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Abstract—Photovoltaic (PV) stand-alone systems need to
achieve multiple energy conversion modes. l.e. the energy
conversion from PV to a local energy storage as well as energy
conversion from the energy storage to the load. This paper
documents the practical design considerations for the
development of a three-port-converter for this purpose
optimized for the specifications for driving an Organic Light
Emitting Diode (OLED) panel intended for lighting purposes.
By using a three-port-converter, featuring shared components
for each conversion mode, the converter reaches 97 %
efficiency at 1.8 W during conversion from photovoltaic panel
to the battery, and 97 % in the area 1.4 W to 2 W for power
delivery to the OLED.

Index Terms—Power electronics; photovoltaic systems;
organic light emitting diodes; energy efficiency.

1. INTRODUCTION

The recent years small Photovoltaic (PV) driven stand-
alone battery systems for urban lighting has seen more and
more interest. Not only because of the green energy aspect,
but also because of immense cost savings by not having to
connect these lighting systems to the electrical grid and to
route electrical power cables through the ground to the
lighting device. As a stand-alone system, such a product
should be able to harvest energy from the solar irradiation,
convert and store this energy in a local battery and, during
the night, convert the energy necessary to illuminate its
lighting fixture with the battery power. On system level this
is also denoted as a Light-to-Light (LtL) system [1], [2]. In
order to obtain the correct energy conversions, power
electronics has to be designed with highest degree of
efficiency to relax the oversize requirements of the PV panel
and the battery respectively.

Research has been going on on the power electronics
design for this product type in [1]-[6]. However, these
works are based on driving conventional Light Emitting
Diodes (LED) with the voltage and current levels associated
with them. With the emerging introduction of Organic Light
Emitting Diodes (OLED) to the market, new lighting
concepts can be developed to suit the urban environment
lighting demands, and hereby the necessity of developing the
electronic power converter optimized for OLED
specifications.
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II. ORGANIC LIGHT EMITTING DIODES

OLEDs for lighting purposes are flat and thin organic
layers applied to a substrate between an anode and a
cathode. Usually an OLED lighting panel is made of organic
layers capable of producing red, blue and green light. They
can be put on top of each other to produce the impression of
‘white’ light with excellent color rendering capabilities [7].
As such, an OLED panel gives the impression of an
illuminated ‘surface’ rather than lighting point-sources from
LEDs. The light emission of OLED panels is theoretically
proportional to the amount of electrons flowing through the
light-emitting layers hence it is said to be proportional to the
current applied [8]. Furthermore, studies of the ageing
process of OLED panels have shown that the static
resistance of the OLEDs increase with ageing [9]. In other
words: The voltage needed for the same current/illumination
increases over time, hence, to ensure a somewhat consistent
illumination of an OLED panel during its lifetime, the
OLED panel should be driven by a constant current
controlled source.

TABLE 1. EXAMPLES OF OPERATING POINTS OF SELECTED
PANELS FROM LG PORTFOLIO OF OLED LIGHTING PANELS [10].

Panel size Current Voltage Power Lm:]l::;ous
100 x 100 mm 150 mA 85V 1.275 W 75 Im
200 x 50 mm 150 mA 85V 1.275W 75 Im
140 x 140 mm 300 mA 85V 2.55W 150 Im
320 x 110 mm 500 mA 85V 4.25 W 250 Im
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Fig. 1. Measured IV-curve of LG N6BA30C OLED lighting panel. 200 x
50 mm.

Usually an OLED panel is specified for a specific
operating point. In Table I some specifications from the
OLED portfolio of the manufacturer LG are presented.
Furthermore, an OLED is (as the name implies) electrically a
diode as can be seen from the measured IV-curve of the LG
N6BA30C OLED panel shown in Fig. 1.
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An electronic converter for outdoor light-to-light purposes
should be able to work in two modes:

1. In the daytime: Convert energy from the PV panel

while maintaining Maximum Power Point Tracking

(MPPT) in order to harvest as much energy from the solar

irradiation as possible.

2. In the night: Convert stored energy from the battery to

the operating point of the OLED panel.

Hence this application calls for a Three-Port-Converter
(TPC) with two Single-Input Single-Output (SISO)
operating modes as sketched in Fig. 2 [10]-[13].

Solar Panel

SYSTEM DESIGN

Battery

Fig. 2. System design of the converter.

For this study the selected PV panel consists of three
panels in parallel each having the specifications listed in
Table II.

TABLE 1. PV SPECIFICATIONS.

