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Abstract 

  

A new approach for the design of solar concentrators 

which optimize thermo solar performance has been 

developed by analytic method. Two low temperatures 

solar concentrators have been built and analyzed through 

ASHRAE/ANSI 93-2003 Normativity of standard test 

procedures for liquid heaters, and an observational 

analysis as built to corroborate the functionality and type 

of use was applied. Data suggests these are non-imaging 

concentrators. 

 

 
 

Non-imaging, Concentrator, Design 

 

Resumen 

 

Se presenta un nuevo enfoque para el diseño de 

concentradores solares que optimiza el aprovechamiento 

termo solar. Se demuestra analíticamente la funcionabilidad 

del diseño a través de la cual dos concentradores de baja 
temperatura fueron construidos y evaluados con la 

normatividad ASHRAE/ANSI 93-2003 para pruebas termo 
solares. Se realizo un estudio observacional para observar su 

tipo de uso y funcionabilidad. Los datos sugieren que son 
concentradores de no imagen óptica. 
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Introduction 

 

This new methodological approach is inspired 

by Roland Winston [2021] statement, who said; 

“[…] It is plausible to optimize thermo solar 

performance if we pay less attention to imaging 

optic requirements […]”. With this inspiration, 

an insight abduction concept of the CPC seen as 

a black box [Box 1] provided by Tapia & J.A. 

del Río [2009], applied differential calculus 

chord longitude theory and simple geometry, the 

methodology presented was developed and 

observed using ASHRAE/ANSI 93-2003 data 

normativity of standard test procedure for liquid 

heaters. 

 

To understand the relevancy of non-

imaging concentrators, thermal energy must be 

seen as an essential natural resource for the 

collection and concentration solar sector, where 

different approaches of exploitation give life to 

different technologies, domestic or industrial.  

 

Each new technology is born from a new 

approach; just like each person has 

characteristics that make us unique, each solar 

concentrator is designed with a main purpose of 

functionality and a specific operation method. 

These particularities provide today’s society 

with a wide range of apparatus, from solar water 

heaters to parabolic mirrors. 

 

This thermal solar energy, just like any 

other natural resource available, gets more 

expensive in order of the high or low complexity 

of the exploitation method and the final purpose 

of use. For example, a solar water heater system 

is cheaper than the solar plant “Solar One” for 

electricity generation. 

 

According to Roland Winston [2021], in 

the most essential sense thermo solar 

performance is comparable to writing a letter, 

putting it inside a box and sending it from one 

site to another. There are two ways this message 

can be delivered. The first consists of writing a 

perfectly coherent and well cohesive message.  

 

The second consists of putting all the 

letters inside the box no matter the order of the 

letters and just taking the box from one site to 

the other. This is the main difference between 

imaging and non-imaging concentrators, 

respectively. Under this panorama the 

methodology that is presented in this paper 

provides a design for non-imaging concentrators.  

These have the characteristic of not 

requiring solar tracking devices for their use. 

 

Solar tracking requires continuous 

movement mechanisms of heavy structures for 

long periods of time. Due to deterioration of 

those mechanisms catastrophic failures lead to 

fire incidents [Castellanos, 2025]. 

 

The objective of this research is to 

analyze the type of use and functionality of two 

solar concentrators as built using data obtained 

from ASHRAE/ANSI 93-2003 Normativity of 

standard test procedures for liquid heaters in an 

observational analysis performed in Minitab 

statistical software. 

 

Methodology 

 

According to S. Tapia S. & J.A. del Río [2009], 

there are five parameters that must be considered 

for the design of a solar concentrator, focal 

length (𝑓), acceptance angle (𝜃), receptor area 
(𝑎′), aperture area (𝑎), and height (ℎ). These 

are the geometric parameters; 𝐺𝑃 =
{𝑓, 𝜃, 𝑎′, 𝑎, ℎ }. These geometric parameters are 

the variables that form to the solar concentrator. 

 

These same authors specified that from 

these parameters [GP], three variables must be 

taken as dependent and two as independent. 

Acknowledging that using focal length and 

acceptance angle as independent variables is not 

common practice. 

 

As an insight abduction concept from 

Box 1 the focal length (𝑓) and the acceptance 

angle (𝜃)  were selected as independent 

variables. Those were selected after observing 

equations [1, 2]. 

 

𝑓 = a′ ∙ (1 + sin 𝜃)                                       [1] 

 
2a′ = πDL                                                            [2] 
 
given by John A. Duffie, 2013. Where in 

equation [2] D is considered as the diameter of 

the receptor and L as the length of such. These 

two equations [1, 2], when seen together, 

implied that there is a relation between the 

geometric form of the vessel that contains the 

fluid and the focal length affected by the 

acceptance angle. 
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Box 1 

 

 
Figure 1 

Scheme of the benefits of the Concentric Parabolic 

Concentrator [CPC] in 2D, a] CPC seen as a black box, b] 

the flow of energy concentration with respect to the 

incident angle of the rays. 
Source: S. Tapia S. y J.A. del Río, 2009. 

 

 

S. Tapia S. & J.A. del Río [2009] 

specifies that the rest of the variables form the 

equation [3]: 

 

𝑓(𝑎′, 𝑎, ℎ)                                                        [3] 

 

equivalent to equation [4]. 

 

4𝑓𝑦 = 𝑥2                                                            [4]  

 

The definition of the independent 

variable, acceptance angle (𝜃) took place after 

Roland Winston theoretical maximum 

concentration ratio, which stipulates that rays 

emerge at a unitary ratio of 𝜋 2⁄ . Therefore: 

 

𝜃 = 45°                                                               [5] 

 

The second variable; focal length (𝑓) is 

defined by equation [1] after the definition of 

equation [5], where equation [2] is solved as: 

 

2a′ = πDL = π ∙ 0.032m ∙ 2.4m = 0.24𝑚2    [6] 

 

Then substitute at equation [1] as: 

 

𝑓 = 0.12 + 0.12 ∙ sin 45° = 20𝑐𝑚.                    [7] 

 

After focal length and acceptance angle 

have been defined, part of a procedure of 

description for a compound parabolic 

concentrator [CPC] in cartesian system exposed 

by S. Tapia & J.A. del Río can be follow as 

shown: 

 

The cartesian axes 𝑥1, 𝑧1 area positioned 

at the vertex of the parabola, this is shown in 

figure 2 c], this parabola can be described by the 

following equation. 

 

4𝑓𝑧1 = 𝑥2 | 𝑓 = 0.2𝑚                                       [8] 

 

Axes 𝑥′, 𝑧′  have their origine at point 
(0, 𝑓) , figure 2 c]. Therefore, the authors 

perform a translation of the cartesian axes given 

by the following relations: 

 

𝑥1 = 𝑥′ ,  𝑧1 = 𝑧′ + 𝑓                                     [9]                                             

 

These cartesian axes have an angle equal 

to: 

 

−𝜃 = 𝜃 = 45°                                                       [10] 

 

Rotating the axes x’ and z’ until found 

the new coordinated axes x’’ and z’’. This is 

shown in figure 2 c], given by the equations: 

 

𝑥′ = 𝑥′′ ∙ cos 𝜃 − 𝑧′′ ∙ sin 𝜃                                   [11] 

 

𝑧′ = 𝑥′′ ∙ sin 𝜃 + 𝑧′′ ∙ cos 𝜃                                    [12] 

 

To generate the composite function: 

 

4𝑓(𝑥′′ ∙ sin 𝜃 + 𝑧′′ ∙ cos 𝜃) = (𝑥′′ ∙ cos 𝜃 − 𝑧′′ ∙
sin 𝜃)2 − 4𝑓2                                                 [13] 

 

When equation [13] is expanded and 

simplified with the values of equation [7] and [5], 

an implicit quadratic analytic expression with a 

linear term of coefficient distinct from cero is 

obtained as shown in equation [14]. 

 

(sin 𝜃)2 ∙ 𝑧′′2 − [(sin 2𝜃) ∙ 𝑥′′ + 4𝑓 cos 𝜃]𝑧′′ +

[(cos 𝜃)2 ∙ 𝑥′′2 − 4𝑓 sin 𝜃 ∙ 𝑥′′ − 4𝑓2] = 0   [14] 

 

 

Equation [13] means that the cartesian 

system is formed by the double-primed axes, the 

parabola appears tilted. This is shown in Figure 

2 a]. 
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Box 2 
 

 
 

Figure 2 

a] Software GeoGebra, graph of equation [13] with 

substitution of equation [7, 5]. b] software GeoGebra 

graph of equations [15, 16] with substitution of 

equation [7, 5]. C] Reference axes of the parabola, 

when transforming the coordinate system, generating a 

CPC in 2D and a surface in 3D. 

      Source: S. Tapia S. & J.A. del Río, 2009 

  

Remembering the fundamentals laws of 

calculus, all functions must be continuous in the 

form 𝑓: 𝑅 → 𝑅. Therefore, these authors, solved 

equation [14] for 𝑧1
′′[𝑥′′] and 𝑧2

′′[𝑥′′]. 
 

𝑍1
′′(𝑥′′) =

sin 2𝜃∙𝑥′′+4𝑓 cos 𝜃+4𝑓√
sin 𝜃∙𝑥′′

𝑓
+1

2(sin 𝜃)2          [15] 

 

𝑍2
′′(𝑥′′) =

sin 2𝜃∙𝑥′′+4𝑓 cos 𝜃−4𝑓√
sin 𝜃∙𝑥′′

𝑓
+1

2(sin 𝜃)2              [16] 

 

According to these authors the red graph 

shown in figure 2 b] must intersect one of the 

axes of the coordinate system. Acknowledging 

that the corresponding axe of intersection in 

figure 2 b] corresponds to the segment BQ 

shown in figure 2 c]. It can be stated without a 

doubt that point Q corresponds to the point 𝑥0
′′. 

It becomes easy deduction that a metric 

value for the dependent variable 𝑎′  can be 

defined. This concludes the cartesian system 

description expose by S. Tapia S. & J.A. del Río 

as part of this new methodological approach. 

 

To define the dependent variable 

receptor area [𝑎′] , equation [17] is solved by 

defining an equivalence between 𝑥0
′′ and 2𝑎′. 

 

𝑎′ =
𝑥0

′′

2
=

1.37

2
= 0.68𝑚                                        [17] 

 

To define the dependent variable 

aperture area (𝑎)  the use of equation [18] 

exposed by John A. Duffie [2013] is proposed. 
 

𝑎 =
𝑎′

sin 𝜃
=

0.68

sin 45°
= 0.97𝑚                                  [18] 

 

To define the dependent variable height 
(ℎ) the use of equation [19] exposed by John A. 

Duffie, 2013 is proposed. Where 𝜙 = 90° for all 

cases. 
 

ℎ𝑡 =
𝑓 cos(𝜙−𝜃)

(sin 𝜃)2 =
0.2 cos(45°)

(sin 45)2 = 28𝑐𝑚                [19] 

 

So far, the five variables required to form 

a solar concentrator have been defined as shown 

in equation [20]. 
 

𝐺𝑃 = {𝑓, 𝜃, 𝑎′, 𝑎, ℎ } =
{0.2𝑚, 45°, 0.68m, 0.97𝑚, 0.28𝑚 }                 [20] 

 

There’s only one last data missing to 

have a complete methodological design which 

analyzes each component of a solar concentrator; 

the length of the reflective area. 

 

To define the length of the reflective area. 

The chord theory is applied as shown in equation 

[21]. 

 

∫ √1 + [𝑧′[𝑥]]2𝑎

𝑎′ 𝑑𝑥                                     [21] 

 

It is well known in calculus theory that 

equation [21] has the ability to define the length 

of any soft function inside a continuous interval. 

The interval is defined by the dependent 

variables [𝑎, 𝑎′] . At the same time, indefinite 

integrals have a benefit in the presence of 

dynamic phenomena such as concentration of 

thermo solar energy. According to Flores [2004] 

this benefit applies in light of the knowledge of 

the derivative that describes the relative 

variation of the variables involve, when obeying 

a law of change. 



5 

Journal Innovative Design                                        9[19]1-11: e1919111 

Article 

 

 ISSN: 2523-6830 

RENIECYT: 1702902 

ECORFAN® All rights reserved. 

 

Ruíz-Rodríguez, J. Pavel, Alcázar-Medina, Félix A., Valle-Cervantes, 

Sergio and De la Peña-Arellano, L. Armando. [2025].  Design of solar 

concentrators for thermo solar performance: A new approach. Journal 

Innovative Design. 9[19]1-11: e1919111. 

https://doi.org/10.35429/JID.2025.9.19.1.1.11 

S. Tapia & J.A. del Río [2009] applied 

the law of reflection of light rays to obtain a 

function that describe the parabola, this is shown 

in equation [22]. Where x is the independent 

variable, (𝜃) and (𝑓) are geometric parameters 

defined in equation [5, 7]. 

 

 𝑧(𝑥) =
cos 𝜃(|𝑥|+𝑎′)

sin 𝜃
+

2𝑓 cos 𝜃

(sin 𝜃)2 −

2𝑓

(sin 𝜃)2 √
sin 𝜃

𝑓
(||𝑥|| + 𝑎′) + 1                         [22] 

  

In equation [23], equation [22] was 

solved for equation [5, 7] and subsequently 

derived. This is considered as the derivative that 

involves the relative variation of the variables 

involved, exposed by Flores [2004]. This 

relative variation to which we refer, is the 

relationship established in equation [20] to the 

ray lights when inside the acceptance angle are 

reflected to the receptor. 

 

𝑧′[𝑥] = 1 − 1.79𝑥−1
2⁄                                         [23] 

 

S. Tapia S. & J.A. del Río [2009] 

correctly assume at the opto-geometric analysis 

presented in their paper that light rays strike a 

tangent plane of the parabola. The independent 

variable x in equation [23] involves all the 

relative variations of variables from equation 

[20], in relation to the flow of thermo solar 

energy from this tangent plane to the receptor. 

