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Abstract 

The measurement of instantaneous angular speed in flywheels has been used in Internal Combustion 

Engines for the diagnosis of faults in the fuel injection systems, combustion quality at idle, ignition system, and 

especially in the performance assessment of starter motor and battery accumulator, among others.  

It is the aim of this paper to forecast the use of an experimental flywheel-based test bench, driven by a 

single-cylinder Internal Combustion Engine and a starter motor, developed to perform research studies in the 

laboratory of internal combustion engines. It is illustrated the measurement and processing of the instantaneous 

angular speed of a flywheel to characterize the dynamic response of the inertial system during the run-up and 

run-out regimes. The mathematical model of the transfer function is presented, relating the angular velocity 

with the torque transmitted by the starter motor as a first-order system. For the acquisition of the signal, a NI 

6009 card is used, while a Matlab computer program is employed to plot the instantaneous angular velocity 

curves, and also to identify the time response of the system. The time constant is 1.54 seconds, which 

corresponds to 63.2% of the value of steady state signal in run-up regime. 
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1. INTRODUCTION 

The measurement of instantaneous angular speed 

in flywheels has been approached in different 

research works for the diagnosis of faults (problems 

in the fuel injection system, evaluation of engine 

combustion quality, problems in the starter motor 

and batteries) in internal combustion engines. The 

process of measuring the instantaneous angular 

speed in flywheels can not only be useful in the fault 

diagnosis of Internal Combustion Engines, but also 

constitutes the basis for measuring their rotational 

kinetic energy, since this type of storable energy is a 

function of the moment of inertia and the angular 

velocity. 

A. Charchalis and M. Dereszewski [1] employ 

the instantaneous angular speed technique for the 

diagnosis of fuel injection system failure (fuel 

injection system failures deteriorate the quality of 

combustion and reduce fuel efficiency, engine 

performance) in a 4-stroke, three-cylinder diesel 

engine that drives a three-phase generator. For the 

measurement of instantaneous angular speed, they 

used an Optical Encoder, an ETNP-10 counting 

system, and through a polynomial approximation 

(the Savitzky-Golay filter), they optimized the 
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measured signal. The authors obtained curves of 

angular velocity as a function of crankshaft rotation 

angle for healthy and faulty conditions (fuel 

injection system failure). For the engine under study, 

they built a dynamic model and calculated standard 

deviations in the measured data from which they 

derived useful information. The difference in 

relative speeds of the curves obtained provided good 

information regarding the diagnosis of the engine 

condition. On the other hand, Lang K, Liu L and 

Lang A [2] use a multipurpose flywheel on which 

angular velocity measurements are used to diagnose 

misfire. The multipurpose flywheel has one of its 

teeth made of a non-ferrous material, which is used 

as a reference mark. The authors in the 

experimentation employ Hall effect sensors and 

variable reluctance sensor for measuring the angular 

position of the flywheel. The variable reluctance and 

hall effect sensors are mathematically modeled in 

equations 1 and 2, respectively: 

e = −N ·
dФ

dt
              (1) 

 

u =
R · I · B

d
              (2) 
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In the variable reluctance sensor, an 

electromotive force e is generated which depends on 

the number of turns in the coil, N and the rate of 

change of the magnetic flux 
dФ

dt
. The Hall effect 

element in the sensor generates a Hall voltage u 

which is proportional to the flux density of the 

magnetic field B which is perpendicular to the flow 

of the supply current I, R is the Hall constant and d is 

the thickness of the conductor. The non-ferrous 

flywheel tooth is invisible to magnetic sensor pick-

up and serves as a reference mark on the measured 

signal. The authors obtained signals for voltage 

versus time and angular velocity versus revolutions 

for sensors placed on the front and rear of the engine. 

Blair G and Kee Robert [3] describe the use of an 

inertial dynamometer, which incorporates a 

flywheel, as an experimental test system for 

measuring power under acceleration conditions. An 

optical encoder is coupled to the flywheel of the 

dynamometer to provide the frequency signal, which 

is converted to an analog voltage by an integrated 

circuit; this voltage is proportional to the speed of the 

flywheel and is connected to an input of the data 

acquisition system. A second input channel is used 

to record the temperature. In evaluating the 

performance of the 100 cm3 Kart engine, they used 

two exhaust systems with different characteristics 

and curves of power versus angular speed and 

effective mean pressure versus angular speed were 

obtained in a range of 6250 min-1 up to 16000 min-1. 

