equal, and so the measured current-voltage curves in
Fig. 4(b) show some deviations from the ideal behavior of (5).
A more sophisticated analytical model for tandem multijunction
devices, which incorporates the effects of LC is outlined in
[36]. The short-circuit current of the PPC is proportional to
input optical power, as shown in Fig. 4(b). At 25 °C, optical-to-
electrical power conversion efficiency nppc is 55% with 1 W of
optical power, and is >50% over a wide range of optical power
up to at least 11 W/cm?, which was the maximum intensity
applied [see Fig. 4(c)].

‘When combined, the laser diode array and PPC provide a step-
up in voltage from 2.5 to 14 V. The laser can be operated at dc,
producing no high-frequency switching and hence no internally
generated EMI. Alternatively, it can be regulated in a pulse mode
such that it operates at its maximum efficiency independent of
the load at the output. Overall the coupled laser/PPC pair has
an efficiency of 23% at 25 °C. When the ambient temperature
is varied [see Fig. 4(d)], we find a peak in efficiency of 25%
at ~10 °C. To our knowledge, this is the first published result
for efficiency of such a coupled device. The peak shifts to 0 °C
if the device is allowed to warm up to the temperature before
taking the efficiency measurement, indicating approximately a
10 °C rise in junction temperature from startup to steady state.

While the 23% overall conversion efficiency is considerably
less than comparable linear or switch-mode power supplies,
future development of the laser and PPC specifically for this
application provides a significant potential for improvement.
The laser used in this study is 42% efficient at room temperature,
but the literature reports high power laser diodes up to 76%
efficiency at a wavelength of 973 nm [37], which would permit
an 80% relative increase in overall efficiency if a PPC matched
to the 973-nm wavelength can be developed. High-power LED

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 34, NO. 2, FEBRUARY 2019

light sources with 85% efficiency sustained over the temperature
range of 25 to 80 °C [38] could yield an even larger increase in
efficiency and broader operating temperature range.

On the optical-to-electrical conversion side, the particular
PPC devices used in this study were up to 55% efficient, but sim-
ilar 5-junction, 6-V devices have recently shown up to 70% con-
version efficiency (a 27% relative increase) [24]. There are en-
gineering methods to improve this efficiency further, by careful
optical design of the PPC. The well-known Shockley-Queisser
limit for solar cells, which is based on a detailed balance anal-
ysis of optical absorption and emissions from device, provides
a limiting efficiency of 33% for a solar cell with the optimum
bandgap and illuminated by the terrestrial solar spectrum [39],
[40]. This analysis, however, is based on the necessity to collect
energy from the sun, which is a broadband, blackbody source of
finite temperature. Green demonstrated that a similar analysis
of an ideal photovoltaic device absorbing monochromatic light
yields a limiting efficiency of 100%, as the spectral and angu-
lar distribution of the incoming light can be arbitrarily narrow,
and the intensity can be arbitrarily high [41]. Similarly, Green
found that the limiting Carnot efficiency of a monochromatic
laser-PPC system tends to 100% as the intensity of the laser
increases.

Under normal conditions, the output current of the PPC is pro-
portional to the incident light intensity, but is ultimately limited
by the peak tunneling current density of the tunnel junctions,
which are used to make ohmic connections between adjacent p-n
junctions. Tunnel junctions of this type have been demonstrated
with peak current densities over 6 x 10* A/cm? [42], which
corresponds to an optical intensity of 9 kW/cm? per junction
at the wavelength of 830 nm. To date, PPCs have been demon-
strated with a real power density up to 100 W/cm? [22], while
VCSEL laser arrays and edge-emitting laser arrays can support
continuous power densities >1 kW/cm?[43].

In the demonstrations presented here, the laser and PPC are
connected to separate, passively air-cooled heatsinks. These
heatsinks rise 11 K/W, limiting the laser to approximately 4.5-W
continuous optical output power. This yields 2.45-W electrical
output from the PPC, for a power density of 0.2 W/cm?. For
comparison, current switch-mode devices optimized for power
density have ~1 W/cm?, and the U.S. Department of Energy has
proposed a power density target of 16.4 W/cm?® [44]. In future
developments, using commercially available liquid-cooled laser
modules [45] and a similar cooling strategy for the PPC, could
yield a power density of 15 W/cm?, based on a system volume
that includes the semiconductor/liquid heat exchangers but not
the associated pump and liquid/air heat exchanger.

