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ABSTRACT In laser wireless power transmission (LWPT) system, the dynamically varying laser intensity
or load on the photovoltaic (PV) cell may result in significant decrease of the power, efficiency and stability.
The explicit steady and dynamic I-V characteristic equations are proposed innovatively to study the dynamic
output characteristics and the stability of the PV cell under laser intensity or equivalent load disturbance.
The time-domain response equations of photocurrent and dark current under large signal step disturbance
are deduced. And the frequency-domain small signal model of the PV cell is derived to calculated the
output impedance. The results suggest that the dynamic response time and the steady-state current of the
photocurrent increase with the carrier lifetime. The PV cell under the high-frequency disturbance may result
in the instability of the LWPT system. The models and methods will provide basis for the simulation and
optimization of the DC-DC converter and the closed loop controller to improve the dynamic characteristics
and stability of the LWPT system.

INDEX TERMS Laser wireless power transmission, photovoltaic cell, equivalent circuit model, dynamic

characteristic, stability, equivalent output impedance.

I. INTRODUCTION
Laser has the advantage of high-power density, remarkable
collimation, and energy concentration, which make it an
effective tool for transmitting energy over long distances
in both space and the atmosphere [1]. The laser wireless
power transmission (LWPT) technology has a wide range
of potential scenarios for energy supply for aerostats and
unmanned aerial vehicles, arousing an increasing research
interest [2], [3].

The schematic diagram depicting the components of the
LWPT system is presented in FIGURE 1. The PV cell
serves as the pivotal device for photovoltaic conversion within
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the LWPT system. Its efficiency and output characteristics
are significantly influenced by the laser intensity and self-
performance. In addition, the PV array acts as an input source
for the DC-DC converter. It is crucial to understand the output
current and voltage (/-V) characteristics of the PV cell for
the design of the DC-DC converter, maximum power point
tracking (MPPT) algorithm, and closed-loop control circuit
within the LWPT system [4].

The atmospheric turbulence and aerosols can cause
significant fluctuations in laser intensity and distortions in the
laser spot during laser transmission through the atmosphere.
[51, [6]. And the PV cell receives intermittent laser when the
laser beam disengages and recaptures the PV array. These
factors lead to the dynamic fluctuations of laser intensity
received by the PV cell. In addition, the principle of the MPPT
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FIGURE 1. The schematic diagram depicting the components of the LWPT
system.

is to change the equivalent load at the output interface of
the PV array by controlling the duty cycle D of the DC-DC
converter. The dynamically varying laser intensity or load
will cause the instability of the output voltage and current
of the PV cell, which includes the switch of the operating
point on different -V curves or high frequency fluctuation
near the specific static operating point. These disturbances
will cause the voltage and current at maximum power point
(MPP) cannot be accurately sampled and obtained, which
may lead to ineffectiveness of the MPPT algorithm and
the oscillation of the system. And the closed-loop control
circuit may be invalid to maintain the stability of system.
As a consequence, the electric energy generated by the PV
cell cannot be utilized efficiently and will be lost in the
form of heat energy. Meanwhile, the voltage and current
stress of the power components in the DC-DC converter will
increase dramatically. According to FIGURE 1, the LWPT
system is compose by the PV cell, the DC-DC converter and
the back-end load in cascades. The mismatch between the
output impedance of the PV cell and the input impedance
of the DC-DC converter will also destroy the stability of the
system. Therefore, it is essential to study the dynamic output
characteristics and stability of the PV cell under disturbances
to obtain the output impedance and the dynamic response
time of the output voltage and current, which will provide
the basis design the MPPT algorithm, DC-DC converter and
the closed-loop control circuit.

Many scholars have studied the variation on performance
of the PV cell such as open-circuit voltage, short-circuit
current, maximum power point voltage, current and pho-
toelectric conversion efficiency with solar irradiance and
temperature through modeling and experiments [7], [8],
[9], [10]. These methods can accurately calculate the static
output characteristics of the PV cell, but the dynamic
performance cannot be accurately obtained. On the basis
of the photoelectric conversion principle of the PV cell,
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researchers established the equivalent circuit models to
study its output characteristics. In particular, single-diode
model [11], double-diode model [12] and triple-diode model
[13] brought about widespread attention. However, the
voltage and current equations in these equivalent models
are transcendental equations, and the exact expression of
the output voltage and current cannot be obtained directly
by analytical method. Therefore, to study the output char-
acteristics of PV cell, the approximate methods are usually
used in practical application by omitting the terms with
minuscule values in the transcendental equation. And then
the implicit equation is made explicit to reduce calculation
complexity, but the representation accuracy will decrease
[14], [15], [16]. Lambert W function can be used to make the
implicit transcendental equation explicit, and then the explicit
expressions of voltage and current can be obtained, but the
computational process is complicated [17], [18]. Therefore,
it is essential to design a simple and accurate method to
obtain the output characteristics of the PV cell. Moreover,
some scholars have measured the dynamic characteristics and
stability process of PV cell through experiments. That is,
to give a small disturbance on the forward bias voltage of
the PV cell and to synchronously detect the current. Or the
output voltage of the PV cell is detected synchronously by
changing the incident light intensity [19], [20]. Qin analyzed
the dynamic characteristics and stability of the solar cell
by modeling, derived the equivalent circuit model of the
solar cell based on the PN junction physical principles, and
gave the expression of the model parameters [21]. Due to
ignoring the photogenerated carrier in N-region, there will be
a significant error to represent the output characteristics of
the PV cell under high intensity laser. However, the transport
states of the photogenerated carriers are more complex,
and the generation and recombination of which are more
significant in the PV cell under the unstable high energy
density laser beam irradiation. The parasitic resistance,
capacitance and inductance of the PV cell have an undesirable
influence on its dynamic output characteristics [22], [23].
At present, there are few studies on the output characteristics
and stability of the PV cell under laser intensity or load
disturbance.

