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ABSTRACT Laser power transfer (LPT) is one of the leading technologies in long-distance power transmis-
sion with its advantages such as enabling high power transmission and suitability for mobile applications. The
transmitter part, which includes the laser diode (LD) and the driving circuit, directly affects system efficiency.
Continuous wave (CW) lasers are used in studies due to their high power and continuous radiation. However,
one of the main disadvantage of the mentioned system is the high cost of LD. In this study, the use of pulsed
LDs in LPT applications is proposed because of their small size and low cost. On the other hand, appropriate
operating point of pulsed LD is missing information in the literature. In order to contribute literature with
this information, pulsed LD is used for LPT, and the effects of driving voltage amplitudes, frequencies, and
duty cycles are analyzed to demonstrate the importance of determining the appropriate operating point of

the pulsed LD and the potential use of pulsed LDs in LPT.

INDEX TERMS Wireless power transfer, laser power transmission, laser diode, pulsed laser diode.

I. INTRODUCTION

Wireless power transmission (WPT) technology has seen sig-
nificant improvements in recent years, enabling energy trans-
fer without any physical or electrical connection between
two points. This technology is becoming increasingly pop-
ular in consumer electronics, drone and robotic technologies.
According to market research, the WPT market was valued at
9.53 billion USD in 2020 and is projected to reach 15.45 bil-
lion USD in 2028 [1]. WPT is particularly useful for fast,
convenient charging of electric vehicles and mobile devices,
and has many potential applications. While the technology
is mainly applied in short-distance applications, researchers
have also been studying long-distance transmission possi-
bilities [2], [3]. Long-distance WPT is especially relevant
in situations where cabling is not feasible or impractical, such
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as in mobile vessels, air and ground vehicles, or in WPT from
space to earth or vice-versa [4], [5].

WPT involves sending power without any physical cables.
There are several methods to do this, such as inductive power
transfer (IPT), capacitive power transfer (CPT), microwave
power transfer (MPT), and laser power transfer (LPT) [2].
Both IPT and CPT methods are highly efficient at transmit-
ting high power over short distances, and are used in applica-
tions such as powering mobile phones, electric vehicles, and
implantable biomedical devices [6], [7], [8], [9]. However,
as the distance between the transmitter and receiver increases,
the efficiency of the WPT decreases as the magnetic and
electric fields weaken, and it may become impossible to
transmit power at some point [10].

MPT and LPT are two prominent technologies in long-
distance WPT. Both technologies have a long history,
but recent advancements in semiconductor, optical, and
microwave technologies have made them more viable options
in recent years. One of the main applications for MPT is for
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FIGURE 1. Schematic diagram of an LPT system.

long-distance power transmission from space to earth and
powering mobile devices like drones, helicopters, and model
airplanes [5], [11]. Although MPT is capable of transmitting
power over long distances through the atmosphere using
high-frequency microwaves, its main drawbacks include low
system efficiency, difficulties in focusing microwaves to the
receiving antenna, and increased cost due to the need for
additional equipment to direct the microwaves [6], [12].

LPT technology is a promising option for wireless
power transmission, particularly for mobile devices such
as unmanned aerial vehicles and robots, as it allows for
uninterrupted power transfer over several kilometers using
a high-power density laser beam [13], [14]. Despite its low
efficiency, LPT technology has some advantages over MPT,
such as higher energy density and greater flexibility in appli-
cations [15].

The general layout of an LPT system is shown in Fig. 1,
which consist of two main parts, the transmitter and the
receiver. The transmitter converts electrical energy into a laser
beam using a laser diode (LD), which is then directed towards
the receiver via a collimating lens. At the receiver, the laser
beam is converted back into electrical energy to power a load,
drive a motor, or charge a battery. In order to ensure efficient
conversion of the laser beam to electricity at the receiver,
it is important to choose the right type of photovoltaic (PV)
cell. There are various studies that investigate this aspect,
including the effect of laser beam intensity and temperature
on the PV, as well as the selection and development of suitable
PV materials for different laser wavelengths [16], [17], [18].
For example, GaAs cells have been found to be suitable for
wavelengths around 808 nm, while Si cells are ideal for the
900-976 nm range, which is common for LDs [19]. The
receiver also includes global maximum power point tracking
(MPPT), cell geometry, and different connection types of
cells due to the Gaussian laser beam [19], [20], [21]. In addi-
tion to all these mentioned parts, the most crucial component
of the system is the laser itself.
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Different types of lasers can be used in an LPT system with
each having its own advantages and disadvantages. In the
early 2000s, lasers such as Nd:YAG and disk lasers were
commonly used in LPT [21], [22], [23]. In [22], researchers
were able to achieve power transmission of up to 1 km using
a high-power, 1060 nm disk laser of 8 kW. Steinsiek et al.
using a 5 W Nd:YAG laser were able to transfer power to
a mini rover at a distance of about 80 m [23]. These types
of lasers are suitable for long-range LPT due to their high
power and good beam quality. However, their low efficiency
in converting electrical energy to optical energy is a drawback
and limits their use in LPT applications.

