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At present, engineering problems required quite a sophisticated calculation means. However, analytical models still can prove to be
a useful tool for engineers and scientists when dealing with complex physical phenomena. The mathematical models developed to
analyze three different engineering problems: photovoltaic devices analysis; cup anemometer performance; and high-speed train
pressure wave effects in tunnels are described. In all cases, the results are quite accurate when compared to testing measurements.

1. Introduction

The evolution of engineering has provided engineers with
better tools, that is, better calculation possibilities (more
sophisticated numerical approximations and computers) and
better testing equipment. However, the classical approach,
based on mathematical models directly linked to the physics
of the analyzed phenomena, should not be left aside. Even
in the rush to obtain a suitable solution to an engineering
problem, the analytical approximations can state the limits
to accept the solution from more complex calculations.
Besides, a very good explanation for the need of analytical
methods is offered by Simmonds and Mann [1] in relation to
the use of perturbation methods, as they “produce analytic
approximations that often reveal the essential dependence of
the exact solution on the parameters in a more satisfactory
way than does a numerical solution” It cannot be more
properly expressed.

At the IDR/UPM Institute different analytical models
have been developed along the last decades to study quite
complicated problems. As an example, the stability analysis
of liquid bridges has been thoroughly studied since the late
70s, when the effect of microgravity on the liquid bridges

was brought to Professor Da Riva’s and Professor Meseguer’s
attention [2-9]. Another good example is the analysis of
train-induced pressure effects on pedestrian and sign panels
carried out by Professor Sanz-Andrés [10-12].

At present, several problems are analyzed at the IDR/
UPM Institute under the guidance of Professor Meseguer.
In the following sections the analytical models developed to
study three different phenomena are described. In Section 2,
the analytical models used to study solar cells/panels are
described. These models have been developed to analyze the
solar panels of the UPMSat-2 satellite and model its power
subsystem. This 50 kg microsatellite is planned to be launched
by the end of 2015/beginning of 2016. In the present work, a
new and a bit more complex analytical approximation to solar
panels behavior has been developed. This approximation is
based on a 2-diode equivalent electrical circuit, which is
obviously less simple than the one based on the 1-diode
equivalent electrical circuit already used at the IDR/UPM to
estimate photovoltaic power supply [13-16].

Additionally, a model used to study the rotor aerody-
namics of the cup anemometer is described in Section 3.
The cup anemometer, invented by J. T. R. Robinson in the
19th century, is today the standardized instrument regarding
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FIGURE 1: Sketches of the 1-diode/2-resistor electric circuit model (a) and 2-diode/2-resistor electric circuit model (b).

the wind power performance measurements [17]. It has been
extensively studied and optimized during the 20th century
(seein [18] a thorough review of the literature) and, at present,
it is the reference instrument in relation to wind production
forecasting in the field and wind turbine performance control.
Since 2009 the performance of this instrument is studied
at the IDR/UPM Institute [18-26]. As a result, a quite
accurate analytical method has been developed to analyze the
anemometer performance based on the cups’ aerodynamics,
including the effect of perturbations. In the present work,
the analytical model is used to study the equilibrium posi-
tions (hereinafter referred as “flag” positions) of a damaged
anemometer with one cup missing. This is not a rare case,
bearing in mind that 30% of mast-mounted anemometers
return for recalibration in bad shape [27].

Finally, a mathematical model developed to study the
effect of pressure waves in high-speed railway tunnels is
included in Section 4. This model can be used in preliminary
design of tunnel sections and to evaluate tunnel costs and also
to find the optimal location for damper devices depending on
the trains and the travel speeds during the pass through the
tunnel. Conclusions are summarized in Section 5.

2. Solar Cell/Panel Modeling

The behavior of a solar cell is normally modeled by a 1-
diode and 2-resistor electric circuit (see Figure 1); this simple
approximation captures the nature of the more important
physical effects related to the photovoltaic conversion of
the light to current. However, this model that fits quite
correctly the behavior of monocrystalline and polycrystalline
silicon cells has certain deviation when the solar cell is not
operating at standard test conditions [28, 29]. It should also
be fair to say that today this model can be considered a
simplification from the more accurate 2-diode and 2-resistor
electric circuit model (see Figure 1), which was proposed by
Wolf and Rauschenbach in 1961 to introduce the effect of
recombination of electrons and holes in the depletion region
[30]. These two models have been successfully applied to
model solar panels made of cells grouped in parallel series
[3L, 32]. In the following subsection, the 1-diode/2-resistor
equivalent circuit model is firstly described as an introduction
to the second subsection, in which the 2-diode/2-resistor
equivalent circuit model developed in the present work is
presented.

The use of these models is conditioned by the identi-
fication of the parameters of the equivalent circuits. Two
main approaches are used to fulfill this task, analytical and
numerical. Although many more numerical solutions can
be found in the literature [33-44] than the ones based on
analytical reasoning [13, 32, 45-51], this last approach is still
used, especially when high degree of reliability is needed
within the model recalculations (e.g., calculating the power
supply in operational spacecraft photovoltaic subsystems [52,
53]).

2.1. The 1-Diode/2-Resistor Electric Circuit Model. The equa-
tion that describes the behavior of photovoltaic devices
following this approximation is

V+IR5> 1] V + IR,
Rsh

I=1,-1 [exp( , )

avr
where I, is the photovoltaic current, R; is the series resis-
tance, Ry, is the shunt resistance, I, is the saturation current
of the diode, a is the ideality factor of the diode, and V- is the
thermal voltage of the cell, defined as

kT
q’

where T is the temperature, k is the Boltzmann constant, and
q is the charge of the electron.

According to (1), five parameters (I, Iy, R, Ry,, and
a) must be identified before using the model to calculate
the performance of the studied photovoltaic device. The
analytical approach is normally based on data from the most
representative points (short circuit: V = 0, I = I; open cir-
cuit: V =V, I = 0; and maximum power: V =V, ., I = I,
points) of the measured I-V curve of the solar cell/panel (as
an example, see in Figure 2 the current-voltage and power-
voltage curves of a triple-junction solar cell (Emcore ZTJ),
developed in recent years for space applications [54-58]. The
characteristic points of the I-V curve are I, = 0.462 A; V, =
2.73V; and Vipp = 241V and Iy, = 0441 A [56]). The afore-
mentioned three points help to derive four equations which
allow identifying the value of four of the aforementioned
parameters in relation to the fifth (normally, this fifth param-
eter is the ideality factor, a).

With data (current and voltage levels) from the short
circuit and the open circuit points of the I-V curve and taking

Vr (2)
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FIGURE 2: Emcore ZT] triple-junction (InGaP/InGaAs/Ge) solar cell current-voltage (I-V) and power-voltage curves (solid and dashed lines,
resp.), measured at AMO (135.3 mW/cm?) and 28°C.

into account the magnitude of each one of the terms, it is
possible to derive the following equations [13]:

together with another for the shunt resistor, Ry,, as a function
of R, and the initial parameters:

Ipv = RShR%:RS sC? (3) R, = (Vmp - ImpRs) (Vmp - Rs (Isc - Imp) - aVT) (8)
S T (Vo npR) (I~ Iop) ~ Vil
_ (Rsh + Rs) Isc B Voc (4)

Ry, exp (V,c/aVry) As aforementioned, parameter a needs to be estimated
in order to solve the above equations, and one of them is
unfortunately implicit for R;. One solution to this difficulty
(leaving aside any numerical help) consists in using the

Lambert W-function, W(z), which is defined as

whereas from the maximum power an additional equation is

obtained
ﬂ) [exp <M)]

ImP = I~ (Isc - Ry, aVy

z=W(z)e"?, 9)
Vmp + ImpRs - IscRs

Rsh

where z is any complex number [59]. This function is not
injective; in the real variable x the relation W is defined
only for x > -1/e and is double valued in the bracket
[-1/e, 0], the two branches of the function being expressed
as Wy(x) for W(x) = -1 and W_,(x) for W(x) < -1 in
the aforementioned bracket. The general strategy to apply the
Lambert W-function in solving exponential equations is to
use the following equivalence:

)

Finally, taking into account the condition of the maxi-
mum power at the maximum power point

a—P=Vﬂ+1=0

ov ov (©)

an implicit expression of the series resistor, R, as a function

of the initial parameters can be obtained: (10)

X=Y = Y=W(X).