When applied to the chord length theory exposed 

in equation [21] the length of the reflective area 

is obtained as shown in equation [24]. This will 

conclude all the analysis required by the 

methodology presented to obtain a solar 

concentrator. 

 

∫ √1 + 1 − 3.52𝑥−1
2⁄ + 3.2041𝑥−1 𝑑𝑥

0.97

0.68
= 40𝑐𝑚.        [24]                         

  

In Box 4 a scheme of the concentrator 

obtained is presented. This concentrator was 

built as shown in Box 5. 

 

According to John A. Duffie [2013] the 

concentrator ratio of this solar concentrator is 

unitary as shown in equation [25] and an 

observable difference can be noticed with 

anticipation; there is a reduction of the designed 

concentrator ratio shown in equation [26] and 

the practical concentration ratio shown in 

equation [25]. More about this difference is 

explained in the results section.    

 

𝐶𝑖 =
1

sin 𝜃
=

1

sin 80.37°
= 1.0                            [25] 

 

𝐶𝑖 =
1

sin 𝜃
=

1

sin 45°
= 1.4                                 [26] 

 

Thereafter, a second solar concentrator 

presented in Box 3 was designed under the same 

methodological approach and constructed as 

shown in Figure 3 b]. 

 

This solar concentrator attempts for a 

concentration ratio greater than unity. Variable 

 (𝜃)  was defined by clearing equation [27] 

searching for a 2.5 concentration ratio. 

 

2.5 =
1

sin 𝜃
∴ 𝜃 = 23.58°                               [27] 

 

Variable (𝑓) was defined in equation [28] 

by the same operation method exposed in 

equation [6, 7]. 

 

𝑓 = 0.12 + 0.12 ∙ sin 23.58° = 0.34𝑚         [28] 

 

Dependents variables (𝑎′) and (𝑎) were 

defined as shown in equation [17, 18], following 

the intersection of 𝑥0
′′ presented in figure 3 a]. 

 

To define the variables (𝑎) , (𝑎′) , the 

methodological approach used for equation [17, 

18] were applied as shown in equation [29, 30]. 

 

𝑎′ =
𝑥0

´´

2
=

0.35

2
= 0.17𝑚                               [29] 

 

𝑎 =
𝑎´

sin 𝜃
=

0.17

sin 23.58°
= 0.43𝑚                      [30] 

 

The height was defined by the same 

approach applied to equation [19], where the 

acceptance angle, found in Box 3 has a value of 

42.91° as shown in equation [31] 

 

ℎ =
𝑓 cos(𝜙−𝜃)

(sin 𝜃)2 =
0.34∙cos 47.09°

(sin 47.09°)2 = 0.43𝑚        [31] 

 

To determine the length of the reflective 

area same approach, use in equation [24] is 

applied as shown in equation [32]. The height 

has been adjusted to 46cm as shown in Box 3, 

considering the length obtained in equation [32] 

is tangent to the parabola. 

 

∫
√6.2491 − 11.0822𝑥−1

2⁄ + 5.3114𝑥−1𝑑𝑥
= 53𝑐𝑚.

0.43

0.17
     

                                                                      [32] 
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Box 3 
 

 
 

Figure 3 

a] software GeoGebra Graph of equation [16], 

with substitution of equation [27, 28]. b] digital 
photography of the second concentrator designed 

as built, installed at the UPIDET building in 

Durango, Mex. c] scheme of the second solar 
concentrator designed, with a concentration ratio 

greater than unity. 
      Source: https://www.geogebra.org/calculator 

 

The same reduction of concentration 

ratio observed in equation [25, 26], is observed 

for this solar concentrator in equation [33, 34]. 

More about this reduction in concentration ratio 

is explained in the results section. 

 

𝐶𝑖 =
1

sin 𝜃
=

1

sin 23.58°
= 2.5                          [33] 

 

𝐶𝑖 =
1

sin 𝜃
=

1

sin 42.91°
= 1.46                        [34] 

 

 

 

 

Box 4 
 

 
 

Figure 4 

Scheme of the solar concentrator designed with a 

unitary concentration rate. 

      Source: software SolidWorks 

 

Methodology of the ASHRAE/ANSI 93-2003 

Normativity of Standard Test Procedure for 

Liquid Heaters. 

 

This normativity establishes the parameters for 

testing solar heaters. According to this 

normativity the product gain-loss (𝐹𝑅𝑈𝐿) 

evaluates the thermal behavior of the solar 

concentrator as built. In one hand by measuring 

the thermo-solar energy transferred to the fluid; 

this is the value (𝐹𝑅) . In the other hand 

measuring the amount of heat loss to the 

environment; this is the value (𝑈𝐿).  

 

This parameter defined as the product 

gain-loss (𝐹𝑅𝑈𝐿) , takes into account all the 

environmental effects that are not specifically 

measure, such as wind velocity, humidity, 

variations of the ambient temperature during the 

performance of the apparatus, heat losses by 

conduction from the receptor to the liquid, 

variations of the acceptance angle and variations 

of solar radiation during the day, caused by 

clouding and shadowing. 

 

The parameter efficiency (𝜂𝑖), shown in 

equation [35] is a relevant observational value, 

which expresses the efficiency of the solar 

concentrator as built. This value considers the 

amount of total incident solar radiation that 

strikes the reflective area, affected by the 

geometric factor 𝑅𝑏 , which is the rate of 

radiation striking the reflective area with respect 

to the earth’s horizontal. 

 

𝜂𝑖 = 𝐹𝑅 −
𝐹𝑅 ∙𝑈𝐿 (𝑇𝑖−𝑇𝑎)

𝐺𝑇
                                    [35] 

 

Where 𝑇𝑖 is the fluid temperature and 𝑇𝑎 

is the ambient temperature. 

 

The procedure to obtain the value of total 

incident solar radiation (𝐺𝑇) is as follows. 

 

𝐺𝑇 = (𝐺𝑏 + 𝐺𝑑) ∙ 𝑅𝑏                                             [36] 

https://www.geogebra.org/calculator
https://www.geogebra.org/calculator


7 

Journal Innovative Design                                        9[19]1-11: e1919111 

Article 

 

 ISSN: 2523-6830 

RENIECYT: 1702902 

ECORFAN® All rights reserved. 

 

Ruíz-Rodríguez, J. Pavel, Alcázar-Medina, Félix A., Valle-Cervantes, 

Sergio and De la Peña-Arellano, L. Armando. [2025].  Design of solar 

concentrators for thermo solar performance: A new approach. Journal 

Innovative Design. 9[19]1-11: e1919111. 

https://doi.org/10.35429/JID.2025.9.19.1.1.11 

Where 𝐺𝑏  is beam radiation and 𝐺𝑑  is 

diffuse radiation, these values were obtained, 

hourly from the photovoltaic geographic 

information system of satellite data, shown at the 

homepage 

https://re.jrc.ec.europa.eu/pvg_tools/en/tools.ht

ml#PVP. 

 

The geometric factor is defined at the rate 

of the incident radiation that strikes the reflective 

area, known as (cos 𝜃)  versus, the incident 

radiation that strikes the earth’s horizontal 
(cos 𝜃𝑧). As follows in equation [37]. 

 

𝑅𝑏 =
cos 𝜃

cos 𝜃𝑧
                                                      [37] 

 

The parameter (𝐹𝑅 ∙ 𝑈𝐿)  product gain-

loss, is obtained by graphing instant efficiency 

obtained as equation [38], versus the normalized 

differential temperature as equation [39]. After 

linearizing the graph, the absolute value of the 

pendant is the value of (𝐹𝑅 ∙ 𝑈𝐿). 

 

𝜂𝑖 =
𝑄𝑢

𝐴𝑐∙𝐺𝑇
                                                        [38] 

 
𝑇𝑖−𝑇𝑎

𝐺𝑇
                                                                [39] 

 

About the thermal efficiency identified in 

equation [38] by 𝑄𝑢, equation [40] exposes how 

to obtain this value. 

 

𝑄𝑢 = 𝐴𝑐 ∙ 𝐹𝑅 ∙ [𝐺𝑇 ∙ 𝜏𝑎𝑣 − 𝑈𝐿 ∙ (𝑇𝑖 − 𝑇𝑎)]     [40] 

 

Where 𝑇𝑖  and 𝑇𝑎  are the same as 

equation [35], 𝐹𝑅 as the cooling factor has been 

predetermined at 0.978, 𝜏𝑎𝑣  as a theoretical 

value of transmittance for aluminum from the 

reflective area is established at 0.94. 

 

The fundamental of the methodology; the 

ellipsoid paradox. 

 

To conclude. In 1982, W.T. Welfard & Roland 

Winston published a thermodynamic 

phenomenon known as the “ellipsoid paradox in 

thermodynamics”. This phenomenon confronts 

real life situations with a thermodynamic view. 

 

According to these authors an ellipse 

centers point object B at the right with a point 

object A at the left, and a sphere center point A 

within itself.   

 

In the simplest sense according to these 

authors, when objects A and B start at the same 

temperature, those, A and B, present an efficient 

radiation transfer in equilibrium, and the form of 

the design of non-imaging concentrators does 

not converge to the ellipse/sphere configuration. 

This means the reflective cavity is not elliptic. 

 

Consider these two objects, A as the sun 

and B as the fluid inside the receptor. 

 

Results 

 

The first relevant result of the methodology 

presented is the reduction of the concentration 

ratio from 1.4 to 1 as shown in equation [26, 25] 

respectively. This is relevant due to the 

definition of equation [5]. 

 

As all rays emerge at a unitary value, the 

concentration ratio should and is unitary as has 

been proved in equation [25]. At the same time, 

the designed concentration ratio shown in 

equation [26] indicates an increment of 0.4. 

However, this increment doesn’t have a practical 

effect. 

 

The same occurs to the second 

concentrator designed as shown in equation [33, 

34], with a reduction of the concentration ratio 

from 2.5 to 1.4 respectively. 

 

According to Roland Winston [2021] the 

closer the theoretical concentration ratio 

becomes to the practical concentration ratio the 

better performance a solar concentrator has. This 

has already been accomplished through the 

invention of parabolic mirrors.  

 

However, to accomplish this, a detailed 

optic analysis of optics aberrations is taken into 

account, and spherical aberration has been 

eliminated. The condition to accomplish this, is 

a condition of use; functionality depends on ray 

tracking. 

 

Therefore, the notable concentration 

ratio reduction in both concentrators, lead us to 

believe ray tracking is not required. 

 

In light of this, a thermal analysis using 

an uncooled infrared focal plane thermal 

imaging sensor camera model UNI-T Uti120S 

was performed. The results are shown in Box 5.  

 

https://re.jrc.ec.europa.eu/pvg_tools/en/tools.html#PVP
https://re.jrc.ec.europa.eu/pvg_tools/en/tools.html#PVP
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An equal temperature between the 

reflective area and the fluid is observable at 41°C, 

the exterior of the receptor shows a temperature 

of 51°C. At the same time, an identical thermal 

image from the reflective area can be observed 

at the center of the receptor. In this manner, Box 

5 exemplifies the fundamental of the 

methodology presented in the section “the 

ellipsoid paradox”. 

 

Secondly an observational analysis was 

performed for the solar concentrator in Box 5. A 

factorial design 6x5 with two study factors [hour 

and position], temperature of the fluid as respond 

variable and co-variables suggested by the 

normativity ASHRAE/ANSI 93-2003 was 

established. The observed data are shown in Box 

6. With this data a critical region punctual 

estimator “F” was use to observed a 

nonsignificant difference between the five 

positions tested. 

 

The positions were calculated to 

determine solar tracking angles for surfaces, 

according to the system of equations provided by 

John A. Duffie, 2013, pg. 20-22 of the reference 

book, as follows. 

 

Position A.- Azimuth tracking and zenith angle 

equal to inclination 𝛽 by hour of use. 

 

Position B.- Azimuth tracking and fixed 

inclination 𝛽. 

 

Position C.- Azimuth fixed south and fixed 

inclination 𝛽. 

 

Position D.- Azimuth tracking and inclination as 

shown in equation [41] 

 

𝜃 = tan 𝛽                                                        [41] 

And position E.- Visual setting. 

Adjustment of the concentrator according to a 

visual linearization of solar rays.  

 

The critical region F estimator shown in 

equation [42] was obtained from tables at a 𝛼 =
5%, 𝑘 = 5 positions, and 𝑁 = 47 observations. 

According to Gutierrez Pulido [2008], an 𝑁 ≥
45  is enough to safely use critical region 

estimators.  

 

The proof of no significance difference is 

performed in equation [44] follow by equation 

[42, 43]. 

 

𝐹0.05,4,42 = 2.60                                            [42] 

                                       

𝐹 𝑓𝑟𝑜𝑚 𝑡𝑎𝑏𝑙𝑒 1 = 1.97                                              [43] 

 

2.6 > 1.97                                                     [44] 

 

To reinforce this conclusion, the boxplot 

shown in figure 6 a] evidenced an equal optical 

performance between a solar tracking use 

[Position A] and a fixed use [Position C]. 

 

All data presented allows us to state 

without a doubt that the mean temperature 

increases between solar tracking use and fixed 

use are equal, for the designed concentrator. 

 

Box 5 
 

 
 

Figure 5 

Digital and thermal images of the unitary 

concentration ratio concentrator. 
      Source: thermal camera mod. UNI-T Uti120S. 
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Box 6 
Table 1 

ANOVA table of solar concentrator in Box 5, obtained 

from Minitab Software. 