To address these issues, this paper creatively deduced
the explicit output characteristics equations of the PV cell
under static state, dynamic small-signal and large-signal
disturbance. The equivalent circuit models are proposed. And
then, the model parameters are identified and the output
characteristics of the PV cell are investigated. Furthermore,
based on the small signal model, its equivalent output
impedance is derived, the stability of the PV cell and the
LWPT system are studied. Finally, the large signal model
of the PV cell is established, and the nonlinear /-V curve is
linearized, which will simplify the modeling and analysis of
the dynamic characteristic of the LWPT system.

The remainder of this paper is structured as follows:
Section II presents the theory and method mainly including
the mathematical model and equivalent circuit model of
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TABLE 1. Nomenclature and values.

Symbol Quantity Value

D, Electron diffusion coefficients 220 cm%/s

D, Hole diftfusion coefficients 10.4 cm?/s

;i Intrinsic carrier density 1.8x10° cm’®
a Absorption coefficient 1.4x10* cm’!
oo Minority electron lifetime in the p region ~ 10°~10%s

o Minority hole lifetime in the n region 10°~10"% s

I Electron drift mobility 8500 cm?/V-s
Uy Hole drift mobility 400 cm?V-s
L, Electron diffusion length D,r, m

L, Hole diffusion length m m

Xn Depletion width in the n region 2x10° m

Xp Depletion width in the p region 8x10° m

W, Thickness of the n region 50x10° m

W, Thickness of the p region 200x10”° m
A Area of the PV cell 12 cm?

Np Doping concentration in N region 1x10' ¢cm™
Na Doping concentration in P region 5x10'7 ¢m™

q Electron charge 1.602x107 C
A The wavelength of the laser 808x10° m

c Photon speed 3x10% m/s

h Planck constant 6.63x10* J-s
k Boltzmann constant 1.381x103 J/K
T Cell temperature 300 K

D, Photon flux density on the PV cell cm?s!

P Incident Laser power w

o Photon absorption rate of the PV cell 90%

R Series resistance Q

Rg Shunt resistance Q

L Parasitic inductance 1 uH

Ia1, I Diode current A

Iy, I Reverse saturation current A

Voe Open circuit voltage of the PV cell \%

I Short circuit current of the PV cell A

Ion Photocurrent of the PV cell A

Tonpp Maximum power point current A

Viupp Maximum power point voltage A%

1 Output current of the PV cell A

V Output voltage of the PV cell A

Va Diode positive guide pass voltage drop v

the PV cell and the LWPT system under different working
conditions. Section III analyses and examines the numerical
results. Finally, Section IV summarizes the conclusions
drawn from the study.
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FIGURE 2. Photoelectric conversion principle of the PV cell.

Il. THEORY AND METHOD

A. STATIC MATHEMATICAL MODEL AND EQUIVALENT
CIRCUIT OF THE PV CELL

The material of the PV cell is gallium arsenide (GaAs).
The parameters of the PV cell and the laser are shown in
Table 1. The physical structure and photoelectric conversion
principle of the PV cell are shown in FIGURE 2. Under the
laser irradiance, the N region, P region and space charge
region of the PV cell absorb the photon, excite electrons
of the semiconductor atom from the valence band to the
conduction band, and continuously produce photo-generated
excess carriers.

Under the action of concentration gradient, the photo-
generated excess holes in N-region and the photo-generated
excess electrons in P-region diffuse to the space charge region
and form the diffusion current. Further, the photo-generated
excess holes drift to the P region, and the excess minority
electrons drift to the N region under the internal electric field
Ein of the space charge region. Then, the electric potential in
the N region decreases and in the P region increases, which
forms the photon-induced voltage.

Continuous photogenerated current is generated in the
loop under the action of photogenerated electromotive force
when the PV cell connected with external load forming
a closed loop. During the continuous movement of the
excess carrier electrons and holes in the space charge
region, they will inevitably collide and recombine to generate
recombination current ... According to the photoelectric
conversion process of the PV cell, the output current /
is the photogenerated current I, minus the recombination
current Irec. The output current / flows through the load Ry
to generate the voltage V, which makes the PN junction
positively biased. That is, the forward bias voltage of the PV
cell.

