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HIGHLIGHTS

® Laser power beaming technology is demonstrated for unmanned aerial vehicle.
® A coupled model is established for energy conversion in laser power beaming.
® Interaction is revealed between electricity conversion and heat dissipation.

® Optimization point is determined for maximum electricity power output.

ARTICLE INFO ABSTRACT

Keywords: The light-to-electricity conversion efficiency is of critical interest for the laser power beaming technology. The
Laser coupled interaction between electricity conversion and heat generation determines the actual light-to-electricity
Electricity conversion efficiency. In this paper, a coupled model is established to describe such coupled interaction and the
Heat . equilibrium point of laser illuminated Photovoltaic (PV) cells. A simplified equation is developed to solve the
gi:zlrﬁ]c:rl;; equilibrium temperature and the electricity conversion efficiency of a thin-film PV cell evenly illuminated by a

laser. Numerical examples are provided for typical conversion conditions and a preliminary parametric study

with sensitivity analysis is carried out for future system design.

1. Introduction

The laser power beaming technology has been conceived and ex-
perimented continuously for remote/wireless power transmission, due
to its potential advantages over its microwave-based counterpart, as
reported by Kare [1], Leopold [2], Landis [3] and Yuan [4]. The con-
cept of laser driven Unmanned Aerial Vehicle (UAV), as shown in
Fig. 1(a), has been extensively tested and validated by several research
groups [5,6]. As depicted in Fig. 1 (a), the Photovoltaic (PV) panel
attached to the bottom of the UAV is used to convert the incident laser
energy into electrical energy. Similarly, laser power beaming tech-
nology could also be used to charge electric vehicles [7] or a mobile
phone [8] coated with PV cells as shown in Fig. 1(b).

The typical technical configuration of laser power beaming is pre-
sented in Fig. 2, in which the light-to-electricity conversion takes place
in the PV cells illuminated by a laser beam with a specific wavelength.
The rechargeable battery is utilized to store the electricity generated by
PV cells and supply the electricity for power consumptions. The laser
equipment could be operated by power grid and could produce laser

with different wavelengths to match the PV cells. Theoretically, the
light-to-electricity conversion efficiency of the PV cells under laser ir-
radiation could be much higher than Solar irradiation as long as the
laser wavelength matches well with the band gap of the semiconductor
of PV cells. It is also imaginable that the electrical power output from a
PV panel would increase with increasing input laser power.

However, it is reported [5] that the ceiling of the maximum at-
tainable power is an inevitable barrier when rapid recharge of the
battery is pursued. In other words, the output electrical power would
not be increased with increasing input laser power when the laser
power approaches some threshold magnitude under specific condition.
This phenomenon certainly limits the application of laser power
beaming. But, why is there such a ceiling phenomenon, and how is the
threshold determined for any system? Broadly speaking, it should, at
least partially, be related to the temperature dependency of the light-to-
electricity conversion efficiency of the PV cells. As extensively de-
monstrated in the work by Meneses-Rodriguez [9], O'Donnell [10],
Singh [11], Theelen [12] and Wysocki [13], the temperature elevation
always reduces the band gap and the lifespan of the carrier.
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Nomenclatures Q heat flux
Sp Stefan-Boltzmann constant

B effective degradation coefficient t time T temperature a thermal expansion coefficient
By temperature coefficient 3, stress coefficient T reference temperature for calibration E Young's elastic
7 light-electricity conversion efficiency E; (W/m?) absorbed modulus

laser power density Teory environmental temperature
Mo value ofy at T= T, E. = nE, (W/m>) Electrical power v Poisson's ratio

density Tref reference temperature for stress free state
0 density E; =(1- 7)Ei(W/m?®) Heat generation density o Stress
Cc specific heat capacity AT temperature elevation in relative to Ty when 7, is cali-
V =1id/0x + jo/0y + kd/dz Gradient operator brated
he convective heat exchange coefficient (AT); temperature elevation in relative to T, corresponding to
u displacement the assumed the stress-free state
d effective thickness of cell X,y,z  the spatial coordinates with x, y being in plane of the cell
n unit normal vector and z normal to plane
k thermal conductivity P, = Exxd (W/m?) absorbed laser power flux (density over surface)
€ surface emissivity coefficient