Source DF Adj SS Adj MS F-Value 

Model 14 519.930 37.138 4.51 

Co-Variables 5 311.140 62.228 7.56 

Radiation [w/m2] 1 4.115 4.115 0.50 

Fr*Ul 1 5.866 5.866 0.71 

Fr[ta]n 1 4.753 4.753 0.58 

Intensity [Mj] 1 13.344 13.344 1.62 

Efficiency 1 127.189 127.189 15.46 

Linear 9 93.226 10.358 1.26 

HOUR 5 33.090 6.618 0.80 

POSITION 4 64.933 16.233 1.97 

Error 33 271.549 8.229  

Total 47 791.479   

 

Source: Software Minitab22® 

 

Box 7 
 

 
 

Figure 6 

a] Boxplot of optical efficiency versus position of the 

solar concentrator designed with a unitary 

concentration rate. b] Boxplot of efficiency QU and 

optical efficiency by hour of use of the solar 

concentrator in Box 3. c] Boxplot of the parameter 

FRUL by hour of use of the concentrator in Box 3. 

      Source: Software Minitab22® 

After the results of use and functionality 

observed for the solar concentration in Box 5, 

fixed use was selected for a second observational 

analysis under a factorial design 11x6, two study 

factors [day and hour], temperature as the 

respond and co-variables suggested by the 

normativity ASHRAE/ANSI 93-2003. This 

analysis was performed at the solar concentrator 

shown in Box 3. Results are shown in Box 8. 

 

Box 8 
Table 2 

ANOVA table of solar concentrator in Box 3, obtained 

from software Minitab. 

 

Source DF Adj SS Adj MS 
F-

Value 

Model 24 1245.95 51.9145 9.14 

Covariables 8 231.57 28.9462 5.10 

RADIATION 

[w/m2] 
1 77.05 77.0546 13.57 

Intensity [Mj] 1 1.43 1.4285 0.25 

Fr*Ul 1 2.83 2.8253 0.50 

Fr[ta]n 1 9.55 9.5532 1.68 

Transmittance 1 8.99 8.9867 1.58 

Efficiency 1 6.65 6.6452 1.17 

Gain [MJ] 1 48.52 48.5193 8.55 

Loses Ls [MJ] 1 0.60 0.6047 0.11 

Linear 16 617.02 38.5637 6.79 

DAY 11 79.45 7.2224 1.27 

HOUR 5 495.73 99.1461 17.46 

Error 38 215.77 5.6781  

Total 62 1461.71   

 

 

Source: Software Minitab22® 

 

With a 𝛼 = 5%, 𝑘 = 2 time lapses and 

𝑁 = 63  observations. The critical region 

punctual estimator F test evidenced that there is 

a significant difference between the means of the 

temperature increase due to the hour of use. 

Therefore, how to be sure that this significant 

difference is just due to the radiation variations 

during the day? Analyzing the (𝐹𝑅 ∙ 𝑈𝐿) factor is 

the best way to clarify this doubt.  

 

According to an F-Max test for the 
(𝐹𝑅 ∙ 𝑈𝐿)  parameter there is a nonsignificant 

difference between the means of the temperature 

increase due to the parameter (𝐹𝑅 ∙ 𝑈𝐿). Now it 

is observable that despite observing an hourly 

increase in this parameter (𝐹𝑅 ∙ 𝑈𝐿), as shown in 

boxplot of figure 6 c], this increment is only due 

to the radiation variations during the hour. This 

was also confirmed through a significant 

difference Tuckey test. 
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It is also observable at figure 6 b], that 

the efficiency (𝑄𝑢) is consistent during all the 

hours of work, and it presents imperceptible 

variations. 

 

Therefore, it is appropriate to conclude 

that the performance is consistent during the day, 

and the fixed use is the correct type of use to 

consistently transfer thermal energy to the fluid. 

 

Castellanos [2025] proposed a similar 

variables analysis approach through a  

Permutation Feature Importance [PFI] 

method, finding that the variable with greatest 

importance is Direct Normal Irradiation [DNI] 

and temperature and wind velocity have not 

great importance. In more precise terms, thermo 

solar energy flow is strongly related to proper 

orientation. This author attributes the low 

importance of temperature to thermal inertia, 

which can be describe as the capacity of a system 

to retain heat instep of losing it to the 

environment. 

 

When applying ASHRAE/ANSI 93-

2003 normativity, product gain-loss (𝐹𝑅 ∙ 𝑈𝐿) is 

the variable that best describes thermal inertia 

phenomenon. Due to these conclusions 

[Castellanos, 2025 and the presented in this 

paper], (𝐹𝑅 ∙ 𝑈𝐿)  factor states as the best 

decisive variable to corroborate the steady use of 

the design here presented. 

 

Finally, a photograph taken at night is 

shown in Box 9, this picture shows with total 

clarity the airy disk at the focal length. Airy disk 

is the pattern of diffraction of light when best 

focused a spot. 

 

Conclusions 

 

All data analyzed strongly suggest that the 

methodology approach presented is for non-

imaging concentrators. These does not require 

solar tracking for the purpose of transferring 

solar thermal energy to the receptor. 

 

The methodological approach exposed 

shows a remarkable benefit for designing solar 

concentrators. All the designer needs to do is 

provide the desired concentration ratio, the 

receptor geometry available and the rest of the 

variables are cleared by equations and graphic 

methods. 

 

At the same time, the observable 

decrement of the concentration rate will guide 

the designer through the temperature 

expectations before fabricating the concentrator. 

 

To conclude, Madala [2017] discussed 

designs of several solar concentrators include, 

CPC, truncated CPC, cups concentration, prism-

coupled CPC, CCAC, CEC, DCPC, CTIRC, 

DiACPC, CH, trumpet-shaped concentrator, 

polygonal profile concentrator, V-trough profile 

concentrator, TERCS, nonimagine Fresnel lens, 

two-stage and multi-stage nonimagine 

concentrator, and none of this are similar in 

design methodology to the one here presented. 

 

Box 9 
 

 
 

Figure 7 

Airy disk of a normal laser ray pointed at the 

aluminium surface and reflected to the receptor. 
      Source: Digital photography. 
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𝑎′  Concentration area 

𝜃  Acceptance angle 

𝜂𝑖  Efficiency 

a Aperture area 

𝐴𝑐   Reflective area 

CPC Compound parabolic concentrator 

D Receptor diameter 

𝑓  Focal length 

𝐹𝑅𝑈𝐿  Gain-Loss product 

GP Geometric parameters 

𝐺𝑏  Beam radiation 

𝐺𝑑  Diffuse radiation 

𝐺𝑇  Total incident radiation 

h Height 

L Receptor longitude 

𝜂𝑖   Efficiency 

𝑄𝑈  Thermal performance or Thermal 

efficiency 

𝑅𝑏   Geometric factor 

𝜏𝑎𝑣  Average transmittance 

𝑇𝑖   Inlet temperature 

𝑇𝑎   Ambient temperature 
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Abstract 
 

The study evaluates the impact of Erbium Phthalocyanine [ErPc] coatings on 
flat-plate solar heaters with different glass covers. SEM analysis revealed 

high-purity ErPc with nanospherical morphology, enhancing solar radiation 

absorption. However, agglomerates and nanowires may affect optical and 

thermal properties, highlighting the need for improved film uniformity. Solar 

heaters with ErPc coatings showed higher initial absorber plate temperatures, 

suggesting enhanced energy capture, but also exhibited temperature declines 

over time, indicating complex heat transfer dynamics. Polished glass allowed 

greater solar transmittance but increased thermal emissivity and heat loss, 

while unpolished glass better retained heat despite lower initial transmittance. 

The ErPc film modulated thermal response, possibly absorbing infrared 

radiation, but its full effect requires further study. The findings suggest that 

selective coatings like ErPc could improve solar heater efficiency, though 

optimizing film deposition, thorough thermal characterization, and long-term 

performance assessments under varying conditions are necessary for practical 

application. 

 

 
Solar water heater, Thin film deposition, Ultrasonic 

spray pyrolysis 

Resumen  
 
El estudio analiza el impacto de recubrimientos de ftalocianina de erbio [ErPc] 

en calentadores solares de placa plana con diferentes vidrios. El análisis SEM 

mostró ErPc de alta pureza con morfología nano esférica, que mejora la 

absorción solar. Sin embargo, aglomerados y nano hilos pueden afectar las 

propiedades ópticas y térmicas, por lo que se requiere mayor uniformidad en 

la película. Los calentadores con ErPc presentaron temperaturas iniciales más 

altas en la placa absorbedora, indicando mejor captación energética, pero 

luego hubo una disminución térmica, reflejando dinámicas complejas de 

transferencia de calor. El vidrio pulido permitió mayor transmitancia solar, 

pero aumentó las pérdidas térmicas, mientras que el vidrio sin pulir retuvo 

mejor el calor pese a menor transmitancia. La película de ErPc moduló la 

respuesta térmica, posiblemente absorbiendo infrarrojo, aunque su efecto 

completo requiere más estudio. Estos resultados sugieren que ErPc puede 
mejorar la eficiencia solar, pero se necesitan optimizaciones y evaluaciones a 

largo plazo para su aplicación. 

 

 
Calentador de agua solar, depósito de películas 

delgadas, espray pirolisis ultrasónico 

 

Area: Dissemination of and universal access to science 

 

Citation: Montaño-Ramales, Marvin-Omar, Cuate-Gómez, Diego-Hernán, Garzón-Román, Abel and Sosa-Sánchez, José-

Luis. [2025].  Performance evaluation of a flat-plate solar collector with polished, unpolished, and erbium Phthalocyanine-

Coated Glass. Journal Innovative Design. 9[19]1-11: e2919112. 

 

 

ISSN 2523-6830/© 2009 The Authors. Published by ECORFAN-México, S.C. for its 

Holding Taiwan on behalf of Journal Innovative Design. This is an open-access article under 

the license CC BY-NC-ND [http://creativecommons.org/licenses/by-nc-nd/4.0/] 

 

Peer review under the responsibility of the Scientific Committee MARVID
®

- in the 

contribution to the scientific, technological and innovation Peer Review Process through 

the training of Human Resources for the continuity in the Critical Analysis of International 

Research. 

 

https://ror.org/02fxyjz60
https://www.webofscience.com/wos/author/record/OAL-1249-2025
https://orcid.org/0009-0005-9821-7543
https://ror.org/03qcx5k62
https://www.webofscience.com/wos/author/record/GPP-1425-2022
https://orcid.org/0000-0003-1741-0009
https://miic.conacyt.mx/generador-view-angular/index.html?application=CVU#/210010000000070/0/210010000000106/CVUPLAPHome/210010000001900
https://ror.org/03p2z7827
https://www.webofscience.com/wos/author/record/KLZ-0626-2024
https://orcid.org/0000-0002-9412-9432
https://miic.conacyt.mx/generador-view-angular/index.html?application=CVU#/login
https://ror.org/03p2z7827
https://www.webofscience.com/wos/author/record/NVM-5257-2025
https://orcid.org/0000-0003-4663-6955
https://miic.conacyt.mx/generador-view-angular/index.html?application=CVU#/login
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://www.marvid.org/
https://crossmark.crossref.org/dialog/?doi=10.35429/JID.2025.9.19.2.1.12&domain=pdf&date_stamp=2025-12-30


2 

Journal Innovative Design                                        9[19]1-12: e2919112 

Article 

 

 ISSN: 2523-6830 

RENIECYT: 1702902 

ECORFAN® All rights reserved. 

 

Montaño-Ramales, Marvin-Omar, Cuate-Gómez, Diego-Hernán, Garzón-

Román, Abel and Sosa-Sánchez, José-Luis. [2025].  Performance evaluation 

of a flat-plate solar collector with polished, unpolished, and erbium 

Phthalocyanine-Coated Glass. Journal Innovative Design. 9[19]1-11: 

e2919112. 

https://doi.org/10.35429/JID.2025.9.19.2.1.12 

Introduction 

 

In recent decades, solar thermal energy systems 

have surged in importance, driven by an urgent 

call to address climate change, a strong desire to 

reduce our dependence on fossil fuels, and an 

ever-growing need for sustainable energy 

sources. Among the most popular technologies 

for capturing the sun's energy are flat-plate solar 

collectors [FPCs], celebrated for their elegant 

simplicity, affordability, and remarkable 

efficiency in providing hot water [1]. These 

systems have become the focus of extensive 

research aimed at optimizing their thermal 

performance through innovative materials, 

coatings, and geometric designs [2,3]. 

 

At the heart of these systems lies the 

glass cover, an essential component that directly 

influences overall efficiency. This glass acts as a 

welcoming gateway for solar radiation while 

diligently minimizing heat loss to the 

surrounding environment through convection 

and radiation [4]. The type of glass used can 

greatly vary in treatment and optical properties, 

profoundly impacting its capacity to capture 

solar energy and curb thermal losses. Common 

choices include polished glass, known for its 

sleek and shiny surface, unpolished glass with its 

subtle texture, and the more recent innovation of 

glass coated with advanced thin films such as 

phthalocyanine, which has shown remarkable 

potential for enhancing the efficacy of solar 

devices [2]. 

 

Phthalocyanine, an intriguing organic 

compound from the azo dye family, has captured 

the attention of scientists with its remarkable 

optical and electronic characteristics, making it 

an ideal candidate for both photovoltaic devices 

and solar thermal collectors [5]. When thin films 

of phthalocyanine are applied to glass, they serve 

as a selective barrier that not only permits a 

generous amount of solar radiation to enter but 

also minimizes thermal emissions, ultimately 

boosting the system's thermal efficiency [6]. 

 

Polished glass, a staple choice for FPC 

covers, boasts a smooth and strikingly 

transparent facade that allows a maximum influx 

of solar energy [7]. However, its notable 

drawback lies in its high thermal emissivity, 

which can lead to significant heat loss to the 

surroundings [8].  