Vmpp IV
Tpp 150 mA
Pup 1.35W
Lsc 165 mA
Voe 99V

The battery is a Li-ion battery with 3 cells in parallel
obtaining 4.5 Ah at 3.6 V and the OLED is assumed to have
the same operating voltage as the LG N6BA30C, but the
converter should be able to drive up to 500 mA in order to
facilitate various OLED panel sizes. However, efficiency
wise, a current target of 150 mA is chosen.

A. Topology

Since the voltage from the PV panel has to be stepped
down to the battery voltage in the daytime and the battery
voltage has to be stepped up in the nighttime, a combined
buck and boost converter is suggested as topology for the
three-port-converter. This can be seen in Fig. 3.

PV panel li-L
as |
@ u 1
1s1
at
T L, 02 c|  HLBetterv c2
—HI— = - @D\
,_| N
o 1o
T%I IFT

Fig. 3. Converter topology. Q4 and QS5 are power flow control switches.

At daytime, when charging the battery, the converter
operates in buck-mode with Q1 as control switch and Q2 as
synchronous rectifier (see Fig.4). At nighttime, when
delivering power to the OLED, the converter operates in
boost-mode now with Q2 as the control switch and Q3 as the
synchronous rectifier (see Fig. 5). Q4 and Q5 are power flow
control switches. Q4 prevents unwanted current to flow in
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the OLED when in buck-mode as the body diode in Q3 can
become forward biased. Q5 prevents unwanted reverse
current in the PV panel during boost-mode. Q5 could
alternatively be exchanged with a diode to block current
from flowing back to the PV panel, however, a controlled
switch is highly preferred since the voltage drop caused by
the ON-resistance from a switch is much lower than the
voltage drop from a diode especially at low currents. Q4 and
Q5 are always on or always off depending on the operating
mode, hence switching losses can be neglected for these
switches. The benefit of using this topology compared to a
solution comprising of a buck and a boost is evidently the
sharing of the inductor and Q2 switch between the two
operating modes.
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Fig. 4. Converter operating in buck-mode. Q5 is omitted since this is
always 'on' when operating in buck-mode.
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Fig. 5. Converter operating in boost-mode. Q4 is omitted since it is always
'on' when operating in boost-mode.

A similar topology has been documented for a PV-LED
system in [2]. However, since a higher LED voltage was
needed the step-up converter in that work was configured as
a tapped-boost converter.

IV. EFFICIENCY AND COMPONENT SELECTION

Solar irradiation changes continuously during the daytime.
Clouds are often covering, or partly covering, the sun
reducing the irradiation at ground level and thus reducing the
output power from the PV panel. Therefore, for a stand-
alone PV system, the size of the PV panel and/or the battery
has to be cleverly selected with a degree of oversize margin
in order to ensure consistent functionality throughout the
year with varying irradiation and lengths of daytime. Finding
this tradeoff is outside the scope of this work. However, the
converter efficiency is very important in utilizing as much
energy as possible from the sun, relaxing the oversize
tradeoff requirements of the rest of the components in the
system. In [14] it was emphasized that especially the system
efficiency in stand-alone PV-systems at low power levels has
to be maximized based on solar irradiation data from a
northern latitude. Furthermore, in the same work, a
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semiconductor loss evaluation was done concluding that the
gate energy loss is the dominant part of the losses, hence the
MOSFETs should be selected especially based on having a
low gate charge requirement.

In addition, all utility components for the converter (e.g.
Operational amplifiers, voltage converters, gate drivers,
sense resistors etc.) has been selected especially based on
their power consumption to increase the overall system
efficiency. The selection of the dominant components and
their relation to the converter efficiency is presented below:

A. MOSFETs

Based on [14] the switching devices was all chosen to be
the MOSFET BSCO50NE2LS from Infineon featuring the
key parameters seen in Table III (from datasheet [15]).

TABLE IIIl. BSCOSONE2LS KEY PARAMETERS.

Vps 25V
Rpsion) 5.7 mQ
(08 5.0nC

B. Controller

In order to facilitate the Maximum Power Point Tracking
(MPPT) of the PV panel while monitoring the battery charge
status a digital control scheme based on the ‘perturb and
observe’ method was selected and implemented on an ultra
low power Texas Instruments MSP430F5172
microcontroller. This microcontroller features a high
resolution timer module, which was used to output PWM
signals for the power switches at 104 kHz with an 11 Bit
resolution. For the boost converter control it was set up for
constant current control to interface with OLEDs.