The diffusion current is determined by the concentration
gradient of the excess carrier. For the particular material,
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the concentration of photo-generated excess carriers depends
on the incident laser photon flux density, temperature,
and external electric field strength in the PV cell. When
these parameters change with time f, the excess carrier
concentration is a function of time and space [24]. Which
satisfies equation (1) and (2).

asn(x, 1) 3%8n(x, 1) asn(x, 1)
- ' = - 7 E ) ——————
ot T ax2 T B 1) dx
dn(x,t)
+ gu(x, 1) — )]
Tn
asp(x, 1) 828p(x, 1) asp(x, 1)
—— —p,—" E(x, 1) ———=
ot L
Sp(x, 1)
+gplr, 1 — 2D @)
Tp

where, gn(x, 1) and g,(x, 1) are the generation rate of minority
carriers in the P region and in N region.

gn(x, 1) = gomoe @ Wot) ge=a (x=xp)
PA
= no%ae_“(ﬁw"), (xp <x < W) )
gp(x, 1) = gomoe ¥ Wn = gema(Hn)
PA
= noA—hcae_“(”W“), (—Wa<x<-x) &

where, dn(x, t) and §p(x, t) are the concentration of photo-
generated excess minority carriers in P region and N region,
respectively. Eq. (5) can be obtained when laser power P and
temperature 7" are constant.

adn(x,t) 0

dspter) _ o)
p(x,t) 0
ot -

Substituting Eqgs (3)-(5) into Eqgs (1) and (2). Eqs (6) and (7)
can be obtained:

qv. p—r
on(x) = mgo (ef — 1) e o
—a(W,
_77OP/’L'L'n05e o +Xp)e—a(x—xp) (6)
Ahc (L2 — 1)
qV Antx
8p(x) = pno (eﬁ - 1) e '’r
a(Wp—xy)

—noPAtpae”
Ahe (oﬂLg - 1)

e—o(x+an) (7

The output current of the PV cell is the sum of the photo-
generated excess carrier hole current at x = —x; and the
photo-generated excess carrier electron current at x = xp,
minus the recombination current of electron and hole in the
space charge region [24], which can be expressed as

I=Ax [-]p(_xn) + Jn(xp) — Jrec]

d(5p(x))
dx

d(én(x))

= _qADp |x=7xn + gAD, |x=xp — AlJrec
3

Based on the Shockley-Read-Hall (SRH) model [25], the
recombination rate r of the excess electrons and holes at
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the center of the space charge region under forward biased
voltage can be expressed as [24].

qV.
ni err —1

r =
\4
2/T0Tp0 ek — |

The recombination current density can be obtained from
Eq. (10) [24]:

X qni (xp + xn) efr —1
Jree = / qrdx =

®

—x 2. /Ta0Tp0 egk—VT 1
ni (xp + X

_ qni (xp +%n) (equVr _ 1) (10)
24/'fn07/'p0

Substituting Eq. (6), Eq. (7) and Eq. (10) into the Eq. (8),
the explicit expression of the ideal model for the PV cell can
be obtained:

_ noPAgDpe’ T, o (Wa—in) noPAgDna’t, e (Watxp)
he (asz — 1) he (2L — 1)
P

_ (qADppnO i qADpnpO) (e% _ l)
L, L,
_ w (e% - 1) (1)
2 /Ta0Tp0

In Eq. (11), the first two terms on the right side of the
equation are photogenerated current Ipn. The last two terms
are the charge carrier injection current and recombination
current, which can be defined as I4; and I4p, respectively.
And they are independent of laser irradiance intensity and
determined by the forward bias voltage and temperature of
the PV cell. Eq. (11) yields the following equation.

2 2
_ noPAgDpat e a(Wo—xn) noPAgDno" T —a(Wo+2p)

ph = 272 1)
he (ang _ 1) hc (ang — 1)
(12)
2 2
Iq = aADv + GAD (e% — 1) = lol (e% - 1)
LyNp LNy
(13)
1 — (797 L+ ) (47 1) = 1z (e37 — 1)
24/'fn07/'p0
(14)
I =1In—1Iar —lao = Iph — Ia (15)

The equivalent circuit model of the PV cell can be
obtained from Egs. (12)-(15), as shown in FIGURE 3(a).
When considering the parasitic resistance caused by physical
structure, manufacturing process, material properties and
leakage current of the PV cell. In order to more accurately
express the output characteristics of the PV cell, the ideal
equivalent circuit model in FIGURE 3(a) is modified into the
double diode model as shown in FIGURE 3(b).
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FIGURE 3. Equivalent circuit model of photovoltaic cell.