III. RIPPLE-FREE BOOST CONVERTER

Step-down dc—dc voltage converters are well-established us-
ing both linear and switching designs. Step-up (boost) dc—dc
voltage converters, on the other hand, are possible only when
using switching approaches presently. Conventional technology
for step-up dc—dc conversion requires a “boost converter” circuit
where a voltage is applied to an inductor to establish current,
and the current is then switched to charge a capacitor. This leads
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to a characteristic ripple in the output voltage as the regulator
switches ON and OFF. Additionally, there is a ringing of the cir-
cuit at its resonant frequency, forced by the switching impulses.

Using our alternative photonics-based technology, a diode
laser was coupled to a 12-V PPC and connected to the output of
a linear regulator to produce a step-up converter [see Fig. 5(a)]
that is free of ripple, ringing, and EMI emissions. Thus, the
system converts the voltage commonly available from a single
lithium polymer (Li-Po) battery cell (3.0 to 3.7 V) to a regulated
12 V output. The circuit uses a RichTek RT9183 linear regulator,
with feedback from the 12 V output of the PPC.

As our baseline for comparison, we assembled a switching
boost converter [see Fig. 5(b)], based on a Linear Technologies
LT1171 regulator. Switching frequency is 100 kHz. The circuit
includes an output LC filter with a cutoff frequency of 5 kHz.

Measurements were made with an Agilent 6014A oscillo-
scope at 2 x 10” samples/s, with boxcar averaging for improved
vertical resolution. Some specific frequencies were identified,
which were present at consistent levels in all circuit configu-
rations, as well as in a reference measurement taken with the
boost converter powered OFF. These noise sources are there-
fore internal to the oscilloscope or supporting equipment and
the corresponding frequencies are removed from Fig. 5(d) for
clarity.

Noise and ripple of the photonic and switching circuits in
the time and frequency domains are shown in Fig. 5(c) and (d),

respectively. When the LC filter is bypassed in the switching
circuit, we measure a root-mean-square (rms) ripple of 2.48 mV
(35.9 mV peak to peak). The ripple is reduced to 0.49 mV rms
(7.76 mV peak to peak) with the LC filter active. In the frequency
domain [see Fig. 5(d)], the switching circuit produces harmonics
at multiples of the switching frequency, 100 kHz.

In contrast, the photonic boost converter shows no significant
frequency content over the 50 kHz—20 MHz range. With no load,
it draws 280 mA, which is just below the lasing threshold; with a
330-Q2 resistive load the current draw is 986 mA. Using an oscil-
loscope sampling at 2 x 10? samples/s and limited to 20 MHz
analog bandwidth, we were unable to detect any ripple above
the 0.33 mV peak-peak (0.045 mV rms) background noise of
our instrument. The 0.045-mV rms ripple for the photonic boost
converter represents a 98.1% reduction relative to the switched,
filter-less design. These results are tabulated in Table II. Under
continuous operation, the heatsinks for the laser and the PPC
rose to 53 and 54 °C, respectively.

IV. OPTICALLY ISOLATED GATE DRIVE POWER SUPPLY

Next, we consider a second application in power electronics.
Wide bandgap transistors, and particularly SiC metal-oxide-
semiconductor field-effect transistors (MOSFETS), are increas-
ingly available and are being integrated into power electronics
systems [46]-[50]. The small gate capacitance and the majority-
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TABLE II
POWER DRAW AND OUTPUT RIPPLE OF THE TWO BOOST CONVERTER DESIGNS

Power Draw (W) Efficiency (%) Volume (cm®) Power Density (W cm™?) Ripple (mV)

No load With load RMS pp
Switching, filter bypassed 0.044 0.56 77.6 17.6 1.7 248 359
Switching, filter active 0.044 0.56 77.6 20.0 1.5 049 7.76
Photonic 0.92 34 12.7 13.6 0.2 <0.045 <0.33