(aVTVmp (Zlmp - ISC)) Equation (7) can be rewritten as follows:

(Viplie
(Viap = TpRe) = @V (Vi Lo = VoL

octmp
~ exp < Vinp + I(;n‘};RS - VOC>
T

+VOC(

Imp - Isc)) v

mp (2imp — L)
))*1 (7) (V I

mp-“sc + Voc (Imp - Isc))

exp <_2Vmp -V, . (ViapLic = Voclmp) )
avy (Vinplic + Voe (I — L))




_ (ImpRs - Vmp + (VmpIsc - VocImp)
avy (Vauplac + Voe (Inp — L))

mp-sc

. ex ImpRs - Vmp + (VmpIsc - VocImp)
P\ (Vi e + Voe (Inp — L))

mp-'sc sc

(1)

and then, using the mathematical equivalence from (10), the
above equation turns into

ImPRs - Vmp + (VmPISC B VOCImP)
avr (VmpIsc +Voc (ImP B ISC))

o ( Vip (2Inp = L)
- (VmpIsc + Voc (Imp - Isc))

Wi — Ve
P\ T Ty,
T

(12)

(VmpIsc - VocImp) ))
(Vmplsc + Voc (Imp - Isc)) ’

where W_, is the negative branch of the Lambert W-function
(as the left part of (14) is lower than -1 for typical cells
and solar panels). And then an explicit expression for R is
obtained:

R,=A(W_ (Bexp(C)) - (D +0Q)), 13)
where
A= aVrp
= E’
B= — VmP (ZImP B Isc)
(Vinplse + Vo (Inp ~ L))
(14)
o W = Ve . (ViapLic = Voclmp)
aVy (VimpLic + Voe (I — 1))
Vmp - Voc
o oavy

An alternative to the estimation of the ideality factor,
a, consists in using other specific characteristics of the I-
V curve, such as the slope at short circuit and open circuit
points, Ry, and R, respectively,

ov
RshO == <E)

oV
RSO = _<E>

to calculate the ideality factor, a. It is preferable to use (15)
rather than (16), as the final derived expressions are less

> 15)
I=I,

(16)
V=V,
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complicated. Once Ry, has been obtained, (1) at the short
circuit point of the I-V curve can be expressed as [49]

1 1 I, R,
Sy V()0 1)
Rsh RshO - Rs aVT

which, taking into account a magnitude analysis of the three
terms (in [13] the order of magnitude of terms from the above
equation was compared for different technologies of solar
cells; Ry, ™ and (Ry,o — R,) ™" had very similar values, whereas
the term I)/aVy exp(R,I./aV;) was, in the best case, around
60 times lower), can be simplified as

1 1

— =0 (18)
Rsh RshO - Rs

that is,
RshO = Rsh + Rs' (19)
Once the above expression has been reached, it is possible

to derive an expression that gives the ideality factor as a
function of constants already known, R, and the slope Ry,

aVT _ (Vmp - ImpRs) (Vmp + (Imp - Isc) RshO) ' (20)

(Vmp - ImpRshO)

Finally, from (7) and (20) the value of the series resistor,
R,, is obtained:

_(E-F)Vmp
* (E+F) I,

F V.
(E+F) Iy,

(21)

where

Vmp + (Imp - Isc) RshO )
Voc - IscRshO ’

E= (Vi + (Inp = Iic) Repo) log(

F=V,

mp

- RshOI

mp*

(22)

As said in Section 1, this 1-diode/2-resistor electric circuit
model has been successfully correlated to solar cells behavior
[13-16].

2.2. The 2-Diode/2-Resistor Electric Circuit Model. As this
equivalent circuit has one more diode, the model equation
contains two exponential terms:

1= h Iy e (5 ) -1
= - €x -
pv 01 p a1VT

-1y, [exp<V+IRS>— 1] (23)

aVy

V + IR, _
Rsh ’
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therefore, four new parameters, two corresponding to differ-
ent saturation currents, Ij; and Ij,, together with other two
corresponding to the ideality factors of each diode, a;, and
a,, are introduced in the calculations instead of the single
saturation current and ideality factor from the 1-diode/2-
resistor model equation. To identify the parameters of the
above equation, the three characteristic points of the I-
V curve are considered as boundary conditions, together
with the slope of the curve at two of them. As a conse-
quence, six equations are derived to identify seven parameters
and, therefore, one of these parameters needs to be esti-
mated.

Operating as in the previous subsection, the short circuit
point of the I-V curve leads to the following expression:

ISCRS
= Iy |exp oV -1
1Vr

I [ ( IscRs ) 1 :| IscRs
o P a, VT Rsh

I.=1

sc pv

which, taking into account the much lower magnitude of
the terms involving the exponentials, can be simplified as
the same relationship (3) obtained with the 1-diode/2-resistor
model:

Ry, + R,

I,=—h"5g (25)
pv Rsh sC

Besides, the derivative of (23) at the short circuit point can
be rewritten as

1+ (Rsh + Rs) (dl/dv)lsc 1 <IscRs >
= - I,, exp
Ry, (1 + R, (dI/dV)],.) aVr aVr

(26)
1 I e ( IR, )
- ——1I, ex
a,Vr 02 &P a,Vr
which, bearing in mind the slope of the I-V curve (i.e., (15)),
leads to

RshO B (Rsh + Rs) _ 1 I < scs )
== o1 €Xp
Rsh (RshO - Rs) a, VT a1VT

(27)

1 I.R
Iozexp< - s>.
aVr % Vr
Again, comparing the magnitudes of the different terms

in the above equation, the already known equation (19) can
be obtained:

RshO = Rsh + Rs' (28)

From the open circuit point, the following expression can
be obtained:

(Rsh + Rs) Isc -V,

ocC I < VOC >+I < VOC >
=1, exp| —= ex .
Ry, o xP o Vr 02 &P aVr
(29)

5
If the derivative of (23) at that point
L+ (Ry +R) @I/dV)l,e 1 ( v )
=- I,, exp
Ry, (1+R, (dI/dV)],.) a, Vr a, Vo 60)

1 ( Ve )
1, exp
aVr aVr

is considered, together with the slope of the I-V (i.e., (16)), it
is possible to derive the following equation:

Rsh + Rs — RsO — 1 IOl exp( Voc )
Rsh (RSO - Rs) a, VT alvT

(31
1 \%
+ I, exp ( < ) .
@ Vr aVr
From the maximum power point data the equation

Vmp + (Imp - Isc) (Rsh + Rs) — I ex <Vmp + ImpRs>

Rsh o xP aIVT

V..,+I1 R

1, exp ( Ymp * Tmp™s )

@Vr

(32)

is obtained. Furthermore, bearing in mind the maximum
power condition (6)

()

it is possible to derive the last expression needed:

1
- _ TP (33)

UinpsVinp ] Vmp

I+ (Rsh + Rs) (dI/dV)|mp
Ry, (1+ Ry (dI/dV)]y)

M) (34)

1
=— I, ex
01 €Xp < aVy

aVr

1
a,Vr

Viap + Imp R )

Iozexp< v
LV

(Rsh + Rs) Imp - Vmp
Ry, (Vinp = Rlip)

stmp

Viap + Inp R, ) (35)

1
=——I, ex
01 P( aVy

aVr

1
+ ——1I,, ex
v o p

(Vmp + ImpRS >
VT

a,Vr
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Now, using (25) and (27) it is possible to derive from @ Vr
expressions for both saturation currents from (29) and (31)

. = (R (1~ 1) Vi)

a
Iy, = ———— exp (—i>
o (a, - a,) a\Vr

. aZVT (RshO B RSO) B (RSO B Rs) (RshOIsc B Voc)

(RshO - Rs) (RSO - Rs) . (

Vmp + ImpRs - Voc )>

(36) - (RshOIsc - Voc) €Xp < 0l1VT

(Rsh() - Vmp/Imp)
(Vmp/lmp B RS)

a ocC
Iozz—zexp<— V. > -1
(al - aZ) 612 T (RshO - Rso) Vmp + ImpRs - VOC
(37) T(Ry-R) © < % ) '
s0 T s a
. aIVT (RshO - RsO) - (RSO - Rs) (RshOIsc - Voc) 0 e (39)
(RshO - Rs) (RSO - Rs)
Finally, an implicit expression for the series resistor, R,,
and, from (32) and (35), can be obtained from the above equations:
alvT exp (Vmp + ImpRs - Voc )
aVp

(e
- ((Rsho (ISc I ) - Vmp)

Vmp + ImpRs - Voc
- (RshOIsc - Voc) €xp <— >>

a,Vr (Rsho - Vmp/lmp) (40)
([ ) )
(Vmp/[mp a Rs) 1
-1 : ((RshOIsc ~Voe) = aszM>
(Rsho - Rso) Vmp + ImpRs - Voc (Rso - Rs)
) (R~ R,) = < Vr ) ) ) which, if a, is estimated (a, ~ 2 can be considered as starting