 

In contrast, unpolished glass features a 

rough, opaque texture that may hinder 

transmissivity but provides improved thermal 

retention due to lower emissivity [8,9]. 

 

The decision between polished and 

unpolished glass revolves around the delicate 

balance of maximizing solar radiation capture 

while minimizing thermal losses [4,10].  

 

Research has illustrated that in colder 

climates, unpolished glass might prove to be 

more favourable due to its heat-retaining 

capabilities. Conversely, in warmer regions, 

polished glass often emerges as the superior 

choice, allowing for a vibrant influx of solar 

energy [10]. 

 

Moreover, phthalocyanine films, 

celebrated for their strong absorption of solar 

radiation, function as selective filters. They 

permit the passage of visible sunlight while 

effectively curtailing infrared thermal emissions, 

resulting in enhanced heat retention [11]. 

 

The FPCs, introducing a layer of 

phthalocyanine onto the glass presents an 

exciting opportunity to elevate system efficiency 

by mitigating thermal losses without 

compromising the glass’s solar radiation 

transmission [11]. Recent studies have unveiled 

that such coatings could potentially augment the 

thermal efficiency of solar systems by as much 

as 20%, marking a momentous stride in the quest 

to optimize solar energy technologies [8]. 

 

Methodology 

 

Deposition of Erbium Phthalocyanine on 

Polished and Unpolished Glass:  

 

The meticulous process of conducting a 

"Performance Evaluation of a Flat-Plate Solar 

Collector with Polished, Unpolished, and 

Phthalocyanine-Coated Glass" begins with four 

carefully selected glass plates, each measuring 

14 cm × 24 cm, specifically designed to capture 

and absorb solar radiation. 

 

The journey begins with the first glass 

plate, which undergoes a rigorous surface 

polishing process using a 600-grit wet sandpaper. 

For an intensive 80 minutes, the glass surface 

was polished with precision, moving in a single, 

consistent direction from the top to the bottom.  
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This process involved meticulously 

sanding from left to right, progressively 

advancing downward until the glass’s bottom 

edge was reached, and then seamlessly starting 

again at the top. This careful repetition ensured 

a flawlessly smooth surface, with the sandpaper 

continuously soaked in water to maintain its 

effectiveness throughout. The same process was 

meticulously replicated on a second glass plate, 

which would eventually receive the 

phthalocyanine application. 

 

Once the glass plates were expertly 

prepared, one unpolished and one polished plate 

were set aside for the application of erbium 

phthalocyanine. The deposition of 

phthalocyanine was executed with finesse using 

a nano-mister, which was affixed to a 3D printer, 

orchestrating a zigzag pattern that danced across 

the 14 cm × 24 cm glass plate [See Figure 1]. 

 

Box 1 

 

 
Figure 1 

Movement Design for Depositing 

Phthalocyanine on the 24 × 14 cm Glass 

Plates. 

 

This innovative deposition design was 

crafted with the help of Fusion 360 and then 

seamlessly imported into a 3D printing 

preparation software, Cura. Once the design was 

perfected, 2 grams of Erbium Phthalocyanine 

were meticulously dispersed in 44 ml of 98% 

grade alcohol using an ultrasonic bath [see 

Figure 2a]. This thoughtfully prepared mixture 

was then skillfully applied using the nano-mister 

installed on the 3D printer, ensuring an even 

distribution of the solution across the glass plates. 

 

Before applying the phthalocyanine 

solution, each glass plate underwent a thorough 

decontamination process with acetone [see 

Figure 2b] and alcohol. These cleaning agents 

were applied to absorbent paper, and the glass 

was meticulously cleaned to eradicate any 

smudges or fingerprints, ensuring a pristine 

surface.  

This critical decontamination step was 

executed on all four glass plates, with particular 

attention given to the unpolished and polished 

plates designated for the coating. 

 

Box 2 

 

 
Figure 2 

a] Phthalocyanine solution in alcohol in an 

ultrasonic bath, b] materials for deposition of 

thin films of erbium phthalocyanine. 

 

Following the decontamination, the 

Kingroon KP5L 3D printer was readied for 

action by preheating its bed to a warm 65°C and 

leveling it to a height of 2 cm from the nano-

mister. The extruder and its cooling fan were 

intentionally disabled to prevent any disturbance 

during the delicate application process. The 

travel speed of the printer was manually 

calibrated to 50% for optimal control. With the 

setup complete, a glass plate was positioned on 

the heated bed, and the application process 

commenced, maintaining a consistent flow for 

120 minutes [see Figure 3]. 

 

Box 3 

 

 
Figure 3 

Thin film deposition of erbium 

phthalocyanine dispersed in alcohol. 

 

The results of this intricate process are 

strikingly illustrated in Figure 4, showcasing the 

deposition of phthalocyanine on both polished 

and unpolished glass plates.  

 

a)                b) 
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The zigzag pattern of the deposit is 

vividly reflected in the sunlight, while the 

attenuation effects of the phthalocyanine coating 

are markedly more pronounced on the polished 

glass surface. 

 

Box 4 

 

 
Figure 4 

Deposition Pattern of erbium phthalocyanine 

Fabrication of the Flat-Plate Solar Collector 

 

Following the meticulous deposition of 

phthalocyanine onto each of the two glass plates, 

the next critical phase in fabricating the flat-plate 

solar collector began. This stage involved 

constructing a robust base designed to securely 

hold the glass plates, which would subsequently 

be adhered and sealed tightly in place, as 

depicted in Figure 5a and 5b. 

 

Box 5 

 

 
Figure 5 

Gluing the glass plate to the base containing 

the copper tubing coil of the flat-plate solar 

collector. 

 

The solar collector was ingeniously 

designed using a standard one-gallon plastic jug, 

which served as the main housing for the water 

accumulator, alongside Styrofoam insulation, a 

stable supporting base, and intricate copper 

tubing for fluid circulation. The copper tubing, 

essential for transferring heat, was carefully 

glued to a solid aluminium base.  

 

This aluminium platform provided 

optimal conductivity and stability, ensuring that 

the glass absorber plates were securely 

positioned atop it. Each of the four glass plates—

two polished and two phthalocyanine-coated—

was installed with precision, ensuring a snug fit 

that maximized both structural integrity and 

thermal performance. 

 

To enhance thermal retention within the 

system, each gallon jug was encased in 

Styrofoam insulation. This insulating layer 

served a dual purpose: it minimized heat loss to 

the surrounding environment and maintained a 

consistently high temperature for the water 

contained within.  

 

In addition to the base construction and 

insulation, the process also required careful 

planning for fluid dynamics. Two strategically 

placed holes were drilled into the upper portion 

of each jug, facilitating the connection of the 

copper tubing. This design allowed for a 

continuous flow of water in and out of the system, 

ensuring effective heat exchange. The copper 

tubing, arranged in a coil to maximize surface 

area exposure, enabled the efficient circulation 

of water, which would absorb solar heat through 

the glass plates.  

 

The entire assembly was meticulously 

designed to ensure practicality and functionality, 

prioritizing thermal efficiency and ease of use, 

as illustrated in Figure 6. This comprehensive 

approach aimed at creating an optimal flat-plate 

solar collector that harnessed solar energy 

effectively while maintaining ideal thermal 

conditions for the collected water. 

 

Box 6 

 

 
Figure 6 

Solar collector with its respective glass plate, 

which was positioned on an aluminum base 

with a copper tube coil. 

 

a)                b) 
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Results 

 

Figure 7a showcases the intricate details 

captured in the mass spectrometry 

characterization, revealing the striking 

molecular ion of erbium phthalocyanine at 679 

m/z [12], [13]. In figure 7 a comprehensive array 

of characterizations of ErPc unfolds, shedding 

light on the meticulous synthesis and 

purification processes that yield an exceptionally 

high-quality ErPc powder. Figure 7b presents 

the Fourier-transform infrared [FT-IR] spectrum 

of ErPc, where the phthalocyanine macrocycles 

resonate with a symphony of vibrational modes 

between 400 and 1800 cm⁻¹. The peaks in this 

spectrum are often described as an IR fingerprint, 

each distinct peak reflecting the unique 

characteristics of phthalocyanine [6].  

 

Within the spectrum, peaks around 400–

600 cm⁻¹ signify out-of-plane C–C–C bending, 

while peaks ranging from 700–735 cm⁻¹ 

highlight the out-of-plane C–H vibrations, 

evoking a sense of structural intricacy. 

Additionally, the peaks located between 750–

1040 cm⁻¹ correlate with outer-plane C–H 

bending, and the subtle in-plane C–H bending 

manifests at 1050–1080 cm⁻¹. A delicate, low-

intensity band nestled between 1396–1407 cm⁻¹ 

reveals the vibrations of the C=C–N group, 

which comprises interatomic fragments from 

pyrrole and nitrogen. Meanwhile, strong bands 

between 1300–1350 and 1400–1500 cm⁻¹ 

resonate with the stretching vibrations of the 

isoindole segment, which includes the elegant 

structures of pyrrole and benzene residues. 

 

Mass spectrometry serves as a powerful 

validating tool, confirming the presence of the 

characteristic molecular ion of erbium 

phthalocyanine at 679 m/z and attesting to the 

successful synthesis of this compound. This 

analytical technique excels in the identification 

and characterization of organic compounds, 

allowing for precise determinations of molecular 

mass and composition. The compelling results 

illustrate that the synthesis and purification of 

erbium phthalocyanine lead to a high-quality 

powder, primed and ready for further research 

and applications [14]. 

 

The analysis via Fourier-transform 

infrared [FT-IR] spectroscopy unfolds a 

narrative of molecular vibrations that eloquently 

describe the uniqueness of erbium 

phthalocyanine. The peaks observed within the 

400–1800 cm⁻¹ range correspond to diverse 

vibrational modes, characteristic of the distinct 

phthalocyanine structure [14]. These vibrational 

modes play a crucial role in identifying and 

confirming the presence of specific functional 

groups within the molecule. The peaks perceived 

in the FT-IR spectrum align seamlessly with 

those typical of phthalocyanine, presenting an 

unmistakable fingerprint that affirms its 

molecular identity [15]. 

 

The peaks that signify out-of-plane C–C–

C bending and out-of-plane C–H vibration 

emerge as evidence of phthalocyanine rings 

nestled within the ErPc molecular structure. 

Alongside this, the peaks related to C–H bond 

bending and vibration eloquently suggest the 

existence of hydrocarbon groups entwined in the 

intricate structure. Moreover, the low-intensity 

band at 1396–1407 cm⁻¹ resonates with 

interatomic fragments of pyrrole and nitrogen, 

further substantiating the structure of erbium 

phthalocyanine. The detection of stretching 

vibrations from the isoindole segment magnifies 

the presence of pyrrole and benzene residues, 

weaving a richer narrative around the ErPc 

molecule [14], [15]. 

 

Mass spectrometry validates the 

presence of the characteristic molecular ion, 

while the FT-IR spectrum unveils the specific 

molecular vibrations, painting a vivid picture of 

the elegant complexities associated with erbium 

phthalocyanine. 

 

Box 7 
 

 
Figure 7 

Title: a] Mass spectrum of ErPc powder, and 

b] FT-IR transmittance spectrum of an ErPc 

thin film deposited on a crystalline silicon 

substrate. 
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Figure 8 vividly captures the absorption 

spectra derived from the Erbium Phthalocyanine 

[ErPc] thin film elegantly deposited on a glass 

substrate. The striking Soret band [B] emerges 

between 339–391 nm, dancing within the 

ultraviolet spectrum and showcasing the unique 

characteristics of the phthalocyanine molecule. 

This absorption feature, a hallmark of π–π* 

transitions, illustrates the dynamic excitation of 

electrons within the molecule's intricate orbital 

structures. Known for its exceptionally high 

molar absorptivity, the B band serves as a mirror 

reflecting the rich electronic architecture and the 

extensive conjugation length inherent to the 

phthalocyanine macrocycle. 

 

In addition to this captivating Soret band, 

the Q band makes its presence felt, gracing the 

visible spectrum with a range from 550 to 750 

nm. This band, too, is steeped in π–π* transitions, 

enriching our understanding of the electronic 

nuances of the ErPc molecule. Interestingly, the 

Q band may exhibit a phenomenon known as 

Davydov splitting, where it divides into multiple 

sub-bands. This intriguing effect arises from the 

interplay of intermolecular interactions within 

the crystal's lattice structure, transforming 

electronic transitions into a cascade of spectral 

signatures. In this particular evaluation, two 

distinct sub-bands have been unveiled: Q₁, 

which gracefully spans from 608 to 639 nm, and 

Q₂, ranging from 654 to 677 nm [16]–[18]. 

 

Box 8 

 

 
Figure 8 

Absorption spectrum of the erbium 

phthalocyanine thin film deposited on a glass 

substrate. 

 

Figure 9 captures the intricate beauty of 

scanning electron microscopy [SEM] 

micrographs, showcasing the Erbium 

Phthalocyanine [ErPc] thin films meticulously 

deposited on crystalline silicon substrates. The 

visual representation reveals a captivating 

nanosphere-like morphology, with particles 

exhibiting diverse sizes ranging from a delicate 

18 to an impressive 196 nanometers [12], [6]. 

In Figure 9a the micrograph presents a 

stunning panorama of nanospheres, uniformly 

scattered across the entire substrate surface like 

a pristine blanket of tiny pearls. This carefully 

orchestrated deposition process has engendered 

a harmonious arrangement of ErPc particles, 

culminating in a smooth and consistent thin film. 

Such uniformity is paramount, as it ensures not 

only aesthetic appeal but also reliable 

performance characteristics essential for various 

applications. 