(a) Laser driven Unmanned Aerial Vehicle (UAV)

PV cells

(b) Laser charger for mobile phone

Fig. 1. (a) Conceptual applications of laser power beaming in remote/wireless
power transmission - Laser driven Unmanned Aerial Vehicle (UAV). (b)
Conceptual applications of laser power beaming in remote/wireless power
transmission - Laser charger for mobile phone.

212

Power Consumption [ Battery
N
PV panel
Light electricity
Conversion
Laser Beam
»
Power grid > ————————— > Laser equipment

Fig. 2. Technique configuration of laser power beaming.

According to the law of energy conservation, the sum of the
thermal/mechanical related energy from light-to-heat generation and
the electrical energy from light-to-electricity conversion should basi-
cally equal to the absorbed laser energy. Herein, light-to-electricity
conversion means the electricity produced from the absorbed laser
energy by the PV cell, while the light-to-heat conversion means the
direct heat generation in the PV cell from the absorbed laser energy. As
such, the two energy forms of thermal/mechanical energy and electrical
energy are intrinsically competing counterparts.

It is noteworthy that the thermal/mechanical related energy in-
volves not only thermal energy but also mechanical deformation energy
accompanied with temperature elevation of the PV cell, which is re-
sulted from the heat dissipation of light energy as well as electrical
energy. The latter is also commonly known as Joule heating due to
electrical resistances in the PV panel. Of course, such effects could cause
the laser power beaming system to fail if the PV cell temperature is
excessively high when the intensity of the input laser is too high or the
thermal diffusion is inadequate (i.e., the heat generated from the ab-
sorbed laser energy and accumulated in the PV cells cannot be ade-
quately released to the environment).

Apart from the thermal failure, mechanical failure could also occur.
As reported in the work by Siddiqui [14] and Turkovic [15], with
temperature elevation, the thermal stress can develop from misfit
thermal expansion of the structure and can lead to failure when the
stress is higher than the material strength of the semiconductor devices.

Moreover, it is also revealed that the mechanical strain/thermal
stress in the PV cell would influence its light-to-electricity conversion
efficiency due to the change in the band gap of the semiconductors, as
reported by Aissat [16], Jeon [17], Olsen [18], Prete [19], Reihlen [20]
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and Wu [21]. Obviously, the thermal stress within the PV cells is de-
termined by its thermal expansion coefficients and the temperature
gradient, while the temperature field of the PV panels is determined by
the light-to-heat generation and the thermal environment surrounding
them. In brief, the temperature field and the thermal stress in the PV
panel are determined by the heat generation from the absorbed laser
energy and the thermo-mechanical boundary conditions, which in turn
instantaneously determine the light-to-electricity conversion efficiency.

Therefore, a detailed mathematical description of the light and
thermo-mechanical response of a PV cell/panel illuminated by laser is
necessary for the design and optimization of a laser power beaming
system. This is not always the case for the common PV panels used for
ground solar collection since the sunshine is not generally concentrated
on the PV panels, as described by Feng [22], Evans [23], Dupré [24]
and Cubas [25]. Thus, the existing research interest is mostly in sun-
tracking [26] and sunshine-concentrating [27] where numerical simu-
lations were used to study the thermal responses of the PV modules
[28]. This partially explains why no thorough mathematical model
depicting the laser-to-electricity conversion could be found on the
present coupled physical problem.