B. DYNAMIC MATHEMATICAL MODEL AND EQUIVALENT
CIRCUIT OF THE PV CELL

The dynamic characteristics of the PV cell include the
transient characteristics when laser intensity or equivalent
load has a step change and the stability when the laser
intensity or load fluctuates with different frequencies and
small amplitude. Based on Egs. (1), (2), this section studies
the transient response of output current when laser intensity P
changes step and the transient response of dark current when
the equivalent load Ry step changes. Photogenerated current
is formed by directional motion of photogenerated carrier.
Its lifetime directly determines the dynamic response time of
the photogenerated current and the output current according
to the expression of photogenerated current (12). Assuming
when ¢ = 0, the laser intensity received by the PV cell have a
step change from O W to P, and solve the dynamic continuum
equation (1) and (2) to obtain the expression of excess carrier
concentration with time #:

én(x, 1)

nOPkale—Ot(Wn‘l'Xp) I:e—ol(x—xp) B e(Dnaz_ﬁ)t_a(x_Xp)
Ahc(=—- — Dpa?)

1 [ _x
—— [ e mdrt
Tn JO

(x—xp)y/Tn t
vt 2 L
" " dno*Dye” /
'Cn«/ 0
x e* D"’dt
S (x—xp) /T
_r 2 Uit 2
— o’Dye ™ / e* D"Tdr/ " e "dn
V7 Jo 0

(16)
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dp(x, 1)

_ noPAae”

=——
Ahe( — Dya?)

oW~ [eamxﬂ) _ Dre = yi—atet)

1 [ =z
—— [ e ™dr
‘L'p 0

> ; (x+xn) /Tp
_z pdT | 2
+ / e TPdr/ YT e dy
Tpﬁ 0 0

_r t 2
+a2Dpe TP/ e Drrdr
0

2 f (x+xn) /Tp

- L 2 2Up1—T

—otsze ’P—/ e DPTdr/ P
ﬁ 0 0

The dynamic photogenerated current ipn(f) satisfies
Eq. (18):

ey | (17)

iph(1) = A X [Jp(=xn, 1) + Jn(xp, )]
d(@p(x, 1)
dx

d(dn(x, 1))
|x——xn + AD —|x=xp
ox

(18)

= —qAD,

Substituting Egs. (16) and (17) into Eq. (18), iph(?) can be
obtained:

i = QPAe?Liem e [ L e Y0
P he (1 — L2a?) aDy/Tn /T
_ e(Dnaz—ﬁ)terf( Vi ) — [1 _ e(Dnaz—ﬁ)th}
a/Dy

272 —a(Wp—xp
_ qnoPAa’Lie @(Wn=2n) [[1 _e‘Dp"zé)’]

he (1 - Lgaz)
VARG Vi )}

1
4+ —erf(——) — ’P erf(
Ole /Tp /Tp o /Dp
(19)

Eq. (19) is the transient photogenerated current equation of
the PV cell when the laser intensity P step changes.

When the laser intensity and temperature are constant, the
step change of the load Ry will lead to the step change of its
forward bias voltage V. According to Eqgs (13) and (14), the
dark current Iy of the PV cell is a function of forward bias
voltage V and temperature 7', and it is independent with laser
intensity. The equations of the dynamic carrier concentration
with time when the forward bias voltage changes from 0 V
step to V, can be obtained from Eqs (1) and (2):

qV _t X — X T
Sn(x, 1) = npo(ef — 1) Ie w erfc [ﬂ}
21
1 [ _=
+—/ e mdrt
Tn JO
(x—=xp)y/Tn

2T 2
e~ = dr e " du (20)
Tn\/_/ /
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FIGURE 4. Dynamic equivalent circuit model of the PV cell.

el [ [ ST
dp(x,t) = pno(e 1)[6 erfc 2Lp«/;
1 [z
+— e »dr
‘L'p 0
(x+xn) /Tp

2 /t _x / UpVT 2
— e »dr e “du (21
Tpﬁ 0 0

Substituting Eq. (20) and Eq. (21) into Eq. (8), the dark
current can be expressed as

2
=l 0| 20 [ S (1)]
Aquni2 N t
oo [e pff+erfc(v p)NHd

(22)

Based on the static circuit model in FIGURE 3(b) and
Eq (22), the dynamic model can be established considering
the parasitic capacitance C and inductance L, as shown in
FIGURE 4.

C. SMALL SIGNAL CIRCUIT MODEL OF THE PV CELL

The photogenerated current I,n can be obtained from the
dynamic model of the PV cell in FIGURE 4 when the
laser intensity is constant. The transient current ic(t) of
the capacitor C is the transient component of the dark
current ig(t), which can be expressed as ig(f)-Ig. The
expressions of dynamic capacitor C and capacitor current i
can be obtained

d( [ic(t)dt) _ [ Ga(r) — Iy)dt 23)
dVe dVe

ic(t) = (e% - l)AC]ni2 [L?I\I;A |:e ™ \/\_/;_ + erfc ( / tn ’]

D, _L Vo e t
S (o)

According to the FIGURE 4 and Eq. (24), the dynamic
capacitance C is determined by the current I at steady-state
operating point (I3, V). Therefore, the equivalent dynamic