(38) point [13]), leads to

lOg ( (RshO (Isc - Imp) - Vmp) - aZVT ((Rsho - Vmp/Imp) / (Vmp/Imp - Rs)) )
(RshOIsc - Voc) - a2VT ((RshO - Rs()) / (RsO - Rs))
(Vmp + ImpRs - Voc) [((RshO - Vmp/Imp) / (Vmp/Imp - Rs)) - ((RshO - RSO) / (RSO - Rs)) exp ((Vmp + ImpRs - Voc) /QQVT)]
[RshO (Isc - Imp) - Vmp] - (RshOIsc - Voc) 2% ((Vmp + ImpRs - Voc) /aZVT)

=0.
(41)

Therefore, the process to extract the seven parameters of ~ 2.3. Results and Discussion. In Table1 the results of the
(23) can be summarized as follows. parameter extraction in relation to the 1-diode/2-resistor and
(1) Estimate the parameter a,. 2-diode/2-resistor equivalent circuit models of the Emcore

2 ZTJ solar cell (see Figure 2) are included. The results, that

(2) Obtain R, from (41). is, the I-V curves of both models, are compared to the
(3) Obtain the parameter a; from (38). experimental data in Figure 3. With regard to the 1-diode/2-
(4) Obtain I,, from (36). resistor equivalent circuit model, results from the two meth-
(5) Obtain I, from (37). ods described in Section 2.1 to obtain the series resistor, R,
have been included in the figure. The first one (labeled “A-

(6) Obtain Ry, from (28). 1” in Table 1 and Figure 3) is based on a previous estimation
(7) Obtain I, from (25). of the ideality factor a = 3.6 (i.e., three times a = 1.2, as



Mathematical Problems in Engineering

TABLE 1: Parameters of the 1-diode/2-resistor (A-1 and A-2 methods) and 2-diode/2-resistor equivalent circuit models to the Emcore ZT]

triple-junction (InGaP/InGaAs/Ge) solar cell.

1-diode/2-resistor (A-1)

1-diode/2-resistor (A-2)

2-diode/2-resistor

a 3.6 a 3.6307 a, 0.9980
I, [A] 9.6742- 1071 I, [A] 1.2385-107"° I, [A] 2.4409 - 107'°
a, 2
I, [A] 8.4461-107"°
R, [O] 0.0178 R, [Q] 0.0134 R, [O] 0.0802
Ry [0] 3371056 Ry [Q] 343.6025 Ry, [Q] 343.5357
I, [A] 0.4629 I, [A] 0.4629 I, [A] 0.4629
RMSE 4.43258-107° RMSE 4.4814-1073 RMSE 2.8206- 1073
£ 9.3469 - 107° £ 9.6833-107° £ 6.0946 - 1072
0.5 0.025
04 0.020 i
i
B
(B!
0.3 - = 1
< 0.015 4
2 = A
—~ _ H
0.2 |
=
0.1 |
0.0 T T T T
0.0 0.5 1.0 1.5 2.0 2.5 3.0
V(V) V (V)
—— Experimental

A 1-diode/ 2-resistor circuit (A-1)
O 1-diode/ 2-resistor circuit (A-2)
o 2-diode/ 2-resistor circuit

--A-- 1-diode/ 2-resistor circuit (A-1)
-0O- 1-diode/ 2-resistor circuit (A-2)
—o— 2-diode/ 2-resistor circuit

FIGURE 3: Current-voltage (I-V) curves from the 1-diode/2-resistor (A-1 and A-2 methods) and 2-diode/2-resistor equivalent circuit models
to the Emcore ZTJ triple-junction (InGaP/InGaAs/Ge) solar cell (left). The experimental data corresponding to this cell, measured at AMO
(135.3 mW/cm®) and 28°C, has been also included in the graph. Differences between the currents from the studied models and the testing

data are included in the right graph.

this is a three-layer solar cell, and this value of the ideality
factor is widely accepted for single-junction cells [60]), and
the use of the Lambert W-function. The second one (labeled
“A-2” in Table 1 and Figure 3) is based on the slopes of the I-
V curve at short circuit and open circuit points. As it can be
appreciated, the results fit quite well the testing data, with a
maximum deviation of 0.022 A in the case of the 1-diode/2-
resistor model and 0.010 A in the case of the 2-diode/2-
resistor model.

In order to quantify the differences between both models
the RMSE may be a better option:

RMSE = lz (I, - L) (42)
mia

as it has been used extensively in the literature [28, 37,
43, 44, 49, 61-72]. In the above expression I ,; stands for

the values calculated using the proposed method, whereas
I; stands for the values from the testing data. Nevertheless,
using RMSE does not allow the direct comparison among
different solar cells technologies, as the levels of current are
different between them. The nondimensional parameter £ has
been proposed to carry out such comparisons [13]:

RMSE 1 |[1¢
g = = Z (Ical,i - Ii)2 . (43)
i=1

I I \m?*

Values of RMSE and & are included in Table1 for the
analyzed methods. The 2-diode/2-resistor model represents
a more accurate approach to the data. Regarding the A-1
and A-2 methods followed in relation with the 1-diode/2-
resistor model, no big differences are shown with regard to
the comparison parameters RMSE and &. Slight differences,



however, exist when the parameters of the circuit are exam-
ined. Taking into account the small difference between both
approximations, the first one was selected in the calculations
and models carried out to study the power subsystem of the
UPMSat-2 satellite [73].

Finally, it can be said that, based on the values of the
nondimensional parameter &, the results (i.e., the accuracy)
showed by the analytical approximations proposed are simi-
lar to the ones from different numerical fittings proposed in
the available literature (in [13] such a comparison was carried
out based on well-known experimental data from a silicon
cell [68], and numerical approximations were characterized
by values from & =2.2-107 to £ = 6.16-107°).

3. Cup Anemometer Analytical
Model Used to Study the “Flag” Position of
Damaged Anemometers

The performance of the cup anemometer rotor can be
analyzed with the following expression:

dw
—=Qu+Qp, (44)
Tt
where I, is the moment of inertia of the rotor, Q4 is the
aerodynamic torque, and Qy is the frictional torque, which
depends on the air temperature, T', and the rotation speed, w.
If the effect of the friction is left out from the above equation
(as its effect is much lower than the aerodynamic torque in
standard conditions) and the three cups are considered, the
following equation can be derived:
do 1

_ 2 2
Iz dt - ZPScchVr (9) CN (06 (0))

IZ

" % PSRV (64120 ) ey (o (6 + 1207)  (45)

1 . .
3 PSR, V7 (6 +240°) ey (e (8 +2407)),

where p is the air density, V, is the wind speed relative to the
cups, ¢y is the aerodynamic normal force coeflicient, « is the
local wind direction with respect to the cups, 0 is the angle of
the rotor with respect to a reference line (see Figure 4), S, is
the front area of the cups (S, = 7R?, R being the cup radius),
and R, is the cups’ center rotation radius. Wind speed V,,
relative to the cup at rotor angle 6 with respect to the reference
line, is expressed as

V,(0) = \/V2 +(wR,)’ - 2VwR, cos(6),  (46)

the wind direction with respect to the cup, «, being derived, as
a function of the rotor’s position angle, 0, from the following
expression [22, 23]:

K sin (0)
t =, 47
an («) Kcos(0) -1 “7)
where K is the anemometer factor, defined by expression
\%
K= .
R (48)

TC
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w, QA

FIGURE 4: Sketch of a cup anemometer.

0 30 60 90 120 150 180
a(’)
FIGURE 5: Wind tunnel measurements of the normal aerodynamic
force coefficient, ¢y, of a conical cup, plotted as a function of
the wind angle, «, regarding the cup. These measurements were

carried out with the cup in affixed position (i.e., not considering any
rotation).

These variables are sketched in Figure 5, together with the
wind tunnel measurement of the ¢y coefficient regarding a
conical cup, which are plotted in relation to angle a.

From (45) it is possible to calculate the anemometer
performance on steady wind and the effect of perturbations
(i.e., the time constant) [23, 26]. It also can be used to analyze
the equilibrium or “flag” positions that sometimes damaged
cup anemometers can present. Furthermore, a damaged
anemometer staying in one of these particular “flag” positions
can give false measurements of the wind speed thanks to
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FIGURE 6: Cup anemometer with damaged rotor, that is, with one cup missing (a). Calibration curves of the anemometer equipped with
damaged and nondamaged rotors (b). The rotation frequency measured by the anemometer at “flag” position is also included in the graph.

the tiny oscillations around this position, which activate the
optoelectronic output signal systems used in most of class 1
anemometers.