 

In contrast, Figure 9b unveils a close-up 

of specific regions where agglomerations of 

ErPc nanospheres come into view. These 

clusters, reminiscent of playful constellations, 

form due to the nuances of the deposition 

technique employed. Factors such as the 

intricate dynamics of deposition rate, the 

delicate dance of solvent evaporation, and the 

interactions at the substrate surface all play 

pivotal roles in creating these fascinating 

formations. While these agglomerations might 

introduce a hint of heterogeneity, they also 

possess the potential to influence crucial 

material properties, such as charge transport and 

optical response, adding layers of complexity to 

the thin film’s behavior [19]. 

 

The art of controlling and optimizing the 

deposition process cannot be overstated; it 

serves as a gateway to achieving the desired film 

morphology while minimizing the occurrence of 

these intriguing clusters. By meticulously fine-

tuning the deposition parameters and techniques, 

one can unlock the potential for enhanced 

uniformity, steering the creation of thin films 

toward unrivaled efficiency and performance in 

practical applications. 

 

Box 9 

 

 
Figure 9 

SEM micrographs of ErPc thin films 

deposited on silicon substrates. 

 

In Figure 10a the SEM micrograph 

reveals the pristine surface of the glass substrate, 

showcasing it in its untouched state, devoid of 

any erbium phthalocyanine deposition.  
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The clarity of the image accentuates the 

glass's smoothness, serving as a stark contrast to 

the subsequent figures. 

 

Moving to Figure 10b, the 

transformation is striking; here, the deposition of 

erbium phthalocyanine on an unpolished glass 

substrate comes to life. This micrograph displays 

a captivating panorama of ErPc particles, 

illustrating a uniform distribution that blankets 

the entire surface like a delicate layer of frost. 

Yet, amidst this harmonious spread, clusters of 

ErPc particles emerge, forming agglomerations 

that hint at the complexity of the deposition 

process. In this image, one can also discern the 

presence of elegant nanowires, elegantly 

sculpted by ErPc crystals, adding a dynamic 

texture to the substrate [20]. 

 

Figure 10c offers a glimpse into the 

polished glass substrate, where the effects of the 

polishing process are prominently displayed 

through distinct striations. These visible lines 

echo the craftsmanship involved in preparing the 

glass, revealing a surface that is both refined and 

intricate. Here, the deposition of ErPc manifests 

as a carpet of agglomerations, blanketing the 

substrate while small ErPc nanospheres peek 

through in select areas, contributing to the visual 

complexity. It is noteworthy that the polishing 

process has left behind microcracks on the glass 

surface—minute imperfections that contrast 

with the otherwise sleek appearance.  

 

Nevertheless, the nanoscale size of the 

ErPc particles ensures that the deposition has 

effectively cloaked these imperfections, 

resulting in comprehensive coverage over the 

entire area. 

 

Box 10 
 

 

 
Figure 10 

SEM micrographs of ErPc films deposited on: 

a] glass substrate as reference, b] unpolished 

glass, and c] polished glass. 

The data captured in Figures 11a–d 

vividly illustrates the thermal performance of a 

flat-plate solar collector under varying glass 

configurations, all while maintaining a 

consistent 3-liter water level. 

 

Figure 11a reveals the dynamics of the 

solar collector outfitted with a polished glass 

plate, void of erbium phthalocyanine deposition. 

At the outset of the experiment [time 0], the 

water temperature is a crisp 22.4 °C, while the 

polished glass plate basks in the sun’s warmth at 

43 °C. Over the next hour, the water temperature 

embarks on a gradual ascent, finally reaching a 

mild 30 °C. In stark contrast, the plate 

temperature dances with fluctuations, initially 

soaring to a peak of 48 °C within the first ten 

minutes before gracefully descending to 40.4 °C 

by the conclusion of the test. Notably, 

throughout this period, the plate maintains a 

steady superiority in temperature compared to 

the water. 

 

In Figure 11b, the scene shifts to polished 

glass adorned with erbium phthalocyanine 

deposition. Here, the journey begins with the 

water temperature at a cooler 22 °C, while the 

plate revels in a higher initial temperature of 52 

°C. The water warms steadily, climbing to 29.1 

°C over the 60 minutes.  

 

Meanwhile, the plate temperature ebbs 

and flows with minor fluctuations, concluding at 

41 °C. Consistently, throughout this testing 

phase, the plate temperature remains strikingly 

elevated compared to its aquatic counterpart. 

 

Turning to Figure 11c, we encounter the 

unpolished glass panel, again devoid of 

phthalocyanine deposition. At time 0, the water 

sets off at a slightly higher initial temperature of 

22.6 °C against a starting plate temperature of 47 

°C. Over the course of the measurement, the 

water temperature steadily rises, ultimately 

reaching 28.9 °C after an hour. The plate 

temperature, amidst a subtle display of 

fluctuations, begins robust but settles at 44 °C, 

solidifying its status as consistently warmer than 

the water through the entire test duration. 

 

Finally, Figure 11d examines the 

combination of unpolished glass with the 

addition of erbium phthalocyanine deposition. 

The initial readings show the water temperature 

at a gentle 22 °C, while the plate basks at 52 °C.  
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As the experiment unfolds, the water 

temperature gradually edges up to 28.9 °C by the 

end of the 60 minutes.  

 

Meanwhile, the plate temperature 

experiences a slight decline to 42.2 °C, with 

subtle fluctuations along the way. Once again, 

the plate exhibits a predominant warmth 

compared to the water temperature throughout 

the measurement period [21]-[23]. 

 

Box 11 
 

 

 
Figure 11 

Title: Characterizations of the flat-plate solar 

water heater with different glass plates and a 

3-liter water container: a] polished glass 

without erbium phthalocyanine deposition, b] 

polished glass with erbium phthalocyanine 

deposition, c] unpolished glass without 

erbium phthalocyanine deposition, and d] 

unpolished glass with erbium phthalocyanine 

deposition. 

 

Figures 12a–d provide a detailed 

exploration of the thermal characteristics of a 

flat-plate water heater, calibrated to a water level 

of 6 liters. 

 

In Figure 12a, the polished glass plate 

without erbium phthalocyanine deposition sets 

the stage. At the onset of the experiment [time 0], 

the water temperature begins at a snug 28 °C 

while the plate revels in a warm 45 °C. Over the 

course of the next hour, the water temperature 

gently climbs to 31.5 °C.  

 

The plate temperature, however, 

showcases a dynamic display: it ascends to a 

peak of 47 °C at the 5-minute mark before 

gradually decreasing to 43.3 °C at the 

experiment’s conclusion. Throughout this 

observation, the plate temperature consistently 

outshines the water temperature. 

 

Figure 12b shifts to the polished glass 

enhanced with erbium phthalocyanine 

deposition. Here, the initial water temperature 

registers at a slightly warmer 30.2 °C, while the 

plate temperature starts at a robust 49 °C. As the 

minutes pass, the water temperature experiences 

a modest rise, reaching 33.2 °C at the 60-minute 

mark. Meanwhile, the plate temperature dances 

between 44.5 °C and 49 °C, closing the 

measurement period at 46.1 °C. Once again, the 

plate maintains a higher temperature compared 

to the water throughout the entire evaluation. 
 

The focus moves to Figure 12c, 

showcasing the unpolished glass devoid of any 

phthalocyanine coating. The initial conditions 

reveal a water temperature of 28 °C alongside a 

starting plate temperature of 45 °C. Following 

the hour, the water temperature steadily 

increases to 31.1 °C, while the plate temperature 

experiences a slight dip from 45 °C to 44 °C, 

punctuated by minor fluctuations. The plate 

remains consistently elevated above the water 

temperature throughout this segment. Figure 12d 

presents the unpolished glass coated with erbium 

phthalocyanine. At the outset, the water 

temperature reads 29.7 °C, and the plate 

temperature basks at 50 °C. As the time 

progresses, the water temperature creeps upward 

to 32.6 °C by the end of the 60 minutes. The plate 

temperature, starting at its peak of 50 °C, 

gradually declines to 44.7 °C by the experiment's 

close, capturing a peak of 48.2 °C at the 40-

minute mark. Consistently throughout this 

measurement, the plate temperature remains 

significantly higher than the water temperature, 

solidifying its pivotal role in enhancing thermal 

retention. 
 

Box 12 

 

 

 
Figure 12 
Characterizations of the flat-plate solar water heater 

with different glass plates and a 6-liter water container: 

a] polished glass without erbium phthalocyanine 

deposition, b] polished glass with erbium 

phthalocyanine deposition, c] unpolished glass without 

erbium phthalocyanine deposition, and d] unpolished 

glass with erbium phthalocyanine deposition. 
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Figures 13a–d vividly showcase the 

thermal dynamics of the flat-plate water heater, 

tailored to hold a generous 9 liters of water, 

while highlighting various glass types and 

coatings employed in the experiment. 

 

Figure 13a depicts the polished glass 

devoid of erbium phthalocyanine deposition. At 

the outset, the water temperature is a cool 24 °C, 

while the shimmering surface of the plate 

registers a warmer 42 °C. As time unfolds, the 

water temperature gradually climbs to a modest 

26.3 °C after a span of 60 minutes. The plate 

temperature exhibits a series of fluctuations, 

dancing up to a peak of 45.9 °C at the 40-minute 

mark before descending to 38.1 °C by the end of 

the hour. Notably, throughout this thermal 

journey, the plate maintains a consistent 

dominance over the water temperature, 

capturing the sun’s warmth more effectively. 

 

Figure 13b introduces the polished glass 

now enhanced by the application of erbium 

phthalocyanine. Here, the initial water 

temperature begins at a slightly higher 25.5 °C, 

with the plate radiating heat at 45 °C. Over the 

course of 60 minutes, the water temperature 

experiences a gentle ascent to 27.9 °C, while the 

plate temperature fluctuates between 45 °C and 

46.8 °C, ultimately settling at a cooler 40 °C. 

During this evaluation, the plate temperature 

remains steadfastly higher than that of the water, 

emphasizing its effectiveness in harnessing solar 

energy. 

 

Figure 13c reveals the story of 

unpolished glass without the phthalocyanine 

coating, where the experiment begins with the 

water at a baseline of 24.6 °C and the plate at a 

warm 45 °C. After one hour, the water 

temperature rises to 26.8 °C, yet the plate, once 

holding steady, cools down to 36.8 °C, 

illustrating some variability in its thermal 

retention. Despite this decrease, the plate 

temperature continues to hover above that of the 

water, showcasing its lasting ability to absorb 

heat. In Figure 13d, the unpolished glass now 

boasts the addition of erbium phthalocyanine.  
 

The initial conditions present a water 

temperature of 26.5 °C and a plate temperature 

radiating at 48.7 °C. As the minutes tick by, the 

water temperature swells to 28.5 °C by the 60-

minute mark, while the plate temperature sees a 

slight decline to 48 °C. Remarkably, it peaks at 

an impressive 50 °C at the 20-minute mark 

before stabilizing.  

Throughout this testing period, the plate 

temperature reigns supreme, far surpassing the 

water's warmth and underscoring the efficiency 

of the phthalocyanine coating. 

 

Box 13 

 

 

 
 

Figure 13 

Title: Characterizations of the flat-plate solar 

water heater with different glass plates and a 

9-liter water container: a] polished glass 

without erbium phthalocyanine deposition, b] 

polished glass with erbium phthalocyanine 

deposition, c] unpolished glass without 

erbium phthalocyanine deposition, and d] 

unpolished glass with erbium phthalocyanine 

deposition. 

 

Conclusions 

 

The composition of a flat-plate solar heater’s 

cover material, along with the application of 

selective coatings, plays a critical role in 

determining its overall performance. A thorough 

analysis of Erbium Phthalocyanine [ErPc] 

established that the material is of high purity, 

boasting a nanospherical morphology as 

observed through Scanning Electron 

Microscopy [SEM]. 

 

 This structure suggests a significant 

surface area, which is essential for capturing 

solar radiation effectively. However, the 

presence of agglomerates and nanowires seen in 

some deposits may influence the optical and 

thermal properties of the coating. Consequently, 

it’s important to control a broader range of 

parameters to enhance the uniformity of the film. 

 

When assessing the performance of solar 

heaters with varying cover types, it becomes 

evident that the incorporation of ErPc correlates 

with a trend toward achieving a higher initial 

temperature of the absorber plate.  
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This could imply enhanced efficiency in 

harnessing solar energy. Nevertheless, the data 

also reveals a consistent decline in the plate's 

temperature during the ErPc tests, suggesting 

that heat may be transferred more efficiently to 

the water or that different heat dissipation 

mechanisms are in play compared to systems 

without coatings. 

 

In detail, polished glass, characterized by 

its comparatively high transmittance within the 

solar spectrum, effectively allows radiation to 

penetrate into the chamber. However, this 

increased transmittance may also lead to higher 

thermal emissivity, potentially resulting in 

greater long-term heat losses.  

 

In contrast, unpolished glass—though it 

exhibits slightly reduced initial transmittance—

may prove more effective in retaining heat due 

to its lower emissive properties, particularly 

evident in the later stages of measurement. 

 

The thin ErPc film applied to both 

polished and unpolished glass seems to modulate 

the thermal response of the system. The elevated 

surface temperature observed on the plate 

suggests greater absorption of solar radiation, 

possibly within the infrared spectrum, as 

indicated by preliminary observations. 

 

 However, the subsequent drop in plate 

temperature over time prompts a re-evaluation of 

the energy balance considerations, 

encompassing factors such as the heat 

transferred to the water, convection and 

radiation losses, and the specific spectral 

characteristics of the ErPc film in the thermal 

emission range of the absorber. 

 

This investigation highlights the 

potential for utilizing selective coatings like 

Erbium Phthalocyanine to enhance the efficacy 

of flat-plate solar collectors through various 

glass cover options. While the initial results 

appear promising regarding improved energy 

capture, further experimental work is warranted.  