C(t) =
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FIGURE 5. Equivalent small signal circuit model of the PV cell.

capacitance C(V) at any operating point can be obtained:

AgDyn’t, AgDyn’t,
C(V) qnlr1 qplp}

kT L,Np L,Np

(25)

In the PV system, the PV cell are cascaded with the
DC/DC converter. DC/DC converter is used for achieving
the maximum power tracking and maintaining the output
power stability. The equivalent output impedance affects the
maximum power point and the stability of the LWPT system.
Therefore, the small signal model is established to calculate
its output impedance. Based on FIGURE 4, the small signal
model is proposed in FIGURE 5, where the diode in the
dynamic model can be represented by the dynamic resistors
rq1 and rgp. And the expressions of rq; and rq2 can be
obtained, Eq. (26) and Eq. (27). Thus, the equivalent output
impedance can be expressed as Eq. (28).

lim C(1) = —e"v [

dVqp dVe dVe kT
rdl = " =/ = =
digr  diq1 Iold(e% —1 qUa+Lon)
(26)
dVa dVe dVe 2kT
}"d2 = N = - = =
digp  dig Iozd(e% —1 49U +1e)
27
du(s)
Zy(s) =
di(s)
_ rdir2Rsh + rai R Rs + raaRsh Rs + rd1raaRs
N b
n (Cra1raaRsRsh + ra1RsnL + raaRsnL 4 ra1rapL) s
b
LCrq; r'dsthS2 28)
b
Here

b = ra1Rsh + ra2Rsn + ra17a2 + sCra1raaRsn (29)

D. LARGE SIGNAL CIRCUIT MODEL OF THE PV CELL

To evaluate the dynamic output performance of the PV cell
when the laser intensity or equivalent load encounters the
large disturbance, the equivalent large signal circuit model
is established as shown in FIGURE 6. The /-V characteristic
curve is linearized with the piecewise linearization method,
as shown present FIGURE 7.
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FIGURE 6. Equivalent large signal circuit model of the PV cell.
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FIGURE 7. The proposed piecewise linearization method of the /-V curve.

The piecewise linearization method of the /-V curve is as
follows:

(a) In the constant current region, the tangent line at the
point A (0, I) is selected as the linearized curve of the I-V
characteristic curve. According to FIGURE 6, the following
expressions can be obtained:

I = oh — IRy — Vy _ IR (30)
Rq Rgn
(IscRs — Va) Ran

(Iph - Isc) Rsh — Rl

In the constant current region, the equivalent linear model
can be described by the ideal current source in parallel with
the equivalent resistance Req. The equivalent circuit model of
the PV cell can be expressed in FIGURE 8(a). Here Req is
obtained from Ry and Ry, in parallel as follows:

Req _ (IscRs — V4) Rsn (32)
(Iph - Isc) Rsh — V4

Based on the equivalent circuit model in the constant
current region, the linearized equation (33) of the I-V
characteristic curve can be obtained:

1 R
[=——V 41— — (33)
Req PV Req

Ry = €1y

(b) In the maximum power area, /-V characteristic curve
are described by the tangent line at the maximum power point
M(Vinpp, Impp)- At this point, dP/dV satisfies Eq. (34). The
equivalent circuit model can be equivalent to FIGURE 8&(b).
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FIGURE 8. Equivalent large signal circuit model of the PV cell,

(a) equivalent circuit model in the constant current region; (b) equivalent
circuit model in the maximum power region; (c) equivalent circuit model
in the constant voltage region.
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FIGURE 9. Equivalent circuit model of the LWPT system.

The I-V characteristic curve equation can be replaced by
Eq. (35) at its maximum power point.

d(vI) d/
— 5 = Impp + Vmpp@

dv V=Vmpp V=Vmpp
Vmpp
mpp + —= 0 (34)
RmPP
I
I=—2V 4 2L (35)
mpp

(c) In the constant voltage area, the tangent equation at
the point (Vic,0) is selected as the linearization curve of the
I-V characteristic curve. At this point, the equivalent linear
model can be equivalent to ideal constant voltage source and
equivalent resistance in series. According to FIGURE 6, it can
be obtained as follows:

Voc - Vd Voc
Ip = "¢ 4 2 (36)
P Rq Rsh
Voc — Vi) R
R:j _ ( oc d) sh (37)
(]thsh - Voc)
Voc — Vi) R
R/ _ ( oc d) sh (38)

= Ithsh — Voc

The equivalent circuit model in the constant voltage region
is shown in FIGURE 8(c). The linearized equation of /-V
characteristic curve in this region can be obtained:

1 1
I=— V+ \% 39
TR TR (39)

E. EQUIVALENT CIRCUIT MODEL OF THE LWPT SYSTEM
To study the effect of the laser intensity or load disturbance
on the stability of the LWPT system, the equivalent circuit
model based on the boost DC-DC converter is established as
shown in FIGURE 9.