3.1 Results and Discussion. In Figure 6 a damaged anemome-
ter (one cup missing) is shown, together with its calibration
curves. It can be observed that the damaged rotor presents a
very linear behavior and even better aerodynamic character-
istics, that is, more rotational frequency when compared to
the nondamaged situation. Leaving aside the anomaly detec-
tion problem that this effect represents [19], the frequency
measured by the cup anemometer can be observed in the
figure when it stays at a “flag” position. The behavior (i.e., the
rotational frequency) can be considered linearly dependent
on the wind speed, which makes this state difficult to be
identified if there are no means of comparison with other
anemometer measurements.

If the “flag” position of a damaged anemometer with one
cup missing is considered, (45) should be rewritten as

dow 1 5
L— ==
z dt szcchVr (6) N (6)
(49)

+ %pSCR V(6 +120°) ¢ (6 +120°).

1(Y

Obviously, at that equilibrium position « = 0, as the cups
do not rotate. Then, if small fluctuations around the “flag”
position are taken into account:

0=60,+y (y<1) (50)
together with the approximation [23]
ey (0) =+ ¢ cos(0), (51)

the following relationships can be derived, taking only into
account first-order terms:

cn (0) = ¢ + ¢ cos (6p) — ¢y sin (6y) »
(52)

d
Vi=vi- 2Vd—rch cos (6,) .

Therefore, (49) can be rewritten as

I, dzy
(1/2) pS.R,, d?

d
= <V2 - 2Vd—);RrC cos (00)>

“ (6o + ¢ cos (0y) — ¢y sin (6;))
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+ <V2 - ZV%RK cos (0, + 120"))

(¢ + ¢ cos (6 + 120°) — ¢;ysin (6, + 120°)) .
(53)
Now it is possible to classify the different terms into two

groups, one non-time-dependent, which gives the positions
of the equilibrium state (i.e., the values of 6,,)

0 = 2¢, + ¢ cos (6,) + ¢ cos (6, + 120°), (54)
and a second one, which allows analyzing the nonsteady state:

I d’y

4

(1/2) pS.R, . V? di*

cTtre

= —¢;y (sin (6,) + sin (6, + 1207))

ch dy °
- 275 (co (cos (6,) + cos (6, + 1207))
+¢ (cos2 (6,) + cos® (B, + 120°))) .
(55)
Going back to (54), it can be simplified as
sin (6, — 30°) = 22 (56)
G

which gives two solutions. Conical cups have a coeflicient
ratio around ¢;/¢; = 0.302; therefore, 6, = 67° and 6, = 172°.
See in Figure 7 the cup anemometer with one cup missing at
“flag” position, with one of the cups around the first solution
(6, = 67°). It was checked that the equilibrium state was
reached at a position around the first analytical solution
obtained. However, the second solution was never obtained
during the testing campaign. Even more, it was found to be
unstable in all attempts to force the anemometer to remain in
that position.

In order to check the stability of the solutions obtained it
is necessary to analyze (55), which can be simplified taking
into account (56) and using the reduced time variable 7 =
tV/R,. as

I, d’y , oy 4y
— +3(1-sin(6, - 30 ))E

(1/2) pS.R3.c; d7? (57)

+cos(0,-30")y=0
which, taking into account that the last term is negative for

0, = 172°, demonstrates that this solution is not stable (as it
has a root with positive real part).

4. Modeling the Effect of Pressure Waves in
High-Speed Railway Tunnels

A well-known aerodynamic phenomenon in high-speed
trains is the propagation of the pressure waves generated
when a train passes through a tunnel, which can give rise

Mathematical Problems in Engineering

FIGURE 7: Damaged cup anemometer with one cup missing at “flag”
position during the testing campaign (wind tunnel wind speed is
around V = 6 m/s; wind-flow direction is indicated with an arrow in
the picture). View from the top-window of the calibration tunnel at
the IDR/UPM Institute.

to several problems. The reflections of these waves at the
discontinuities of the tunnel can meet the train several
times inside the tunnel and can cause discomfort to the
train passengers and also to the pedestrians near the tunnel
entrance/exit due to the micropressure radiated outside from
the tunnel portals. When a train approaches a tunnel entrance
portal, the air inside the tunnel begins to be compressed
due to the open-air local field preceding the train nose.
Once the train head reaches the tunnel entrance the pressure
increases faster until the nose is completely inside the tunnel.
This interaction between the tunnel entrance hood and the
train nose determines the shape of the compression wave
generated, but the total pressure gauge A p5; remains constant.
The pressure continues to increase slowly due to the viscous
effects on the tunnel wall and the train surface Apy,, until
the end of the train reaches the tunnel entrance portal, and
a rarefaction wave is then generated with a pressure decrease
Apy. The pressure decreases suddenly Apyp when the train
nose passes the measurement point. These pressure variations
are known as the train reference signature and are defined in
EN14067-5:2006:E standard [74] (see Figure 8).

The design of railway tunnels for high-speed train opera-
tion requires accurate models to study the wave propagation
process and its interaction with the vehicle which implies long
calculation times. However, this process can be somehow
alleviated by using simplified models. The main advantage of
simplified models is that the computational cost is quite low
compared with more complex models. The most common
simplified approach to deal with the interaction of pressure
waves and vehicle is the use of models based on the one-
dimensional equations of gas dynamics.

A method based on the propagation of the signature of
the pressure waves inside the tunnel, which requires low CPU
cost, is presented in [75]. This method of characteristics,
1D finite difference, is used as a numerical scheme, only
predicts pressure changes, and is only valid for simple tunnels
(without abrupt cross-section changes, air shafts, etc.), but
allows investigation of trains crossings using different time
delays in the entry time of the trains. In the zones where the
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FIGURE 8: Train reference signature defined in EN14067-5:2006:E
standard [74].

flow is strongly three-dimensional (around tunnel portals,
train ends) other methods have to be used.

Concerning the interaction of the train head with the
tunnel portal, an analytical method based on the aeroacoustic
theory developed by Howe is applied to a short “acoustically
compact” hood having a window on its side wall in [76]. The
boundary element method is used to calculate the potential
flow through a portal of arbitrary geometry. A parametric
analysis and an experimental study are performed in order
to show the great influence in its performance of the relative
length of the train nose to the distance between the window
and the hood entrance.

The flow generated by a train in a tunnel with side
branches is studied in [77]. The results confirm that the use
of shafts provides a very effective method to reduce pressure
fluctuations in tunnels. The shafts divide the waves into
secondary waves which can be more effectively damped by
viscous dissipation or acoustic diffusion.

The pressure waves are reflected at tunnel discontinu-
ities such as changes in cross-sectional area, airshafts, side
branches, and also at the train’s head (or tail) when they
hit its surface. These multiple reflections can create localized
regions where constructive interferences produce higher
pressure that can also affect the passengers and personnel in
tunnel surroundings.

4.1. Mathematical Model for Prediction of Pressure Waves
inside a Tunnel. The unsteady aerodynamic effects in railway
tunnels, like pressure waves generated during the train pass-
ing through the tunnel, can be analyzed by Euler equations,
which are particularly useful in preliminary design work,
where information about pressure alone is desired with low
CPU cost [78].

The assumptions to obtain the one-dimensional wave
equation are [79]

(1) very small density fluctuations (linear acoustics),
(2) inviscid fluid,

(3) adiabatic process (this is quite reasonable except in
the tunnel portal entrance/exit and near the walls),

1

(4) fluid in local thermodynamic equilibrium (Stokes’
hypothesis) (this assumption may partially fail at high
frequencies resulting in a dissipation related to the
volume changes [80]),

(5) homogeneous fluid,
(6) stagnant and uniform fluid (quiescent fluid),
(7) air as an ideal gas,

(8) irrotational flow (this is quite reasonable except in the
tunnel portal entrance/exit and in the train wake).

With all the above considerations and in absence of
sources, the continuity equation is

!

op f

—— +p,V-il' =0, (58)
at Po

where p, is the mean density in a stationary inviscid fluid
and p', it are the density and speed perturbations. Euler’s
equation (momentum conservation law for a frictionless fluid
in absence of external forces) is

>/

au !
—+Vp =0, (59)
Po ot + p

where p' is the pressure perturbation. Using the constitutive
equation (p' = ¢;p', as flow is isentropic) we obtain the wave
equation for p’

aZPI

1 2
— -V =0. 60
¢ ot? p (60)

The general equation that approximates the time-har-
monic acoustic waves propagation inside a hard-wall hollow
cylindrical duct is

! !

aZPI laZP

oxr ¢ o

!