In recent years, LDs have emerged for LPT applications.
They are highly efficient and compact, making them a popular
choice in LPT. LDs are highly efficient, with typical power
conversion efficiencies ranging from 30% to 50%, making
them a cost-effective choice for high-power applications [19].
One of the critical characteristics of LD is the L/I curve,
which plots the drive current applied to the laser against
the output light intensity. This curve is used to determine
the LD’s operating point and threshold current. The thresh-
old of the LD is affected by the LD’s temperature, which
increases exponentially with temperature. The efficiency of
an LD is also derived from the L/I curve, and it falls off
with increasing temperature. Pulsed L/I characteristics may
also be acquired, and the rise in junction temperature causes
an increase in threshold and a decrease in slope efficiency.
The voltage drop across the LD is often acquired during
electrical characterization, and it is largely invariant with
temperature [25]. These LD characteristics have a significant
impact on the LPT system, and understanding them is critical
to developing an efficient and stable system. Understanding
these characteristics and optimizing the operating point of
the LD is critical to achieving high efficiency and reliable
operation in LPT.

By using LDs in LPT systems, the overall efficiency of
the system can be increased. This is because LDs are not
only efficient at converting electrical energy into light, but
they also emit light in a specific wavelength range that is
well-matched to the PV cells used in the receiving end of
the system. This results in higher PV efficiencies and overall
system efficiency [18], [24]. Thanks to the technology of
combining multiple LDs, the power output from each LD
can be combined into a single laser beam with high power.
Combining the outputs of multiple LDs into a single beam
enables the achievement of high beam quality, brightness, and
power density. This technology also allows for the adjustment
of output power to meet the requirements of different sys-
tems [26].

The conversion efficiency of an LD is affected by the input
current. The driver circuit for the LD is an important part
of the system that can affect both the laser performance and
overall system efficiency. Initially, linear current regulators
were used to provide the low current ripple required for the
LD [27]. However, the low efficiency and large size of linear
current regulators made them less suitable for high-power
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TABLE 1. Literature summary of LPT studies.

Laser Pulsed Duty . System Output System .

Reference Type Drive Cycle Frequency | Amplitude Power (W) Efficiency (%) Distance (m)
[21], [23] | Nd:YAG X X X X 19 NA 3

[22] Disk X X X X 100 1.25 1000
[14], [18] LD X X X X 9.7 11.6 100

[28] LD v X X X 0.75 2.5 NA

v

[15], [32] LD v (40-100%) X X 32 8.85 0.35

. v v v
This Study LD v (5-35%) (5-20kHz) | (4.4-83 V) 0.2 7.76 0.5

* % indicates that the change of the relevant parameter was not examined in the related study.
** ¢ indicates that the change of the relevant parameter was examined in the related study.
*#% NA indicates that the relevant data was not available in the study.

applications, leading to the development of switch mode
power supplies [19]. Currently, LDs are commonly driven
with DC-DC converters due to their low current ripple, high
efficiency, and small size, along with filter structures at the
output.

LDs can be operated in both continuous (CW) and pulsed
mode for LPT application. CW LDs are often preferred for
LPT due to their ability to provide uninterrupted power.
Pulsed mode operation is typically used for communication
and signaling, but it can also be used in LPT. In simple cases,
pulsed LDs are used when both data transfer and power trans-
fer are required [28]. A study have been conducted to examine
the effect of different driving modes on CW LD performance
and it was found that LDs have a higher conversion efficiency
in pulsed mode compared to CW mode [15].