According to the equivalent circuit model in FIGURE 9,
the equivalent small signal model of LWPT system can be
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established based on the state-space averaging method. When
the laser intensity is disturbed, the transfer function on the
input voltage uy,y to photogenerated current iy of the LWPT
system with resistive load R and the constant voltage load
(battery) up are as follows:

AZD/Z
) Z (sL + Req + 425
Ty 7}, = ’-\PV = A2D2 (40)
ner iph (5) dw=0 Z1+SL+Req+ Se7p
o ﬁpv (s) _ sL 4+ Ry (41)
v i () | d=0 1+ —sLZ Ry
g (s)=0

The MPPT algorithm can control and adjust the output
power of the PV cell by controlling the duty cycle d of
the control signal PWM driving the DC-DC converter. The
transfer function on the input voltage upy to the control signal
d (duty cycle) of the DC-DC converter with resistive load R
and the constant voltage load (battery) ug are as follows:

G ~— ﬁpv ) L
! T (s) Toh (5)=0

A’D'Ii, + (AU: + R1I) (sC + B)

= (42)
sC 4+ B+ Z; (sC + B) (sL + Req)
o 7/‘\pv () o (RL + Ron) IL + Up
Gﬁpv_d - ZZ\(S) EB(S)_O - 1+ ‘YLZRZ (43)

iph ()=0

where the transfer function Eqs (40) to (43) do not depend on
the type of specific MPPT algorithm. The specific derivation
process and parameters can be seen in Appendix.

IIl. NUMERICAL RESULTS AND DISCUSSION
A. THE PARAMETER IDENTIFICATION OF THE
STATIC MODEL

From the equivalent circuit model shown in FIGURE 3(b),
the transcendental equation can be obtained as follows:

V + IR
I =1In—1Io [exp( + S)—]]
Vi

V +IR V +IR
—Ioz[exp( J‘r/t S)—l}— ;h i (44)
S

In Eq (40), Rs and Ry, are unknown parameters. To accu-
rately characterize the /-V characteristic using the equivalent
circuit equation, it is necessary to extract and identify the
unknown parameters in the model. Eq (44) is applied to fit
the measured 7-V data of the PV cell, and the value of R; and
Rg, can be obtained.

According to the physical parameters of gallium arsenide
PV cell (in Table 1) and the Eq (44), the static output char-
acteristic curves of the PV cell under different laser intensity
are obtained. The lifetime of the carrier is set as100 ns. The
model curve is gradually close to the experimental data of
output voltage and current under different laser intensity by
dynamically adjusting the unknown parameters Ry and Rgp.
Based on the parameter values in Table 1, the fitting results
are shown in the FIGURE 10, where the solid line is the
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FIGURE 10. The theoretical model curve and experimental data of the PV
cell under different laser irradiation.

curve of the theoretical model, and the scattered points are
the experimental data. In FIGURE 10, it can be found that the
established model can well fit the actual output characteristics
of the PV cell. Meanwhile, the method and model used in
this paper are verified. The over-estimate power at MPP
is from the theoretical photo-generated current I, relative
to its actual value. In addition, because the temperature T
is a slowly changing variable, it set as a constant value
(25 °C) in the theoretical model. Due to it is difficult to
maintain the temperature completely constant during the test,
the increase of the power may cause the small increment of
the temperature inside the PV cell, which will decrease the
current Ipn. Therefore, the test power at MPP less than the
theoretical power obtained according to the model.

B. DYNAMIC CHARACTERISTICS OF THE PV CELL UNDER
LARGE SIGNAL DISTURBANCE

According to Eq (19) and Table 1, the variation trend
of the dynamic current versus time under different carrier
lifetimes is presented in FIGURE 11. It can be found that the
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FIGURE 11. Dynamic response of the photo-generated current I, versus
the carrier lifetime when the laser intensity has a step change.
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FIGURE 12. Dynamic response of the dark current for the PV cell under
different carrier lifetimes when the load has a step change.

photogenerated current presents a step change approximately
when the laser intensity P have a step change from 0 W
to 3 W, and then tends to be stable. The transient time
and steady current increase with the increase of carrier
lifetime. The main reason is that the increase of the carrier
lifetime means that the decrease of the recombination speed
for the carrier. There are more carriers present inside the
PV cell at the same time when the laser intensity is
constant. Therefore, improving the recombination speed will
attenuate the concentration of effective current carrier. Which
will decrease the steady-state current Ipn, but contribute
to improving the dynamic response speed of the photo-
generated current.

According to the Eq. (22) of transient dark current ig(t)
when the load Ry changes abruptly, the dynamic change
process of transient dark current with time under different
carrier lifetimes can be obtained, as shown in FIGURE 12.
The results show that the peak value of the dynamic dark
current and the transient time increase with the carrier
lifetime. That is because the longer carrier lifetime could
contribute to the more carriers existing at the same time,
which may significantly increase the peak of the dark current.
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FIGURE 13. Dynamic parameters in the small signal model of the PV cell.

