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Abstract 

 

This research shows the analysis of three case studies 

using perforated plates with a central orifice to generate 

hydrodynamic cavitation with diameters of 2 mm, 3 mm, 

and 4 mm. Experimental model was fabricated and 

instrumented to validate numerical models of the 

perforated plates and their corresponding pressure drop. 

Test points were established in the experimental setup to 

measure variables such as pressure drop compared 

between upstream pressured (distance of one diameter 

before plate), and downstream pressure (distance of ½ 

diameter after the plate), according to the ISO 5167 

standard. The numerical model was developed using 

commercial computational fluid dynamics (CFD) software 

applying the standard k-epsilon turbulence model, the 

mixture model, and the Rayleigh-Plesset equation. Results 

demonstrated that numerical model of the pressure drop 

produced hydrodynamic cavitation downstream the 

perforated plates; such phenomenon was validated with 

experimental data by less than 5% error values. 

 

 

CFD, Hydrodynamic cavitation, Perforated plates, 

Hydrodynamic cavitation reactor  

Resumen 

 

La presente investigación muestra el análisis de tres casos 

de estudio usando placas perforadas con un orificio central 

para generar cavitación hidrodinámica con diámetros de  

2mm, 3mm y 4mm. El modelo experimental fue fabricado 

e instrumentado para validar los modelos numéricos de las 

placas perforadas y sus correspondientes caídas de 

presión. Se establecieron puntos de prueba en el modelo 

experimental para medir variables tales como la caída de 

presión comparada entre la presión aguas arriba (distancia 

de un diámetro antes de la placa) y la presión aguas abajo 

(distancia de ½ diámetro después de la placa) de acuerdo 

con el estándar ISO 5167. El modelo numérico fue 

desarrollado usando software comercial de dinámica 

computacional de fluidos (CFD) aplicando el modelo de 

turbulencia k-épsilon estándar, el modelo mixture y la 

ecuación de Rayleigh-Plesset. Los resultados demostraron 

que el modelo numérico de la caída de presión produjo 

cavitación hidrodinámica aguas abajo de la placa 

perforada; este fenómeno fue validado con datos 

experimentales con valores menores al 5% de error. 

 

CFD, Cavitación hidrodinámica, Placas perforadas, 

Reactor de cavitación hidrodinámica
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Introduction 

 

Currently, hydrodynamic cavitation (CH) is a 

topic of interest in the study of fluid mechanics 

since it has been postulated in recent decades as 

an energetically viable alternative in the 

intensification of industrial processes, especially 

in the chemical, agro-industrial and biological 

industries, as it takes advantage of the high 

amounts of energy released during the 

phenomenon. 

 

According to Dindar E. [1] 

hydrodynamic cavitation is produced when a 

fluid passes through a constriction altering the 

flow and pressure of the system. During this 

process Streeter et al. [2] mention that there is 

the formation, growth and collapse of vapour 

microbubbles, which form in a low pressure 

zone (constriction) and collapse in an area of 

higher pressure within milliseconds releasing 

energy into the system. The dynamics of vapour 

microbubbles is the basis for understanding the 

phenomenon of cavitation. Villaroig [3] points 

out that the Rayleigh-Plesset equation provides 

the time evolution of the radius of a vapour 

microbubble inside the liquid fluid, predicting 

the evolution of vapour microbubbles in a liquid 

medium. 

 

CH is produced experimentally in a 

hydrodynamic cavitator or hydrodynamic 

cavitation reactor. Carpenter et al. [4] define the 

hydrodynamic cavitator as a mechanical device, 

in which the fluid velocity is increased by 

flowing through a constriction of smaller 

diameter than the inlet cross-section, resulting in 

a decrease in downstream pressure. The 

hydrodynamic cavitator consists of a hydraulic 

network, a cavitating device (orifice plate or 

Venturi), a pump and is complemented by valves 

that regulate the flow rate. 

 

Orifice plates are particularly relevant in 

hydrodynamic cavitators as a cavitating device; 

this is due to the possibilities that the plate has to 

present multiple designs that according to the 

application favours the phenomenon by 

optimising design parameters in the plate.  The 

cavitation that occurs in an orifice is transient in 

nature with a higher cavity collapse intensity due 

to the generation of a greater number of transient 

cavities; where the cavities grow only at the edge 

of the throat. 

 

 

Fluid experiencing cavitation in orifice 

plates reaches a drastic drop in local pressure 

with a sudden increase in local velocity 

experiencing turbulence and zones of fluid 

recirculation downstream of the plate. 

 

Currently there are studies of cavitation 

in hydrodynamic cavitators using experimental 

models, but there is little information on 

hydrodynamic cavitation models that by 

numerical simulation using computational fluid 

dynamics (CFD) predict the behaviour of a fluid 

prior to its constriction, thus allowing a 

reduction in manufacturing costs. Tejeda et al. 

[5] state that numerical simulation complements 

the traditional experimental approach by 

developing numerical models that allow the 

recreation of the experimental model in the form 

of simulations that reliably produce the 

phenomenon. 

 

Among the turbulence models found in 

CFD is the standard k-epsilon model, which 

allows obtaining results close to experimentation 

with a great acceptance in the field of simulation 

due to its robustness, accuracy and low 

computational cost Fiscal et al [6]. The mixture 

model is a sub-model that analyses the vapour 

phase and the liquid phase, so it is adapted to 

cavitation analysis and its solution is based on 

and related to the turbulent velocity which is the 

square root of the turbulent kinetic energy 

Kuldeep [7] & ANSYS [8]. 

 

In this research, the numerical model and 

the experimental validation of the pressure drop 

in three cases of central orifice plate are 

presented: case I (2 mm plate), case II (3 mm 

plate) and case III (4 mm plate). The importance 

of this work lies in demonstrating that it is 

possible to numerically model the pressure drop 

in the hydrodynamic cavitation phenomenon 

with an error rate of less than 5%. 

 

Development 

 

In the present investigation, the numerical 

modelling of the three cases of central orifice 

plates and the experimental validation of the 

pressure drop in these plates were developed. 

Both models and the results obtained are 

presented in this section.   
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Experimental model 

 

For the experimental model, a test rig was built 

to experimentally analyse the three perforated 

plates: Case I (diameter 2 mm), Case II (diameter 

3 mm) and Case III (diameter 4 mm). 

 

Figure 1 shows the three centre-hole 

perforated plates, constructed in 304 stainless 

steel. Figure 1 a) shows the plate of case I and 

figures 1 b) and 1 c) show the plates of cases II 

and III. They are inserted in the control volume 

of the pipe representing the three cases. 

 

 
 
Figure 1 CAD model of the perforated plates; a) case I, b) 

case II and c) case III 

 

Table 1 shows the dimensions of the 

perforated plates in the three cases. 

 

 
 

Table 1 Characteristics of perforated plates 

 

The test rig consists of two structural 

members A and B that form the main hydraulic 

line in which the fluid circulates in the cross 

section, both members are connected by bolted 

flanges that allow the assembly with the 

perforated plate. 

 

Figure 2 shows the instrumented test rig 

with glycerine pressure gauges installed at the 

inlet and outlet of the test rig and 20 mm 

upstream of the perforated plate. Furthermore, a 

vacuum gauge was installed 10 mm downstream 

of the plate to monitor the vacuum pressures. For 

the operation of the hydrodynamic cavitator, a 1 

Hp jet pump was installed and a bypass 

arrangement was used to modulate the inlet 

pressures to the circuit. 
 

 

 

 
 

Figure 2 Instrumented experimental bench 

 

Table 2 presents the dimensions of the 

main members of the test right. 

 

 
 

Table 2 Characteristics of the structural members forming 

the main line of the test bed 

 

During the experimental tests the 

behaviour of the pressure differentials in the 

three cases was observed, the measurements 

were made one diameter upstream of the plate 

and half a diameter downstream according to 

ISO 5162. The pressure differentials were 

analysed using an inlet pressure range of 100-

400 kPa.  

 

Figure 3 shows the behaviour of the 

pressure differentials in case I. It is observed that 

at the inlet pressure of 100 kPa the minimum 

pressure drop (110 kPa) is obtained and at the 

pressure of 400 kPa the maximum pressure drop 

(414 kPa) is obtained. The pressure drop has a 

linear behaviour that obeys the equation 

∆p=1.0132Pe+9.56662.  
 

 
 

Figure 3 Pressure differential graph case one 
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Figure 4 shows the behaviour of the 

pressure differentials in case II. It is observed 

that at the inlet pressure of 100 kPa the minimum 

pressure drop is 110 kPa and at the pressure of 

400 kPa the maximum pressure drop (416 kPa) 

is obtained. The pressure drop has a linear 

behaviour (p=1.021Pe+8.6176). 
 

 
 

Figure 4 Plot of pressure differential case two 

 

Figure 5 shows the behaviour of the 

pressure differentials in case III. It is observed 

that at the inlet pressure of 100 kPa the minimum 

pressure drop (110 kPa) is obtained and at the 

pressure of 400 kPa the maximum pressure drop 

(416 kPa) is obtained. The pressure drop has a 

linear behaviour that obeys the equation 

∆p=1.0231Pe+8.1029). 
 

 
 

Figure 5 Plot of pressure differential case three 

 

Numerical Model 
 

Conservation equations 

 

According to Xu et al. [9] the fluid dynamics in 

"mixture" type fluid systems are governed by the 

equation of continuity, momentum and energy, 

represented by equations 1 through 3 governed 

by the continuity, momentum and energy 

equation, represented by equations 1 to 3 

respectively, while the cavitation model is 

introduced which allows to numerically analyse 

the cavitation phenomenon by introducing 

equations for the evaporation and condensation 

of vapour microbubbles, represented by equation 

4 and 5 respectively.  

𝜕

𝜕𝑡
(𝜌𝑚) + ∇. (𝜌𝑚𝑣→𝑚) = 0                                                                (1) 

 
𝜕

𝜕𝑡
(𝜌𝑚𝑣→𝑚) + ∇. (𝜌𝑚∇→𝑚∇→) = −∇𝜌𝑚 + ∇. [𝜏𝑚 + 𝜏𝑇𝑚]             (2) 

 
𝜕

𝜕𝑡
∑ (𝑎𝑘𝜌𝑘𝐸𝑘) + ∇. ∑ 𝛼𝑘𝑣𝑘(𝜌𝑘𝐸𝑘 + 𝜌) = ∇. (𝑘𝑒𝑓𝑓∇𝑇) + 𝑆𝐸

𝑛
𝑘=1

𝑛
𝑘=1     (3) 

 

Re =
ρvρ1

ρ
α(1 − α)

3

RB
√

2

3

(ρv−P)

ρt
                                                       (4) 

 

𝑅𝑒 =
𝜌𝑣𝜌𝑙

𝜌
𝛼(1 − 𝛼)

3

RB
 √

2

3

(P−ρv)

ρt
                                                        (5) 

 

Turbulence model 

 

Launder B. [10] states that it is essential to 

establish a turbulence model that studies the 

exchange of motion quantity, formation and 

implosion of bubbles which are the source of 

turbulence downstream of the cavitating 

element.  