The present work first demonstrates the physics governing the
coupled interactions between the light-to-heat generation and light-to-
electricity conversion in a PV cell illuminated by a laser. A mathema-
tical model is established based on the law of energy conservation and
thermo-elasticity theory. Then, a reduced form of the coupled model is
proposed and formularized to solve the equilibrium temperature,
thermal stress and the light-to-electricity conversion efficiency of the
PV cell constrained by a rigid supporting frame. Based on the developed
model, several numerical examples are presented. Finally, the de-
pendency of the maximum attainable output electrical power on the
system parameters is discussed and conclusions are drawn.

2. Coupled energy conversion model

The temperature dependency of the light-to-electricity conversion in
a PV cell has been commonly known: the conversion efficiency would
decrease with increased cell temperature. A large part of the absorbed
laser energy would dissipate into heat, which means that the cell
temperature would increase when it is subjected to laser illumination.
In turn, the temperature field and its gradient field in the PV cell would
change its light-to-electricity conversion efficiency, which leads to the
so-called coupled interaction between the electrical energy conversion
and thermal/mechanical related energy conversion as shown in Fig. 3.

In detail, Fig. 3 shows that the absorbed laser power density E;
consists of electrical power density E. and heat generation power
density E,. The light-to-electricity conversion efficiency » determines
the heat generation rate, which together with the thermo-mechanical
boundary conditions in turn determines the conversion efficiency 7. It is
imaginable that a corresponding equilibrium of light-to-electricity
conversion efficiency # exists for a specific combination of absorbed
laser power and boundary condition. In the limiting case when the cell
temperature is too high for any light-to-electricity conversion, the
conversion efficiency » would be zero, which means that all of the
absorbed laser power is dissipated into heat. In the ideal case when the
initial heat generation is totally diffused into the surroundings im-
mediately, the cell temperature is not changed and the light-to-elec-
tricity conversion efficiency 7 of the PV cell would be of its intrinsic
designed value. Of course, the actual case should fall in between the
limiting case and the ideal case. As the actual conversion efficiency of a
PV cell is determined by the absorbed laser power, the boundary con-
ditions and the cell parameters, a coupled model could be developed to
describe the energy conversion and to optimize the laser power
beaming system.

Mathematically, the actual light-electricity conversion efficiency 7
of the PV cell could be written by considering both the effects of tem-
perature elevation and thermal stress, based on the work of O'Donnell
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[10], Singh [11], Olsen [18] and Evans [23]:
n=n,[1 — B,(AT) + B,0] 1)

where the temperature field is controlled by the heat conduction
equation:

pc‘;—f = V-(VT) + B

(2)
and the thermal boundary condition:
oT
ka_l‘l = h(T-Ton) + ESB(T4 - t:nv) 3)

If the state of plane stress is assumed [31-33], the first stress in-
variant for a film PV cell can be defined as:

0= Oy + Oy

4

Such assumption of plane stress is accurate enough because the
thickness of the thin-film PV cell is rather small in comparison to its in-
plane dimension.

The two in-plane stress components are [31-33].

E

O = m[(axx + vey) — a(l + v)(AT),] ®)
ayy = L[(5 + veg) — a(l + v)(AT),]

D I ) ©)

The strain-displacement relationship is [31-33].
Ex = dux _ u
T x . - )
du,
Ey=—=1U
W= W 8)

Therefore, the first stress invariant is determined by the temperature
gradient and the thermal expansion driven displacement field [31-33]:

o= E(
9

where the displacement field u could be calculated by solving the
classic thermo-elasticity equation when the transient mechanical effects
is insignificant for such thermal stress problem [31-33]:

3(1 —

(U + Uy) a(AT)S)

1—-v 1—-v

v)
1+v

3(1 — 2v)

V(V
2(1 +v)

u) — V X (Vxu)=a(VT)

(10)

This is the case where the continuous wave laser is utilized for
power transmission, and the rate of temperature change and therefore
the strain rate is insignificant [1,3,6]. As for the pulsed wave laser, only
those of relative long pulse duration (> 1 ms) laser would be adopted,
and the quasi-static assumption is still valid for thermo-elasticity ana-
lysis [2,4,7]. Of course, the transient mechanical effect would be sig-
nificant only when the laser pulse duration is comparable to the elastic
relaxation time. In such a condition, however, the instantaneous power
intensity of the laser beam would be high enough to destroy the PV cell
and therefore not suitable for power transmission. The detailed

E, 1-n Heat
Generation
Eg
| N=nAT,VI) |« AT, VT —
Thermo-
Mechanical
| E | B.Cs.