Table 1 shows the differences between the proposed study
and the LPT studies in the literature. In contrast to existing
literature, this study explores the impact of frequency and
voltage variations on LD and LPT. As depicted in Table 1,
the number of studies focusing on LPT with pulsed drive is
limited and recent, with only one investigation considering
the effect of duty cycle. However, none of these studies
have examined the influence of frequency and amplitude.
In this study, it is aimed to use pulsed LDs, which are more
compact and cost-effective than CW lasers, for LPT appli-
cations. In pulsed mode operation, the same output power
can be achieved at different amplitudes, duty cycles, and
frequencies. Therefore, it is important to identify the optimal
operating point where the output power and efficiency are
high. To achieve this, the effects of frequency, duty cycle and
voltage amplitude on LD and LPT are investigated by test-
ing the LD at different frequencies, duty cycles and voltage
levels. The main contributions of this research are as follows:

o Low-cost transmitter using pulsed LD in LPT applica-
tion.

« Investigation of the effects of frequency, voltage, and
duty cycle changes on LD performance and the power
taken from the PV cell as a result of LPT.

o Determination of the appropriate operating point of the
LD for LPT application.
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The rest of the paper is structured as follows: The sys-
tem description and modeling are discussed in Section II.
Section III demonstrates the experimental setup and presents
the results that we obtained from the experiments. Finally,
Section IV presents the conclusion and future studies.

Il. SYSTEM OVERVIEW

As discussed earlier, an LPT system typically has two parts:
a transmitter and a receiver. In this section, the theoretical
background and the methods used in the study are explained
in detail for both the transmitter and receiver parts.

A. TRANSMITTER PART
LPT can be achieved both with a CW or intermittent laser
beam. While CW mode may appear to be more appropriate
for the purpose of the application, pulsed laser beams have
their own advantages. First, pulsed LDs can achieve higher
peak powers than CW LDs. This is because the pulse duration
of a pulsed LD is much shorter than the period of the laser
oscillation in a CW LD, allowing for a larger amount of
energy to be stored and released in each pulse. Second, pulsed
LDs have a higher tolerance for back reflections, which can
cause damage to the LD. This is because the high peak power
of the pulse can overcome the power of the reflected light.
Third, pulsed LDs are more efficient at converting electrical
power into optical power since the energy is concentrated in a
shorter time period. Moreover, pulsed LDs offer advantages
such as smaller size, and lower cost. However, pulsed LDs
also have some disadvantages, such as a lower average power
output and a higher complexity of the driving circuit.
Therefore, the choice between a pulsed LD and a CW LD
depends on the specific application and the trade-off between
peak power and average power. In this section, theoretical
and mathematical comparison at these two technologies is
provided. As shown in Fig. 2, CW lasers emit a constant,
uninterrupted laser beam, while pulsed lasers emit intermit-
tent beams. In pulsed emission, the average power is different
from the peak power, so it is necessary to compare the energy
or average power between the two emission types.

VOLUME 11, 2023
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FIGURE 3. V-l characteristic curve of an LD.

The energy (E) in a period can be defined as the product of
the peak power and the pulse width (t) using the following
equation

E = Ppeak'r (1)

Average power (Pg,,) can be calculated from the pulse energy
divided by the period or multiplied by the frequency (f)

P E E

avg = = f @)
The equation in (1) can be substituted into (2) to obtain the
average power, which is the product of the peak power and
the duty cycle (D). D is the ratio of the pulse width to the
period. CW mode and pulse mode lasers can be compared

when average power can be arranged as
Pavg = Ppearf T = % = PpeakD 3)
Since LDs are current-driven devices, the output optical
power (p,) can be expressed depending on the LD current

(i) [29]
Do = Na(i — Ip) 4)

In this context, ny represents the differential slope effi-
ciency, and I, represents the threshold current. These two val-
ues can be considered as constants as long as the temperature
is kept constant, for the sake of simplicity.

The V-I characteristic curve of an LD is shown in
Fig. 3. In a typical LD, the voltage across the LD remains
nearly constant over a wide range of driving currents. This
voltage-current relationship is due to the internal resistance
of the LD, which is relatively low compared to the external
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circuit resistance. As a result, the voltage drop across the LD
remains constant, and the driving current is the main factor
that determines the output power of the LD [25]. Therefore,
for the sake of simplicity in calculations, LD voltage Vrp can
be considered constant. Thus, the electrical input power (p;)
can be computed using the following equation

pi = Vipi (5)

From (4) and (5), the electro-optical conversion efficiency of
an LD can be expressed as
Po _ nali—1Iw) _ na Iin