 

This should include controlled 

measurements of water temperature under 

standardized solar illumination conditions, 

varied ambient temperatures, and wind 

influences. Additionally, a comprehensive 

analysis of the system's efficiency and heat loss 

dynamics is essential.  

 

Future development efforts should focus 

on optimizing the ErPc deposition process to 

produce more homogeneous films, accurately 

characterizing the radiation properties of the 

ErPc coating, and assessing its impact on 

thermal performance across relevant 

wavelengths for solar heating applications.  

 

Long-term evaluations across various 

climatic conditions are also crucial to 

understanding the technology's potential and the 

system's operational viability year-round. 
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Abstract                 
 
Currently, electric and hybrid vehicles have enjoyed greater consumer 

acceptance, as reflected in global sales figures from the International 

Energy Agency [IEA]. Therefore, this work proposes the conceptual 

design of a prototype of a battery pack with BYD Blade prismatic cells 

and A123ANR26650 cylindrical battery pack through Battery Builder 

MATLAB tools and CAD software for a BYD Dolphin 2024 EV vehicle. 

Applying these tools, virtual prototypes of a prismatic battery pack and a 

cylindrical battery pack were modeled, which achieve the energy storage 

requirements indicated in the vehicle's technical data sheet. A 

comparison is also made between the two packs based on the number of 

cells required, weight, and dimensions of the battery tray. 

 
Goals  Methodology  Contribution 
* Design a virtual 

prototype of a 

prismatic cell 

battery pack and a 

cylindrical cell 

battery pack. 

* Apply Battery 

Builder tools, 

MATLAB, and 

CAD software. 

 * Energy storage 

analysis. 

* Analysis of the 

cell arrangement 

for the battery 

pack. 

* Battery pack 

modeling with 

the Battery 

Builder 

MATLAB tool 

and CAD 

software. 

 

 * Battery pack 

development 

using the 

MATLAB 

Battery Builder 

tool and 3D 

software. 

 

Battery pack, Battery Builder MATLAB, CAD 

software 

 

Resumen  
 
Actualmente, los vehículos eléctricos e híbridos han tenido una mayor aceptación 

de los usuarios, estos datos se ven reflejado en las ventas a nivel mundial según 

datos de la Agencia Internacional de Energía [IEA]. Por lo anterior, en este trabajo 

se propone el diseño conceptual de un prototipo de un paquete de baterías con celdas 

prismáticas BYD Blade y un paquete de baterías cilíndricas A123ANR26650 a 

través de herramientas de Battery Builder MATLAB y software de CAD para un 

vehículo EV Dolphin 2024 de BYD. Al aplicar estas herramientas, se modelaron 

prototipos virtuales de un paquete de baterías prismáticas y un paquete de baterías 

cilíndricas, que cumplen con los requerimientos de almacenamiento de energía 

indicados en la ficha técnica del vehículo. Por otro lado, se hace la comparativa 

entre ambos paquetes de la cantidad de celdas requeridas, peso y dimensiones de la 

bandeja del paquete de baterías. 

 

Objetivo  Metodología  Contribución 
* Diseñar un 

prototipo virtual 

de paquete de 

baterías de celdas 

prismáticas y un 

paquete de 

baterías de celdas 

cilíndricas. 

* Aplicar 

herramientas de 

Battery Builder 

MATLAB y 

software de CAD. 

 * Análisis de 

almacenamiento 

de energía. 

* Análisis del 

arreglo de celdas 

para el paquete 

de baterías. 

* Modelado de 

paquete de 

baterías con 

herramienta la 

Battery Builder 

MATLAB y 

software de 

CAD. 

 * Desarrollo de 

paquetes de 

baterías con 

herramienta 

Battery Builder 

MATLAB y 

software 3D. 

 

Paquete de baterías, Battery Builder MATLAB, 

software de CAD. 
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Introduction 

 

Anthropogenic air pollution constitutes one of 

the most significant threats to global public 

health, being responsible for approximately 9 

million deaths annually, and is closely linked to 

climate change [Manisalidis, Stavropoulou, 

Stavropoulos & Bezirtzoglou, 2020]. According 

to research conducted by [Iclodean, Varga, 

Burnete, Cimerdean & Jurchiş, 2017], the 

transportation sector is identified as one of the 

primary contributors to climate change, 

accounting for 23% of atmospheric greenhouse 

gas emissions. This places it as the second-

largest emitter, following the industrial 

production sector. 

 

The proposed solution to address 

transportation-related pollution has been the 

energy transition; that is, the adoption of 

sustainable modes of transport such as 

conventional and/or electric bicycles [e-bikes], 

electric scooters, hybrid and electric vehicles, 

and electric passenger trains, among others. 

Electromobility represents the concept of 

utilizing electric propulsion technologies with 

the aim of tackling climate change, improving 

air quality, and reducing dependence on fossil 

fuels [AMIA, 2025]. 

 

Over time, electric and hybrid vehicles 

have gained increasing acceptance among users. 

The International Energy Agency [IEA] presents 

global sales data for plug-in hybrid electric 

vehicles [PHEVs] and battery electric vehicles 

[BEVs] for the period 2014–2024. As shown in 

Figure 1, China leads the market in battery 

electric vehicle [BEV] sales [IEA, 2025]. 

 

Box 1 

 

 
Figure 1 

Global sales of electric vehicles 2014-2024. 

       Source: [IEA, 2025] 

 

 

Likewise, new challenges arise for original 

equipment manufacturers [OEMs] in the 

automotive industry; consequently, it is 

necessary to develop components that are 

adapted to the needs of electric vehicles and 

meet customer requirements. 

 

Lithium-ion [Li-ion] batteries have 

emerged as the preferred energy source for 

electric vehicles [EVs], owing to their high-

power output, elevated energy density, and 

extended lifecycle. Nevertheless, they are 

susceptible to variations in external factors such 

as ambient temperature, vibration, and pressure 

Arora, Shen, & Kapoor, [2016]. At present, the 

battery remains the most expensive component 

of an electric vehicle, representing 

approximately 25% to 50% of the total cost, 

depending on the specific technology employed 

[Iclodean et al., 2017]. 

 

Battery pack 

 

The high-voltage battery pack constitutes a large 

and heavy subsystem that also interacts 

structurally with the rest of the vehicle body 

through the so-called battery tray. This implies 

that the design of the battery tray must take into 

account aspects such as: contribution to the 

overall structural stiffness, crash/safety 

performance, NVH [modal], and durability 

[Coronado, Lyons, Curtis & Wang, 2011]. 

 

Box 2 

 

 
Figure 2 

Battery pack for electric vehicle 
      Source. [Rodriguez, 2023] 

 

The battery pack tray is a component 

made of carbon steel or aluminum, 

manufactured through a stamping process and 

assembled using either arc welding or riveting of 

components.  

 

https://doi.org/10.3389/fpubh.2020.00014
https://doi.org/10.3389/fpubh.2020.00014
https://doi.org/10.1088/1757-899X/252/1/012058
https://doi.org/10.1088/1757-899X/252/1/012058
https://www.amia.com.mx/electromovilidad/
https://www.iea.org/data-and-statistics/charts/global-electric-car-sales-2014-2024
https://doi.org/10.1016/j.rser.2016.03.013
https://doi.org/10.1088/1757-899X/252/1/012058
https://doi.org/10.4271/2011-01-0671
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Its main function is to house the elements 

of the battery pack, such as the cells, Battery 

Management System [BMS], sensors, relays, 

service plug, and connection components [Zou 

et al., 2023]. 

 

 Another important function is its 

contribution to the vehicle's structural integrity, 

as it must be sufficiently rigid to withstand 

impacts caused by road debris or traffic 

collisions. Additionally, it must prevent 

moisture from entering the battery pack when 

the vehicle passes through water puddles. 

 

El The battery pack is a component that 

requires special attention during the design 

phase, as it is necessary to apply design-for-

reliability [DFR] tools. This also involves a 

series of processes, such as Failure Modes and 

Effects Analysis [FMEA], Test to Failure [TTF], 

accelerated life testing, Voice of the Customer 

[VOC], and Design of Experiments [DOE], 

among many others [Warner, 2015]. 

 

The main objective of this research is to 

use Simscape Matlab Battery Builder tools as a 

support tool for performing the CAD modeling 

of a battery pack. In this case, the reference is the 

battery pack of a compact electric vehicle, and 

modeling is carried out for configurations using 

either cylindrical or prismatic cells, aiming to 

meet the energy requirements specified in the 

technical datasheet of a compact electric vehicle: 

the 2024 BYD Dolphin EV. 

 

 Additionally, the study aims to identify 

the advantages and disadvantages of using 

prismatic versus cylindrical cells in the battery 

pack. Table 1 presents the power and energy 

parameters based on the vehicle’s technical 

specifications. 

 

Box 3 

Table 1 

Technical Specification Sheet — 

BYD Dolphin 

Front motor – Maximum power [kW] 70 

Front motor – Maximum torque [N·m] 180 

Maximum speed [km/h] 150 

Prismatic Blade Battery LFP 

Battery capacity [kWh]  44.9 

Energy consumption per 100 km [kWh] 

[NEDC]  
10 

 

  Source: [BYD, 2024] 

 

As shown in Table 1, the automaker 

BYD uses prismatic LFP Blade cells to assemble 

its battery packs. The cylindrical cells 

considered in this study for comparison purposes 

are the LFP A123 ANR26650. Table 2 presents 

the main properties and dimensions of the LFP 

A123 ANR26650 MIB cells and the BYD Blade 

cells. 

 

Box 4 

Table 2 

Cell characteristics 

Characteristics 

A123 

ANR26650M

IB cell 

BYD 

Blade 

cell 

[LFP] 

Mass [kg] 0.072 2.7 

Voltage per cell [V] 3.3 3.2 

Capacidad por celda 

[Ah] 
2.3 135 

Energy [Wh] 7.59 432 

Diameter/Length 

[mm] 
26 965 

Height [mm] 65 90 

Thickness [mm] - 14 

 

  Source: Evlithium [2025] and Gorsch, et 

al., 2025 

 

[Pepó, Fullér, Cseke & Weltsch, 2025] 

indicate that the battery pack of the BYD 

Dolphin vehicle has a total energy capacity of 

44.9 kWh, a nominal voltage of 332.8 V, and a 

weight of 308.6 kg. To calculate the battery pack 

capacity, the energy equation is used and the 

capacity is isolated [Warner, 2015].   

 

𝐼𝑝 =
𝐸𝑃

𝑉𝑝
  

44900 𝑊ℎ

332.8 𝑉
= 134.91 𝐴ℎ                    [1] 

 

Calculation of the battery pack for BYD 

Blade prismatic cells 

 

In an electric vehicle, the energy of the battery 

pack depends on the power required by the 

drivetrain system.  

 

The system voltage is generally based on 

the voltage requirements of the electric motors. 

Once this target voltage is known, it is fairly 

straightforward to determine how many cells are 

needed in series to achieve that voltage by 

dividing the pack voltage [Vp] by the individual 

cell voltage [Vc] [Warner, 2015]: 

 

https://doi.org/10.3390/en16145507
https://doi.org/10.3390/en16145507
https://doi.org/10.1016/C2013-0-23144-5
https://doi.org/10.3390/batteries11040157
https://doi.org/10.1016/C2013-0-23144-5
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𝑉𝑝

𝑉𝑐
= 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 𝑖𝑛 𝑠𝑒𝑟𝑖𝑒𝑠             [2] 

 

To determine the number of cells in the 

battery modules, it is important to identify the 

technical characteristics of the battery 

management system [BMS] in order to evaluate 

the number of modules that will make up the 

battery pack. In this case, a management system 

capable of controlling between 8 and 24 cells 

will be considered. To estimate the number of 

BYD Blade cells, the battery pack voltage and 

cell voltage values are substituted into Equation 

2. 

 
332.8 𝑉 

3.2
= 104 𝐶𝑒𝑙𝑙𝑠 𝑖𝑛 𝑠𝑒𝑟𝑖𝑒𝑠 

 

Therefore, based on the number of cells 

required in the model, 104 cells in series are 

needed to achieve a voltage of 332.8 volts. The 

BYD Blade prismatic cells meet the capacity 

requirements of the battery pack. 

 

Modeling of the BYD Blade Prismatic Battery 

Pack in MATLAB Battery Builder 

 

To develop the battery pack models, the 

MATLAB Battery Builder application was used. 

This tool allows defining custom battery design 

specifications, visualization in a 3D graph, 

customization of modeling resolution during 

simulation, and generation of a Simulink library 

containing the customized battery blocks 

[MATLAB, 2025]. 

 

Initially, to begin modeling the cells in 

the Battery Builder application, the BYD Blade 

cell parameters were registered based on the 

specifications shown in Table 2. See Figure 3. 

 

Box 5 

 

 
 

Figure 3 

Modeling of BYD Blade Cell      

 Source: Own elaboration  
 

Likewise, the cell module array is 

generated to meet the voltage, capacity, and 

energy requirements of the battery pack. See 

Figure 4. 

 

Box 6 

 

 
Figure 4 

Battery pack: BYD Blade cells 

      Source: Own elaboration 

 

Calculation of the battery pack for cylindrical 

A123 ANR26650 cells 

 

On the other hand, a battery pack modeled with 

cylindrical A123 ANR26650 cells was 

considered based on the manufacturer’s 

specifications. These cells can be used in hybrid, 

plug-in hybrid, and electric vehicles for 

commercial vehicles, off-road vehicles, and 

passenger vehicles [Evlithium, 2025]. To 

calculate the number of cylindrical cells in series, 

the total battery pack voltage and the voltage of 

a single cell are again substituted into equation 2. 