 

For the turbulence, the standard k-epsilon 

model introduced by Launder B. [10]. According 

to Tejeda et al. [11] it is the most widely used 

turbulence model, especially for industrial 

applications, is numerically robust, economical 

in process times and has been tested for a wide 

range of turbulent flows.  The standard k-ε 

model solves two transport equations; equation 

6 representing the turbulent kinetic energy (k) 

and equation 7 for the dissipation rate (ε) of the 

turbulence. 

 
∂

∂t
(ρk) +

∂

∂xi

(ρkui) =
∂

∂xj
[(μ +

μt

σk
)

∂k

∂xj
] + Gk + Gb − ρϵ − YM + SK                    (6) 

 

∂

∂t
(ρϵ) +

∂

∂xi
(ρϵui) =

∂

∂xj
[(μ +

μt

σϵ
)

∂ϵ

∂xj
] + C1ϵ

ϵ

k
(Gk + C3ϵGb) − C2ϵρρ

ϵ2

k
+ Sϵ                   (7) 

 

Geometry and boundary conditions 

 

The pipe where the orifice plate is inserted is 

shown in figure 6 and has a diameter of 20 mm 

(D). The orifice plate was inserted ½ D 

downstream of the downstream pressure gauge 

and 1D upstream of the downstream pressure 

gauge. Figure 6 a) shows the case I plate with a 

centre hole diameter of 2 mm, figure 6 b) shows 

the case II plate which has a centre hole diameter 

of 3 mm and figure 6 c) shows the case III plate 

which has a centre hole diameter of 4 mm. 
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Figure 6 3-D CAD geometry of the three plate cases: a) 

case I, b) case II and c) case III 

 

The boundary conditions used for the 

simulations are shown in table 3 and are obtained 

from the experimental tests carried out on the 

test rig. The conditions were kept constant for 

the three cases. 
 

 
 

Table 3 Boundary conditions for the simulation of the 

hydrodynamic cavitator 

 

Results 

 

Validation  

 

Figure 7 shows the comparison of pressure 

differential values obtained numerically and 

experimentally. The values were obtained one 

diameter upstream and half a diameter 

downstream of the plate. It is observed that the 

values obtained in the numerical model have 

similar behaviour to those obtained 

experimentally in the plate cases, with a 

percentage error of less than 5% in all three 

cases. 

 

 

 

 

The greatest pressure difference obtained 

in the experimental and numerical models was 

for case I, with a pressure difference of 2.42 kPa; 

while for case II the difference in pressure drop 

was 1.33 kPa and in case III the difference is 

1.41 kPa with respect to the experimental model.  

 

 
 

Figure 7 Comparison of the obtained values of the 

pressure differential in kPa obtained in the experimental 

model and the numerical model 

 

Contours of pressure, velocity, velocity vectors 

and vapour fraction 
 

Once the numerical model of the pressure drop 

in the three cases of plates had been validated, 

the contours of pressure, velocity and velocity 

vectors in the plates were obtained. 

 

Figure 8 shows pressure transverse 

planes obtained from the numerical model of the 

case I plate. It can be seen that upstream the 

recorded pressure value is 300 kPa, while 

downstream a vacuum pressure of -16.42 kPa is 

reached as shown in figure 8 b). The behaviour 

at the perforated plate shows a pressure below 

the saturation pressure (-95.7 kPa) at the leading 

edge of the plate as shown in figure 8 c). Figure 

8 d) shows that at the end of the plate there is a 

pressure of -16.66 kPa. 

  

 
 

Figure 8 Pressure contours case I: a) upstream and b) 

downstream, c) start of plate and d) end of plate 
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Figure 9 shows the pressure transverse 

planes for case II. The upstream pressure was 

301 kPa while downstream the pressure 

presented a decrease (-16.33 kPa) as shown in 

figures 9 a) and 9 b), obtaining a pressure 

differential of 316.33 kPa. The behaviour at the 

beginning of the plate presented in figure 9 c) 

shows saturation pressures lower than -95.7 kPa. 

While at the end of the plate it shows saturation 

pressures at the edge of the plate as shown in 

figure 9 d). 
 

 
 

Figure 9 Pressure contours case II: a) upstream and b) 

downstream, c) start of plate and d) end of plate 

 

Figure 10 shows the pressure transverse 

planes of case III. It is observed that the 

upstream pressure is 301 kPa while the 

downstream pressure decreases to -16.42 kPa as 

presented in figures 10 a) and 10 b); therefore, a 

pressure differential with a numerical value of 

317.42 kPa is obtained. In the analysis of the 

plate, saturation pressures are visualised at the 

edges of the plane of -95.7 kPa at the beginning 

of the plate as shown in figure 10 c); while in the 

centre of the plane a value of 10.3 kPa was 

obtained, at the end of the plate a numerical 

value of -16.4 kPa was obtained as shown in 

figure 10 d). 

 

 
 

Figure 10 Pressure contours case III: a) upstream and b) 

downstream, c) start of plate and d) end of plate 

 

 

 

 

 

 

Figure 11 shows the cross-sectional 

planes and velocity vectors obtained in case I. In 

figure 11 a) a velocity of 1.37 m/s is displayed, 

while downstream a velocity of 6.89 m/s is 

obtained as shown in figure 11 b). In the analysis 

of the plate, a maximum velocity of 20.69 m/s is 

presented at the beginning of the plate as shown 

in figure 11 c) and at the end of the plate a 

maximum velocity of 26.2 m/s is obtained as 

shown in figure 11 d). The analysis of the 

velocity vectors presented in figure 11 e) and f) 

show a non-uniform recirculation downstream; 

regions of the cross section are visualised with 

higher intensity than others. 
 

 
 

Figure 11 Velocity contours case I: a) upstream and b) 

downstream, c) plate start and d) plate end, e) upstream 

vectors and f) downstream vectors 

 

Figure 12 presents the cross-sectional 

planes and velocity vectors obtained in case II. 

Upstream a velocity of 1.45 m/s and downstream 

a maximum velocity of 8.75 m/s is displayed as 

shown in figures 12 a) and 12 b). The velocity at 

the beginning of the plate reached a velocity of 

20.43 m/s due to the reduction of the diameter 

and a maximum velocity of 27.7 m/s was 

obtained at the end of the plate as shown in 

figures 12 c) and 12 d) respectively. In figure 12 

e) and 12 f) the velocity vectors are presented, in 

the upstream transverse plane no recirculation is 

observed. In the downstream transverse plane it 

is observed that the recirculation starts in the 

centre of the plane and rises to the surface. 

 

 
 

Figure 12 Velocity contours and vectors case II: a) 

upstream and b) downstream, c) plate start and d) plate 

end, e) upstream vectors and f) downstream vectors. 
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Figure 13 shows the transverse velocity 

planes and velocity vectors for case III. 

Upstream, a velocity of 1.42 m/s is shown in 

figure 13 a). For the downstream transverse 

plane shown in figure 13 b) a maximum velocity 

of 7.12 m/s is observed. In the analysis of the 

plate, an increase in velocity of 21.3 m/s is 

observed; while at the end of the plate, a 

maximum velocity of 27.07 m/s is observed, as 

shown in figures 13 c) and 13 b). In the study of 

the velocity vectors shown in figures 13 e) and 

13 f), upstream areas without fluid recirculation 

are observed, while downstream there is a 

recirculation that starts in the centre and extends 

over almost the entire cross section. 
 

 
 

Figure 13 Velocity contours and vectors case III: a) 

upstream and b) downstream, c) plate start and d) plate 

end, e) upstream vectors and f) downstream vectors 

 

Figure 14 shows a longitudinal plane of 

the control volume, from which cross-sectional 

planes were obtained. The vapour fraction is 

observed at the beginning of the plate with a 

vapour fraction of 0.2393 as represented in 

figure 14 c) and the highest vapour fraction is 

visualised at 1 mm from the beginning of the 

plate with a maximum value of 0.902 as shown 

in figure 14 e). In figures 14 a) and 14 b) no 

vapour fraction is observed. As for figure 14 c) 

shows the transverse plane at the inlet of the 

plate while figure 14 e) presents a lateral plane 

of the plate.  

 

 
 

Figure 14 Vapour fraction contours in case I: a) upstream, 

b) downstream, c) plate inlet, d) 1 mm after plate and e) 

perforated plate 

 

 

 

Figure 15 shows the behaviour of the 

vapour fraction for case II. The presence of 

vapour is visualised at the beginning of the plate 

as shown in figure 15 c). It is observed that most 

of the vapour fraction is located at the edge of 

the plate with a maximum value of 0.9815 as 

shown in figure 15 e). Downstream the presence 

of a small vapour fraction was observed which is 

represented in figure 15 b). Figure 15 a) shows 

the upstream plane, it is observed that there is no 

vapour present. 
 

 
 

Figure 15 Vapour fraction contours in case II: a) 

upstream, b) downstream, c) plate inlet, d) 1 mm after 

plate and e) perforated plate 

 

Figure 16 presents the vapour fraction 

behaviour of case III. It is observed that at the 

beginning of the plate there is no vapour fraction 

present as shown in figure 16 a) but the vapour 

concentration appears 1 mm after the entrance of 

the perforated plate with a maximum value of 

0.9826 represented in figure 16 d). Upstream and 

downstream no vapour was observed as in case I 

as shown in figures 16 a) and 16 b). 
 

 
 

Figure 16 Vapour fraction contours in case III: a) 

upstream, b) downstream, c) plate inlet, d) 1 mm after 

plate and e) perforated plate 
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Conclusions 

 

The CFD validation of the model was performed 

using experimental test data measured one 

diameter upstream and one half diameter 

downstream of the plate according to ISO 5167. 

In the experimental model the pressure 

differential values were 314 kPa (case I), 316 

kPa (case II) and 316 kPa (case III) using an inlet 

pressure of 300 kPa and an outlet pressure of 0 

kPa. As for the numerical modelling, the 

pressure differentials obtained are: 316.14 kPa 

(case I), 317.33 kPa (case II) and 317.42 kPa 

(case III), with these data the error obtained 

between the experimental and numerical models 

are 0.77%, 0.42% and 0.44% respectively. The 

numerical model allowed to detect that the 

saturation pressures are generated at the inner 

edges of the perforated plates. It was also 

observed that the central hole plates are ideal to 

obtain cavitation when water is used as the fluid. 

On the other hand, it was detected that the 

maximum velocity values occur at the plate and 

that there is a considerable increase in velocity 

in the cases with a central hole. In the analysis of 

the velocity vectors, it was observed that each 

case presents a different behaviour with respect 

to recirculation; in the cross section, in case I, the 

downstream recirculation is presented in the 

centre and in case II, the recirculation is more 

intense in the lower zone of the control volume 

of the cross section and with a tendency to rise 

towards the surface; for case III, the intensity of 

the turbulence continues but expands from the 

centre to the upper wall of the pipe and covers a 

large part of the area of the cross section. The 

results obtained in this research show that it is 

possible to validate a numerical model of 

cavitation in perforated plates using 

experimental data with an error rate of less than 

5% in all three cases. 