- —1-—=) 6)
Di Vipi Vip i (

It can be seen from (6) that the conversion efficiency increases
as the input current rises for a CW LD. However, these
equations need to be rearranged for pulsed mode operation.
The average optical output power (p, ) expressed for the
pulsed LD can be described by using

Po_p = Dng(i + Ipias — 1) @)

where Iy, and D are the bias current and the ratio of the
on-time to the period of PWM current. In a pulsed LD, the
average optical power is equal to the peak optical power
multiplied by the duty cycle (3). Meanwhile, for a CW LD,
the optical power is defined in (4). In order to take into
account, the additional I, that is added to the pulsed LD,
we combined these two equations to obtain (7). The average
electrical input power (p; ) and the conversion efficiency 7,
can be found by the following equations

1
Pip=7 / irpVipdt = Vip(Di + Ipias) 8)

__DPop _ Dng(i + Ipias — In)
P piyp Vip(Di + Ipias)

®

For the same optical output power, it will be seen that the
efficiency of the LD increases at a lower duty cycle when
different duty cycles are proportioned in the (7) [15].

The results show that the theoretical and experimental
values are consistent until thermal losses reach a certain point.
Above this point, the difference between the theoretical and
experimental results increases. Also, LD is energized for a
long time at low frequencies, which causes high thermal
losses. However, since thermal modeling is not within the
scope of this study, a coefficient called K7 is defined to model
the thermal effects. This coefficient is generated empirically
from the experimental data using a curve-fitting method. The
coefficient K7 is a function of frequency and thermal losses.
When the frequency is from the 2nd order and the thermal
losses are from the 1st order, the simulation and experimental
results overlap with an accuracy of about 85%. To account for
the thermal effect, the thermal losses (pr) of the LD are first
calculated using the following equation

PT =Pip —Pop (10)
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FIGURE 4. Block diagram of the LD test circuit.

Therefore, K7 can be determined from experimental results
using a curve fitting method to account for this effect by using

Kr = 0.6666 — 0.2887 * pr + 0.09512 % f
+ 0.0006261 % pr % f — 0.002809 % 2 (11)

The value of K7 varies based on the frequency (f) and
thermal loss (pr). The LD output power can be obtained by
multiplying (7) with the K7 determined by the curve-fitting
method to take into account the thermal effect

Po_p = Dna(i + Ipias — In) * K (12)

The circuit diagram of the test setup used to determine
the optimal operating region of the LD is shown in Fig. 4.
This setup includes an S1 MOSFET connected in series with
the LD and a D Schottky diode connected in parallel. The
power supply controls the voltage of the LD and provides
the necessary power for the LD. The Schottky diode serves
as a protection against overvoltage, reverse polarization, and
electrostatic discharge as a clamping diode, as noted in ref-
erences [30] and [31]. The MOSFET’s role is to switch
the LD on and off at a specific duty cycle and frequency.
Programmable output regulated power supply was used that
allowed us to control the output voltage with an accuracy of
1 mV. The circuit in the Fig. 4 is built. The LD is connected
to the circuit with the help of connectors.

An LD seen in Fig. 5a with an instantaneous peak optical
power of 125 W and a wavelength of 905 nm, which is pack-
aged in a TO-56 case, was used. As per the manufacturer’s
specifications, this LD has a typical pulse duration of 100 ns.
In this study, the LD was operated at a lower power level than
its maximum, but at higher duty cycles, and active cooling
was used to keep the temperature in check. The LD was
placed in a heat-dissipating enclosure, known as a “‘sheath,”
to help remove the heat generated during the lasing process.

The process of placing the LD into the sheath is shown
in Fig. 5. It’s crucial that the laser beam is aligned correctly
in the slot to ensure that it’s transmitted perpendicular to the
receiver. Additionally, the diameter of the collimated beam
changes based on the distance between the lens and the LD,
so it’s important to adjust the lens distance to ensure that the
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FIGURE 5. Placing the LD in the sheath, (a) LD, (b) Collimator lens,
(c) Placing the LD in the heatsink, (d) Final LD with heatsink mounted and
lens attached.
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entire laser beam falls on the PV cell for maximum power
output.