=0, (61)

! 2 2
19p 9p  10p
ror ort %o’

where the instantaneous pressure inside the tube depends
on the distance to the sound source x, the distance to the
longitudinal axis of the duct r, the angle of the point position
with the horizontal axis ¢, the speed of sound in the medium
¢, and the time t. The solution of the homogeneous equation is
(taking into account the boundary conditions (dp/0r)|,-, = 0
and p'[,_; = 0)

i
Po (7, 9:1)
m=+00 n=+co ) (62)
_ Z Z Cmn]m < qr:nr ) et(kmnx+m(p—wt),
i

m=-00 n=0

where w is the angular frequency, k,, =

i\/ (w/c)? - (qmn/ri)2 wave number, and r; cylinder radius,
J,. are Bessel functions of first kind, and g, are the
zeros of these Bessel functions J,, (the eigenvalues). The
coefficients ¢, are obtained from the boundary condition
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(p' (0,7, ¢,ty) = F,(r,p)e”™"), applying the orthogonality

properties of Bessel functions:

2
L1 Do

mn 2 r
" G- 5 (22

1

(63)

2 ra X
. J J E,(r,¢) ], <M> e "rdrde.
0 r;

0

4.2. Condition for the Existence of a Plane Wave. The propa-
gation mode (m, n) of an acoustic disturbance that propagates
axially along the tube depends on the wave number. The
first propagation mode of the disturbance is a plane wave (of
wave number ky, = w/c) in which there are not traversal
fluctuations (g, = 0). The condition of propagation of
an acoustic mode is that the wave number k,,, must be
real; otherwise the wave will decay exponentially, and this is
known as an evanescent wave. The lowest zero of the Bessel
function J, is q;; = 1.8412; therefore the cut-off frequency is
f. = 1.8412¢/(2ma). In a railway tunnel (a ~ 5m) for high-
speed trains this frequency is close to 20 Hz.

The wave generated at the tunnel entrance by the train
can be considered as a compact source, which means that
the tunnel cross-section characteristic length (L = 2a) of
variation of the sources is small compared with the wave
length A, and the flow can locally be approximated as an
incompressible potential flow. This can be done when the
head of the wave is larger compared with the tunnel diameter.
At the same time, the region of emission, in this case the
portal, can also be considered compact. If a source region
is compact compared to the sound wavelength it can be
represented by the sum of basic sources (monopole, dipole,
and quadrupole). For example, the train can be described as a
compact source, as moving excitation (F(x,t) = §(x—U,,, 1)),
where § is a Dirac function, and a Green function could be
used to describe the pressure field.

The pressure waves generated by a train entering inside a
tunnel can be treated as plane waves after several diameters
distance away from the tunnel portals (where the flow is
strongly three-dimensional) [80].

4.3. Results: Propagation of the Signature. The train wave
signature (TWS) method proposed in [75] has been used to
predict the pressure wave during the train pass inside the tun-
nel. It is based on one-dimensional Green’s function and the
results are validated with experimental measurements. The
problem is similar to a piston moving in a finite pipe, but with
both sides open because the blockage, ¢ = A,,/A,,, (i.e., ratio
between the cross-section area of the train, A,,, and the cross-
section area of the tunnel A ), is much smaller than unity
and the waves that find the train experience a small reflection
and practically all the energy is transmitted (pressure waves
see the train as a small cross-section area reduction). The
hypotheses assumed in this model are summarized as follows,
in these groups, concerning the train, the tunnel, and the
fluid.
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For the train, the hypotheses are

(1) constant speed,

(2) slenderness enough for the flow not to be detached
behind the nose,

(3) leakage through the train walls modeled through a
sealing constant (values vary from 0 (train window
open) up to 20 seconds (in highly tight coaches of
modern high-speed trains)).

For the tunnel, the hypotheses are

(1) axisymmetric, circular cylinder duct,

(2) hard walls (no transmission of sound through these
walls),

(3) constant perimeter and cross-sections area,

(4) the altitude capable of varying with the distance to the
entrance,

(5) blockage being small (¢ = 1).
For the fluid, the hypotheses are as follows.

(1) Pressure waves are assumed to be plane waves. We
are considering a pressure pulse whose wavefronts
(surfaces of constant phase) are parallel planes of
constant peak-to-peak amplitude normal to the phase
velocity vector.

(2) Air behaves as an ideal gas, with isentropic, quiescent
fluid (4, = 0). This hypothesis is modified in non-
linear propagation.

The acoustic field induced by the near field of the train
(TNS) is considered constant and does not generate any
reflections with the wave that hits the trains head or tail
when passing through the tunnel, nor with cross-section area
changes (or airshafts) along the aforementioned tunnel.

The principle of the TWS method is to propagate the
pressure profiles (TNS and TWS and its reflections at the
tunnel portals). At each point of the tunnel the sum of
the effects due to the passage of the pressure profiles is
calculated to obtain the resulting pressure at this location. The
amplitude of the reflections of the TWS at the tunnel portals
is determined from experimental results.

The one-dimensional d’Alembert’s solution for wave
equation in x-axis direction is

p'=flx—qt)+g(x+qt),

L -gra),
u=— X—qt)—gx+qt)),

Po%
where f and g are determined by boundary and initial
conditions. They can be interpreted as longitudinal waves
(fluid velocity is parallel to the direction of propagation)
propagating in positive x direction f and g in opposite
direction. The particle velocity induced by an acoustic plane
wave in a stagnant medium is then v’ = p’/p,c,, where p,c,
is the characteristic impedance of the fluid.
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The expressions used to describe the wave signatures have
been extracted from [74, 81]. The expression used to estimate

Apy is

U
Bpy = 50 (14 9), (65)

where U,, is the speed of the train, M is the Mach number
based on the speed of the train, M = U, /¢, and ¢ is the
blockage. The total aerodynamic drag of a train in a tunnel
is usually expressed [10] in terms of a nose loss coefficient,
ky» which implies a stagnation pressure loss as Ap|
(1/2)kypUpose
stagnation pressure loss as Ap|.; = (1/2)kypUz,. Note that
the velocities in the annulus between the train and the tunnel
wall will not, in general, be the same at the nose and tail for a
long train. An estimation of these coefficients when ky, ~ 0.1
or less, for a streamlined nose, is given in [82].

The expression used for the pressure gauge generated
during the entry of the train body is [74]

nose =
and a tail loss coefficient, k., which implies a

2L
Apfr :)/POMX4<1 + D )Cftun (I_MX4)_APN

h,tun
(66)
with
4L, 1 3 [
Xl - Dh : (Cftun <M - 1) - (1 - ¢) (Cftr ¢ + Cftun))
tun

1 4L 1 1
X2=M Dtrcftun<M_ - >’
h,tun (1—(/))
2 4L 1 1
T SR |
h,tun (1_¢')
—X, + X2 - X, X,
Xy=1+ X
1

(67)

and&, = 1+&,/(1-(1 —¢)2). The coeficient £, is a stagnation
pressure loss coeflicient at the train nose (common values
between 0.03 and 0.05), and &, is the stagnation pressure loss
coefficient at the train in the tunnel. Dy, is the hydraulic
inner diameter of the tunnel, P,,, the tunnel perimeter, and
A, the area section of the tunnel and the friction coefficients
of the train ¢y, (common values for high-speed train are
between 0.003 and 0.005) and of the tunnel cfy, (values
between 0.0050 and 0.0065).

The expression used for the pressure drop due to the
entrance of the train rear, according to [74], is

o g,
Apy = ApN<1 1_(1_¢)2>. (68)
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Since the TWS is generated during the train entrance,
the characteristic time is the same as that of the TNS. The
Mach number based on the speed of the train indicates the
ratio between the different traveling speed of the perturbation
TWS and the train near-field TNS. The characteristic wave-
length of the TWS, Ly, is therefore a combination of the
train length, L, the train-tunnel entrance, L,, and the speed
of sound:

L._+L
Lyys = trM 5 (69)

where L, is the length of the entrance. The entrance can
modify the rise time of the pressure; this is a common
method used to reduce the pressure gradient and with it the
micropressure radiated at the tunnel portals.

The attenuation is taken into account by using the relation
(83]

Ap = Apye” ", (70)

where the coeflicient o, is estimated experimentally. It is
approximately 1.8-10™* for a tunnel with ballasted track and
around 3-107 for slab track tunnels.

As the pressure at the tunnel exit must remain constant,
the boundary condition is

F () +G,(n) =0, (71)
where & = L, — gt and 57 = Ly, + ¢t. Thus the reflected
wave is

G (n) = ~F1 (&) = =Fi Lun = 1) = =f (2Luun = (¥ + 1))

(72)

and, taking into account the reflection coefficient at the exit
R from the experimental measurements, we can use the
expression

Gy (1) = =Regit - f (2L — (x = 1)) - (73)

For the reflection at the entrance (x = 0, & = —¢yt, and
n = —&) we obtain

F,(§) = -G, (1) = -G, (-8
= Rentrance : f (2Ltun + (X - Cof)) .