 

NOMENCLATURE 

 

𝛥p Differential pressure 

 

Pe Inlet pressure 

 

v _m Average velocity of the mixture 

 

(M_m ) Surface tension force in mixture 

 

g Gravity 

 

k_eff Effective conductivity 

 

α_k Volume fraction of the secondary phase (k) 

 

(v_k) Average velocity of secondary phase  

 

E_k Energy of the secondary phase 

 
∇T Temperature differential 

 

S_E Entropy  

 
𝑃𝑣 Saturated vapor pressure 

 
𝑛 Bubble number density 

 

f_v Vapor mass fraction 

 

f_g Non-condensable gases 

 

R_e Mass transfer related to bubble growth. 

 

R_c Collapse of vapor bubbles 

 

R_B Bubble radius 

 

G_k Generation of kinetic energy due to velocity 

gradients 

 

G_b Kinetic energy generation due to buoyancy 

 

Y_M Contribution of fluctuating dilatation 

 

Greek symbols 

 

α Vapor volume fraction 

 

α_k Volume fraction of secondary phase (k) 

 

ρ_m Density of mixture 

 

ρ_k Density of the secondary phase 

 

ρ_v Density of vapor 

 

ρι Density of liquid 

 

μ viscosity 

 

σ_k Prandtl number for k 

 

σ_ε Prandtl number for ε 

 

μ_t Turbulent viscosity 

 

τ_m Mean viscous stress 

 

τ_Tm Turbulent tension 
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τ_Dm Diffusion stress 
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Abstract 

 

This work shows the development of an application in 

Ruby to detect the actions carried out on a USBNes 

control, with the purpose of achieving an application that 

can be used for teaching video game programming, 

connectivity and communication between devices, in the 

Ruby programming language. In the first stage, an analysis 

was made of the libraries available in Ruby such as Shoes 

and Gosu to create GUIs and video games and the 

detection of an USB device. In the second stage two 

prototypes were identified that were able to detect the 

actions carried out on the keyboard. In the last stage the 

final version was developed which detects the buttons 

pressed on the remote, the necessary tests were made, and 

the code was published in a repository in GITLAB for 

reference and future use. The application was developed 

and tested for Windows and Linux Ubuntu to prove Ruby's 

portability. 

 

Ruby, Shoes, Gosu, USBNes 

Resumen 

 

El presente trabajo muestra el desarrollo de una aplicación 

en Ruby para detectar las acciones realizadas sobre un 

control USBNes, con el objetivo de lograr una aplicación 

que puede ser usada para la enseñanza de programación de 

videojuegos, y la conectividad y la comunicación entre 

dispositivos, en Ruby.  En la primera etapa se hizo un 

análisis de las librerías disponibles en Ruby como Shoes y 

Gosu para crear GUI y videojuegos y la detección del 

dispositivo USB, en la segunda etapa se desarrollaron dos 

prototipos que detectan las acciones realizadas en el 

teclado, en la tercera etapa se desarrolló la versión final la 

cual detecta los botones presionados en el mando. Se 

hicieron las pruebas necesarias y se publicó el código en 

un repositorio en GITLAB para referencia y uso futuro. La 

aplicación fue desarrollada para Windows y Linux Ubuntu 

para probar la portabilidad de Ruby.  

 

 

Ruby, Shoes, Gosu, USBNes
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Introduction 

 

The commerce and development of video games 

is one of the most lucrative industries, above 

cinema and television, for this reason it is of 

great importance to know the basics of video 

game programming for at least one development 

technology, so we consider it relevant to propose 

the development of an application that displays 

a GUI where a USBNes control is visualised and 

that displays on screen the buttons and pad that 

are pressed on the control. For the development 

of this project we use Visual Studio Code and the 

Shoes and Gosu libraries for Ruby. The result is 

several prototypes that can be used as a basis for 

further development in various areas of 

engineering such as GUI application 

development, video games or IoT. Figure 1 

shows the general diagram of the project. 
 

 
 

Figure 1 Project overview diagram 

 

Tools 

 

Ruby (Cooper, 2007) (Mahadevan, 2002) is an 

interpreted, object-oriented programming 

language created by Yukihiro Matsumoto, who 

started working on Ruby in 1993 and introduced 

it in 1995. It combines syntax inspired by Python 

and Perl with object-oriented programming 

features. Ruby is distributed under a free 

software licence. 

 

 Shoes (Gandy, 2020) (Coupe, 2022) is 

a framework of tools based on the Ruby 

programming language. Shoes runs on Microsoft 

Windows, Mac OS X and Linux (GTK+), using 

the underlying Cairo and Pango technologies. 

 

  

 

 

 

 

 

 Gosu (Sobkowicz, 2015) (Julian 

Raschke, 2020) is a 2D game development 

library for Ruby and C++. It is available for 

macOS, Windows, Linux (including Raspbian) 

and iOS. Gosu is lightweight and has few 

dependencies (mainly SDL 2). It provides a 

window and a main method, 2D graphics and 

text, OpenGL or OpenGL ES technology, 

sounds, music, keyboard, mouse and gamepad 

input. 

 

Hardward and Software Specifications 

 

Hardward used in the project 

 

- Intel(R) Core (TM) i34025U CPU @ 1.90 

GHz, 6 GB RAM, 64 bits.  

 

- Pentium (R) Dual-Core CPU E5700 @ 

3.00 GHz, 4 GB RAM, 32 bits. 

 

- Game Controller ELE-GATE® GM.09 

 

Software used in the project Windows 10 

 

- Ruby 2.7.1p83 (2020-03-31 revision 

a0c7c23c9c) [x64-mingw32] 

 

- Shoes federales build 3.2.25 r2170 

 

- Shoes walkabout build 3.3.7 r3301 

  

- Gosu (0.15.2 x64-mingw32) 

 

- Visual Studio Code version 1.45.1 

 

Linux Ubuntu 20.04 LTS 

 

- Ruby 2.7.0p0 (2019-12-25 revision 

647ee6f091) [x86_64-linux-gnu] 

 

- Shoes federales build 3.2.25 r2170 

 

- Shoes walkabout build 3.3.7 r3301 

 

- Gosu (0.15.2) 

 

- Visual Studio Code version 1.46.1 

 

Development 

 

In order to evaluate the development of 

graphical interfaces with Ruby and 

communication with USB ports, several 

prototypes were developed. 
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Figure 2 shows a GUI developed in 

Shoes federal for Windows 10 and Figure 3 

shows a GUI developed in Shoes walkabout. 

These prototypes allow to identify the graphical 

recognition in the GUI through the keyboard, as 

it simulates the buttons on the control shown in 

the application. 
 

 
 

Figure 2 Federal Windows Shoes 

 

 
 

Figure 3 Linux shoes walkabout 

 

Figure 4 shows a Ruby GUI running on 

Windows with the Gosu library.   
 

 
 

Figure 4 Windows Gosu 

 

Figure 5 shows a Ruby GUI running on 

Linux Ubuntu with the Gosu library. 

 

 
 

Figure 5 Linux Ubuntu Gosu 

 

After developing and testing the 

prototypes, it was decided to choose Gosu for the 

final development of the project, because it 

integrates directly both the GUI development 

and the access to the USB ports. In the final stage 

of the project we integrated the control for the 

recognition of the buttons and the pad showing 

an image when they are pressed. 

 

Results and Conclusions 

 

Figure 6 shows the final result of our project, 

where the USBNes controller (Game Controller 

ELE-GATE GM.09) is connected and operating 

with the visual interface. 

 

With the development of this work we 

managed to generate an application of 

recognition of a USBNes control compatible 

with Windows and Linux Ubuntu operating 

systems, using the Ruby programming language 

which serves as a guide to dabble in the 

development and creation of video games in 

different operating systems, where students can 

get many of the benefits of this development 

language, among which we can mention the ease 

of distribution, integration of tools and libraries 

to design, program and test our video games.  
 

 
 

Figure 6  
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Annexes 

 

Application code for Windows and Linux 

Ubuntu with Shoes. (This code is not registered 

on any authoring site). 

 

Shoes.app width:573, height:287, resizable: fals

e, center: true, title: "Ruby Control USBNes" d

o 

 

    background("./img/imageNes.png") 

 

    fill blue 

 

    a = oval(left: 390, top: 169, radius: 20, hidde

n: true) # Button A 

 

    b = oval(left: 462, top: 169, radius: 20, hidde

n: true) # Button B 

 

    select = oval(left: 228, top: 183, width: 32, h

eight: 12, hidden: true) # Select 

 

    start = oval(left: 302, top: 183, width: 32, hei

ght: 12, hidden: true) # Start 

 

    up = rect(left: 98, top: 122, width: 21,  height

: 21, hidden: true) # Arrow UP 

 

    down = rect(left: 98, top: 180, width: 21, hei

ght: 21, hidden: true) # Arrow Down 

 

    left = rect(left: 69, top: 151, width: 21, height

: 21, hidden: true) # Arrow Left 

 

    right = rect(left: 128, top: 151, width: 21, hei

ght: 21, hidden: true) # Arrow Right 

 

    @info = para "NO KEY is PRESSED." 

 

    keyup do |k|  

 

      case k 

 

        when "a" 

 

          update("A was RELEASE.", a, true) 

 

        when "s" 

 

          update("B was RELEASE.", b, true) 

 

        when " " 

 

          update("Select was RELEASE.", select, t

rue) 

 

        when "\n" 

 

          update("Start was RELEASE.", start, true

) 

        when :up 

 

          update("Up was RELEASE.", up, true) 

 

        when :down 

 

          update("Down was RELEASE.", down, tr

ue) 

 

        when :left 

 

          update("Left was RELEASE.", left, true) 

 

        when :right 

 

          update("Right was RELEASE.", right, tru

e) 

 

      end 

 

    end 

 

    keypress do |k|   

 

      case k 

 

        when "a" 

 

          update("A was PRESSED.", a, false) 

 

        when "s" 

 

          update("B was PRESSED.", b, false) 

 

        when " " 

 

          update("Select was PRESSED.", select, f

alse) 

 

        when "\n" 

 

          update("Start was PRESSED.", start, fals

e) 

 

        when :up 

 

          update("Up was PRESSED.", up, false) 

 

        when :down 

 

          update("Down was PRESSED.", down, f

alse) 
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        when :left 

 

          update("Left was PRESSED.", left, false) 

 

        when :right 

 

          update("Right was PRESSED.", right, fal

se) 

 

      end 

 

    end 

 

    def update(message, button, state) 

 

      @info.replace message  

 

      button.hidden = state 

 

    end 

 

  end 

 

Application Code for Windows and Linux 

Ubuntu with Gosu.  

 

require "gosu" 

 

class USBNesV1 < Gosu::Window  

 

  def initialize 

 

    super 573, 287 

 

    self.caption = "Ruby Control USBNes" 

 

    @background = Gosu::Image.new "imageNe

s.png" 

 

    @circle = Gosu::Image.new "circle.png" 

 

    @square = Gosu::Image.new "square.png" 

 

    @oval = Gosu::Image.new "oval.png" 

 

    @font = Gosu::Font.new 20 

 

  end 

   

  def draw 

 

    @background.draw 0, 0, 0  

 

    @font.draw_text @msg, 10, 10, 0, 1.0, 1.0, 

Gosu::Color::BLACK 

     

    if Gosu.button_down? Gosu::GP_LEFT     

      @square.draw_rot 83, 162, 0, 0  

 

      @msg = "Left was Pressed."    