B. RECEIVER PART

The receiver part of the proposed LPT system uses a Si cell.
To ensure efficient conversion of the laser beam to electricity,
it’s crucial that the wavelength of the LD and the PV cell
material are compatible. The energy of the photon directed
to the PV cell must be greater than or equal to the band
gap energy of the material. Since the energy of a photon
is proportional to its frequency and thus to its wavelength,
the PV cells respond to specific laser beam wavelengths that
match the bandgap energies of the cell. The cutoff wavelength
Ac of the beam on the PV surface, E, the band gap energy of
the material, can be found by the formula below [18]

N 1240 13
‘=L (13)
As the bandgap energy of Siis 1.12 eV, it is well-suited for a
905 nm laser beam. Additionally, research has shown that a
Si cell has a high conversion efficiency at 905 nm, as seen in
a graph of wavelength-PV conversion efficiency for different
PV materials [19].
The voltage and current at the maximum power point
(MPP) of a PV cell vary depending on the temperature T and
the radiation G as in the following equations [32]

Vi = Viu(ste).In(e + b.AG).(1 — ¢.AT) (14)

I, = L, (stc).

Goo (1 4+ a.AT) (15)

In this case, stc stands for “Standard Test Conditions’ and
it means that the irradiance level is set to 1000 W /m? and
the cell temperature is 25°C. The variables AT and AG
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FIGURE 7. Simulation results of power obtained from a PV cell for four different frequencies (a) 5 kHz (b) 10 kHz (c) 15 kHz (d) 20 kHz.

represent the difference in temperature and irradiance from
these standard conditions, respectively. Coefficients a and ¢
are used to account for how changes in temperature affect the
PV cell performance, while coefficient b is used to account
for how changes in irradiance affect the PV cell performance.

To keep the efficiency of the PV cells high, it is important
to keep the temperature of the cells as low as possible. This
can be achieved by using a cooling system in the LPT system.
Therefore, temperature can be ignored when analyzing the
efficiency characteristics of the PV cell, assuming that the
temperature does not change due to cooling.

Where S is the surface area of the PV cell, Piny, is the
average input power of the PV cell, p,,, is the average output
power of the PV cell, and the efficiency 7, can be obtained
as following

Pinpv =D.G.S (16)
1 T
Po_pv = ?/O Vi dp)dt
_ G.In(e + b.AG)
= D.Vm(stc).lm(stc).—G 10 17
e = LSIOInSIE) | P e (18)

S.G(stc) D.S

In this study, the receiver’s role is not only to convert the
optical power into electrical power to complete the power
transmission but also to measure the performance of the
system. The system’s performance is determined by the PV
output power and the overall system efficiency, 7y, which is
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calculated using the following equation

Ppv_avg
Nsys = NLDMpy = ———
PLD_avg

(19)

where ppy_ave is the average power obtained from the PV
cell, and prp 4vg is the power given from the LD input.
In addition, to obtain stable and maximum power from this
PV cell, an MPPT circuit has been created. To implement
MPPT, we selected a boost converter topology, as shown in
Fig. 6. This is because the PV voltage at the MPP is typically
low. The values of the inductor (L) and capacitor (C) are
55 uH and 100 pF, respectively. The converter operates at
a switching frequency of 31 kHz.

In order to determine the optimal operating point of the LD
in the LPT application, MATLAB software was utilized for
simulation purposes. The simulation incorporated equations
mentioned in the manuscript, taking into account the defined
LD electrical parameters such as the threshold current (0.6 A)
and slope efficiency (3.5 W/A). Additionally, the simula-
tion encompassed the PV parameters, including a radiation
coefficient (b) of -0.0004, V,,,, of 0.581, and I, of 9.28.
The simulation involved varying duty cycle (5-35%), voltage
(4.4 V to 8.3 V), frequency (5-20 kHz), and current data.
By utilizing loops for each frequency value, the LD output
power, PV output power, and overall system efficiency were
obtained. In Fig. 7, PV output power is plotted for different
frequency and duty cycles. Each graph corresponds to a dif-
ferent frequency, and each line within the graph corresponds
to a different duty cycle. The graphs show that the power
obtained from the PV increases up to a certain level, but
beyond that level, no power can be obtained due to the thermal
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FIGURE 8. Simulation results of total system efficiency for four different frequencies (a) 5 kHz (b) 10 kHz (c) 15 kHz (d) 20 kHz.

resistance of the LD. The figure indicates that the PV output
power is higher at lower duty cycles and higher frequencies.

Fig. 8 displays the efficiency curve, which is obtained
by dividing the PV output power by the LD input power,
at different frequencies and duty cycles. In the simulation
results, the highest efficiency was achieved at low duty cycles
and high frequencies. However, the efficiency rapidly drops
after reaching the peak value. Theoretical efficiency was
calculated as 8%.