 
332.8 V 

3.3
= 100.84 𝐶𝑒𝑙𝑙𝑠 𝑖𝑛 𝑠𝑒𝑟𝑖𝑒𝑠 

 

Based on the number of cells required in 

the model, 102 cells in series are considered to 

generate a voltage of 336.6 volts. 

 

To calculate the number of cells in 

parallel, the battery pack capacity value from the 

vehicle’s technical specifications must be used 

and divided by the capacity value of a single cell. 

 

𝐶𝑒𝑙𝑑𝑎𝑠 𝑒𝑛 𝑝𝑎𝑟𝑎𝑙𝑒𝑙𝑜 =
135 𝐴ℎ

2.3 𝐴ℎ
= 58.69   [3] 

 

Therefore, 58 cells in parallel are 

required to meet the capacity requirements of the 

battery pack. For this purpose, it is necessary to 

find a series and parallel cell configuration to 

assemble each of the modules. 
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Modeling of the cylindrical A123 ANR26650 

battery pack in MATLAB Battery Builder 

 

Similarly, the modeling of the cylindrical A123 

ANR26650 cells was carried out in the Battery 

Builder application based on the specifications 

shown in Table 2. See Figure 5. 

 

Box 7 

 

 
Figure 5 

Modeling of A123 ANR26650 Cell       

Source: Own elaboration 

 

Finally, the modules were modeled with 

an arrangement of 17 cells in series and 29 cells 

in parallel each. Additionally, an assembly of 6 

modules in series and 2 in parallel [6s2p] was 

performed to obtain a battery pack with a voltage 

of 336.6 volts and a capacity of 133.4 Ah, as 

shown in Figure 6. 

 

Box 8 

 

 
Figure 6 

Battery pack: A123 ANR26650 cells      
 Source: Own elaboration 

 

Modeling of the battery pack in CAD 

software 

 

The 3D modeling of the battery packs was 

performed using CAD software: SolidWorks 

2021, based on the cell arrangements obtained 

from the MATLAB Battery Builder application. 

To carry out the CAD modeling, the 3D model 

of the BYD Blade prismatic cell was first created 

according to the dimensions shown in Table 2.  

Next, the cells were assembled to form 

modules, and finally, the modules were 

assembled to form the BYD Blade prismatic 

battery pack. Subsequently, the same procedure 

was followed for modeling the cylindrical cell 

battery pack in CAD software. 

 

Once the assembly of the cell modules 

was completed in the CAD software, the 

dimensions of the battery pack tray were 

identified. Subsequently, 2D sketches were 

created, each component of the battery pack tray 

was modeled, and finally, the entire battery pack 

assembly was generated. 

 

Results 

 

By applying the use of MATLAB Battery 

Builder tools and CAD software, virtual 

prototypes of prismatic battery packs and 

cylindrical battery packs were obtained that meet 

the energy storage requirements specified in the 

technical datasheet of the BYD Dolphin 2024 

compact vehicle. 

 

The virtual prototype of the battery pack 

for BYD Blade prismatic cells consists of 104 

cells in series with a total cell weight of 280.8 kg, 

a voltage of 332.8 volts, a capacity of 135 Ah, 

and an accumulated energy of 44.928 kWh. See 

Figure 7. 

 

Box 9 

 
Figure 7 

CAD model of battery pack: BYD Blade cells 
      Source: Own elaboration 

 

Las The final dimensions of the virtual 

prototype of the BYD Blade prismatic cell 

battery pack tray are: 1737 mm in length, 1136 

mm in width, and 109 mm in height. 

 

On the other hand, the battery pack for 

cylindrical A123 ANR26650 cells consisted of 

5916 cells divided into 12 modules. Each 

module is configured as 17s29p, and the module 

assembly is 6s2p.  
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The entire cell pack weighs 425.952 kg, 

has a voltage of 336.6 volts, a capacity of 133.4 

Ah, and an accumulated energy of 44.902 kWh. 

 

Box 10 

 
Figure 8 

CAD model of battery pack: cylindrical A123 

ANR26650 cells       
Source: Own elaboration 

 

Consequently, the dimensions of the 

virtual prototype of the cylindrical A123 

ANR26650 cell battery pack tray are: 3077 mm 

in length, 1716 mm in width, and 80 mm in 

height. 

 

Finally, it is important to emphasize that 

the weight indicated in the virtual prototype of 

the battery packs only includes the weight of the 

cells and does not include the weight of the 

manufacturing materials for the battery pack tray, 

BMS, sensors, relays, service plug, connection 

components, and cooling system components. 

 

Conclusions 

 

Definitely, the use of MATLAB Battery Builder 

tools and CAD software facilitates the modeling 

of virtual prototypes of the battery tray and 

battery pack. In particular, MATLAB allows 

modeling the energy storage demands while 

simultaneously achieving a close correlation 

with the final dimensions of the battery pack to 

generate the CAD modeling. 

 

Notably, it was observed that the BYD 

Blade prismatic battery pack is lighter and has 

smaller dimensions compared to the cylindrical 

A123 ANR26650 battery pack, which represents 

a competitive advantage in the electric and 

hybrid vehicle market. It is worth mentioning 

that to establish a broader criterion on the 

advantages and disadvantages, performance 

tests of both packs need to be conducted. 

 

Finally, it is important to mention that the 

proposals presented in this article represent an 

initial stage in battery pack design, as it is 

necessary to select appropriate materials, apply 

computer-aided engineering [CAE] tools, and 

conduct experimental tests to validate the 

proposed battery packs. Likewise, it is essential 

to perform failure mode and effects analysis 

[FMEA] of the product, as well as 

manufacturing feasibility studies. 
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Abstract 
 

The study of structural resonance is crucial in seismic zones, but 

academic training is limited by expensive seismic simulation equipment. 

The aim of this research was to design a sustainable educational seismic 

table, optimizing its mechanical system through dynamic finite element 

analysis. On the other hand, institutions with access to this equipment 

strengthen practical training in earthquake-resistant engineering. 

However, those without it have limited teaching resources, as these are 

expensive imported products. A mixed analysis was performed in the 

design and optimization of the prototype for the quantification and 

estimation of control variables such as movement accuracy, frequency 

range, and dynamic behavior. The technical data characterization 

obtained from the structural analysis was transformed into mechanical 

models, optimizing the prototype design in sustainable development 

processes. The implementation and optimization of the system will be the 

subject of future work by engineering programs.  
 

 
Structural resonance, seismic simulation, dynamic 

finite element analysis. 

 

Resumen 

 
El estudio de la resonancia estructural es crucial en zonas sísmicas, pero 

la formación académica está limitada por equipos de simulación sísmica 

costosos. El objetivo de esta investigación fue diseñar una mesa sísmica 

didáctica sustentable, optimizando su sistema mecánico mediante 

análisis dinámico con elemento finito. Por otro lado, las instituciones con 

acceso a estos equipos fortalecen la formación práctica en ingeniería 

antisísmica. Sin embargo, las que carecen de ellos tienen una enseñanza 

limitada, pues son productos costosos de importación.  Un análisis mixto fue 

realizado en el diseño y optimización del prototipo para la cuantificación y 

estimación de las variables de control como precisión de movimiento, rango 

de frecuencias y comportamiento dinámico. La caracterización de datos 

técnicos obtenidos del análisis estructural fue transformada en modelos 

mecánicos, optimizando el diseño del prototipo en procesos de desarrollo 

sustentable. La implementación y optimización del sistema será motivo de 

futuros trabajos por programas de ingeniería. 

 

 
Resonancia estructural, simulación sísmica, análisis 

dinámico con elementos finitos. 
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Introduction 

 

In regions of high seismic activity such as the 

Pacific Ring of Fire, the development of 

sustainable educational tools for the study of 

earthquakes takes on special relevance. The 

study of structural resonance is crucial in seismic 

zones, but academic training is limited by 

expensive seismic simulation equipment.  

 

Currently, shaking tables are the most 

natural approach to seismic motions, and the vast 

experience gained from using seismic simulators 

in research projects means that earthquake 

engineering and its evolution are strongly based 

on practice. [Sollogoub, 2007]. 

 

The aim of this research was to design a 

sustainable educational seismic table, 

optimizing its mechanical system through finite 

element dynamic analysis. This facilitates the 

study of structural behavior during earthquake 

events. This educational seismic table project 

was conceived under a triple sustainability 

approach: environmental, economic, and social. 

 

From an environmental perspective, the 

design prioritizes the use of durable and 

recyclable materials, energy efficiency in 

operation, and minimal maintenance to reduce 

resource consumption. 
 

Economically, it has been optimized for 

affordable manufacturing and operating costs, a 

long lifespan that pays for itself, and versatility 

for multiple educational applications. 

 

The social component stands out for 

democratizing access to seismic technology, 

strengthening local capacities in earthquake-

resistant engineering, and fostering a culture of 

prevention in vulnerable areas. This seismic 

table thus represents a model of sustainable 

educational technology, combining technical 

precision with environmental responsibility and 

social commitment. Its development not only 

seeks to train better engineers, but also to do so 

in a way that contributes to the sustainable 

development of communities at risk of seismic 

hazards. 

 

The project demonstrates that it is 

possible to create high-quality technical teaching 

tools while maintaining a low environmental 

impact and promoting equity in access to 

specialized knowledge, particularly in regions 

with high exposure to natural hazards. 

Currently, there are few articles reporting 

seismic simulators for small-scale structural 

models, as these can be purchased from 

companies dedicated to developing this type of 

equipment, such as Quanser® [Quanser, 2010]. 

However, their high price and lack of remote 

operation are some of the most significant 

shortcomings. 

 

The implementation and optimization of 

the system will be the subject of future work by 

engineering programs. 

 

Design and operation of the one-way seismic 

simulator. 

 

Since some of the destructive effects of 

earthquakes result from horizontal vibration in 

structures [Guclu, 2006], the seismic simulator 

was designed to generate unidirectional 

excitations. 

 

The device that moves the shaking table 

consists of a motor that slides through a linear 

bearing system, firmly attached to an aluminum 

plate that serves as a load-bearing area for the 

structure to be evaluated. The table dimensions 

were set at 2500 mm long × 1500 mm wide, 

determined by criteria of practicality, ease of 

maintenance, and availability of materials. This 

size offers a balance between functionality and 

access for maintenance work, while the height 

will be subsequently defined through ergonomic 

and stability calculations. 

 

For motion transmission, a simple rack-

and-pinion system was initially considered, but 

it was optimized to a double-pinion mechanism 

[with a module m = 2 mm and a pitch diameter 

d = 50 mm] and a double rack. This 

configuration reduces fatigue and wear, better 

distributes mechanical loads, and ensures more 

precise coupling during operation. 

 

Motion control is achieved by a servo 

controller that receives two key signals: a 

computer-generated displacement reference 

signal and a feedback signal from a linear 

encoder that monitors the table's actual 

displacements. These signals are communicated 

through a data acquisition card, which converts 

the digital signals into analog voltages for 

precise motor control. 
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The entire system is integrated by 

mechanical and electronic components, where 

both the motion transmission and control and 

monitoring elements can be observed. This 

design ensures stable and reliable operation for 

simulating horizontal seismic vibrations on scale 

structures. 

 

Technical specifications. 

 

The seismic simulator's mechanical system was 

designed with a maximum load of 45 kg in mind, 

with optimized components to ensure durability, 

precision, and operational safety. The pinions 

use a 2 mm pitch and 50 mm pitch diameter, with 

25 20 mm wide teeth made of A36 steel, 

allowing for optimal load distribution and wear 

resistance. The force calculation considers a 

coefficient of friction of 0.2 for lubricated 

bearings, resulting in a required force of 88.29 N 

and a torque of 3.31 N m, including a safety 

margin—key values for servomotor selection. 

 

Linear motion is implemented using a 

double rack-and-pinion system mounted on two 

30 mm diameter round rails and ball guides, 

which together limit deflection to 0.156 mm 

under maximum load. This doubled 

configuration improves stability and distributes 

mechanical loads. Fatigue analyses, performed 

using the modified Goodman test, confirm that 

the bending stresses in the teeth [7.36 MPa] are 

well below the permissible limit, projecting a 

service life exceeding 10 million cycles. 

 

The main structure uses 2" rectangular 

tubular profiles and 10-gauge carbon steel plates, 

selected for their cost-effectiveness and ease of 

manufacture. All components have been sized 

with safety margins that ensure reliable 

operation under the dynamic conditions typical 

of seismic simulations, meeting the precision 

and strength requirements. 

 

Research methodology 

 

This research had a mixed approach, applying 

both quantitative and qualitative methods 

through systematic processes, as well as records 

and the collection of estimated data. The aim of 

this research was to design a sustainable 

educational seismic table, optimizing its 

mechanical system through dynamic finite 

element analysis.  

 

To this end, the application of the 

quantitative method was relevant in identifying 

control variables involved in previous studies 

such as design calculations, frequency range, 

material selection, structural analysis, dynamic 

behavior, evaluating maximum stresses, 

deformations, and service life of critical 

components.  

 

The characterization of technical data 

obtained from the structural analysis was 

transformed into mechanical models, optimizing 

the prototype design in sustainable development 

processes. The records of results obtained by 

different companies through the review of 

specialized literature, technical standards, and 

commercial simulator reports. The application of 

a qualitative method allowed for the possibility 

of obtaining variable estimation results, which 

played an important role in decision-making for 

the dynamic control and motion accuracy of the 

seismic table.  

 

The operational data resulting from this 

research determined adjacent special 

requirements, such as uncertainty in the 

adaptation of the prototype to different structural 

configurations and the load ranges of the scale 

models, among others. Finally, using a mixed 

method, an analysis of the control variables was 

performed to allow for model optimization based 

on mechanical stresses in each component of the 

systems comprising the seismic table, evaluated 

using the finite element method.Based on the 

results obtained, a discussion was held regarding 

the results generated regarding the technological 

proposal that meets the parameters of sustainable 

development and the optimization of materials 

for each structural and mechanical element of 

the seismic table system. 