Acceleration characteristics are presented in starting 

systems for its importance in transport systems [9]. 

Henry R, Lequesne B and Chen S studied the 

dynamic response of an alternator-starter system 

driven from rest to a stable state; they obtained the 

evolution of the angular velocity curves as a function 

of the angle of rotation, the torque on the motor shaft, 

and the frictional torque. Finally, a mathematical 

model is obtained [10]. 

In correspondence with the previous article, the 

characteristic curve of the angular velocity of the 

crankshaft as a function of time is shown, with the 

starter motor actuating from a stationary value until 

the system reaches a steady-state value [11]. 

Procedures for instantaneous angular velocity 

measurement for monitoring and control purposes in 

rotating machinery are reviewed. Instantaneous 

angular velocity measurement has become important 

because it allows establishing the dynamic response 

of a machine [12]. A review of the main 

instantaneous angular speed measurement 

techniques and processing techniques used in 

various fields of study is also presented, as well as 

the errors associated with its measurement, where 

imperfections are the cause of geometric errors 

[15][16]. 

Wojnar and Lazarz present methods for 

estimating time-delay in the process of vibration 

signals’ synchronous averaging obtained in rotating 

machinery, especially damage presented in gear 

wheels. Synchronous averaging is applied to 

improve the signal-to-noise ratio and suppress 

unwanted signals that are not related to the period of 

rotation. Different vibration signals are presented 

depending on the angle of rotation, where a 

synchronously averaged signal allows its analysis in 

a simpler way in terms of detecting the failure in the 

gear wheel [13]. Also, the use of the measurement of 

torsional vibrations in toothed shafts for the 

detection of faults is complemented, the signals here 

are processed through the use of the wavelet 

transform [14]. 

In internal combustion engines, it is important to 

recognize the quality of combustion; as this will 

affect the performance of the engine. Teng C [4] uses 

the flywheel acceleration method to evaluate the 

quality of combustion. In experimentation he uses a 

V8 engine, deriving the angular acceleration curve 

as a function of the crankshaft angular position. The 

RMS value of the angular acceleration is determined 

and curves of RMSα against angular position are 

constructed for 300 cycles of the engine. From these 

curves the engine combustion stability is evaluated, 

correlating the values RMSα and IMEP (indicated 

mean effective pressure). 

The measurement of instantaneous angular speed 

data in flywheels for the reconstruction of the 

internal pressure in the cylinders requires the use of 

physical equations that govern the behavior of the 

system (combustion and dynamics). Authors such as 

Peragón F, Jímenez Francisco and Aguilar E [5] use 

neural networks to simplify the complexity of the 

problem of reconstructing the internal pressure in the 

cylinders from values of angular velocity; 

circumventing the use of dynamic relationships for 

the moving parts, as well as the combustion process 

models. 

To obtain the engine performance curves, it is 

required to measure the torque and the mechanical 

power in the crankshaft axis. An alternative method 

is to resort to the free acceleration technique, which 

is based on measurements of angular velocity on 

flywheels, to obtain the operating curves of the 

engine; this is dealt with by Merchan C [6]. 

Regarding the applications of regenerative 

braking systems, Hsu Tai-Ran [7] and his team 

developed an experimental test bench to measure the 

kinetic energy stored in the flywheel during braking. 

Angular velocity curves as a function of time were 

obtained and from the kinetic energy equation, the 

energy stored in a time interval was estimated.  

This paper addresses the process of measuring 

the instantaneous angular speed to characterize the 

transient dynamic response of an inertial system. In 

the following parts of this work it will be described 

the specially developed flywheel inertial test bench 

with its instrumentation, its use, and the 
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methodology followed to perform the identification 

procedure to obtain the mathematical model of the 

inertial system. 