Fig. 3. Coupled interaction between electricity conversion and heat dissipation.
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descriptions of thermo-elasticity formula could be found in the classic
textbooks, like as those by Hetnarski [31], Timoshenko [32] and
Landau [33].

Additional details of the thermo-elasticity theory on semiconductor
devices could also be further referred to the work by Siddiqui [14],
Turkovic [15] and Feng [22]. Basically, an iterative algorithm is ne-
cessary to solve the coupled Equations (1)—(10), although it would not
be practical for the present work. Instead, the steady state case would
be particularly analyzed herein to concentrate on the demonstration of
the coupled physical problem.

Consider the general case that a film PV cell is evenly illuminated by
a large laser spot. Ignoring the temperature gradient along the thickness
d, which is rather small in a multi-junction film PV cell according to Wu
[29] and Yuan [30], the equation governing the steady state thermal
behavior could be approximated as:

Pl(l - 7]0[1 - ﬁlAT + 526]) = hc(T_Tenv) + ESB(T4 - T;;w) an

Equation (11) is actually an expression of the first law of thermo-
dynamics that describes the conservation of energy, which represents
herein the state of equilibrium between the heat generation from the
absorbed laser energy and the heat diffusion into the environment.

Furthermore, if the PV panel is rigidly constrained by a relatively
rigid supporting frame, one can ignore the deformation of the cell and
obtain its thermal stress as

o E(_a(AT)S)
- 1

— 12)

Hence, Equation (11) could be rewritten as:

Ea(AT);

1— ]) = he(T-Ton) + ESB(T4 - T:nv)

P,(1 - n0[1 - BAT - B,

13

which could be further simplified by letting the reference temperatures
To and T, be identical and equal to some specific value, e.g
Ty = Tyer = 270K, at which n= 7, and the PV cell is assumed to be in a
stress-free state. The linear superposition could be used in the compu-
tation of thermal stress when the residual stress is intentionally pro-
duced in a PV cell according to Feng [22]. This assumption is accep-
table if the efficiency is calibrated at the initial state, and the
temperature elevation induced nonlinearity in material elasticity is
insignificant, which is the case for the PV cells presently considered for
laser power beaming. Therefore, one can obtain the simplest equation
governing the state of equilibrium of the PV cell as

Pl(l - 710 + T)oﬁ(T_Tref)) = hc(T_Tem)) + ESB(T4 - T;nv) (14)
wherein

aE
ﬁ_ﬁl_ﬁz(1-v) (15)

Therefore, the equilibrium temperature T and actual light-to-elec-
tricity conversion efficiency n could be calculated for any absorbed
laser energy P; via solving the algebraic Equation (14) with given ma-
terial properties and environment heat diffusion properties.

3. Numerical example and discussion

The main parameters for numerical example are listed in Table 1,
where the values are from public database for typical film PV cells, as
also used by Meneses-Rodriguez [9], Singh [11], Siddiqui [14] and
Dupré [24].

It is noteworthy that the convective heat transfer boundary condi-
tion is modeled with two parameters, T, and h, to simplify the cou-
pled model on the temperature change and the actual light-to-elec-
tricity efficiency of the PV cell.