 

Linear bearing system 

 

For the seismic simulator, a linear bearing 

system was selected that meets and exceeds the 

load, displacement, and speed requirements, 

ensuring precise and smooth motion.  

 

The choice specifically fell on round-

profile linear monorails, which were selected for 

their excellent cost-benefit ratio, minimal 

friction [with a coefficient μ ≈ 0.002–0.005 

under lubricated conditions], ability to reach 

speeds of up to 2 m/s, ideal for dynamic 

simulations, and for offering a particularly 

smooth and stable ride. 
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The implemented system consists of two 

round-profile linear guides, each equipped with 

two linear ball bearings, for a total of four 

bearings to ensure optimal load distribution and 

minimize wear. Each bearing unit has a static 

load capacity of 32,000 newtons, which is far 

superior to the simulator requirements, where 

the maximum estimated load is approximately 

500 newtons per guide. The bearings also 

incorporate a permanent lubrication system that 

ensures operation with minimal friction and 

maximum efficiency even during repetitive and 

prolonged work cycles. 

 

This selected configuration provides 

high rigidity and precision to maintain alignment 

during rapid movements, as well as low 

resistance to movement, which is crucial for 

replicating seismic vibrations without 

mechanical interference. The system's durability 

is guaranteed thanks to automatic lubrication and 

the use of industrial-grade materials. All selected 

components feature a safety factor greater than 5, 

ensuring optimal operational reliability. The 

integration of this system with the control 

components, including the encoder and 

servomotor, enables the precise dynamic 

response necessary for realistic seismic 

simulations. The load values and coefficients of 

friction have been validated through testing with 

NLGI 2 industrial lubricant, thus confirming 

compliance with all required technical 

specifications. 

 

Rack and Pinion System 

 

The seismic simulator's drive system employs a 

dual-shaft rack-and-pinion mechanism, selected 

for its ability to handle dynamic loads with high 

precision [ISO 53 for tooth profiles and DIN 

3960 for face quality]. This system converts the 

motor's rotational motion into controlled linear 

displacement of the vibrating table, ensuring the 

rapid and accurate response required for seismic 

simulations [Guclu, 2006]. 

 

The mechanical configuration consists of 

two hardened A36 steel pinions [HRC 45] 

mounted on a single shaft, coupled to two 

parallel racks to distribute the load. Each pinion 

has a pitch diameter of 50 mm with 25 teeth, 

modulus 2 mm, and width of 20 mm. These 

dimensions are designed to support a maximum 

load of 45 kg [Budynas & Nisbett, 2019].  

 

Force calculations indicate a tangential 

force of 88.29 N [considering μ=0.2 for 

lubricated bearings] and a required torque of 

3.31 N m with a 50% safety margin, values that 

determined the selection of the servomotor 

[Norton, 2019]. 

 

The system offers a linear displacement 

of 157.08 mm per revolution [circular pitch of 

6.283 mm], reaching speeds of up to 15.7 mm/s 

at 100 RPM. Strength analysis using the 

modified Goodman criterion [Juvinall & 

Marshek, 2017] confirms a tooth bending stress 

of 7.36 MPa, well below the material's fatigue 

limit, projecting a service life of more than 10⁷ 

operating cycles. 

 

This technical solution provides 

significant advantages: dual configuration 

reduces single points of failure based on the 

principle of mechanical redundancy [Uicker et 

al., 2023], while the precise fit between gears 

[AGMA 8 quality] minimizes backlash to avoid 

parasitic vibrations. The integration with a high-

resolution encoder [2,500 pulses/rev] and 

servomotor enables closed-loop control with a 

positioning error of less than 0.1 mm, meeting 

the requirements for realistic seismic 

simulations [Elnashai & Di Sarno, 2022]. 

 

Servomotor 

 

The seismic simulator's motion system 

incorporates a high-precision servomotor 

specifically selected to meet the dynamic 

requirements of the rack-and-pinion mechanism. 

Based on torque and speed calculations [Norton, 

2019], an AC servomotor with a nominal torque 

of 4.5 Nm was implemented, which is higher 

than the required torque of 3.31 Nm. This motor 

reaches a maximum speed of 3,000 RPM, has a 

power of 1.5 kW, and features a 17-bit resolution 

encoder, equivalent to 131,072 pulses per 

revolution. It also has an IP65 protection rating. 

 

For integration with the mechanical 

system, the servomotor is coupled directly to the 

pinion shaft through a rigid coupling, 

eliminating backlash and maintaining the precise 

alignment required for seismic motion [ISO 

9409-1]. Position control is managed by a PID 

algorithm tuned to deliver a frequency response 

of up to 50 Hz, a tracking error of less than 0.05 

mm, and an acceleration time from 0 to 100 

RPM in just 50 ms. 
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The implemented control architecture 

[IEC 61131-3] includes a motion control board 

with an EtherCAT interface, a SIL2 safety 

module [IEC 61800-5-2], and adaptive digital 

filters for vibration compensation. 

 

In terms of protection and monitoring, 

the system is equipped with integrated 

temperature sensors, overload detection that 

activates at 150% rated torque, and a real-time 

vibration analysis system with a 1 kHz 

bandwidth. This system ensures precise and 

reliable operation for repeatable seismic 

simulations, with the ability to record all motion 

parameters for subsequent analysis. 

 

Integrated control and drive system for 

seismic simulator 

 

The seismic simulator incorporates a complete 

control and drive system based on a high-

precision servomotor and its respective digital 

controller/amplifier, designed to meet the 

demanding requirements of seismic motion 

[Elnashai & Di Sarno, 2022]. The selected 

servomotor is a 1.5 kW AC unit with a nominal 

torque of 4.5 Nm [higher than the required 

torque of 3.31 Nm calculated for the rack-and-

pinion system according to Norton, 2019], 

capable of reaching 3000 RPM, and equipped 

with a 17-bit encoder [131,072 pulses/rev] for 

maximum positioning accuracy [IEC 61800-7, 

2015]. The control subsystem consists of a state-

of-the-art digital controller/amplifier that 

complies with the IEC 61800-7 [2015] standard, 

integrating a dual-core 32-bit DSP operating at 

200 MHz with a closed-loop update rate of 10 

kHz [IEC 61158, 2014].  

 

This controller implements advanced 

PID algorithms with notch filters and 

feedforward to ensure a tracking error of less 

than 0.05 mm during seismic events [Ogata, 

2015]. Communication is via Ether CAT [IEC 

61158, 2014], enabling precise synchronization 

with other system components. The power stage 

uses a three-phase PWM amplifier with 20 kHz 

switching, powered at 480V AC and capable of 

delivering 5A RMS [15A peak], achieving 

energy efficiency exceeding 95% [IE4 class 

according to IEC 60034-30, 2014]. The system 

includes comprehensive protection against 

overcurrent, short circuits, and overvoltages [UL 

61800-5-1, 2016], as well as temperature sensors 

for continuous monitoring [ISO 13849-1, 2015]. 

The mechanical integration uses rigid 

couplings according to ISO 9409-1 [2004] to 

maintain precise alignment between the 

servomotor and the rack and pinion system. The 

controller features specialized functions for 

automatic compensation of mechanical 

resonances and anti-vibration [Preumont, 2018], 

essential for the simulator's cyclical movements.  

 

The architecture allows for recording up 

to 1 MB of operational data in a circular buffer 

for subsequent analysis [EN 61000-6-4, 2019]. 

 

This system complies with all relevant 

safety regulations and offers a positioning 

accuracy of ±1 encoder count [Juang, 2010], 

with a settling time of less than 5 ms and a 

system bandwidth of 500 Hz [Franklin et al., 

2019], capable of generating the complex 

acceleration profiles required in realistic seismic 

simulations while maintaining stability under 

varying dynamic loads [Chopra, 2017]. 

 

Results of the structural and dynamic 

analysis of the seismic simulator 

 

The results obtained from numerical simulations 

and finite element analysis [FEA] provide a 

comprehensive assessment of the seismic table 

system's mechanical behavior under various 

operating conditions. The study focused on three 

key aspects: structural integrity, dynamic 

performance, and service life validation, 

employing advanced computational tools and 

comparing the data with theoretical models and 

established technical references. 

 

Detailed Structural Analysis 

 

The finite element analysis performed in 

SolidWorks® Simulation employed a rigorous 

methodology to evaluate the system's 

mechanical response. Adaptive curvilinear 

meshing with progressive refinement was 

implemented, achieving 4 mm elements in 

critical areas [such as joints and high-stress areas] 

and 8 mm in less sensitive regions. This 

approach resulted in 99.2% convergence, 

ensuring high reliability in predictions. 

 

For the main structure composed of 

rectangular tubular sections [RTBs] and steel 

plate, the results showed a maximum stress of 

4.621 MPa, significantly lower than the 

material's yield strength [165 to 200 MPa for 

A36 steel], according to Gere 2017. 
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 The maximum deformations recorded 

were 0.012 mm, with minimum safety factors of 

35.7, indicating a wide margin of structural 

safety, as shown in Figures 1.1 and 1.2. 

 

Box 1 

 

 
 

Figure 1.1 

Maximum deformations       
Source. Own elaboration. 

 

 

Box 2 

 

 
 

Figure 1.2 

Maximum deformations      

 Source. Own elaboration. 

 

Particular attention was paid to the 

analysis of the transmission system, where the 

pinions presented bending stresses of 7.36 MPa 

on the teeth, while the drive shaft showed 

localized plastic deformations that indicate the 

need for redesign of this specific component. 

 

Dynamic performance and motion 

simulations 

 

Dynamic simulations in SolidWorks Motion 

thoroughly evaluated the system's response to 

sinusoidal excitations in the range of 0.5 to 5 Hz, 

with an amplitude of ±150 mm. 

 

The results are presented in Table 1, 

which shows a clear progression of inertial 

effects. 

 

Box 3 

Table 1 

Inertial effects simulations in SolidWorks 

Motion  

 
Frequency 

[Hz] 

 

Position 

Error 

[mm] 

Phase 

Delay 

[%] 

Maximum 

deformation 

[mm] 

Key 

Observations 

0.5-2 < ±1 < 2 0.05 Ideal 

behavior 

3 ±1.8 5 0.15 Notable 
inertia 

5 ±3.2 12 0.3 Operational 

limit 

Source. Own elaboration based on simulations in 

SolidWorks Motion. 

 

These data are complemented by Figures 

2.1 through 2.6, which visually demonstrate the 

progressive distortion of the sine wave at higher 

frequencies.  

 

Particularly revealing is the spectral 

analysis, which demonstrated fidelity greater 

than 95% in the 0.5 to 50 Hz range, meeting the 

requirements for educational seismic 

simulations [ASCE 7-16]. 

 

Box 4 

 

 
Figure 2.1 

Motion analysis at 0.5 Hz.   

Source. Own elaboration based on 

simulations in SolidWorks Motion. 

 

 

Box 5 

 

 
Figure 2.2 

Motion analysis at 1 Hz.   
Source. Own elaboration based on simulations in 

SolidWorks Motion. 
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Box 6 

 

 
 

Figure 2.3 

Motion analysis at 2 Hz.   

Source. Own elaboration based on 

simulations in SolidWorks Motion. 

 

Box 7 

 

 
Figure 2.4 

Motion analysis at 3 Hz.   

Source. Own elaboration based on 

simulations in SolidWorks Motion. 

 

 

Box 8 

 

 
 

Figure 2.5 

Motion analysis at 4 Hz.   

Source. Own elaboration based on 

simulations in SolidWorks Motion. 

 

 

Box 9 

 

 
Figure 2.6 

Motion analysis at 5 Hz.   
Source. Own elaboration based on simulations in 

SolidWorks Motion. 

 

Theoretical-Experimental Validation and 

Comparative Analysis. 

 

The confrontation between the theoretical 

models and the simulated results revealed 

significant differences that enrich the 

understanding of the system, as shown in Table 

2. 

 

Box 10 

Table 2 

Theoretical results versus simulated results of 

the system 

 
Parame

ter 

Theoreti

cal 

Value 

Simula

ted 

Value 

[5 Hz] 

Differe

nce [%] 

Source of 

Discrepa

ncy 

Linear 

velocity 

15.7 

mm/s 

14.8 

mm/s 

5.7 Friction 

losses 

Engine 

torque 

3.31 

N·m 

4.1 

N·m 

23.9 Inertial 

effects 

Zipper 
force 

88.29 N 130 N 47.2 Structural 
flexibility 

 
Source. Own elaboration based on theoretical models 

and simulations in SolidWorks Motion, using data 

from Budynas & Nisbett [2019], Norton [2014], 

Ogata [2015], and Juvinall & Marshek [2017] 
 

These differences are satisfactorily 

explained by nonlinear friction models [μ 

variable with speed], dynamic effects of 

distributed mass, localized flexibility in 

couplings, energy losses in transmissions, and 

validation with technical references. 

 

The comparative study with specialized 

literature confirmed the validity of the results, 

since the deformation patterns are consistent 

with the models of Budynas & Nisbett [2019] for 

similar systems; the torque discrepancies align 

with Norton's [2019] predictions for dynamic 

effects; the phase delays follow Ogata's [2015] 

models for position control systems; and the 

estimated service life agrees with the fatigue 

studies of Juvinall & Marshek [2017]. 

 

Conclusions 

 

The results obtained allow us to conclude that 

the main structural design largely meets safety 

requirements. Furthermore, the system shows 

excellent performance in the 0.5 to 2 Hz range. 

However, adjustments are required to improve 

performance above 3 Hz. Finally, the drive shaft 

requires redesign to prevent plastic deformation. 
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