 

    end 

   

    if Gosu.button_down? Gosu::GP_RIGHT    

 

      @square.draw_rot 146, 162, 0, 0     

 

      @msg = "Rigth was Pressed." 

 

    end 

     

    if Gosu.button_down? Gosu::GP_UP 

    

      @square.draw_rot 114.5, 131, 0, 0   

  

      @msg = "Up was Pressed." 

 

    end 

 

    if Gosu.button_down? Gosu::GP_DOWN  

  

      @square.draw_rot 114.5, 193, 0, 0    

 

      @msg = "Down was Pressed." 

 

    end 

   

    if Gosu.button_down? Gosu::GP_BUTTON_

3 

 

      @circle.draw_rot 415, 190, 0, 0   

    

      @msg = "B was Pressed." 

 

    end 

   

    if Gosu.button_down? Gosu::GP_BUTTON_

1 

 

      @circle.draw_rot 487, 190, 0, 0   

    

      @msg = "A was Pressed." 

 

    end 

   

    if Gosu.button_down? Gosu::GP_BUTTON_

4 

 

      @oval.draw_rot 249, 189, 0, 0    

 

      @msg = "Select was Pressed." 

 

    end 
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    if Gosu.button_down? Gosu::GP_BUTTON_

6 

 

      @oval.draw_rot 324, 189, 0, 0      

 

      @msg = "Start was Pressed." 

 

    end 

     

  end       

 

end 

 

USBNesV1.new.show 
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Abstract 

 

This paper describes a way to experimentally calculate the 

wavelength of the light emitted by a Helium-Neon laser, model 

HNLS008R, which according to its technical manual has 0.8 mW 

of power and wavelength 632.8 nm. The experiment is based on 

Michelson's light interference theory, which consists of using a 

light source that illuminates a beam splitter, which allows 

dividing the light wave into two paths, one is directed towards a 

fixed mirror and the other towards a mobile mirror, these optical 

elements allow reflecting the light with the same angle of 

incidence producing a superposition of waves in the form of 

circular finges. When the movable mirror moves about its optical 

axis, a movement in the fringes of the order of half a wavelength 

is observed. The equations governing the behavior of the 

interference fringes in the experiment are also described and the 

expression to calculate experimentally the wavelength as a 

function of the number of fringes, the displacement of the 

moving mirror and the wavelength of the source under test is 

obtained. Finally, the experimental results are compared with the 

technical data provided by the manual of the device, concluding 

that the laser still conserves a stability in the wavelength, so it is 

still reliable to be used in optical experimental arrangements. 

 

 

 

 

Michelson Interferometer, Amplitude Division 

Interferometer, Interference, Wavelength of a Helium Neon 

Laser 

Resumen 

 

En el presente trabajo se describe una manera de como calcular 

experimentalmente la longitud de onda de la luz emitida por un 

láser Helio – Neón, modelo HNLS008R, que de acuerdo a su 

manual técnico tiene 0.8 mW de potencia y longitud de onda 

632.8 nm. El experimento se basa en la teoría de interferencia de 

luz de Michelson, que consiste en utilizar una fuente de luz que 

ilumina a un divisor de haz, el cual permite dividir la onda de luz 

en dos caminos, uno es dirigido hacia un espejo fijo y el otro a 

un espejo móvil, estos elementos ópticos permiten reflejar la luz 

con el mismo ángulo de incidencia produciendo una 

superposición de ondas en forma de franjas circulares. Cuando el 

espejo móvil se desplace sobre su eje óptico se observa un 

movimiento en las franjas del orden de media longitud de onda. 

También se describen las ecuaciones que gobiernan el 

comportamiento de las franjas de interferencia en el experimento 

y se obtiene la expresión para calcular experimentalmente la 

longitud de onda en función del número de franjas, el 

desplazamiento del espejo móvil y longitud de onda de la fuente 

bajo prueba. Finalmente se comparan los resultados 

experimentales con los datos técnicos proporcionados por el 

manual del dispositivo, concluyendo que el láser sigue 

conservando una estabilidad en la longitud de onda, por lo que 

sigue siendo confiable en utilizarlo en arreglos experimentales 

ópticos 

 

Interferometro de Michelson, Interferometro de división de 

amplitud, Interferencia, Calibración de la longitud de onda 

de un láser 
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Introduction 

 

(Jenkins & White, 1981, light interference is a 

phenomenon of nature that arises when two or 

more optical waves overlap in the same spatial 

region.  (Born & Wolf, 1999) The interference 

function is the sum of the individual wave 

functions and is based on the linearity of the 

wave equation, equivalent to the interaction of 

two or more light waves that produce resulting 

irradiance. (Hecht & Zajac, 2003), when two 

light waves are superimposed, the resulting 

intensity at any point depends on whether they 

cancel or add to each other, having the same 

frequency.  (Hecht & Zajac, 2003), the 

amplitude complex at any point in the 

interference pattern is then the sum of the 

complex amplitudes of the waves, so it can be 

written; 

 

𝐴 = 𝐴1 + 𝐴2       (1) 

 

Where 𝑎1 = 𝐴1𝑒(−𝑖𝜑1) y 𝑎2 = 𝐴1𝑒(−𝑖𝜑2) 

are complex amplitudes of the waves. The 

resulting intensity is therefore: 

 

𝐼 = |𝑎|2 = (𝑎1 + 𝑎2)(𝑎1
∗ + 𝑎2

∗) 

= |𝐴1|2 + |𝐴2|2 + 𝐴1𝐴2
∗ + 𝐴2𝐴1

∗    (2) 

 

𝐼 = 𝐼1 + 𝐼2 + 2( 𝐼1𝐼2) 1 2⁄  𝑐𝑜𝑠 ∆𝜑    (3) 

 

Where 𝐼1 y 𝐼2; are the intensities due to 

the two waves acting separately and ∆𝜑 = 𝜑1 −
𝜑2 is the phase difference between them. 

 

If the two waves are derived from one 

source, have the same phase at the origin, the 

phase difference corresponds to an optical path 

difference expressed as: 

 

∆𝑝= (
𝜆

2𝜋
) ∆𝜑       (4) 

 

With a time delay 

 

𝜏 = (
∆𝜌

𝑐
) = (

𝜆

2𝜋𝑐
) ∆𝜑     (5) 

 

The order of interference is: 

 

𝑁 = (
∆𝜑

2𝜋
) = (

∆𝜌

𝜆
) = 𝜏𝑣     (6) 

 

Where 𝜆 is the source wavelength, 𝑣 the 

fringe visibility. 

 

 

 

(Hecht & Zajac, 2003), mentions that if 

the phase difference between the two waves 

varies linearly over the entire field of view, the 

intensity behaves sinusoidally giving rise to 

alternating light and dark 

 

Michelson interferometer 

 

There is a wide variety of amplitude division 

interferometers using mirrors and light splitters. 

The best known of all and historically the most 

important is the Michelson interferometer, 

whose configuration is illustrated in Figure 1. A 

broad source emits a wave, part of which travels 

to the right and through a beam splitter O splits 

the wave into two segments; the first one is 

incident on mirror 𝑀1  passing through a light 

compensator C, the second is deflected 90° from 

its angle of incidence towards mirror 𝑀2. The 

waves reflected by the mirrors return to the 

splitter along the same path producing an 

interference pattern. 

 

 

 

 

 

 

 

 

 

 

 
Figure 1 Compensated Michelson Interferometer 

 

Note that one beam passes through O 

three times, while the other passes only once. 

Consequently, each beam will cross equal glass 

thickness only when a compensating plate C is 

inserted into the O arm M1. By placing the 

compensator, any optical path difference is due 

to the actual path difference (Hecht & Zajac, 

2003). 

 

The author (Hecht & Zajac, 2003), in his 

book explains the formation of interference 

fringes through figure 2, where the wave coming 

from S splits into O and its components are 

subsequently reflected in 𝑀1 y 𝑀2. In the 

schematic diagram shown in Figure 2, the 

reflected ray is represented in 𝑀2  and 𝑀1
′ , which 

for an observer the reflected rays come from the 

image points 𝑆1 𝑎𝑛𝑑 𝑆2 ,which are considered 

coherent point sources and a flux density 

distribution obeying equation (3) can be 

anticipated. 

 

𝑀2 

𝑀1 

𝐶 

𝑂 

𝑆𝑜𝑢𝑟𝑐𝑒 
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Figure 2 Conceptual layout of the Michelson 

interferometer 

Source: (Hecht & Zajac, 2003) 

 

As can be seen in Figure 2, the optical 

path difference for these beams 

is 2𝑑 𝑐𝑜𝑠𝜃 which represents a phase shift 

of 𝐾02𝑑 𝑐𝑜𝑠𝜃. There is an additional phase term 

because the wave passing through the arm  𝑂𝑀2  
is internally reflected at the beam splitter, while 

the wave  𝑂𝑀1 is externally reflected at O. If the 

beam splitter is simply an uncoated glass plate, 

the relative phase shift coming from the two 

reflections will be 𝜋 radians and destructive 

interference will occur when: 

 

2𝑑 𝑐𝑜𝑠 𝜃𝑚 = 𝑚𝜆0     (7) 
 

Where m is an integer value. If this 

condition is satisfied for point S, then it will be 

equally well satisfied for any point ∑  that lies 

on the circle of radius 𝑂′𝑆, where 𝑂′ is on the 

detector axis. An observer sees a distribution of 

concentric circular fringes as shown in Figure 3. 

 

 
 
Figure 3 Michelson's concentric rings 

Source: (Hecht & Zajac, 2003) 

 

 

 

 

 

 

 

 

 

Interference distribution 

 

An interference distribution with quasi-

monochromatic light typically consists of a high 

number of alternating bright and dark rings as 

mentioned (Hecht & Zajac, 2003). A given ring 

corresponds to a fixed order m, as  𝑀2  moves 

toward 𝑀1
′ , 𝑑 decreases and according to 

equation (7) 𝑐𝑜𝑠 𝜃𝑚 increases, while 𝜃𝑚 

decreases. The rings compress toward the center 

while the higher order vanishes each time d 

decreases by 𝜆0 2⁄ . 

 

Each remaining ring widens as the 

fringes disappear in the center of the screen, until 

only a few fill the screen. When 𝑑 =  0, l has 

been reached, the central fringe will have 

expanded, completely filling the field of view. 

With an offset of 𝜋 resulting from reflection at 

the beam splitter, the entire screen will be a 

minimum of interference. If  𝑀2  is moved even 

further, the fringes will reappear in the center 

and move outward. 

 

When a dark central fringe for which 

θ𝑚 = 0, equation (7) can be represented by: 

 

2𝑑 = 𝑚0𝜆0      (8) 

 

For a fixed value in d, successive dark 

rings will satisfy the expressions: 

 

2𝑑 cos 𝜃1 = (𝑚0  −  1) 𝜆0     

2𝑑 cos 𝜃2 =  (𝑚0  −  2)𝜆0                                        
... 
2𝑑 𝑐𝑜𝑠 𝜃𝑝  =  (𝑚0  −  𝑝)𝜆0    (9) 

 

The angular position of any ring, for 

example, the 𝑝 − th ring is obtained by 

combining equations (8) and (9), leaving: 

 

2𝑑(1 −  𝑐𝑜𝑠𝜃𝑝) =  𝑝𝜆0             (10) 

 

Since 𝜃𝑚  ≡  𝜃𝑝 and precisely are half 

the angle subtended about the detector by a 

particular ring, and since 𝑚 =  𝑚0  − 𝑝, 

equation (10) is equivalent to equation (7). 