 

2. CHARACTERISTICS OF THE 

EXPERIMENTAL TEST BENCH 

 

Following, the elements that constitute the test 

bench, dimensioned and selected according to the 

design process are presented: 

− internal combustion engine: A single cylinder 

7,35 kW internal combustion engine was 

available in the internal combustion engine 

laboratory. 

− battery: The battery or accumulator is intended to 

power the starter motor; in this case, 12 volts are 

required, 75 A-h battery is used. 

− starter motor: A conventional starter motor was 

available, the main component to be observed in 

the investigation. The technical characteristics of 

the starter motor are presented in table 1. 

 
Table 1. Technical characteristics of the starter motor 

 
 

The electric starter motor used in the 

experimental test bench is triggered by a pushbutton, 

generating a torque when meshing with the flywheel. 

A double channel pulley at the end of the shaft is 

foreseen for the test cases when the internal 

combustion is to be used. During the starting 

process, the starter motor must overcome the 

resistances of flywheel inertia and aerodynamic 

drag, mechanical losses and cylinder compression 

(in case of coupling the ICE through the belt drive). 

Figure 1 presents the starter motor used in the test 

bench, with its representation in Solidworks. 

 

 

Fig. 1. Starter motor of the test bench with its 

representation in solidworks 

 

Structure of the test bench: This structure is 

responsible for supporting the weight of each of the 

components that are powered by the internal 

combustion engine and the starter motor, and also 

supports the vibrations generated at the time of start-

ups. The structure conceived in the design consists 

of a central base in the shape of a rectangular 

parallelepiped. At its ends, two structures were 

welded to support the weight of the combustion 

engine and the battery that is connected to the 

electric starter. These two structures are supported at 

the ends of the central base as shown in the diagram 

in figure 2. 

 

 
Fig. 2. 3D solid modeling of the metal structure made in 

Solidworks® 

 

Rotor formed by flywheels: The starter motor 

drives the two flywheels aligned in their axis. Due to 

their own inertia they continue to rotate, even after 

turning off the starter motor; both simulate the inertia 

that the starter motor must run up, as shown in figure 

3 of the assembly of the elements. On the outside 

diameter of the flywheels there is a toothed ring, 

which meshes with the starter motor pinion. The 

teeth of the sprocket are specially heat treated to 

guarantees a long service life. 

 

Fig. 3. Shaft assembly with flywheels made in 

Solidworks 

 

Connecting box: It is in charge of powering the 

starter motor, it contains a starter button, a red-light 

bulb to indicate the starter operation, and an on/off 

switch, as shown in figure 4. 
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Fig. 4. Box to drive the starter motor 

 

3. SENSOR SELECTION FOR ANGULAR 

POSITION MEASUREMENT 

 

Among the most common sensors for angular 

velocity measurement are encoders, proximity 

sensors and photoelectric sensors. Tree encoders are 

the best solution for the device being sensed. They 

offer high resolution (typically 1 to 5000 pulse per 

revolution) and clearly defined symmetrical pulses. 

However, it is sometimes not feasible to mount an 

encoder on the shaft being monitored. Variable 

reluctance and Hall effect sensors are among the 

most popular proximity sensors used for detecting 

teeth in the automotive industry. These sensors are 

defined below along with their mathematical models 

that characterize them: 

Variable Reluctance Sensor: A variable 

reluctance (VR) sensor typically consists of a coil 

and a permanent magnet core. The coil generates an 

electromotive force (emf), when the amount of 

magnetic flux that passes through the coil changes; 

The electromotive force, e, is based primarily on the 

rate of change of the magnetic flux, and the number 

of turns in the coil, N. This electromotive force is 

induced, as each ferromagnetic tooth passes the 

pickup; the reluctance of the magnetic circuit 

changes with time. Thus, the induced voltage will 

depend on the number of teeth and the angular 

velocity in its amplitude and frequency of the signal 

[8], this can be represented mathematically in 

equation 3, as: 

E = CB · Nt · ω · sin Ntωt                     (3)  
Where, E: Output voltage, CB: Proportional constant, 

Nt: Number of teeth and 𝜔: angular velocity of the 

wheel. The way of experimental measurement of the 

angular velocity on a gear wheel can be seen in 

figure 5. 