Ill. EXPERIMENTAL SETUP AND RESULTS

To verify the proposed LPT technique which is explained
theoretically in the section above, an experimental setup as
shown in Fig. 9 is built. The goal of these experiments is to
find the appropriate operating point of pulsed LD. The aver-
age output power and the efficiency are the main indicators of
the system performance. For this reason, the results acquired
from the experimental setup must demonstrate the effect
of the duty cycle, frequency, and amplitude of the driving
voltage of the pulsed LD separately. Here, DC power supply
is used to control voltage amplitude and a DSP controller to
adjust the LD’s frequency and duty cycle.

TMS320F28379D LaunchPad of Texas Instruments was
used as the controller. The MOSFETs in the LD driving and
MPPT circuits were switched using PWM signals generated
by the controller. By controlling the MOSFET with the PWM
signal, the LD was driven and lasing in different conditions.
Normally, alignment is one of the most important aspects of
LPT practice. Because small fluctuations in the LD change
the position of the laser beam on the receiving side too much.
However, in this study, such a problem was not encountered
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TABLE 2. Limitations of the experimental tests.

Parameter Limitations
Voltage 44-83V

Duty Cycle 5-35%

Frequency 5-20 kHz

since a sufficiently large PV cell was used and the distance
was short. Also, the LD was aligned using a laser with a
wavelength of 650 nm to prevent the beam from falling on
the metallic conductors on the PV cell, to ensure the beam
was always focused on the same spot, and to keep the lens
alignment constant since the wavelength of the LD used for
LPT is not in the visible region. The distance between the
transmitter and receiver was fixed at 50 cm to eliminate
distance effects. Finally, in order to get maximum power from
the PV cell, the power was transferred to the load through the
circuit following the MPP. The current and voltage values of
the LD and PV cell were measured using the oscilloscope in
the figure.

Temperature measurements were made on the PV cell and
LD, and all tests were conducted at constant ambient temper-
atures. The tests were conducted in a completely dark room
to eliminate the effects of other sources of radiation. The
equipment was arranged to ensure that radiation from other
sources, such as power supplies, did not affect the results.
Before starting the LD radiation, it was seen that the power
values read on the oscilloscope were quite small (microwatts)
and this value was accepted as zero.

The parameters and limitations used in determining the
operating point of the pulsed LD are given in Table 2. The
lower limit of the voltage is 4.4 V, which corresponds to
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the threshold current value of the LD. The lower limit of
the duty cycle is 5%, as the current cannot rise fast enough
to exceed the threshold current value at duty cycles below
this value. The upper limits for voltage and duty cycle are
8.3 V and 35%, respectively, because the LD overheats and
cuts off radiation beyond these values. Tests were conducted
both above and below the range of 5-20 kHz. However, the
results obtained outside this range cannot be utilized due
to the overheating of the LD, resulting in the absence of
measurable power from the PV output. The goal of these tests
was to determine the optimal operating point of the LD for the
proposed laser power transmission system, and to examine
the effects of the duty cycle, frequency, and voltage on the
efficiency of the system.
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A. EFFECTS OF VOLTAGE AMPLITUDE ON SYSTEM
PERFORMANCE

In order to understand how the voltage level affects the per-
formance of the LD and the LPT system, tests were con-
ducted by keeping the duty cycle and frequency constant
and incrementing the voltage by 0.1 V intervals. The results
are presented below for each frequency separately. Fig. 10
shows the variation of the power obtained from the PV cell
output depending on the voltage at 4 different frequencies and
different duty cycles. In general, as the voltage increases, the
power output from the PV cell also increases, but there is a
point where the power output starts to decrease as the LD
overheats and stops lasing. Depending on the equation in (3),
the LD can operate in a wide voltage range at low duty cycles
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such as 5-10%, while it operates in a narrow voltage range at
high duty cycles such as 20-35%, and relatively low power
is taken from the PV cell. This wide range reaches to 8.3 V
at 20 kHz switching frequencies. As can be seen from the
graphics, the highest power received from the PV cell at 10,
15, and 20 kHz was obtained at a voltage value in the middle
of the voltage range at 10% duty cycle. The highest power
received from the PV cell at only 5 kHz was obtained at a
relatively low voltage value of 15% duty cycle.