If 𝑑 =  10 𝑐𝑚, the sixth dark ring can be 

specified by stating that 𝑝 = 6, or in terms of 

ring order 𝑝 –  th, that 𝑚 = 399.994. If 𝜃𝑝 is 

small then; 

 

𝑐𝑜𝑠 𝜃𝑝 = 1 −
𝜃𝑝

2

2
              (11) 

 

And equation (10) can be expressed as: 

𝑆𝑜
´  𝑆𝑖

´ 

𝑆0 

 
𝑆𝑖  

 

𝑑 
∑  

 

𝑂′ 

𝑆 
𝑀2 

 
𝑀1

´  

∑
2

 

 
∑

1

 

 

𝜃 

2𝑑 cos 𝜃 
 

𝜃 

𝐷𝑒𝑡𝑒𝑐𝑡𝑜𝑟 

 

𝑆2 

 
𝑆1 

 

2𝑑 
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𝜃𝑝 = (
𝑝𝜆0

𝑑
)

1

2
                   (12) 

 

for the angular radius of the 𝑝 − th 

fringe. 

 

The Michelson interferometer can be 

used to make very accurate longitude 

measurements. Since it is moving mirror is 

displaced by 𝜆0/2, each fringe will move 

towards the position previously occupied by an 

adjacent fringe. The distance traveled by the 

mirror ∆𝑑, i.e.: 

 

∆𝑑 = 𝑁 (
𝜆0

2
)                (13) 

 

Where: 

 

𝑁 is the number of fringes 

 

∆𝑑 is the mirror displacement 

 

𝜆0 is the wavelength of the illumination source 

 

Experimental setup 

 

Figure 4a shows the experimental setup, which 

consists of a Helium-Neon laser (L), with a 

power of 0.8 mW  --- of milliwhatt and a 

wavelength of 632.8 nm as mentioned 

(THORLABS, 2021) in the technical 

information of the device, a 10X magnification 

microscope objective, two 100% reflecting 

mirrors, a 50% beam splitter and an observation 

screen. The light beam emitted by the laser is 

incident on a microscope objective (Ob), which 

allows the beam to be amplified by 10X, so that 

the light spot produced illuminates the beam 

splitter (Dh), which has the characteristic of 

reflecting 50% of the incident wave and 

transmitting the other 50%. One of the beams 

reflects on a fixed mirror  𝑀1   while the other is 

reflected on a movable mirror  𝑀2 , so that the 

reflected beams recombine at the beam splitter 

producing circular interference fringes on an 

observation screen, as shown in Figure 4b. 

 

  

 
 

Figure 4a Experimental setup 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 4b Interference rings 

 

As the two beams interfering on the 

screen come from the same light source, the 

phase difference remains constant and depends 

only on the difference in the optical path 

followed by each of them. Therefore, the fringes 

generated by the interferometric array can be 

displayed on an observation screen. The optical 

path of one of the beams can be varied by 

shifting the mirror 𝑀2. If that mirror is 

shifted 𝜆0/4 away from the beam splitter, the 

optical path of that beam will increase by 𝜆0/2. 

The interference fringes will change so that the 

radius of the maxima will increase and occupy 

the position of the initial minima. If the 

mirror 𝑀2 is shifted by an additional distance of 

𝜆0/4, the new fringe system produced will be 

indistinguishable from the original. Therefore, 

by slowly moving the mirror over a distance ∆𝑑 

and counting the number N of fringes passing a 

fixed point on the screen, the wavelength 𝜆0 of 

the light can be calculated by rewriting equation 

(13). 

 

𝜆0 =
2∆𝑑

𝑁
               (14) 

 

Where: 

 

𝑁 is the number of fringes 

∆𝑑 is the mirror displacement 

𝜆0 is the wavelength of the illumination source 

L Ob 

M2 

M1 

Dh 
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Alignment of the experimental setup 

 

For the alignment of the optical system, the laser 

(L) is placed on a micrometric mechanical 

mount (Mo) with movements in the 𝑥, 𝑦  axes; in 

such a way that the beam produced is incident on 

two rods (V1 and V2) with the same height and 

separated by a distance of 30 cm (see figure 5.a) 

resulting in a parallel beam with respect to the 

holographic table. Next the mirrors   𝑀1and 𝑀2 

are aligned on the optical axis, allowing to reflect 

the beam towards the laser cavity (L) as shown 

in figure 5.b, once the mirrors are aligned 

proceed to place the beam splitter cube (Dh) on 

the optical axis in such a way that it forms an 

angle of 90° with respect to the incident beam. 

The new rays generated by the cube should strike 

the mirrors 𝑀1and 𝑀2 placed orthogonally as 

shown in Figure 5.c., so that they direct the light 

back to the splitter, allowing joining the two rays 

on an observation screen (Os) Figure 5.d. 

Finally, the microscope objective is aligned to 

expand the beam produced by the laser.  

 

 
 

Figure 5a Laser alignment 

 

 
 

Figure 5b Mirror alignment 𝑀1𝑎𝑛𝑑 𝑀2 

 

 
 
Figure 5c Divider alignment 

 

 
 
Figure 5d Observation Screen Alignment 

 

Interference fringe count. 

 

Due to the aberrations of the optical components, 

the interference fringes may not be perfectly 

circular. However, this fact does not introduce 

errors in the measurements as long as the 

maxima and minima can be distinguished.  

 

To count the stripes, a reference circle is 

drawn on the screen (Os), where a maximum and 

a minimum border appears so that when the 

micrometer moves, the fringes reach the 

previously determined position and the counting 

of stripes begins (See figure 6).  

 

 
 

Figure 6 Interference rings with reference circles 

 

 

 

 

 

L 
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V1 V2 
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Mirror displacement in 𝜇𝑚 

Measurement of the wavelength of the 

Helium-Neon laser HNLS008R 

 

To experimentally measure the wavelength of 

the HNLS008R laser; the mirror  𝑀2 shown in 

Figure 5.C, is placed on a micrometer mount 

(Mm) that allows the mirror to be moved 

horizontally about the optical axis as shown in 

Figure 7. The micrometer screw (Ms) is 

positioned at a reading of approximately 10 μm, 

to ensure that the movement is in a region where 

the displacement is linear.  

 

According to section 2.2, the screen is 

positioned so that the interference circle drawn 

on the observation screen (Os) (see figure 6), 

coincides with the third ring of the bright fringes, 

then the mirror 𝑀2  is slowly moved in the same 

direction, so that the observer can count the 

number of rings being recorded. The distance 

traveled by the moving mirror will be equal to 

the difference between the initial and final 

micrometer reading, the wavelength is 

calculated by equation (14). The measurements 

are repeated 16 times to perform an analysis of 

the measurement errors. 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 7 Design of the experimental setup 
 

Results 

 

As mentioned in section 2.2 and 2.3, the 

experimental results are obtained. Table 1 shows 

the data corresponding to the mirror 

displacement in the order of microns, and the 

number of displaced fringes. From these data 

and knowing from the laser technical 

information where it is indicated that the 

wavelength is 0.6328 𝜇𝑚, we proceed to 

calculate the experimental wavelength, using the 

equation 14. Finally, the absolute and relative 

error of each of the measurements is obtained as 

shown in columns 4 and 5.  

 

 
 

Mirror 

displacement 

𝝁𝒎 

Number 

of 

fringes 

Wavelength 

in 𝝁𝒎 

% 

Absolute 

error 

% 

Relative 

error 

1 3 0.667 0.034 5.319 

2 6 0.667 0.034 5.319 

3 10 0.600 0.033 5.213 

4 13 0.615 0.018 2.783 

5 17 0.588 0.045 7.072 

6 20 0.600 0.033 5.213 

7 22 0.636 0.003 0.531 

10 32 0.625 0.008 1.264 

12 37 0.649 0.016 2.472 

13 41 0.634 0.001 0.181 

14 44 0.636 0.003 0.531 

16 51 0.627 0.006 0.877 

18 55 0.655 0.022 3.404 

20 62 0.645 0.012 1.921 

25 78 0.641 0.008 1.268 

30 95 0.632 0.001 0.224 

Average 0.632 0.001 0.106 

 

Table 1 Experimental results 

 

The result of table 1, shows that 

experimentally the average wavelength of the 

Helium - Red Neon laser, model HNLS008R is 

0.632 𝜇𝑚, this data is compared with the length 

mentioned in the technical manual of the laser, 

indicating a value of 0.6328 𝜇𝑚, these data are 

compared and it is deduced that the results have 

an approximate similarity, with a difference of 

0.0008 𝜇𝑚 much less than the absolute error. 

 

Finally, it is shown that the increase in 

the number of fringes observed is related to the 

separation between mirrors. In Figure 8 it can be 

observed that the variation of the displacement 

of concentric rings with respect to the movement 

of the mirror, showing that as the mirror moves, 

the number of fringes increases, having a quasi-

linear behavior. If the distance between mirrors 

is greater than 20 𝜇𝑚, the fringe count error 

starts to increase as shown in Figure 8. 

 

 
 

Figure 8 Behavior of the fringes with respect to the mirror 

displacement 
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Conclusions 

 

From the theory of Michelson's interferometric 

arrangement described by (Hecht & Zajac, 

2003), an equation is obtained that relates the 

number of fringes observed in the experiment, 

the distance that the mirror travels for each 

measurement and wavelength provided by the 

technical manual of the laser under test and that 

with it is possible to experimentally measure the 

wavelength of a Helium-Neon laser, which 

implies having a high precision instrument that 

allows somehow to calibrate the wavelength of a 

laser. According to the results obtained, the 

optical system described in this work, presents a 

difference between the experimental wavelength 

with respect to what is indicated in the technical 

manual of the HNLS008R laser of 0.0008 μm, 

concluding that the stability of the laser 

wavelength is preserved, ensuring that the 

device can continue to be used in optical 

experimental arrangements. 
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Abstract  

 

A Rogowski coil is an air-core winding that is built around the conductor on a diamagnetic material. The magnetic 

field produced by the current induces a proportional voltage in the coil. They are devices widely used in the 

measurement of current with high frequencies due to the advantages that their use represents, such as linearity and 

bandwidth. 
 

In aeronautics, Rogowski coils are used in various applications. However, its embedded application on a printed 

circuit board (PCB) is much smaller. 

 

The simulation of these coils is not as well documented since the documents found focus more on the development 

of prototypes. However, a correct and complete simulation facilitates the study and development of Rogowski coils. 

 

For this reason, the entire design and development process of the simulation will be documented, from the calculation 

of the parameters to the configurations of the different stages of the circuit. 

 

Objectives 

 
- Design the equivalent circuit of the Rogowski coil by calculating the component values. 

 

- Design the necessary integrator circuit for the coil to operate over the full bandwidth producing a voltage 

output proportional to the measured current. 

 

- Define the dimensions of the PCB for your future application. 

 

- Perform an evaluation of the simulation results and determine if the feasible for the application. 