Hall effect sensor: A Hall effect sensor works 

differently than a VR sensor. The Hall effect element 

in the sensor generates a Hall voltage that is 

proportional to the flux density of the magnetic field 

B perpendicular to the flow of the supply current I, 

as described by the equation 4: 

u =
R · I · B

d
                             (4)  

 

Fig. 5. Angular velocity measurement using  

a gear wheel and a magnetic pickup [8] 

 

Where R is the Hall constant and d is the 

thickness of the conductor. With electronic circuitry 

internal to the sensor, a Hall effect sensor used for 

tooth detection typically generates high or low 

voltage levels based on the strength of the magnetic 

field. When a non-ferrous tooth gets close, it doesn't 

change the intensity of the magnetic field enough 

and the output stays the same. 

As for photoelectric sensors, these are widely 

used for vehicle applications, since they replace 

mechanical devices with a beam of light that can be 

used at distances of less than 20 mm to several 

centimeters, according to the optical lenses used. 

They work with a light source that goes from the 

incandescent type, to the light-emitting diodes 

(LEDs), and they operate by detecting a change in 

the light received by the photo-detector. 

The inductive sensor that was available in the 

laboratory of internal combustion machines 

presented good results in terms of the 

characterization that was carried out, in addition it 

has the advantage that it provides a digital signal. A 

CKP angular position sensor was also tested. This 

presented problems in terms of proximity and 

response on the multimeter. The encoders are a good 

option, but due to the construction conditions of the 

bench and taking advantage of the toothed ring of the 

flywheels, it was decided to use the inductive sensor. 

The experimental flywheel-based test bench 

instrumented together with the inductive sensor, a NI 

6009 data acquisition card, the PC bus and a laptop, 

it can be seen in Figure 6. 

 

4. DYNAMIC MODEL AND SYSTEM 

TRANSFER FUNCTION 

 

The experimental test bench contains within its 

moving parts the belt drive system together with the 

flywheels and the power transmission shaft. The 

rotational system modeled by Newton's second law 

can be presented in the form in equation 5: 

Ivα + krtθ = τm(t) − τfr(t)                  (5) 

Where Iv is the total moment of inertia of the system, 

α =
𝑑𝜔

𝑑𝑡
 corresponds to the angular acceleration 

experienced by the inertial system, krt  is the 

torsional stiffness constant, τm(t) torque transmitted 

by the drive motor and τfr(t) frictional torque 

(viscous friction, mechanical losses). Newton's 
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second law equation can be written in terms of 

angular position θ as shown in Equation 6. 

       Iv

d2θ

d2t
+ krtθ = τm(t) − β

dθ

dt
                     (6) 

 

 

Fig. 6. Instrumented experimental test bench. 

The instantaneous angular speed measurement in the 

experimental test bench will be composed of the blocks 

shown in figure 7. 

 

 
Fig. 7. Block diagram of the angular velocity 

measurement system. 

 

Iv states for the moment of inertia of the whole 

system, krt  is the torsional stiffness constant, θ is the 

angular position, β is the loss constant, τm(t) the 

transmitted torque. This model in its form, 

constitutes a second order model. Representing the 

previous differential equation in the frequency 

domain, applying the Laplace transformation with 

null initial conditions, it is obtained the equation 7: 

G(s) =
Ѳ(s)

Tm(s)
=

1

Is2 + βs + krt

              (7) 

The resulting transfer function relates the angular 

position to the transmitted torque. Now if it is written 

the differential equation for the system in terms of 

angular velocity, not including the torsional stiffness 

constant, to simplify the model a bit, the expressions 

shown in equations 8 and 9 respectively are 

obtained: 

Iv

dω

dt
= τm(t) − τfr(t)                     (8) 

Iv

dω

dt
= τm(t) − βω(t)                    (9) 

Where Iv  is the total moment of inertia of the 

system, ω(t) is the angular velocity in time, τm(t) 

torque transmitted by the drive motor and 

τfr frictional torque (viscous friction, mechanical 

losses) in the supports of the shaft (bearings) which 

can be approximated as βω(t). Applying the Laplace 

transform on both sides of the equation can be 

written as follows: 

Ivs Ω(s) = Tm(s) − βΩ(s)       (10) 

The transfer function of the system that relates 

the angular velocity to the transmitted torque can be 

written as follows: 

G(s) =
Ω(s)

Tm(s)
=

1

Ivs + β
      (11) 

As can be observed in equation 11, this 

corresponds to the model of a first order system, 

whose time constant in this case is the quotient 

between the moment of inertia and the global loss 

constant. In the case of the variables to be measured 

on the test bench, the model proposed in equation 11 

is of more interest, since the main variable to be 

recorded is the instantaneous angular speed at the 

flywheel. 