After the load step change, the forward bias voltage has a
transient time and then tends to be stable. Therefore, the dark
current has a similar trend with the forward bias voltage,
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FIGURE 14. Bode diagram of equivalent output impedance of the
photovoltaic cell under different forward bias voltage.

TABLE 2. Parameters and values of the boost DC-DC converter.

Symbol Value Symbol Value
Ru 40 mQ Cin 47uF
Rei 20 mQ Co 100uF
Rp 37.2 mQ L 200uH
Ron 10.7mQ n 100 ns
Reo 20 mQ 14 09V
U. 3.3V P 3W

which gradually decreases and tends to be stable. According
to Eq. (11), when the forward bias voltage is constant, the
steady-state dark current /g is mainly affected by temperature.
Therefore, under the same temperature, the steady-state dark
currents Iy with different carrier lifetimes remain the same.

C. THE PARAMETER IDENTIFICATION OF THE SMALL
SIGNAL MODEL

According to Egs. (25), (26) and (27), the dynamic model
parameters (C, rq; and rqp) of the small signal model
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FIGURE 15. Bode diagram of equivalent output impedance of the
photovoltaic cell versus carrier lifetimes.

can be obtained as a function of forward bias voltage and
carrier lifetime, as shown in FIGURE 13(a),(b) and (c).
The value of dynamic capacitance C and dynamic resis-
tances (rq; and rqp) have obvious differences at different
points of the /-V characteristic curve. It can be found
that the dynamic capacitance value and dynamic resistances
value increase and decrease respectively with the increase
of voltage V. Moreover, in FIGURE 13(a), in the constant
current equivalent zone (V < 0.8 V in FIGURE 10),
the dynamic capacitance value is small and negligible.
In the constant voltage equivalent zone (V > 1.1 V,
in FIGURE 10), the dynamic capacitance value increases
with the carrier lifetimes. In FIGURE 13(a) and (b), the
dynamic resistance rq; and rgp decrease with the voltage
V and increase with the carrier lifetimes. The increase of
the dynamic capacitance value with the carrier lifetime
can explain why the transition time of the photo-generated
current ipp(t) increase with the carrier lifetime when the
laser intensity step changes. Meanwhile, the larger dynamic
resistance limits the PN junction diode current Iy; and Ig;.
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FIGURE 16. Bode diagram of equivalent output impedance of the photovoltaic cell under different forward bias voltage.

This could illustrate that the steady output current / of the
PV cell with longer carrier lifetimes is larger according
to Eq. (15).

D. EQUIVALENT OUTPUT IMPEDANCE OF THE PV CELL

As the input power supply of the DC-DC converter, whether
the equivalent output impedance of the PV cell matches
the equivalent input impedance of the DC-DC converter
determines the stability of the LWPT system. To maintain the
stability of the LWPT system, the output impedance of the
PV cell should be minimized within the operating frequency
range than the equivalent input impedance of the DC-DC
converter. Based on Eq. (28) and Table 1, the Bode diagram
of the output impedance under different carrier lifetimes
and load voltages can be obtained, as shown in FIGURE14

VOLUME 11, 2023

and FIGURE 15. The equivalent output impedance is
significantly affected by the output voltage V (forward bias
voltage) and decreases with it. It means that the equivalent
output impedance has significant differences at different
operating points. It remains stable at low frequency band and
becomes unstable at high frequency band. On the other hand,
the equivalent output impedance is negatively correlated
with carrier lifetime in the low frequency band. In the high
frequency band, the correlation is positive and the equivalent
output impedance increase significantly. Even so, at the same
static operating point, the carrier lifetime has little influence
on its stability. In a word, when the frequency of disturbance
signal is low, the LWPT system can maintain open-loop
stability, while when the frequency is high, a closed-
loop control circuit will be essential to realize the system
stability.
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E. STABILITY OF THE LWPT SYSTEM

According to the parameter values of the boost DC-DC
converter in TABLE 2, the Bode diagram of the transfer
function in the Eqs (40) to (43) can be obtained when
the system operates at the MPP (V' = Vipp), as shown in
FIGURE 16.