Ripple was measured with a 330-Q (435 m W) resistive load. Operating temperature of the PPC was 54 °C under continuous operation.
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carrier nature of SiC MOSFETs promises fast switching times
and reduced switching losses when compared with established
technology based on silicon transistors. These increases in
switching speed come with increased EMI and instability of the
power electronic system [51]. The power supplies to the high-
side gate drivers in an H-bridge or a three-leg converter typically
are isolated using transformers, which have a significant stray
capacitance and offer a path for conducted EMI. To investigate
the impact of a photonic power supply to the gate driver on
switching performance and EMI, we used a double-pulse test
setup [51]-[53] [see Fig. 6(a)], with the gate drive signal

optoisolator powered using either a PPC or a conventional
dc—dc converter (see Fig. 6(b) and (c), respectively). Details
of the test setup and components can be found in [54]. In the
photonic implementation, a VCSEL laser diode array, which
is referenced to electrical ground, is used to illuminate a PPC,
which supplies power to the high-side gate driver. As described
in Section I, in continuous operation, the output of the photonic
converter is limited to 2.45 W, due to temperature rise of the
laser.

The setup simulates one of the high-side switching devices
in a three-leg power converter, comparable to what is used in
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hybrid-electric vehicle drive systems. We establish a 90-A cur-
rent in the load inductor L; and then measure waveforms during
a single OFF/ON pulse lasting 0.67 us. As Q; is switched OFF, the
inductor current freewheels through the diode Ds. The MOSFET
Q; is a Cree SiC device with breakdown voltage of 1200 V and
maximum current of 120 A. Q; is controlled by an optoisolated
gate driver with a CMOS totem pole output stage. The optoiso-
lator, in turn, requires an isolated power supply of >13 V. No
gate resistors are used to limit the switching slew rate, which
is desirable for high efficiency in power electronic circuits but
leads to harsh switching transients and potential problems with
EMI. Although we have only tested the system in the double-
pulse mode, we can estimate the average power required for
continuous operation based on the energy required to charge the
gate capacitance Clg of the SiC MOSFET

Poy = Ciss VA fo (6)

where Ciss = 2800 pF, the on-state gate-source voltage
Vs = 12, and switching frequency Fy,, = 100 kHz. We calculate
Py =40 mW, so the photonic power supply, which has a max-
imum output power of 2.45 W (0.22 A) is capable of driving the
circuit in steady state. With a rise time of 10 ns, the gate drive
current has transient pulses of 1.6 A. For this reason, a 2 uF
high-frequency multilayer ceramic capacitor is used to buffer
the output of the photonic converter.

When Q; switches as in Fig. 6(d), its source and drain termi-
nals undergo rapid changes in potential. The output sides of the
gate drive optoisolator and its power supply are also subjected
to these potential swings. Both devices have a finite capacitance
between the input and output of the gate driver (Cyq) and its
power supply (Cl), and so any switching event must lead to a
common-mode EMI current, icyp, from the outputs back to the
low-voltage control circuitry at the inputs

icm = (Cga + Cps) dV/dL. (7

For the photonic power supply, the stray capacitance be-
tween laser and PPC chips is only 60 fF; the capacitance be-
tween heatsinks on the laser and PPC sides is larger for a total
Cps = 0.4 pF. This could be reduced significantly with suitable
redesign of the packaging, which had not been optimized for
this performance metric.

As a benchmark, we also tested a more conventional sup-
ply with a transformer-based dc—dc converter [see Fig. 6(c)],
based on the Delta SAOIS0515A dc—dc converter. For supply
voltages Vpc > 75 V, the stray capacitance of this device is
sufficient to cause the SiC MOSFET to fail to turn OFF because
the gate potential cannot rise quickly enough to maintain a pos-
itive potential relative to the source terminal. This is addressed
by adding a common-mode filter F1 with 200-{2 impedance
to common-mode currents at 1 MHz. The filter F1 is used in
all measurements presented here, and enables the system to
switch correctly at Vpc up to 650 V. This solution has a 100-
times larger capacitance Cl,s of 40 pF, due to the primary and
secondary windings of the transformer being wound in close
proximity on a magnetic core.