The top surface of the PV cell is assumed to be uniformly irradiated
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by laser beam and simultaneously exchanges heat with the surround-
ings through radiation and convection. Of course, for a transient heat
conduction problem, the exact thermal boundary conditions at the
bottom surface of the panel and the supporting structure depend on the
specific system configuration. However, the simplified boundary con-
ditions combining both the radiation and convection are commonly
accepted for a steady-state heat conduction problem as only the balance
between the heat generation from the absorbed laser energy and the
heat diffusion from the surfaces into the surrounding is under con-
sideration. For the same reason, the material density, thermal capacity
or thermal conductivity do not appear in the equation or listed herein,
as these parameters would not introduce mathematical deviation in the
outcome if only the thermal equilibrium state is considered.

Solving equation (14) with the parameters listed in Table 1, one can
achieve the equilibrium temperature and equilibrium electrical power
density of the PV cell. Therefore, the dependencies of the equilibrium
temperature, thermal stress and electrical power density on input laser
power density, ambient temperature as well as convective heat transfer
coefficient can be obtained as shown in Figs. 4-7. It should be noted
that the logarithmic power density over surface is adopted in these
figures for convenience, and again considering the 2-dimensional
characteristic of the thin-film PV cell whose thickness is rather small
compared to its in-plane dimensions.

Fig. 4 shows the equilibrium temperatures and thermal stress of the
PV cell vs. different absorbed laser power densities at different en-
vironment temperatures when the convective heat transfer coefficient is
200 Wm ™~ 2K~ !, Herein, the three environment temperature levels are
chosen mainly based on the potential surroundings of UAV flying in the
relevant altitudes. Obviously, the increase in the environment tem-
perature would directly raise the equilibrium temperature of the PV cell
if the constant convective heat transfer coefficient is assumed.

It is noteworthy that the characteristic of thermal stress in the PV
cell greatly resembles that of the temperature elevation according to the
intrinsic linear relationship between them as described by equation
(12). One can easily image that the dependency of thermal stress on the
input laser power density should be similar to that of the equilibrium
temperature with difference only in a negative constant coefficient
(— lof‘v). In detail, the PV cell would be under compression due to its
constrained thermal expansion and the absolute value of the compres-
sive stress would increase with increasing input laser power density.

It is also shown that the equilibrium temperature of the PV cell
always increases with increasing input laser power density P;. The rate
of increase in equilibrium temperature is gradual when the input laser
energy is lower than 10 kW/m? (Log (P/Wm~™2) = 4) and is abruptly
increased after that. This indicates that there exists a relatively stable
thermo-mechanical response of the PV cell to the irradiation of laser
with a large range of input powers, although the critical magnitude of
the input laser density should depend on the convective heat transfer
coefficient.

Fig. 5 depicts the equilibrium electrical power density P, produced

Table 1
Main parameters for numerical examples.
Parameter Unit Magnitude Range
P, [Wm~?] / (1.0x10%, 1.0x10°)
o [1] 5.0x107! /
B K1 2.0x107 /
B, [Pa~'] 1.0x107'° /
o K1 5x107° /
E [Pa] 4.5x10'° /
v [11 3.0x107" /
h, [Wm™2K™1] 20, 200, 500 /
€ [1] 0.8 /
Tenv [K] 200, 270, 340 /
Trer [K] 270 /
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by the PV cell vs. different input laser power density at three different
environment temperatures when the convective heat transfer coeffi-
cient is 200 Wm 2K 1. It is understandable that the output electrical
power density P, decreases with increased environment temperature as
indicated by the three data curves in Fig. 5. It can be noted that the
relatively low output electrical power density corresponds to the rela-
tively high equilibrium temperature of the PV cell as shown in Fig. 4.

From Fig. 5, it is observed that the logarithmic output electrical
powder density is directly proportional to the logarithmic input laser
power density when the latter, Log (P)) is less than 4.4. And thereafter,
the increase of output electrical power density is clearly reduced. More
importantly, the output electrical power density is inversely propor-
tional to the input laser power density after Log (P;) reaches 4.8 as
indicated by the inflexion points of the curves in Fig. 5.