 

5.  METHODOLOGY OF EXPERIMENTAL 

TESTS 

 

The methodology for these tests consists of 

operating the experimental test bench by means of 

the internal combustion engine at different speed 

regimes. The measured angular position signal is 

taken to a computer by means of the data acquisition 

system (DAQ) and by means of the Matlab program, 

the signal acquisition and processing routines are 

available. 

The tests carried out include the following steps: 

− the ICE is decompressed and the switch is turned 

ON to allow current to flow between the battery 

and the starter solenoid. 

− the push button on the test stand ignition box is 

pressed to operate the starter motor. 

− once the ICE has been started, the desired angular 

speed is adjusted by means of the accelerator (the 

ICE during the tests was set at 4 different angular 

speeds). 

− the SKF model TMR 1 digital tachometer is 

positioned on the pulley attached to the flywheel 

assembly to record angular velocity. The 

corresponding data are taken for this speed 

regime. 

− knowing the angular velocity at which the set of 

flywheels is rotating, press Run in the Matlab 

program to start the data acquisition. 

− the previous steps are repeated to take the angular 

velocity data in the other operating regimes. 
In the case of the drive with the starter motor, 

data acquisition was performed during the start time 

to explore the evolution of the angular velocity in 

this time period. It was used 10 seconds for the 

sampling time. For this, the following steps were 

carried out: 

− the ICE is decompressed and the switch is turned 

ON to allow current to flow between the battery 

and the starter solenoid. The drive is carried out 

with the starter motor belonging to the ICE, 

which involves the transmission by gears 

between the starter motor and the flywheel of the 



DIAGNOSTYKA, Vol. 23, No. 2 (2022)  

Valencia AFR, Piedrahita CAR.: Using the instantaneous angular speed measurement to characterize the… 

 

6 

ICE and then the belt transmission towards the 

set of flywheels. 

− the push button on the test stand ignition box is 

pressed to operate the starter motor. 

− at the moment of start-up, press Run in the 

Matlab program to begin with the data 

acquisition. 

 

6. RESULTS AND DISCUSSION 

 

A Fluke brand oscilloscope was used, the 

variation of the signal over time was observed, it can 

be seen in figure 8. 

 

 

Fig. 8. Electrical voltage signal delivered  

by the inductive sensor in the oscilloscope 

 

The value of angular velocity in time according 

to the signal of figure 8 can be determined by means 

of the following equation, where the frequency of the 

signal fs and the number of teeth of the flywheel Nt 

are related. 

n [min−1] =
fs · 60

Nt

           (12) 

Replacing the frequency value obtained from the 

signal, and bearing in mind that the number of teeth 

of the flywheel of the experimental test bench is 

equal to 149 teeth, the following value of angular 

velocity is obtained: 

n [min−1] =
fs · 60

Nt

=
2368 Hz · 60 

149
= 953.56 min−1            

A Matlab code is written to obtain the values of 

angular velocity in time from the sampled signal. 

The figure 9 presents a block diagram of the 

algorithm used to determine the instantaneous 

angular velocity curves. 

A code was also developed to apply a digital 

filter to the angular velocity versus time sampled 

signal in order to reduce noise presented in the 

signal. Thanks to the developed code, the curves 

were plotted for the data stored along different 

angular velocities. The red signal corresponds to an 

unfiltered signal and the blue signal is associated 

with the filtered signal. A part of the lines of code 

implemented in the programming can be seen in 

figure 10. 

 
Fig. 9. Flowchart for the algorithm used with  

the angular position signal 

 

 
Fig. 10. Lines of code for determining the instantaneous 

angular speed. 