From the Bode diagram in FIGURE 16 (a), the magni-
tude stability margin increases and phase stability margin
decreases with the frequency in the low band (1 Hz to 2kHz).
That is because with the increase of frequency, the input
filter capacitance can filter the disturbance. However, when
the frequency is more than 100 kHz, the phase stability
margin will not exist. The main reason is that the parasitic
parameters in the circuit are sensitive at high frequency
conditions. At this time, the input voltage of the LWPT
system with resistive load will be unstable when the laser
intensity disturbance causes the photocurrent iph fluctuation.
From the Bode diagram in FIGURE 16 (b), it can be found
that the magnitude stability margin decreases and phase
stability margin increases with the disturbance frequency at
the low frequency band (1 Hz to 10 kHz) in the LWPT system
with constant voltage load. But it is the opposite at the high
frequency band (10 kHz to 1000 kHz). On the whole, the
input voltage of the LWPT system can be stable expect for
the frequency band (10 kHz to 20 kHz) with small magnitude
stability margin and phase stability margin. From the Bode
diagram in FIGURE 16 (c), the magnitude stability margin
decreases with the frequency at the frequency band (1 Hz
to 100 Hz) and the phase stability margin nearly maintain
stable. However, at the high frequency band, the magnitude
stability margin keeps essentially constant and the phase
stability margin has a noticeable decline then turns to be
stable. From the Bode diagram in FIGURE 16 (d), at the
frequency band (1 Hz to 10 kHz), the magnitude stability
margin and phase stability margin are constant. However, the
magnitude stability margin is small may cause the instability
of the LWPT system. At the frequency band (10 kHz to
1000 kHz), the phase stability margin approach zero. The
system with the open loop control cannot be stable under the
disturbance of the duty cycle d.

IV. CONCLUSION

In this paper, the dynamic output characteristics and stability
of the PV cell under the laser intensity or load disturbance
are studied in LWPT system. The static and dynamic output
characteristics equations of the PV cell are creatively derived.
The equivalent small signal model and linearized large signal
model are established. Moreover, the stability of the LWPT
system is analyzed based on the proposed model.

The results of these studies indicate that the explicit
I-V characteristic equation proposed in this paper can fit
well with the measured data and the physical significance
of the model parameters are more specific compared with
the conventional equivalent circuit model expressed by the
implicit transcendental equation. In addition, the output
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impedance of the PV cell increases with the disturbance
frequency of the load and laser intensity. The dynamic
response time and the steady-state current of the photocurrent
increases with the carrier lifetime. And the model can be
effectively used to analyze the stability of the LWPT system.
In conclusion, the models and methods can be effectively
used to conduct theoretical analysis and simulation about the
stability and dynamic characteristic of the LWPT system.

APPENDIX
The state-space equation of the boost DC-DC converter with
the resistive load R as follows:

L—dTL dov = (Ru+ RouD + ROD' + —2_ )3,
= U —_ 1
dt pv L on D R+ R. L
RD Ron — R RR: N, 2
_ = _ R
R—l—RC c on D R—l—RC L
Ued A-1
+ RiR (A-1)
di, RD R, ~ 1
Cy e _ oL g 7 (A-2)
dt ~ R+R. R+R. R+R.
 RR.D~ = R RR (A3)
U Ue — -
T RFR T RIR T R+R
-~ upv ﬁpv
zh—zL+—+— (A-4)
P +R01 ZO

The equations (A-l) to (A-4) can be simplified as follows:

SLit, = Ty — Reqit. — AD'Tic — RiILd + AU.d ~ (A-5)

sCii, = AD iy, — AlL.d — Bii. (A-6)

To = EDip + Al — EILd (A-7)
upv upv

= il A-8

lph i+ 7 +— Z (A-8)

The coefficients in the equations are expressed as follows:

C
Req = RL + RonD + RpD' + RIR. D’ (A-9)
Ry =Ron — R RR. (A-10)
1 = fon D R+RC
R
A= (A-11)
R+ R,
1
B — (A-12)
R+ R,
RR.
E=—°_ (A-13)
R+ R,
1
Z =— 4R (A-14)
Cis
77,
7z = (A-15)
Z+Z

The transfer function Eqs (40) and (41) can be obtained:

R 7 I R A2D/2
) 1(5 T Reg + vC+B) “0)
I in () [502o T Zi+sL+ Req + %25
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o /’/va(s) N sL 4+ Ry (41)
Upy_Iph iph (S) E(S):O 1+ %

g (s)=0

The state-space equation of the boost DC-DC converter
with the constant voltage load up are as follows:

d/l.\L —~ —~
L—= =Ty = [(R+ Ron) D+ (R + Rp)] it
—[(RL 4 Ron) I — Ugld — D'tip ~ (A-16)
di. g — i,
e _ B C A-17
o X (A-17)
T = UB (A-18)
S m i
ph = IL + —— + (A-19)
C_iS + Rci ZO

The equations (A-1) to (A-4) can be simplified as follows:
sLi, = Tyy — R2it, — [(RL + Ron) I — Ugld — D'iip

(A-20)
sR.Colle = Tig — Tie (A-21)
T, =i (A-22)
~ o~ Upy  Upy
= —_— 4+ — A-23
Iph = IL + 7 + Z ( )
Ry = (RL + Ron) D+ RL + Rp (A-24)

The transfer function Eqs (42) and (43) can be obtained:

G- ~— /’Ipv ) L
upy_d d (s) a(9)=0

_ A2D'I + (AU: 4 Ri1L) (sC + B)

(42)
sC 4+ B+ Z; (sC + B) (sL + Req)
o ’lzpv () _ (RL + Ron) IL + U
Gﬁpv_d - ZZ(S) EB@)=O - 1+ sL+Ry (43)
iph (5)=0 Z
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