Fig. 6 shows the equilibrium temperatures and thermal stress of the
PV cell vs. input laser power density with different convective heat
transfer coefficients when the environment temperature is at 270 K.
Again, the curves of the thermal stress and temperature elevation for
any same case show a mirror symmetry.

As presented earlier, there is a positive correlation between the
equilibrium temperature of the PV cell and the input laser power
density. The ability of the PV cell to diffuse heat into the environment,
which is mainly characterized by the convective heat transfer coeffi-
cient, influences greatly the rate of the equilibrium temperature in-
crease. A lower convective heat transfer would lead a rapid increase in
equilibrium temperature. For instance, the cell temperature would ap-
proach to an unacceptable level if only natural convection is taken into
account, which gives a convective heat transfer coefficient of 20
Wm 2K ™!, as represented by the curve denoted with small diamonds in
Fig. 6. It also implies that the contribution of the surface radiation heat
transfer to the total thermal diffusion is insignificant at the present
temperature level of the PV cell.

Fig. 7 depicts the equilibrium output electrical power density pro-
duced by the PV cell vs. input laser power density at different con-
vective heat transfer coefficients when the environment temperature is
at 270 K.

The linear proportional increase of the output electrical power
density with increasing input laser power density as well as the in-
flexion characteristics are demonstrated again. The physics underlining
of such a phenomenon could be understood through the following
elaborations: 1) The light-to-electricity conversion efficiency is basi-
cally negatively correlated with the PV cell temperature, that is
n= f(T), in which the thermal strain effect should also be included. 2)
The equilibrium temperature of the PV cell would increase with the
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increase of input laser power, i.e. T= f,(P), where the laser power
considered is over a unit area as W/m? in the paper. Therefore, 3) The
light-to-electricity conversion efficiency is a complex function of the
input laser power density, i.e. n= f(f,(B)) and always decreases with
increased input laser power density. Thus, the output electrical power
would decrease with further increase of the input laser power when the
increasing rate of power generation is less (due to degradation of
conversion efficiency) than the rate of input power increase.

As shown in Fig. 7, the higher the convective heat transfer coeffi-
cient, the more electrical power would be obtained. Moreover, the
output electrical power could be cut off when input laser power is too
high or the convective heat transfer coefficient is too small, which could
lead to permanent thermo-mechanical failure of the PV cell.

It should be noted that the present model is focused on the physics
underlining of the energy conversion in laser power beaming tech-
nology based on a simplified form, and it does not involve any specific
geometrical characteristic of the PV cell/panel. Moreover, the transient
thermal/mechanical responses of the structure have not been taken into
account. The current treatments could underestimate some localized
thermal/mechanical behaviors spatially or temporally, which might be
important factors affecting the reliability of the devices and should be
particularly investigated for detailed design of a practical laser power
beaming system.

4. Conclusions

The coupled interaction between electricity conversion and heat
generation is modeled for light-to-electricity conversion in laser power
beaming technology. For the first time, the coupled model on energy
conversion of PV cell irradiated by monochromatic light laser is es-
tablished to include both effects of temperature and thermal stress. The
coupled problem is simplified for a thin-film PV cell evenly illuminated
by a laser, and equilibrium solutions are obtained for typical cases. The
equilibrium temperature, thermal stress and output electrical power
density can be analytically predicted for a laser power beaming system
in a specific surrounding.

Based on the present work, it is revealed that a relative low en-
vironment temperature and high thermal diffusion would decrease the
equilibrium temperature and therefore increase the output electrical
power density. Furthermore, it is shown that there is always a max-
imum output electrical power density versus the input laser power
density. That is, the output electrical power would decrease with in-
creasing input laser power once the latter reaches some threshold
magnitude. It means that an optimization point of input laser power
exists for a specific system, which can be found through the present
coupled model.
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