A recurrent expression for the wave generated by the train
entrance and the reflection at the exits would be considering
exponential attenuation (to simplify the expressions, it is
assumed R, = R.pirance = R, but, in the model, experimental
results could be introduced by the geometric influence of the
portal in the wave reflection):

(74)

(kLLtun + 5% - cot)

L TWS

—a, Gt piy—1
e uCURn N

F(x,t) = ngf
(75)

= sign((~1)"*"), i, is the wave counter, and the
2floor(7,/2) (as the function floor of

where s g

wavenumber k; =
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FIGURE 9: Pressure evolution with time in the tunnel at 550 m from
the tunnel entrance. Validation of the TWS implementation, M =
0.24 and ¢ = 0.135. Experimental results from [75].

Matlab calculates the nearest integer, the series of k; is 0, 2,
2, 4, 4, 6, 6). For a wave generated at the exit, for example,
the wave generated when the train leaves the tunnel, the
general expression will be

(kLlLtun + Ltun (C()/Utr) + Sg1X — C()t)

LTWS

G(x,t) = Z—sglg

e aC()(t_tl)Rin_l
(76)

where s ; = sign((—1)"), the wavenumber k;, = 2floor((i,, —
1)/2) + 1 (the series of k;; isthen 1,1, 3, 3,5,5,7, 7), and ¢, is
the instant in which the train reaches the exit (f; = Ly,,/U,,)-
The TWS results from [75] with the TWS implementation
with the selected expressions for Apy, Apy,, and Apy are
presented in Figure 9.

The pressure inside the train is calculated with the
dynamic sealing constant 74y, (which represent the time for
the train inside pressure p;, to become a fraction of the
pressure outside p,):

dp; 1
at " (Pe = p1)- (77)

The pressure in the train exterior at 72 m from the nose
is shown in Figure 10. There are some situations in which the
pressure gauge inside the train or in the tunnel reaches critical
values or variations. Some of these cases are also mentioned
in EN14067-5:2006:E standard [74].

The characteristic times of the situation of interest,
denoted as points 1, 2, and 3 in Figure 11, are

(1) t, when the end of the TWS reaches the train head
(point 1)
L, 1

“ U T M (78)

(2) t,;, when the TWS reflected at the tunnel exit portal
finds the train nose (point 2):
2L

t. = tun .
6= e (79)
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FIGURE 10: Pressure evolution with time in the train at 72 m from
the nose. Validation of the TWS implementation, M = 0.24 and
¢ = 0.135. Experimental results from [75].

tun

FIGURE 11: Position x of the pressure waves generated by a high-
speed train inside a tunnel of length L, as a function of time ¢.
C: compression; E: expansion wave.

tun

The TWS generated during the train exit (a compression
wave) finds another compression wave (point 3). This is
the situation in which the pressure inside the tunnel can
reach its maximum; this situation is not as important for
the train that just left the tunnel but for another train that
can enter the tunnel just after the first one. A study of the
time delays between the trains entering the tunnel must be
done to design the minimum tunnel cross-section area. The
critical situations depend mainly on the time delay between
train entrances, train lengths, train speeds, tunnel lengths,
reflection coefficients of the pressure waves at the portals,
attenuation along the tunnel, existence of side branches,
airshaft, and so forth.

The implemented code can be used to quickly and
approximately predict the induced particle velocity inside the
tunnel and find the optimal locations for the damper devices
based on aerodynamics instabilities, as a function of the train-
tunnel operation parameters (train and tunnel lengths, train
speed, sound speed, reflection coeflicients at the portals, etc.).

5. Conclusions

In the present paper analytical methods have been applied
to study three different engineering problems. The high level
of complexity in relation to the problems studied has not
been a major obstacle in order to obtain valuable solu-
tions. The methods developed in the present work preserve,
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to a certain point, the physics of the problems analyzed and
can be modified in order to study other specific problems
related to photovoltaic systems, cup anemometer perfor-
mances, and the pressure distribution on high-speed train
tunnels.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

Acknowledgment

The authors are indebted and will be always grateful to
Professor José Meseguer Ruiz for his vision, his hard work,
and his success in creating a scientific institution such as the
IDR/UPM Institute of the Polytechnic University of Madrid.

References

[1] J. G. Simmonds and J. E. Mann, A First Look at Perturbation
Theory, Dover, New York, NY, USA, 2nd edition, 1998.

[2] 1. Da-Riva and J. M. Ruesga, “Fluid-physics-module experi-
ments,” ESA Special Publication ESA SP-114, 1976.

[3] L. Da-Riva and E. A. Pereira, “A regular perturbation approach
to surface tension driven flows,” Acta Astronautica, vol. 9, no. 4,
pp. 217-224, 1982.

[4] I. Da-Riva, “Stability of liquid bridges,” in Applications of
Space Developments: Proceedings of the XXXI International
Astronautical Congress, Tokyo, Japan, L. G. Napolitano, Ed., pp.
69-80, Pregamon Press, Oxford, UK, 1981.

[5] L. A. Slobozhanin, V. M. Shevtsova, J. I. D. Alexander, J.
Meseguer, and J. M. Montanero, “Stability of liquid bridges
between coaxial equidimensional disks to axisymmetric finite
perturbations: a review;” Microgravity Science and Technology,
vol. 24, no. 2, pp. 65-77, 2012.

[6] J. Meseguer and A. Sanz, “Numerical and experimental study of
the dynamics of axisymmetric slender liquid bridges,” Journal
of Fluid Mechanics, vol. 153, pp. 83-101, 1985.

[7] J. Meseguer, “Stability of slender, axisymmetric liquid bridges
between unequal disks,” Journal of Crystal Growth, vol. 67, no. 1,
pp. 141-143, 1984,

[8] J. Meseguer, “The breaking of axisymmetric slender liquid
bridges,” Journal of Fluid Mechanics, vol. 130, pp. 123-151, 1983.

[9] J. Meseguer, A. Sanz, and J. Lopez, “Liquid bridge breakages
aboard spacelab-D1,” Journal of Crystal Growth, vol. 78, no. 2,
pp. 325-334, 1986.

[10] A. Sanz-Andrés and J. Santiago-Prowald, “Train-induced pres-
sure on pedestrians,” Journal of Wind Engineering and Industrial
Aerodynamics, vol. 90, no. 8, pp. 1007-1015, 2002.

[11] A. Sanz-Andrés, J. Santiago-Prowald, C. Baker, and A. Quinn,
“Vehicle-induced loads on traffic sign panels,” Journal of Wind
Engineering and Industrial Aerodynamics, vol. 91, no. 7, pp. 925-
942, 2003.

[12] A.Sanz-Andrés, A. Laverdn, A. Cuerva, and C. Baker, “Vehicle-
induced force on pedestrians,” Journal of Wind Engineering and
Industrial Aerodynamics, vol. 92, no. 2, pp. 185-198, 2004.

[13] J. Cubas, S. Pindado, and M. Victoria, “On the analytical
approach for modeling photovoltaic systems behavior,” Journal
of Power Sources, vol. 247, pp. 467-474, 2014.

15

[14] J. Cubas, S. Pindado, and C. de Manuel, “New method
for analytical photovoltaic parameters identification: meeting
manufacturer's datasheet for different ambient conditions,” in
International Congress on Energy Efficiency and Energy Related
Materials (ENEFM2013): Proceedings, Antalya, Turkey, 9-12
October 2013, A. Y. Oral, Z. B. Bahsi, and M. Ozer, Eds., vol.
155 of Springer Proceedings in Physics, pp. 161-169, Springer
International Publishing, Cham, Switzerland, 2014.

J. Cubas, S. Pindado, and A. Farrahi, “New method for analytical
photovoltaic parameter extraction,” in Proceedings of the 2nd
International Conference on Renewable Energy Research and
Applications (ICRERA ’13), pp. 873-877, Madrid, Spain, October
2013.

[16] J. Cubas, S. Pindado, and C. de Manuel, “Explicit expressions
for solar panel equivalent circuit parameters based on analytical
formulation and the lambert W-function,” Energies, vol. 7, no. 7,
pp. 4098-4115, 2014.

International Electrotechnical Commission, International Stan-
dard IEC-61400-12-1. Wind Turbines. Part 12-1: Power Perfor-
mance Measurements of Electricity Producing Wind Turbines,
International Electrotechnical Commission, 1st edition, 2005.