 

Methodology 

 
- Investigation of the theory that supports the operation of the Rogowski coil and the integrator circuit. 

 

- Definition of the most suitable measurements for the PCB prototype that cover the entire bandwidth, but with 

small measurements and weight. 

 

- Calculation of the resistances, inductances and capacitance of the equivalent circuit of the Rogowski coil. 

 

- Selection of the integrating circuit and calculation of the appropriate resistors and capacitors for the 

bandwidth. 

 

- Research and calculation of coupling, filtering and amplification circuits. 

 
- Implementation of the complete circuit. 

 

- Measurement of the different stages of the circuit. 

 

- Application of different frequencies to evaluate the performance of the simulations in all the bandwidth. 

- Comparison and conclusions of the simulations. 

 

Contribution. Correct and complete simulation of a Rogowski coil with its integrating circuit, its coupling stages and 

the amplifier circuit. From the calculation of the values of the components to the configurations of the different 

stages. 

 
 

 

Inductor, integrate, simulations 

 

Resumen 

 

Una bobina Rogowski es un embobinado con núcleo de aire que se construye alrededor del conductor sobre un 

material diamagnético. El campo magnético producido por la corriente induce un voltaje proporcional en la bobina.  

Son dispositivos muy utilizados en la medición de corriente con altas frecuencias por las ventajas que representa su 

uso, como la linealidad y ancho de banda. 
 

En aeronáutica se usan las bobinas Rogowski en diversas aplicaciones. Sin embargo, su aplicación embebida en 

una placa de circuito impreso (PCB) es mucho menor.  

 

La simulación de estas bobinas no se encuentra tan bien documentado pues los documentos encontrados se centran 

más en el desarrollo de prototipos. No obstante, una simulación correcta y completa facilita el estudio y desarrollo 

de las bobinas Rogowski.  

 

Por esta razón se documentará todo el proceso de diseño y desarrollo de la simulación, desde el cálculo de los 

parámetros hasta las configuraciones de las distintas etapas del circuito.  

 

Objetivos  
 

- Diseñar el circuito equivalente de la bobina Rogowski calculando los valores de los componentes. 

 

- Diseñar el circuito integrador necesario para la bobina que funcione en todo el ancho de banda produciendo 

una salida de voltaje proporcional a la corriente medida. 

 

- Definir dimensiones de la PCB para su futura aplicación.  

 

- Realizar una evaluación de los resultados de la simulación y determinar si es viable para la aplicación. 

 

Metodología  
 

- Investigación de la teoría que sustenta la operación de la bobina Rogowski y del circuito integrador. 

 

- Definición de las medidas más adecuadas para el prototipo en PCB que cubran todo el ancho de banda, pero 

con las medidas y peso pequeños. 

 

- Cálculo de las resistencias, inductancias y capacitancia del circuito equivalente de la bobina Rogowski. 

 

- Selección del circuito integrador y cálculo de las resistencias y capacitores adecuados para el ancho de 

banda. 

 

- Investigación y cálculo de los circuitos de acoplamiento, filtrado y amplificación.  
 

- Implementación del circuito completo.  

 

- Medición de las diferentes etapas del circuito.  

 

- Aplicación de diferentes frecuencias para evaluar el rendimiento de las simulaciones en todo el ancho de 

banda. 

 

- Comparación y conclusiones de las simulaciones. 

 

Contribución. Simulación correcta y completa de una bobina Rogowski con su circuito integrador, sus etapas de 
acoplamiento y el circuito amplificador. Desde el cálculo de los valores de los componentes hasta las 

configuraciones y acoplamiento de las distintas etapas. 

 

Inductor, integrar, simulaciones
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Introduction 

 

A Rogowski coil is an air-core winding with 

constant cross-sectional area that is built around 

the conductor on a diamagnetic material of 

toroidal shape. The magnetic field produced by 

the current induces a voltage in the coil. The 

output voltage will be derived producing an 

output proportional to the rate of change of the 

current which will need to be integrated as can 

be seen in Figure 1. 
 

 
 

Figure 1 Rogowski coil with integrator circuit 

Source: (All about circuits, 2020) 

 

Rogowski coils are widely used in high 

frequency current measurement conditions due 

to their simple structure, good linearity and wide 

measuring band. They are traditionally wound 

manually or by a winding machine, and the wires 

are wound on non-magnetic materials such as 

rubber and Bakelite. 

 

However, this manufacturing method 

does not guarantee the consistency of the 

parameters of mass-produced Rogowski coils. 

Therefore, the scholar Kojovic first proposed the 

idea of designing a new type of PCB-based 

Rogowski coil (D.A. Ward & J. La T. Exon, 

1999). 

 

This type of coil can be simulated and 

designed using computer-aided design software. 

In addition, mature PCB processing technology 

can be used to improve manufacturing accuracy 

and reduce production costs while ensuring 

uniformity and consistency of multiple 

production coils by designing a new type of 

PCB-based Rogowski coil (Qinghua Tan, et al., 

2022). 

 

 

The use of Rogowski coils in aerospace 

is common, but their embedded use on printed 

circuit boards (PCBs) is not so usual.  

 

Currently, current transformers (CT's) 

are used as current sensors. However, changing 

this technology for Rogowski coils would imply 

many improvements such as less weight and 

space, easier installation, greater safety without 

overload or saturation problems that do occur 

with transformers, but the coils maintain the 

galvanic isolation that is one of the main 

advantages of transformers (David E. Shepard, 

Tactical Marketing Manager, & Donald W. 

Yauch, 2012). 

 

All these advantages are the ones that 

motivate to explore this alternative for current 

sensors used in the aerospace industry, which as 

it is known some of its main concerns are safety 

and reduced weight and size to work in optimal 

conditions. 

 

Under this premise it is proposed to 

design a prototype coil that is capable of 

measuring the current of the various aerospace 

applications, embedded in PCB. For this purpose 

and to facilitate the design process, the relevant 

simulations should be performed. However, in 

the various literature sources consulted, no 

simulation beyond transfer functions is 

performed. None of them focuses on an 

electronic simulation where the behavior of the 

circuit or the necessary stages for its correct 

operation can be appreciated. 

 

Therefore, this paper focuses on the 

development of a simulation of a Rogowski coil 

to be integrated in a printed circuit board (PCB) 

using LTspice tools in order to evaluate its 

performance for power conversion and 

distribution products. 

 

We will review the mathematical 

principles that govern their behavior, the 

equivalent circuit and the equations necessary to 

obtain the values of the components, the 

difference between self-inductance and mutual 

inductance, two key concepts for the 

development of the simulations, will be 

reviewed. Similarly, all the necessary 

calculations are performed and coupling and 

conditioning stages are added. Finally, the 

simulation is tested and the results obtained are 

reviewed and evaluated to determine if the 

application is viable. 

 



25 

Article                                                 Journal of Scientific and Technical Applications 

June 2022, Vol.8 No.21 23-35 
 

 
ISSN 2444-4928 

ECORFAN® All rights reserved. 
ALFARO-JIMENEZ, Andrea Itzel, GALLARDO-GARCÍA, 

Omar, TRASLOSHEROS-MICHEL, Alberto and RAMIÍREZ-

VILLA, Goretti. Rogowski coil simulation methodology in 

LTspice. Journal of Scientific and Technical Applications. 2022 

Problem statement  

 

Rogowski coils are widely used in the industry, 

however, the implementation of such coils 

embedded in a printed circuit board (PCB) in the 

aviation industry is not so wide. The use of these 

coils is proposed for one particular application: 

 

Input and output of alternating current (AC) 

converters with a bandwidth from 100 Hz to 1 

kHz. 

 

In the same way, the following restrictions are 

sought to be met: 

 

- It is required to cover the entire bandwidth 

with a single coil and a single integrator 

circuit.  

 

- It is intended to find the optimum 

dimensions of the coil for its future 

application in PCB so as to have a good 

performance and a size and weight suitable 

for aerospace applications. 

 

- Linearity of the circuit across the entire 

bandwidth is sought. 

 

Current transformers (CT's) are currently 

used for current measurement. However, due to 

their low bandwidth it is necessary to use one 

transformer for 100Hz and a different one for 

1000 Hz with different dimensions (Agile 

Magnetics, 2017). 

 

Mathematical principles and theory of 

operation.  

 

The simplest Rogowski coil consists of a 

winding of N turns wrapped around a base of a 

diamagnetic material. With a structure similar to 

that shown in Figure 2. 
 

 
 

Figure 2 Structure of a simple Rogowski coil 

Source: (Qinghua Tan, et al., 2022) 
 

 

The mathematical theory behind this coil 

is based on Faraday's law, which states the total 

electromotive force induced in a closed circuit is 

proportional to the rate of time change of the 

total magnetic flux binding the circuit. That is, 

when the magnetic flux surrounded by the path 

varies with time, a voltage is induced around the 

path that will be equal to the negative rate of 

change of the flux in webers per second. 

 

𝜖 = −
𝑑𝜙𝐵

𝑑𝑡
      (1) 

 

Where: 
 

- 𝜖 is the electromotive force. 

 
- 𝜙𝐵 is the magnetic flux 

 
- 𝑡  is the time 

 

In turn the magnetic flux, 𝜙, flowing 

through the coil is defined as: 

 

𝜙 = ∫ 𝐵 ∙ 𝑑𝐴
𝑏

𝑎
                      (2) 

 

Where: 

 

- B is the magnetic induction intensity at the 

spatial point. 

 

- A is the cross sectional area of the coil. 

 

- a is the inner diameter of the coil. 

 

- b is the external diameter. 

 

And knowing that the magnetic induction 

intensity is defined by the following equation: 
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𝐵 =
𝜇0𝑖(𝑡)

2𝜋𝑟
                       (3) 

 

Where: 

 

- 𝜇0=4𝜋 × 10−7  is the vacuum 

permeability 

 

- 𝑖(𝑡)  is the current of the conductor in time 

 

- r is the distance between the space point 

and the empty current conductor 

 

Figure 3 below shows the delimitations of 

the different dimensions of the coil. Where a is 

the inner diameter, b is the outer diameter, r is 

the distance from the center of the current-

carrying conductor and h is the height of the 

PCB. 
 

 
 

Figure 3 Dimensions of the coil dimensions 

Source: (Qinghua Tan, et al., 2022) 

 

Then the magnetic flux flowing through 

the coil will be: 

 

𝜙 = ∫
𝑁𝜇0𝑖(𝑡)ℎ

2𝜋𝑟
𝑑𝑟 =  

𝑁𝜇0𝑖(𝑡)ℎ

2𝜋
𝐼𝑛 

𝑏

𝑎

𝑏

𝑎
                     (4) 

 

According to Biot Savart's law which 

relates magnetic fields to the currents that create 

them. That is, it relates the magnetic field to the 

magnitude, direction, length and proximity of 

the electric current.  

 

Considering both Biot-Savart's and 

Faraday's laws. It can be deduced that when the 

current changes, the induced potential in the coil 

will be equal to: 

 

𝑉(𝑡) =
𝑁𝜇0ℎ

2𝜋
𝐼𝑛

𝑏

𝑎

𝑑𝑖(𝑡)

𝑑𝑡
= 𝑀

𝑑𝑖(𝑡)

𝑑𝑡
                        (5) 

 

 

 

 

Where: 

 

- V(t) is the induced electromotive force of 

the coil. 