In Fig. 10a, the graph shows the relationship between the
power obtained from the PV cell output and the voltage at a
switching frequency of 5 kHz, with data points for 5 different
duty cycles. At this frequency, the highest power from the PV
cell was 101.9 mW at a voltage of 5.3 V and a duty cycle of
15%. It can be seen that at lower duty cycles, the LD can
operate over a wider range of voltages, but at higher duty
cycles, the range is more narrow and the power taken from
the PV cell is relatively lower. Variation of PV cell power
depending on LD voltage at 10 kHz switching frequency is
given in Fig. 10b. 4.65 mW is taken at 4.4 V LD voltage at
35% duty cycle at 10 kHz. While LD emits laser beam under
the highest voltage of 7.3 V at 5 kHz switching frequency,
it emits laser beam up to 7.8 V at 10 kHz. With 149 mW
taken from the PV cell, the highest power was obtained
under 5.9 V voltage at 10% duty cycle. Compared to the
highest power value obtained at 5 kHz, approximately 50%
more power, lower duty cycle, taken under higher voltage.
It can be seen from Fig. 10c that the LD operating voltage
rises to 7.8 V when the switching frequency of 15 kHz is
increased. The highest power obtained from the PV cell at the
relevant frequency value was obtained at a 10% duty cycle,
5.9 V voltage condition. In Fig. 10d, the graph shows the
relationship between the power obtained from the PV cell
output and the voltage at a switching frequency of 20 kHz,
with data points for 7 different duty cycles. At this frequency,
the highest power from the PV cell was 200.2 mW at a voltage
of 6.2 V and a duty cycle of 10%.

B. EFFECTS OF DUTY CYCLE ON SYSTEM PERFORMANCE
In order to examine the effect of duty cycle on the perfor-
mance of the LD and LPT, two different voltage levels were
chosen for the tests. The first voltage level, 4.5 V, was selected
because it allows the LD to operate at a higher duty cycle
range, providing a wider range of duty cycle operation to
observe. At the second voltage level, 5.3 V, the LD operates
at lower duty cycles, but an average PV cell power is still
obtained. This allows for an analysis of how the duty cycle
affects the performance of the system at different voltage
levels.

In Fig. 11, the power obtained from the PV cell is shown
at different duty cycles and frequencies while operating the
LD at 4.5 V. As seen in the figure, the power increases up to
a certain point as the duty cycle increases. However, as the
duty cycle increases further, the power decreases due to the
increase in the temperature of the LD, resulting in the LD not
lasing at all. The highest power from the PV cell is achieved
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at 25% duty cycle at 5 kHz and 15 kHz, at 30% duty cycle at
other frequencies.

In Fig. 12, the effect of changing the duty cycle on the
power output of the PV cell is shown while operating at differ-
ent frequencies under a voltage of 5.3 V. The voltage level is
higher than in the previous situation, the range of duty cycles
that the LD can operate under 5.3 V has decreased. At this
voltage level, the power obtained from the PV increases up
to a certain duty cycle and then decreases. The highest power
received from the PV cell at this voltage level was 157.1 mW,
as seen in Fig. 12c, and was obtained at a frequency of 15 kHz
and a duty cycle of 15%.
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The duty cycle of the LD has a direct impact on the power
output of the PV. Specifically, a higher duty cycle results
in a longer period of light emission from the LD, which
can lead to higher light intensity and therefore higher power
output from the PV. However, it is important to note that
the relationship between the duty cycle and power output is
affected by temperature, which can limit the working range of
the LD. Therefore, maintaining a constant temperature is cru-
cial for achieving high power output from the PV, especially
in space applications where temperature control is critical.
In our tests under constant ambient conditions, designing a
cooling system that will keep the temperature of both PV and
LD constant will be positive in terms of efficiency. To this
end, cooling systems such as water cooling or thermoelectric
cooling can be employed to regulate the temperature and
ensure consistently high performance.