[18] A. Sanz-Andrés, S. Pindado, and F. Sorribes-Palmer, “Math-
ematical analysis of the effect of the rotor geometry on cup
anemometer response,” The Scientific World Journal, vol. 2014,
Article ID 537813, 23 pages, 2014.

[19] E. Vega, S. Pindado, A. Martinez, E. Meseguer, and L. Garcia,
“Anomaly detection on cup anemometers,” Measurement Sci-
ence and Technology, vol. 25, no. 12, Article ID 127002, 2014.

[20] S. Pindado, E. Vega, A. Martinez, E. Meseguer, S. Franchini,
and I. P. Sarasola, “Analysis of calibration results from cup
and propeller anemometers. Influence on wind turbine Annual
Energy Production (AEP) calculations,” Wind Energy, vol. 14,
no. 1, pp. 119-132, 2011.

[21] S. Pindado, A. Sanz, and A. Wery, “Deviation of cup and
propeller anemometer calibration results with air density;,”
Energies, vol. 5, no. 3, pp. 683-701, 2012.

[22] S.Pindado, . Pérez, and S. Avila-Sanchez, “On cup anemometer
rotor aerodynamics,” Sensors, vol. 12, no. 5, pp. 6198-6217, 2012.

15

=
1

[23] S. Pindado, I. Pérez, and M. Aguado, “Fourier analysis of
the aerodynamic behavior of cup anemometers,” Measurement
Science and Technology, vol. 24, no. 6, Article ID 065802, 2013.

[24] S.Pindado, J. Cubas, and A. Sanz-Andrés, “Aerodynamic analy-
sis of cup anemometers performance: the stationary harmonic
response,” The Scientific World Journal, vol. 2013, Article ID
197325, 11 pages, 2013.

[25] S. Pindado, A. Barrero-Gil, and A. Sanz, “Cup anemometers’
loss of performance due to ageing processes, and its effect on
annual energy production (AEP) estimates,” Energies, vol. 5, no.
5, pp. 16641685, 2012.

[26] S. Pindado, J. Cubas, and E Sorribes-Palmer, “The cup
anemometer, a fundamental meteorological instrument for the
wind energy industry. Research at the IDR/UPM Institute,”
Sensors, vol. 14, no. 11, pp. 21418-21452, 2014.

[27] N. Stefanatos, P. Papadopoulos, E. Binopoulos, A. Kostakos,
and G. Spyridakis, “Effects of long term operation on the per-
formance characteristics of cup anemometers,” in Proceedings
of the European Wind Energy Conference & Exhibition (EWEC

’07), pp. 1-6, Milan, Italy, May 2007.
[28] J.Sang, S.Lun,and T. Guo, “A new six-parameter model for solar

cell parameters based on padé approximants,” in Proceedings
of the IEEE International Conference on Service Operations and



16

(30]

(31]

(36]

(37]

(38]

Logistics, and Informatics (SOLI ’14), pp. 356-361, Qingdao,
China, October 2014.

D. Torres-Lobera and S. Valkealahti, “Inclusive dynamic ther-
mal and electric simulation model of solar PV systems under
varying atmospheric conditions,” Solar Energy, vol. 105, pp. 632
647, 2014.

M. Wolf and H. Rauschenbach, “Series resistance effects on
solar cell measurements,” Advanced Energy Conversion, vol. 3,
no. 2, pp. 455-479, 1963.

A. Bauer, J. Hanisch, and E. Ahlswede, “An effective single
solar cell equivalent circuit model for two or more solar cells
connected in series,” IEEE Journal of Photovoltaics, vol. 4, no. 1,
pp. 340-347, 2014.

E J. Toledo and J. M. Blanes, “Geometric properties of the single-
diode photovoltaic model and a new very simple method for
parameters extraction,” Renewable Energy, vol. 72, pp. 125-133,
2014.

A. Askarzadeh and A. Rezazadeh, “Parameter identification
for solar cell models using harmony search-based algorithms,”
Solar Energy, vol. 86, no. 11, pp. 3241-3249, 2012.

A. Askarzadeh and A. Rezazadeh, “Artificial bee swarm opti-
mization algorithm for parameters identification of solar cell
models,” Applied Energy, vol. 102, pp. 943-949, 2013.

D. L. Bitzner, A. Romeo, H. Zogg, and A. N. Tiwari, “CdTe/CdS
Solar cell performance under low irradiance,” in Proceedings
of the European PV Solar Energy Conference, pp. 1-4, Munich,
Germany, 2001.

J. A. Eikelboom and A. H. M. E. Reinders, “Determination
of the irradiation dependent efficiency of multicrystalline Si
Pv modules on basis of Iv curve fitting and its influence on
the annual performance,” in Proceedings of the 4th European
Photovoltaic Solar Energy Conference and Exhibition, pp. 293—
296, Barcelona, Spain, 1997.

K. M. El-Naggar, M. R. AlRashidi, M. F. AlHajri, and A. K.
Al-Othman, “Simulated Annealing algorithm for photovoltaic
parameters identification,” Solar Energy, vol. 86, no. 1, pp. 266—
274, 2012.

J. A. Gow and C. D. Manning, “Development of a photovoltaic
array model for use in power-electronics simulation studies,”
IEE Proceedings: Electric Power Applications, vol. 146, no. 2, pp.
193-200, 1999.

K. L. Kennerud, “Analysis of Performance Degradation in CdS
Solar Cells,” IEEE Transactions on Aerospace and Electronic
Systems, vol. 5, no. 6, pp. 912-917, 1969.

Y.-C. Kuo, T.-J. Liang, and J.-E. Chen, “Novel maximum-power-
point-tracking controller for photovoltaic energy conversion
system,” IEEE Transactions on Industrial Electronics, vol. 48, no.
3, pp. 594-601, 2001.

E-M. Petcut and T. Leonida-Dragomir, “Solar cell parameter
identification using genetic algorithms,” Journal of Control
Engineering and Applied Informatics, vol. 12, no. 1, pp. 30-37,
2010.

G. Walker, “Evaluating MPPT converter topologies using a mat-
lab PV model,” Journal of Electrical and Electronics Engineering,
vol. 21, no. 1, pp. 49-55, 2001.

H. Wei, J. Cong, X. Lingyun, and S. Deyun, “Extracting
solar cell model parameters based on chaos particle swarm
algorithm,” in Proceedings of the International Conference on
Electric Information and Control Engineering (ICEICE ’11), pp.
398-402, April 2011.

(44]

(45]

(48]

(49]

(50]

(51]

(57]

(58]

Mathematical Problems in Engineering

E Ghani, G. Rosengarten, M. Duke, and J. K. Carson, “The
numerical calculation of single-diode solar-cell modelling
parameters,” Renewable Energy, vol. 72, pp. 105-112, 2014.

J. Bai, S. Liu, Y. Hao, Z. Zhang, M. Jiang, and Y. Zhang,
“Development of a new compound method to extract the five
parameters of PV modules,” Energy Conversion and Manage-
ment, vol. 79, pp. 294-303, 2014.

D. S. H. Chan and J. C. H. Phang, “Analytical methods for
the extraction of solar-cell single- and double-diode model
parameters from I-V characteristics,” IEEE Transactions on
Electron Devices, vol. 34, no. 2, pp. 286-293, 1987.

A. K. Das, “Analytical expression of the physical parameters of
an illuminated solar cell using explicit J-V model,” Renewable
Energy, vol. 52, pp. 95-98, 2013.

V. Lo Brano, A. Orioli, G. Ciulla, and A. Di Gangi, “An improved
five-parameter model for photovoltaic modules;” Solar Energy
Materials and Solar Cells, vol. 94, no. 8, pp. 1358-1370, 2010.

J. C.H. Phang, D. S. H. Chan, and J. R. Phillips, “Accurate analyt-
ical method for the extraction of solar cell model parameters,”
Electronics Letters, vol. 20, no. 10, pp. 406-408, 1984.

N. S. Singh, A. Jain, and A. Kapoor, “An exact analytical
method for calculating the parameters of a real solar cell using
special trans function theory (STFT),” International Journal of
Renewable Energy Research, vol. 3, no. 1, pp. 201-206, 2013.

M. Hejri, H. Mokhtari, M. R. Azizian, M. Ghandhari, and L.
Soder, “On the parameter extraction of a five-parameter double-
diode model of photovoltaic cells and modules,” IEEE Journal of
Photovoltaics, vol. 4, no. 3, pp. 915-923, 2014.

B. H. Cho and E. C. Y. Lee, “Modeling and analysis of spacecraft
power systems,” IEEE Transactions on Power Electronics, vol. 3,
no. 1, pp. 44-54, 1988.