Switching response is shown in Fig. 6(d)—(f). The drain-
source voltage across the SiC MOSFET, Vpg is plotted in
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Fig. 6(d). Large switching transients are produced at turn-off
and settled out after 0.1 us. The turn-on of the MOSFET pow-
ered by the photonic converter is delayed 30 ns relative to the
transformer-based reference. This is because the photonic con-
verter provides a voltage of 13.5 V, determined by the open-
circuit voltage of the PPC, while the transformer-based circuits
provides 15 V and is able to charge the gate capacitance more
quickly. There is no such delay in the turn-off at 0.6 us, where
both systems are driving the gate voltage to zero. This turn-on
delay could be addressed by adapting the PPC design to use 14
junctions rather than 12.

In Fig. 6(e), we show a common-mode EMI current mea-
sured on the power supply cable leading to the digital control
electronics, which generate switching signals for the MOSFET.
With the transformer-based power supply including common-
mode filter F1, the EMI current magnitude reaches a peak of
0.64 A, while the photonic circuit reaches 0.25 A peak. A third
measurement with the current probe removed from the wires
shows a peak of 0.1 A, indicating that the measurements are
partly obscured by EMI picked up directly by the instrument.
However, the background signal is consistent, and smaller than
either of the EMI current measurements. A frequency analysis
of the EMI currents is shown in Fig. 6(f). The photonic-based
gate drive power supply reduces EMI current by 20 to 30 dB
over the 0 to 10 MHz range. The largest peak in the EMI from
the transformer-based power supply, 96 dBpA at 5.3 MHz, is
reduced by 38 dB with the photonic power supply (a factor of
80 reduction). With both the transformer-based and photonic
power supplies, we find peaks at 45 and 65 MHz; these peaks
are largely unaffected by the choice of power supply and may
be coupled through the optoisolator, Cyq. Hence the gate drive
power supply capacitance Cj,s is no longer the most signifi-
cant path for conducted EMI in the photonic configuration. The
proposed photonic-based gate drive power supply is a unique
solution offering high impedance to EMI without large passive
components, and consequently has benefits in terms of parts
count. With sufficient spatial separation between the laser and
the PPC, transient voltage stress can be minimized, and this
low stress combined with the low parts count should yield high
reliability.

V. CONCLUSION

PPCs enable the creation of a unique class of step-up voltage
converters, which have practical output voltage in the range of
5, 12, or 24 V while causing no ripple, ringing or EMI. Out-
put voltage of 48 V dc or more from a monolithic PPC may
be achievable in the future [1]. While the overall efficiency
Neoe = 23% demonstrated here is lower than existing linear
or switching power converters, using present technology has
already shown light sources with nearly double the efficiency
and PPCs with 27% (relative) higher efficiency than the devices
used herein. Furthermore, there is no fundamental (thermody-
namic) barrier to improving the PPC efficiency, nppc further.
These improvements would make the system competitive with
linear technologies, and possibly some switching technologies,
in terms of power conversion efficiency.
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In this paper, we have demonstrated two new applications
of this technology. First, the photonic boost converter achieves
direct dc—dc conversion without an intermediate ac stage. When
compared with a switching boost converter, this circuit elim-
inates the introduction of additional harmonics or ripple, and
our measurements demonstrate no signal above the noise floor,
which is 60 to 80 dB below the harmonics of the boost converter
over a broad frequency range. Second, the optically isolated dc
supply reduces EMI conducted to the signal-level electronics,
and is applicable to electric vehicle applications. It provides a
20 dB improvement, over a magnetically isolated supply, again
limited primarily by measurement noise. While the devices dis-
cussed here were intended to be compact integrated solutions,
the same or improved functionality can be realized using larger
gaps with free-space separations or the introduction of optical
fibre for a range of centimeters to kilometers of separation. With
large separation, the capacitive coupling C,s can be made ar-
bitrarily small and the breakdown voltage can be made large
without compromising the optical coupling efficiency 7 pical-
This makes the photonic converter useful in systems operating
at 10 kV or greater. These emerging applications leverage the
significant advances in laser diode and multijunction solar cell
technology developed in recent years [55], and reveal potential
new markets for photonic devices.
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