C. EFFECTS OF FREQUENCY ON SYSTEM PERFORMANCE

In order to examine the effect of frequency change on the
performance of the LPT system, the duty cycle and voltage
were kept constant and the frequency was varied. The voltage
level at which the highest possible power was taken from
the PV cell was chosen for each frequency and duty cycle.
The results, shown in Fig. 13, demonstrate the power values
obtained from the PV cell depending on the frequency at
different duty cycles (5-10-15-20-25-30%). Voltage levels are
6.9 V in Fig 13(a), 5.7 V in (b), 5.2 V in (c), 4.9 V in (d),
4.5 V in (e) and (f). These voltage levels are the highest
voltage levels at which power is taken from the PV cell at
all frequencies at the relevant duty cycle. At 10% duty cycle
and 5.7 V voltage condition, the highest power received from
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the PV cell was measured as 177.2 mW at 15 kHz switching
frequency. At 15% duty cycle 5.2 V voltage level, the highest
power received from the PV cell is 139.1 mW at 15 kHz
switching frequency, while it is 137.8 mW and 128.4 mW
at 20 kHz and 10 kHz, respectively. When the duty cycle
is increased to 20%, about 120 mW of power is obtained
from the PV cell at 10, 15 and 20 kHz switching frequencies
under 4.9 V voltage, while 80.95 mW is acquired at 5 kHz.
Maximum power from the PV cell is 47.05 mW at a switching
frequency of 15 kHz with a duty cycle of 25% and a voltage
of 4.5 V. In this condition, more than 40 mW of power was
taken from PV cell at other frequency values. Finally, the
highest power obtained from the PV cell at 30% duty cycle,
4.5 V voltage was measured as 56.4 mW at 20 kHz switching
frequency.

As can be seen from the figures, the highest power values
obtained from the PV cell at the same voltage and duty
cycle were taken at 15 and 20 kHz switching frequencies.
Atonly 4.5 V voltage, 25% duty cycle, and 5 kHz frequency,
the PV cell received power close to the values in other
frequencies. Except for that condition, the power received
from the PV cell is significantly lower at a 5 kHz switching
frequency compared to other frequencies. As explained in the
revised Section II of the paper, when the LD is energized
for a long time at low frequencies, thermal losses are higher,
and this affects the efficiency. However, it should also be
noted that LD has been tested at higher frequencies, but it
performed poorly at those frequencies, and enough power
could not be transmitted. Therefore, it cannot be said that
there is a complete linear relationship between frequency and
PV power.
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D. SYSTEM EFFICIENCY

Fig. 14 shows the end-to-end system efficiency, which is
calculated by dividing the power obtained from the PV output
shown in Fig. 10 by the LD input power. This efficiency
metric provides a measure of how effectively the system
is converting the energy from the PV source to power the
LD and can be used to evaluate the overall performance of
the system. The system achieved its highest efficiency of
7.76% at a frequency of 20 kHz, duty cycle of 10%, and
voltage of 5.6 V. Upon examining the figures, it can be
observed that the efficiency levels are generally similar at
duty cycles of 5%, 10%, and 15%. Furthermore, an increase
in frequency appears to have a positive impact on the system’s
efficiency.

Fig. 15a illustrates how the power received from the PV
cell varies at a switching frequency of 20 kHz. The reason
why we chose to compare at 20 kHz is that it provides
the highest power and efficiency, and we didn’t want to
over-stretch the paper. The solid lines represent the experi-
mental results, while the dotted lines depict the simulation
results. From the figure, it’s evident that the graph overlaps,
indicating that the theoretical analysis is experimentally ver-
ified.

Fig. 15b depicts how the system’s end-to-end efficiency
varies at a switching frequency of 20 kHz. The solid lines
represent the experimental results, while the dotted lines
show the simulation results. The experimental and simulation
results are consistent with each other, except for a specific
region at a 10% duty cycle.
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IV. CONCLUSION
LPT, a method of wireless power transmission using LDs, has
many advantages such as electrical insulation and flexibility.
This study focused on using pulsed mode LDs in LPT and
investigated how varying the voltage, frequency, and duty
cycle affects the performance of the system. It was observed
that when the frequency and duty cycle are kept constant,
increasing the voltage leads to an increase in power from
the PV cell up to a certain point, after which it decreases
suddenly. Similarly, when the voltage and frequency are kept
constant, increasing the duty cycle leads to an increase in
power from the PV cell up to a certain point, after which
it decreases with the decrease of the optical power at the
LD output due to heating. The study also found that higher
PV cell power was obtained at higher switching frequencies
of 15 and 20 kHz. The highest power obtained from the
PV cell was 200.2 mW when 3.41 W was applied to the
LD at 20 kHz switching frequency, 10% duty cycle, and
6.2 V voltage. Overall, the study emphasized the impor-
tance of determining the appropriate operating point of the
pulsed LD.

As further work, future studies will focus on optimizing the
alignment and developing control systems to maintain power
transfer efficiency in case of a moving object.
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