C. Inductor

Since the converter switching frequency is relatively low
(104 kHz), the DC-resistance of the inductor was identified
as the main inductor loss component. Thus a Murata
60B104C 100 pH inductor was chosen to obtain highest
possible efficiency. It is rated to an RMS current at 7.5 A
and is as such oversized for the current levels of this
application. However, with a DC Resistance of max 25 mQ
it should keep inductor DC-losses at a minimum.

D.Dead Time Selection

In order to prevent shoot through in the switching legs of
a converter dead time is usually inserted in the PWM control
signals for the MOSFETs. In this work a simple dead time
circuit as seen in Fig. 6 is used. It contains an RC low pass
filter to delay the rising flank of the control signal inserted
before the gate drivers. A schottky diode is inserted to
quickly discharge the gate driver input. This circuit is
applied to the control signals for Q1, Q2 and Q3.

|To gate driver

1

By increasing these dead times, the switching loss of the

PWM in

Fig. 6. Dead time generating circuit.
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synchronous rectifier can be considerably reduced due to
Zero Voltage Switching (ZVS) or partial ZVS in a chosen
operating point. However, if too long a dead time is
introduced the conduction loss of the intrinsic body diode
begins to dominate hence a tradeoff hereof exists. In Fig. 7
and Fig. 8 the body diode conduction impact on the
switching signals is shown during too long dead times. For
the boost converter (Fig. 7) it can be seen that control FET
dead time (t4 on) always should be kept as short as possible
since body diode conduction occurs as soon as the
synchronous rectifier is switched off. However, for the
synchronous rectifier dead time (t4 ofr) the switch voltage
(Vsw) commutates to the output voltage before body diode
conduction commences. Hence the optimal tg o should
make the synchronous rectifier turn on just before the body
diode begins to conduct.

Body diode conduction
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Fig. 7. Exaggerated dead time effect on boost converter waveforms. The
intrinsic body diode of the MOSFETSs conduct during too long dead times.
tdat_on denotes control FET dead time and ta: ofr denotes synchronous rectifier
dead time.
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The same principle applies to the buck converter
waveforms (Fig. 8) namely that ts on should be kept as short
as possible and tgq or should be optimized for the
commutating voltage switching the synchronous rectifier on
just before body diode conduction.

In this topology the synchronous rectifier of the buck (Q2)
is the same as the control switch of the boost part and thus
they are sharing their dead time circuit. This creates a
contradiction since, for the boost part, the dead time should
be as short as possible and for the buck part it should have a
certain length in order to achieve ZVS. Hence an optimal
length of dead time for Q2 must be found in order to make a
compromise between partly ZVS of the buck synchronous
rectifier and body diode conduction of the boost control
FET.

It was chosen to optimize efficiency from dead time for
0.5 W for the buck part to obtain good results in the lowest
power area and to optimize for 1.275 W for the boost part
corresponding to the operating point of the select OLED
panel. To find the optimal dead time for Q2 the switch-on
energy loss for the buck synchronous rectifier was estimated
as well as the boost body diode energy loss. Switch-on loss
was estimated based on datasheet values using the method
from [16] giving the switch-on energy loss as
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livise T tvfall

Won = Vouslon 5 > (1

where Vi is the voltage across the MOSFET at the switch
event which can be calculated from the load current, the
deadtime #p»4; and the output capacitance of the MOSFETSs
(see appendix A), I,, is the current, #4. is the current rise
time from the datasheet and #y; is the voltage fall time
calculated from the datasheet (see appendix B).

Body diode conduction
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Fig. 8. Exaggerated dead time effect on buck converter waveforms, the
intrinsic body diode of the MOSFETs conduct during long dead times.
tdt on denotes control FET dead time and td: off denotes synchronous rectifier
dead time.
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Fig. 9. Buck Q2 switch-on energy loss @ 0.5 W compared to boost Q2
body diode energy loss per switching event when outputting 150 mA to the
OLED.

Body diode conduction loss from the boost control FET
was estimated to be

Woodydiode = t024tLoLEDY sD > ()

where 7024 is the Q2 dead time, Joz£p is the output current to

the OLED and Vsp is the intrinsic body diode voltage drop

of Q2. The losses are plotted in Fig. 9 where it can be seen

that the lines intersect at a dead time around 11 ns deeming
that to be a fair compromise.

V.RESULTS

The converter was realized as can be seen in Fig. 10 (top
view). The calculated dead time for Q2 was implemented
using the circuit in Fig. 6, and tuned so a 10 ns body diode
conduction was visible in the boost converter switching
waveform turn-on flank at the chosen operating point, as
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seen in Fig. 11.