 

- M is the mutual inductance due to the 

conductor. 

 

- N is the number of turns. 

 

Then, the induced electromotive force of 

the Rogowski coil is a derivative relationship 

with the measured current and is proportional to 

the number of turns, the thickness and the natural 

logarithm of the ratio of the outer diameter to the 

inner diameter of the coil (Qinghua Tan, et al., 

2022). 

  

Equivalent circuit  

 

In order to perform the simulations it is 

necessary to recognize some important concepts 

of the Rogowski coil such as its equivalent 

circuit and its general structure seen from an 

electronic approach. The equivalent circuit that 

defines its operation is shown in Figure 4 (A. 

Ahmed, L. Coulbeck, A. Castellazzi, & C. M. 

Johnson, 06). 
 

 
 

Figure 4 Equivalent circuit of a Rogowski coil 

Source: (A. Ahmed, L. Coulbeck, A. Castellazzi, & C. M. 

Johnson, 06) 

 

Where: 

 

- 𝑖𝑝 is the current of the conductor to be 

measured. 

 

- 𝐿𝑐 is the self-inductance of the coil. 

 

- 𝑅𝑐 is the resistance of the coil. 

 

- 𝐶𝑐 la is the capacitance of the coil. 

 

- 𝑉𝐶𝑜𝑖𝑙 is the armature voltage. 

 

- 𝑅 is the shunt resistance. 
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- 𝑀 is the mutual inductance. 

 

Figure 5 shows these variables directly 

on the coil. 
 

 
 

Figure 5 Rogowski coil structure 

Source: (Cristian A. Meraz, José de J. Durón, Jeziel O. 

Juárez, & Alberto Castillo, 2017) 

 

Similarly in order to design all the 

parameters of the coil it is necessary to know the 

formulations by which they are governed 

(Cristian A. Meraz, José de J. Durón, Jeziel O. 

Juárez, & Alberto Castillo, 2017).  Then: 

 

𝑅𝑐 =
𝜌𝑤𝑙𝑤

𝜋𝑟2       (6) 

 

𝐿𝑐 =
𝑁2𝜇0ℎ

2𝜋
𝐼𝑛 

𝑏

𝑎
= 𝑁𝑀     (7)  

 

𝐶𝑐 =
𝜋2𝜖0(𝑏+𝑎)

𝐼𝑛
𝑏+𝑎

𝑏 − 𝑎 

      (8) 

 

Where: 

 

- 𝜌𝑤 is the resistivity of copper = 1.72 ×
10−8Ω. 

 

- 𝑙𝑤 is the length of the wire. 

 

- 𝜖0 is the electrical permittivity of vacuum 

= 8.854 × 10−12𝐹𝑚−1. 

 

Finally, R which is the shunt resistance, is 

modeled as an external impedance at the 

terminals of the coil, in which the damping 

resistance is included and as described in one of 

the articles cited in this paper (Qinghua Tan, et 

al., 2022) R must be much larger than𝑅𝑐. 

Therefore, it is proposed that R be 100 times 

greater than𝑅𝑐.  

 

It is very important to add this resistance 

R, since without it an overshoot occurs near the 

resonant frequency, which can be found by the 

following formula: 

 

𝜔0 =
1

√𝐿𝑐𝐶𝑐
      (9) 

 

Similarly, to find the bandwidth at which 

the coil will be able to work, it can be found by 

using the following formula: 

 

𝐴𝐵 =
1

2𝜋√𝐿𝑐𝐶𝑐
               (10) 

 

Mutual inductance and self-inductance 

 

One of the most determining factors in the 

development of the simulations for both design 

and results was to recognize and distinguish the 

differences between mutual inductance and self-

inductance. 

 

Mutual inductance is the interaction of 

the magnetic field of one coil on another coil as 

it induces a voltage in the adjacent coil. An 

inductor generates an induced fem within itself 

as a result of the changing magnetic field around 

its own turns. When this fem is induced in the 

same circuit in which the current is changing this 

effect is called self-induction, (L). 

 

Mutual Inductance is the basic principle 

of operation of transformer, motors, generators, 

Rogowski coils and any other electrical 

component that interacts with another magnetic 

field. So we can define mutual inductance as the 

current flowing in one coil that induces a voltage 

in an adjacent coil (figure 6). 
 

 
 

Figure 6 Mutual inductance between two coils 

Source: (Storr, 2020) 
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If the two coils are tightly wound on top 

of each other on a common soft iron core, a unity 

coupling is said to exist between them, since any 

loss due to flux leakage will be extremely small. 

 

In figure 7 the current flowing in coil 

one, L_1, establishes a magnetic field around it 

with some of these magnetic field lines passing 

through coil two, L_2 gives us a mutual 

inductance. 
 

 
 

Figure 7 Mutual inductance 

Source: (Storr, 2020) 

 

Coil one has a current of 𝐼1 and 𝑁1turns, 

while coil two has 𝑁2 turns. Therefore, the 

mutual inductance, 𝑀12of coil two that exists 

with respect to coil one depends on its position 

with respect to the other and is given as: 

 

𝑀12 =
𝑁2ϕ12

𝐼1
                (11) 

 

This mutual inductance is true regardless 

of the size, number of turns, relative position or 

orientation of the two coils. Because of this, we 

can write the mutual inductance between the two 

coils as: 𝑀12 = 𝑀21 = 𝑀. 

 

So, we can see that self-inductance 

characterizes an inductor as a single circuit 

element, while mutual inductance means some 

form of magnetic coupling between two 

inductors or coils, depending on their distance 

and arrangement. The inductance of each 

individual coil is given as: 

 

𝐿1 =
μ0μ𝑟𝑁1

2𝐴

𝑙
               (12) 

 

𝐿2 =
μ0μ𝑟𝑁1

2𝐴

𝑙
               (13) 

 

By cross multiplying the above two 

equations, the mutual inductance M that exists 

between the two coils can be expressed in terms 

of the self-inductance of each coil. Obtaining: 

 

𝑀 = √𝐿1𝐿2                             (14) 

 

However, the above equation assumes 

zero flux leakage and 100% magnetic coupling 

between the two coils, 𝐿1 and 𝐿2. In reality, there 

will always be some loss due to leakage and 

position, so the magnetic coupling between the 

two coils can never reach or exceed 100%, but 

can come very close to this value in some special 

inductive coils. 

 

If part of the total magnetic flux is linked 

to the two coils, this amount of flux linkage can 

be defined as a fraction of the total flux linkage 

possible between the coils. This fractional value 

is called the coupling coefficient and is given the 

letter k. Obtaining a coupling factor (Storr, 

2020): 

 

𝑘 =
𝑀

√𝐿1𝐿2
               (15) 

 

Calculations and design of the ROGOWSKI 

COIL 

 

In order to design the circuit, the first step was to 

define the dimensions of the PCB, since in the 

aeronautical industry size and weight are 

decisive factors. The dimensions currently used 

in the aerospace industry (Pulse Yageo 

Company, 2020) are shown in Table 1: 
 

Application Inner 

diameter 

min (ID) 

Max. 

outside 

diameter 

(OD) 

Height (h) 

100 Hz 

converter 

0.055 m 0.035 m 0.015 m 

1000 Hz 

Converter 

0.025 m 0.015 m 0.01m 

 

Table 1 Dimensions of current transformers 

Source: (Pulse Yageo Company, 2020) 

 

Taking these measurements as a basis, 

suitable dimensions are proposed for use on the 

PCB and are shown below in Table 2: 
 

Application Inner 

diameter 

min (ID) 

Max. 

outside 

diameter 

(OD) 

Height (h) 

100 Hz 

converter 

0.055m 0.035m 0.0016 m 

1000 Hz 

Converter 

0.025m 0.015m 0.0016 m 

 

Table 2 Dimensions for the Rogowski coil on PCB 

Source: (Own elaboration, 2022) 
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With this data, we proceed to calculate 

the variables of interest for the circuit. First, N 

and 𝑙𝑤 are calculated considering that AWG 26 

and 30 gauge will be used (Power Green, 2022) 

and that the wire will pass through the front and 

back face of the PCB. With 100 Hz and 26 

gauge: 

 

𝑁 =
(𝑏−𝑎)𝜋

𝑤
=

(0.025𝑚−0.015𝑚)𝜋

0.000405𝑚
= 77               (16)  

 

𝑙𝑤 = (𝑏 − 𝑎)(𝑁) = (0.025 − 0.015)(77) = 0.77𝑚   (17)

  

Equations 14 and 15 are repeated, but 

now with gauge 30 (0.000255m) and for the 

1000Hz application. Finally, the results in Table 

3 are obtained: 
 

Application Caliber N 𝒍𝒘 [m] 

1000 Hz 26 155 3.1028 

 30 246 4.9280 

100 Hz 26 77 0.7757 

 30 123 1.2320 

 

Table 3 Calculation of number of turns and cable length  

Source: (Own preparation, 2022) 

 

Once these variables are defined, we can 

find the values of resistance, capacitance and 

inductance taking into account equations 4 to 6 

for 100 Hz with 26 gauge: 

 

𝑀 =
(77)(4𝜋×10−7)(0.0016)

2𝜋
𝐼𝑛

0.025

0.015
= 125.15 𝑛𝐻         (18) 

 

𝑅𝑐 =
(1.72×10−8Ω)(0.7757𝑚)

𝜋(
0.000405𝑚

2
)

2 = 103.57𝑚Ω       (19) 

 

𝐿𝑐 = (77)(125.15𝑛𝐻) = 9.71µ𝐻                 (20)  

 

 

𝐶𝑐 =
𝜋28.854×10−12(0.025+0.015)

𝐼𝑛
0.025+0.015

0.025−0.015 

= 2.52𝑝𝐹      (21) 

 

Now the inductance of the conductor can 

be calculated using the following formula (All 

about circuits, 2020) 

 

𝐿𝑤𝑖𝑟𝑒 = 2𝑙 { ln [ (
2𝐿

𝐷
) (1 + √1 + (

𝐷

2𝐿
)

2
)] − √1 + (

𝐷

2𝐿
)

2
+

μ

4
+ (

𝐷

2𝐿
)}      (22)

  

Where: 

 

- 𝐿𝑤𝑖𝑟𝑒= Self-inductance of the conductor 

cable. 
 

- 𝐿 = Length of the conductor cable. 
 

- 𝐷= Diameter of the conductor cable. 

- μ= Electrical permeability of the vacuum. 

   

Considering that L= 6.5mm and D=5mm, 

we obtain the results shown in equation 23: 

 

𝐿𝑤𝑖𝑟𝑒 = 1.62𝑛𝐻              (23) 

 

With this value of self-inductance for the 

conductor (primary winding) it is possible to 

find the coupling factor k using equation 15: 

 

𝑘 =
125.15𝑛𝐻

√(1.62𝑛𝐻)(9.71µ𝐻)
= 0.99                       (24) 

 

Finally, the bandwidth is calculated with 

equation 10: 

 

𝐴𝐵 =
1

2𝜋√(9.71µ𝐻 )(2.52𝑝𝐹)
= 1.27𝑀𝐻𝑧             (25) 

 

The procedure in equations 18 to 24 is 

repeated for each application and caliper and the 

data in Table 4 are obtained: 

 

Table 4 Variables of interest for circuit 1 

(Own elaboration, 2022) 

 

Once all the component values were 

calculated and based on the bandwidth obtained, 

it was concluded that with only one Rogowski 

coil it would be possible to work with the 

bandwidth required by the application. 