G. Colombo, U. Grasselli, A. de Luca, A. Spizzichino, and S.

Falzini, “Satellite power system simulation,” Acta Astronautica,
vol. 40, no. 1, pp. 41-49,1997.

N. S. Fatemi, H. E. Pollard, H. Q. Hou, and P. R. Sharps,
“Solar array trades between very high-efficiency multi-junction
and Si space solar cells,” in Proceedings of the Conference
Record of the 28th IEEE Photovoltaic Specialists Conference,
(Cat. No.00CH37036), pp. 1083-1086, IEEE, Anchorage, Alaska,
USA, 2000.

M. Stan, D. Aiken, P. R. Sharps, J. Hills, B. Clevenger, and N.
S. Fatemi, “The development of >28% efficient triple-junction
space solar cells at Emcore Photovoltaics,” in Proceedings of 3rd
World Conference on Photovoltaic Energy Conversion, vol. 1, pp.
662-665, Osaka, Japan, May 2003.

B. Cho, J. Davis, L. Hise et al., “Qualification testing of the ZTJ
GalnP2/GalnAs/Ge solar cell to the AIAA S-111 standard,” in
Proceedings of the 34th IEEE Photovoltaic Specialists Conference
(PVSC °09), pp. 1009-1014, IEEE, Philadelphia, Pa, USA, June
20009.

M. Stan, B. Cho, B. Guzie, G. Smith, P. Sharps, and T.
Varghese, “Air Force ManTech qualification of the 30% class
GalnP2/Ga(In)As/Ge solar cell to the ATAA S-111 standard:
results and recommendations,” in Proceedings of the 35th IEEE
Photovoltaic Specialists Conference (PVSC ’10), pp. 2625-2630,
IEEE, Honolulu, Hawaii, USA, June 2010.

N. Fatemi, J. Lyons, and M. Eskenazi, “Qualification and
production of Emcore ZTJ solar panels for space missions,” in
Proceedings of the 39th IEEE Photovoltaic Specialists Conference
(PVSC '13), pp. 2793-2796, Tampa, Fla, USA, June 2013.



Mathematical Problems in Engineering

[59] T. C. Banwell and A. Jayakumar, “Exact analytical solution for
current flow through diode with series resistance,” Electronics
Letters, vol. 36, no. 4, pp. 291-292, 2000.

[60] E.Gonzalez-Longatt, “Model of photovoltaic module in Matlab,”
in 2do Congreso Iberoamericano de Estudiantes de Ingenieria
Eléctrica, Electronica y Computacion (CIBELEC °05), pp. 1-5,
Puerto de la Cruz. Venezuela, 2005.

[61] X. Yuan, Y. Xiang, and Y. He, “Parameter extraction of solar
cell models using mutative-scale parallel chaos optimization
algorithm,” Solar Energy, vol. 108, pp. 238-251, 2014.

[62] L.Peng, Y. Sun,Z. Meng, Y. Wang, and Y. Xu, “A new method for
determining the characteristics of solar cells,” Journal of Power
Sources, vol. 227, pp. 131-136, 2013.

[63] D.Oliva, E. Cuevas, and G. Pajares, “Parameter identification of
solar cells using artificial bee colony optimization,” Energy, vol.
72, pp. 93-102, 2014.

[64] J. Ma, T. O. Ting, K. L. Man, N. Zhang, S.-U. Guan, and
P. W. Wong, “Parameter estimation of photovoltaic models
via cuckoo search,” Journal of Applied Mathematics, vol. 2013,
Article ID 362619, 8 pages, 2013.

[65] J. Ma, K. L. Man, T. O. Ting, N. Zhang, S.-U. Guan, and P.
W. H. Wong, “Approximate single-diode photovoltaic model
for efficient I-V characteristics estimation,” The Scientific World
Journal, vol. 2013, Article ID 230471, 7 pages, 2013.

[66] A. Laudani, F. Riganti Fulginei, and A. Salvini, “High per-

forming extraction procedure for the one-diode model of a

photovoltaic panel from experimental I-V curves by using

reduced forms,” Solar Energy, vol. 103, pp. 316-326, 2014.

W. Gong and Z. Cai, “Parameter extraction of solar cell models

using repaired adaptive differential evolution,” Solar Energy, vol.

94, pp. 209-220, 2013.

[68] T. Easwarakhanthan, J. Bottin, I. Bouhouch, and C. Boutrit,
“Nonlinear minimization algorithm for determining the solar
cell parameters with microcomputers,” International Journal of
Solar Energy, vol. 4, no. 1, pp. 1-12, 1986.

[69] K. Ding, J. Zhang, X. Bian, and J. Xu, “A simplified model
for photovoltaic modules based on improved translation equa-
tions,” Solar Energy, vol. 101, pp. 40-52, 2014.

[70] K. Bouzidi, M. Chegaar, and A. Bouhemadou, “Solar cells
parameters evaluation considering the series and shunt resis-
tance,” Solar Energy Materials and Solar Cells, vol. 91, no. 18, pp.
1647-1651, 2007.

[71] M. R. AlRashidi, M. E AlHajri, K. M. El-Naggar, and A. K. Al-
Othman, “A new estimation approach for determining the I-
V characteristics of solar cells,” Solar Energy, vol. 85, no. 7, pp.
1543-1550, 2011.

[72] M. E AlHajri, K. M. El-Naggar, M. R. AlRashidi, and A. K.
Al-Othman, “Optimal extraction of solar cell parameters using
pattern search,” Renewable Energy, vol. 44, pp. 238-245, 2012.

[73] C. Manuel, J. Cubas, and S. Pindado, “On the simulation of the
UPMSat-2 microsatellite power;” in Proceedings of the European
Space Power Conference, pp. 1-7, ESA, April 2014.

[74] Comité Européen de Normalisation, “Railway applications-
aerodynamics-part 5: requirements and test procedures for
aerodynamics in tunnels,” EN14067-5:2006:E, CEN, 2006.

[75] M. William-Louis and C. Tournier, “A wave signature based
method for the prediction of pressure transients in railway tun-
nels,” Journal of Wind Engineering and Industrial Aerodynamics,
vol. 93, no. 6, pp. 521-531, 2005.

[76] M.Iida, K. Kikuchi, and T. Fukuda, “Analysis and experiment of
compression wave generated by train entering tunnel entrance

(67

17

hood,” JSME International Journal Series B: Fluids and Thermal
Engineering, vol. 49, no. 3, pp. 761-770, 2006.

[77] M.]J.P. William-Louis and C. Tournier, “Non-homentropic flow
generated by trains in tunnels with side branches,” International
Journal of Numerical Methods for Heat and Fluid Flow, vol. 8, no.
2, pp. 183-198, 1998.

[78] J. C. Tannehill, D. A. Anderson, and R. H. Pletcher, Compu-
tational Fluid Mechanics and Heat Transfer, Taylor & Francis,
1984.

[79] L.Kinsler, A. Frey, A. Coppens, and J. Sanders, Fundamentals of
Acoustics, Wiley-VCH, 4th edition, 1999.

[80] S. Rienstra and A. Hirschberg, An Introduction to Acoustics,
Eindhoven University of Technology, 2004.

[81] M. S. Howe, “The compression wave produced by a high-speed

train entering a tunnel;” Proceedings of the Royal Society London

A: Mathematical, Physical and Engineering Science, vol. 454, no.

1974, pp. 1523-1534, 1998.

A.E. Vardy and P. Reinke, “Estimation of train resistance coeffi-

cients in tunnels from measurements during routine operation,”

Proceedings of the Institution of Mechanical Engineers, Part F:

Journal of Rail and Rapid Transit, vol. 213, no. 2, pp. 71-87,1999.

[83] S. Ozawa, T. Maeda, T. Matsumura, and K. Uchida, “Effect of
ballast on pressure wave propagating through tunnel,” in Pro-
ceedings of the International Conference on Speedup Technology
for Railway and Maglev Vehicles, vol. 2, pp. 299-304, 1993.

(82



Advances in Advances in Journal of Journal of
Operations Research lied Mathematics ability and Statistics

il
PR
S Rt
£ 2 §

\ ‘

The Scientific
\{\(orld Journal

International Journal of
Differential Equations

Hindawi

Submit your manuscripts at
http://www.hindawi.com

International Journal of

Combinatorics

Advances in

Mathematical Physics

%

Journal of : Mathematical Problems Abstract and Discrete Dynamics in
Mathematics in Engineering Applied Analysis Nature and Society

Journal of

Complex Analysis

International
Journal of
Mathematics and
Mathematical
Sciences

Journal of
'

al of Journal of

Function Spaces Stochastic Analysis Optimization

Journal of International Jo