Fig. 10. Top-view of prototype. The prototype was realized on a 2-layer
PCB.
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Fig. 11. Switch node waveform at the boost converter at 1.3 W. Body

diode conduction is visible as 10 ns voltage rise between the turn-off of Q2

and the turn-on of Q3.
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Fig. 12. Switch node voltage waveform at 0.5 W buck-mode turn-off with

same dead time as in Fig. 11. It can be seen that during the dead time the

switch node voltage manages to fall from 9 V to approximately 7.5 V

before the synchronous rectifier Q2 turns-on.
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In addition, also the turn-off flank of the boost converter
is included as seen in Fig. 13. With no sharing dead time
circuit of the boost converter synchronous rectifier, the
switch node voltage can be allowed to fully commutate to
get ZVS turn-on of Q3 at the chosen operating point with a
dead time of approximately 40 ns.

The resulting efficiency of the converter was measured
with high precision Agilent 34410A multimeters
synchronized with computer software to make simultaneous
and automatic measurements. The efficiency measurements
are made measuring the input and output power of the whole
converter, i.e. all power usage for microcontroller, op-amps,
logic, circuits etc. are included in the graphs. For the buck-
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conversion the efficiency at the 0.5 W target was measured
to 94 % with a peak at 97 % when operating at 1.8 W. The
curve is plotted in Fig. 14.
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Fig. 13. Switch node voltage at the boost converter turn-off event. Dead
time is tuned so that the voltage fully commutates before the synchronous
rectifier Q3 is turned on.
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Fig. 14. Efficiency curve of the converter operating in buck-mode. It can
be seen that the converter excels in having its highest efficiency at the
lowest power obtaining 94 % at 0.5 W and peaking at 97 % at 1.8 W
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Fig. 15. Efficiency curve of the converter operating in boost mode. The
converter reaches 96 % efficiency at the 1.275 W target approaching 97 %
in the 1.4 W—2 W output power range.

For the boost-conversion, when transferring energy from
the battery to the OLED panel, the converter reaches 96 % at
the 1.275 W operating point approaching 97 % in the
1.4 W-2 W output power range as can be seen at the
efficiency curve plotted in Fig. 15.

VI. CONCLUSIONS

This paper presented a solution for a three-port converter
intended for driving OLED lighting from a battery in a boost
configuration, and charging the battery from a PV-panel in a
buck configuration with MPPT, making the whole system a
Light-to-Light system. The used topology featured reuse of
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one of the switches and the power inductor between the two
operating modes. The converter was set to be optimized for
the very low power area around 0.5 W when bucking, and
for 1.275 W at the OLED side corresponding to the
operating point of a select OLED panel. Measured efficiency
showed 94 % at 0.5 W when bucking with a peak of 97 % at
1.8 W, and 96 % at 1.3 W when boosting with a peak of
97 % in the 1.4 W—2 W output power area. Proving that this
topology is capable of driving OLED panels in LtL
configurations at these power levels while using only one
power inductor. Future work into optimizing the converter
efficiency is identified as investigating alternative dead time
methods for this converter type either by separating the dead
time circuits for Q2 or investigating adaptive dead time
methods suitable for this converter type.

APPENDIX A

From [16]: The instantaneous switch-node voltage across
the Q2 during buck-mode, Vi, can be calculated from the
inductor peak-to-peak ripple current given by

_ (Vpy—Vpu)D
Tswl

Ai (A.1)

The instantenous turn-off current at when Q1 turns off is
then

Ai

Iturn—o_}f =Ipy +?' (A.2)

Then, before the synchronous rectifier Q2 turns on, the

switch node voltage falls to zero depending on the output
charge as

Ooss

) (A3)
/ turn—off’

Lfall =

where Qoss is the total output charge of both Q1 and Q2.
From hereoff the negative slope of the switch node voltage
can be calculated and Vs estimated to a be dependent on
the Q2 deadtime g4

Vey

Vous =Vpr — 402dr- (A4)
L fanl
APPENDIX B

Using the method from [16] the voltage fall time ¢, can
be estimated by

Lot * byfall2

Lfall = -5 (B.1)
where:

Coni

fpaint = Vous R 37—~ (B.2)
ar —VpL

¢ =V, R _Cep2 (B.2)

vfall2 = Vbus'G Vd _VPL > .
r
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here R¢ is gate-resistance, Vy- is gate drive voltage, Ve is
gate-plateau voltage and Cgp; and Cgp, is the gate
capacitances associated with switching obtainable from the
MOSFET datasheet. Note that the voltage drop regarding to
the MOSFET on-resistance has been neglected.
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