Therefore, from this point on, we started to work 

with the dimensions of the 100 Hz circuit since 

it was the smallest one and we should remember 

that we wanted to use the smallest possible size 

and weight. 

 

Integrator circuit 

 

Another important factor when designing a 

Rogowski coil is the design of the associated 

integrator circuit since, as mentioned in the 

theoretical framework section, the voltage 

output of the Rogowski coil is the derivative of 

the measured current. Therefore, in order to 

recover the measured current it is necessary to 

apply an integrator. 

 

It is proposed to use an integrator as 

shown in Figure 8 which consists of an 

operational amplifier with a capacitor in its 

feedback path. 
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Figure 8 The basic analog inverting integrator 

Source: (Digi-key Electronics, 2020) 

 

However, in practice it was noticeable 

that with this configuration there was a DC 

component, so it was decided to use the 

following configuration in Figure 9. Which adds 

a high value 𝑅𝐹R_F connected in parallel with 

the capacitor which limits the DC gain (Digi-key 

Electronics, 2020) and it is possible to remove 

this component on which the sine wave is 

mounted. 
 

 
 

Figure 9 Integrator configuration with high value resistor 

R_F 

Source: (Digi-key Electronics, 2020) 

 

For the frequency of the integrator, the 

equation (Mohammad Hamed Samimi, Arash 

Mahari, Mohammad Ali Farahnakian, & 

Hossein Mohseni, 2013) is used: 

 

𝑓0 =
1

2𝜋𝑅𝐹𝐶1
               (26) 

 

𝑓1 =
1

2𝜋𝑅𝐶1
               (27) 

 

Then, if a bandwidth of 100 Hz to 1000 

Hz is sought and the use of a 10nF capacitor is 

proposed. The equations for R and 𝑅𝐹are 

cleared. 

 

𝑅𝐹 =
1

2𝜋(10𝑛𝐹)(100𝐻𝑧)
=  159.1 𝑘Ω            (28) 

 

𝑅 =
1

2𝜋(10𝑛𝐹)(1000𝐻𝑧)
=  15.91 𝑘Ω            (29) 

 

To match the commercial resistor values, 

the following will be used: 

 

𝑅𝐹 = 180 𝑘Ω 

 

𝑅 = 18 𝑘Ω 

 

High pass filter 

 

Due to the DC components presented in the first 

simulations, it was decided to add a filtering 

stage that only allows frequencies above the 

cutoff frequency to pass. Its simplest 

configuration is shown in Figure 10. 
 

 
 

Figure 10 High-pass filter configuration 

Source: (Electrónica Lugo, 2022) 

 

The cut-off frequency can be found with 

the following formula (Electrónica Lugo, 2022): 

 

𝑓𝑐 =
1

2𝜋𝑅𝐶
               (30) 

 

A cut-off frequency of 1 Hz is proposed 

to eliminate any remaining DC components and 

a 1 µF capacitor. Then the R will be: 

 

𝑅 =
1

2𝜋𝑓𝑐𝐶
=

1

2𝜋(1𝐻𝑧)(1µF)
= 159.15 𝑘Ω          (31) 

 

Amplifier 

 

As the voltages at the output of the coil and the 

integrator stage are of the order of micro volts, 

an amplifier stage with a gain of 10 is added. 

Using an amplifier circuit (Garcia, 2010) as 

shown in Figure 11. 

 

 
 

Figure 11 Amplifier circuit 

Source: (El-Hamamsy, 1994) 
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Using equation 31 and proposing a𝑅1 =
1 𝑘Ω, It is obtained: 

 

𝐴𝑣 = −
𝑅2

𝑅1
               (32) 

 

𝑅2 =  (10)(1𝑘Ω) = 10 𝑘Ω                        (33) 

 

 

Voltage follower  

 

A voltage follower is a unity gain amplifier in 

which the output voltage directly follows the 

input voltage. This circuit is especially for 

coupling different stages of a circuit to prevent 

impedances from interfering or modifying the 

signal. 

 

Results   

 

Already with all the variables calculated we 

proceed to make the simulation. Using the 

LTspice tool which is a high performance 

simulator simulations are performed by giving 

the calculated values to the components (with 26 

gauge) and connecting them in the 

configurations previously shown in Figures 8-10 

and 3 and adding a voltage follower between 

each stage. The resulting circuit will be the one 

shown in figures 12-16 (Annex 1): 
 

 
 

Figure 12 Rogowski coil circuit with integrator, filter and 

amplifier 

Source: (Own elaboration, 2022) 

 

 
 

Figure 13 Equivalent Rogowski coil circuit 

Source: (Own elaboration, 2022) 

 

 
 

Figure 14 Integrating circuit 

Source: (Own elaboration, 2022) 

 

 
 

Figure 15 High-pass filter 

Source: (Own elaboration, 2022) 

 

 
 

Figure 16 Amplifier 

Source: (Own elaboration, 2022) 
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Simulation configurations 

 

In order to make the circuits work, it was 

necessary to configure several aspects prior to 

running the simulation.  The first one was the 

current source that will simulate the driver, it 

was configured as sinusoidal type output (SINE) 

with a direct current (DC) output of zero, in 

amplitude of 100 A, a frequency of 100 Hz, a 

delay time (Tdelay) of zero, a theta angle of zero, 

a phi angle of zero and with 100 cycles as it is 

possible to see in Figure 17. 
 

 
 

Figure 17 Configuration of the current source 

Source: (Own elaboration, 2022) 

 

Another important configuration is the 

coupling of between inductors to create the 

transformer. The first thing to do is to place two 

inductors face to face. Right click on them and 

as shown in Figure 18 enable the "Show Phase 

Dot" option. 
 

 
 

Figure 18 Transformer inductor configuration 

Source: (Own elaboration, 2022) 

 

 

When the inductors are used as 

transformer windings it is necessary to specify 

the inductance ratio, rather than the number of 

turns, as seen in equation 15. The values must be 

given to the inductors that were previously 

calculated by putting 𝐿𝑤𝑖𝑟𝑒 = 𝐿1 which will be 

the inductor connected directly to the ac source. 

Similarly 𝐿𝑐 = 𝐿2which will be the secondary 

winding connected to the equivalent circuit of 

the Rogowski coil. As shown in figure 19. 
 

 
 

Figure 19 Configuration of the inductors to generate the 

transformer 

Source: (Own elaboration, 2022) 

 

Once the inductors have been placed in 

place and given the calculated values, it is 

necessary to create the ratio parameter between 

them so that LTspice understands it as a 

transformer. In the top panel of LTspice, you 

must press the "SPICE directive" option which 

is marked in Figure 20. 
 

 
 

Figure 20 Enabling the LTspice directive 

Source: (Own elaboration, 2022) 

 

The parameter should be (K L1 L2 k) 

where the second k (lower case) will be the 

coupling factor calculated in equation 24 which 

should range from 0 to 1 as shown in Figure 21. 
 

 
 

Figure 21 Coupling factor configuration 

Source: (Own elaboration, 2022) 
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With these configurations the circuit is 

ready to be tested in the next section. 

 

Circuit response 

 

With the previously mentioned configuration, 

the different stages of the circuit are measured. 

Figure 22 shows the output voltage V_O (green 

wave) against the voltage after the integrator 

𝑉𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑑𝑜𝑟 (blue wave). It is possible to see 

(Annex 1) that the peak voltage of V_O = 8.76 

mV and 𝑉𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑑𝑜𝑟== 51 mV. 
 

 
 

Figure 22 Coil output vs Integrator 

Source: (Own elaboration, 2022) 

 

Figure 23 shows the voltage at the output 

of the high-pass filter (red wave) which is in 

phase with the integrator voltage and in turn 

shows the final voltage which is the output of the 

amplifier 𝑉𝑔 with a peak voltage 𝑉𝑔 = 510 𝑚𝑉 

(Annex 1). 
 

 
 

Figure 23 Coil voltage, integrator, filter and amplifier  

Source: (Own elaboration, 2022) 

 

The same procedure is repeated for the 

frequencies of 200 Hz, 500 Hz, 800 Hz and 1000 

Hz the results are shown in Table 5 below: 
 

Frequency 𝑽𝑶 𝑽𝒊𝒏𝒕𝒆𝒈𝒓𝒂𝒅𝒐𝒓 𝑽𝒈 

100 Hz 8.8E-3 51.0E-3 510.0E-3 

200 Hz 18.0E-3 62.2E-3 621.9E-3 

500 Hz 38.9E-3 68.0E-3 681.2E-3 

800 Hz 64.8E-3 71.6E-3 710.0E-3 

1000 Hz 77.7E-3 70.0E-3 688.0E-3 

 

Table 5 Output voltages of the different stages 

Source: (Own elaboration, 2022) 

 

Responses of each measurement point 

are plotted 

 

 
 

Graphic 1 Output voltage of the coil subjected to different 

frequencies 

Source: (Own elaboration, 2022) 

 

In V_O a linear behavior is observed as 

the frequency increases. 
 

 
 

Graphic 2 Integrator output voltage subjected to different 

frequencies 

Source: (Own elaboration, 2022) 

 

In 𝑉𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑑𝑜𝑟 it is observed that 

regardless of the frequency at which the voltage 

output is very similar. This is important if the 

aim is to have the same relationship between the 

measured current and the output voltage. 
 

 
 

Graphic 3 Amplifier output voltage at different 

frequencies  

Source: (Own elaboration, 2022) 
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𝑉𝑔has the same behavior as 

𝑉𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑑𝑜𝑟but amplified 10 times.  

 

Knowing that the circuits were fed with 

100 A and that at the output of the coil there was 

an average of 64.22 mV. It can be said that the 

factor is 1:0.00064. 
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Conclusions 

 

The simulation of the Rogowski coil was 

successfully carried out, obtaining a linear 

behavior at the output of the coil and values very 

close to each other at the output of the integrator, 

which guarantees that the input current ratio or 

measured in the conductor will have the same 

relationship with the output voltage of the 

circuit.  A factor relating the measured current to 

the output voltage of 1:0.00064 was found for a 

bandwidth of 100 Hz to 1000 Hz feeding the 

circuit with 100 Amps.  That is, for every 

Ampere flowing through the conductor, 

0.6422mV will be induced in the coil. It is 

proved to be an effective method for current 

measurement as it has a good linearity. The first 

steps for the design of a Rogowski coil for 

current measurement were established and it will 

be possible to continue with its implementation 

to PCB with the measurements that were found 

throughout this article as appropriate. 

 

Annex 

 

Annex 1 
 

 
 
Figure 24 Rogowski coil circuit with integrator, filter and 

amplifier 

Source: (Own elaboration, 2022) 

 
 

Figure 25 Coil output vs Integrator 

Source: (Own elaboration, 2022) 
 

 
  

Figure 26 Coil, Integrator, Filter and Amplifier Voltage 

Source: (Own elaboration, 2022) 
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