 

Figure 11 shows the angular velocity of the large 

flywheel of the test bench when driven by the 

internal combustion engine for a constant speed. 

 

 
Fig. 11. Angular velocity as a function of time for a 

constant speed of 942 min-1 
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According to the steps described to perform the 

angular velocity tests at different operating regimes, 

an SKF brand digital tachometer model TMRT-1 

was used which is shown in figure 12. 

 

 

Fig. 12. SKF brand Digital Tachometer 

 

The angular velocity values obtained from the 

digital tachometer and the sampled signal are 

presented in table 2, where the relative error 

calculated for these values are determined. 

 
Table 2. Angular velocity values obtained from the 

sample signal and the skf digital tachometer 

 
 

In accordance with the data obtained from table 

2, comparing the angular velocity measured with the 

digital tachometer and the angular velocity obtained 

from the sampled signal, the percentage error values 

are not greater than 3% for speed regimes that were 

adjusted by means of the throttle on the internal 

combustion engine. The errors in the measurement 

of the angular velocity depend on the number of 

pulses obtained in one revolution (corresponding to 

the number of teeth on the flywheel) and the value of 

the period of the sampled signal ts2, that is, between 

the consecutive peaks of the square signal of the 

figure 8. This value of time between consecutive 

peaks of the signal is what induces the systematic 

measurement error εt = ±ts2, so its reduction is 

achieved by increasing the number of pulses per 

revolution, that is, having a gear with a greater 

number of teeth and this in turn will allow a greater 

angular resolution to be achieved. The methods for 

estimating time- delay in the process of vibration 

signals’ synchronous averaging are very useful in 

rotating elements such as gear wheels for estimating 

their instantaneous angular velocity and reducing 

noise in the measured signal that is not associated 

with the period of rotation [13], these methods are 

undoubtedly related to the measurement of the 

instantaneous angular speed signal carried out in 

these experiments and the synchronous averaging 

process has an impact on the relative errors found in 

Table 2. Also, the angular resolution ∆θ at the 

flywheel ring, can be determined by means of the 

following equation: 

∆θ =
360°

Nt

=
360°

149
= 2.4° ≈ 0.042 rad 

Figure 13 presents the curve of angular velocity 

as a function of time during startup. It can be 

observed in the behavior of the speed curve, that 

from the moment the starter began to overcome the 

inertia of the flywheel, it progressively increased its 

speed until reaching a point at which it transmitted a 

speed of approximately 350 min-1 to the flywheel 

axis. 

 
Fig. 13. Angular velocity versus time curve during 

system startup. 

 

In this way, the evolution of revolutions over 

time can be adjusted to the transient response curve 

of a first-order system. For this, a code was written 

in Matlab, which allows generating a curve 

approximate to the real behavior. 

The model of the instantaneous angular velocity 

curve can be written in the form: 

ω(t) = 350 · (1 − e−
t
τ)                  (13) 

Figure 14 shows the real curve constructed from 

the data acquired in blue for the filtered signal, red 

for the unfiltered signal, and in green the fit curve at 

these values. 

In the case of the previous model obtained, the 

constant 350 corresponds to the steady state value of 

the revolutions in time, τ is the time constant, which, 

in correspondence with the mathematical model of 

the system, is determined as the quotient between the 

total inertia moment Iv and the loss constant β, which 

encompasses mechanical losses, viscous friction in 

the bearings and aerodynamic friction with the 

surrounding air. If the analogy is made with an 

electrical circuit, the capacitance of the capacitor is 

associated with the inertial value of the flywheel, 

while the resistance R is related to the loss constant. 

The value of the inertia of the set of flywheels was 

obtained from the Solidworks computer program. 

Figure 15 shows the solid modeling of the set of 

flywheels, from which the inertial value was 

estimated (Lzz = 2.55 kg.m2 computer program), 

Iv = 2.55 kg · m2. The value of β after performing 

some iterations, a suitable value of 1.65 
𝑘𝑔.𝑚2

𝑠
 was 

found. 
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Fig. 14. Adjustment of the angular velocity curve in time. 

 

 

Fig. 15. Determination of the inertial value using the 

solidworks computational tool 

 

The time constant for the curve of the transient 

response of the system is equal to 1.54 seconds. The 

angular velocity value for which 63.2% of the 

steady-state signal is reached is 221 min-1. The 

mathematical model of the system can be rewritten 

as follows: 

G(s) =

1
τ

s +
1
τ

=

1
1.54

s +
1

1.54

               (14) 

The curves obtained for angular velocity as a 

function of time as can be seen in figure 16, show the 

evolution of the angular velocity during system 

startup. As previously expressed, this curve can be 

adjusted to the transient response of a first-order 

system whose time constant τ is related to the 

moment of inertia of the set of flywheels and the loss 

coefficient, also the behavior of this curve 

instantaneous angular velocity allows associating the 

energy stored during startup. The steady state value 

of the signal is reached around 350 min-1. These 

curves of evolution of angular velocity during 

starting take into account the inertial resistance of the 

set of flywheels, the transmission of movement of 

the belt towards the coupled internal combustion 

engine and aerodynamic friction. 

 
Fig. 16. Angular velocity signals over time during startup 

 

In correspondence with the previous curves, and 

observing the behavior of the instantaneous angular 

speed during the energy delivery of the set of 

flywheels, figure 17 shows the combined curve for 

the moment in which the system accumulates and 

releases the rotational kinetic energy. In the curve it 

can be seen how the angular velocity evolves in time 

until it reaches a maximum value of 380 min-1 in 10 

seconds, from that moment on, the angular velocity 

begins to decrease in time, as product of 

aerodynamic friction, bearing friction and internal 

combustion engine load through belt drive, to 

standstill in approximately 25 seconds. 

 

 
Fig. 17. Angular velocity curve over time during energy 

accumulation and delivery 
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As has been shown in the above drawings and 

pictures, the flywheel inertial test bench has been 

envisioned to drive machines as internal combustion 

engines, diverse type of motors, as well as different 

types of industrial rotary devices and machines and 

observe its dynamic response. Particularly, it has 

been designed also to facilitate the study of small 

internal combustion engines under driving and 

motored modes of operation, with compression and 

without compression. Figures 18 reveals the 

performance of the run-up of the engine driven by 

the external starter and also by its own starter motor. 

 

 
Fig. 18. Flywheel speed during run-up and run-out, and 

starter power consumed during the motor engine cranking 

 

The engine and flywheel can be driven by the 

starter of the bench through the pulley-belt 

transmission, and also by the starter-motor of the 

combustion engine. In figure 18 there are 

represented the flywheel speed and power consumed 

by the engine starter while running up the flywheel-

engine entire system, for the motored non-fired 

engine with fuel injector placed (there is 

compression inside the engine cylinder) and with 

fuel injector removed (there is no compression inside 

the engine cylinder).  

During cranking, the instantaneous flywheel 

acceleration corresponding to each engine speed 

directly gives a measure of the torque and power 

characteristics. Setting-up properly an experiment, 

after characterizing the engine inertia, it is possible 

to diagnose the cranking performance under 

different conditions. Determining the mechanical 

losses in the system, and the aerodynamical drag, it 

will be possible to study the performance as well as 

the mechanical losses of the combustion engine. The 

mechanical losses along the subsystems of the test 

bench can be characterized by the free deceleration 

method.  

 

7. CONCLUSIONS 

 

It has been put into practice a method to measure 

the evolution of the angular velocity of a flywheel 

inertial system during its start-up, to associate it with 

the transient response of a first order system. The 

obtained transfer function for the set of flywheels of 

the experimental test bench relates the time change 

of angular velocity with the torque transmitted in the 

shaft that supports the set of flywheels. The time 

constant relates the inertial value of the set of 

flywheels I = 2.55 kg. m2 and a global loss constant 

with their values β = 1.65 
𝑘𝑔.𝑚2

𝑠
 (value associated 

with the friction losses in bearings, aerodynamic 

friction and friction in belt transmission) and β =

0.9 
kg.m2

s
 (value associated with friction in bearings 

and aerodynamic friction). The theoretical curve 

obtained compared well with the real curve of the 

angular velocity in time, during the actuation of the 

starter motor, presenting after the first 3 seconds 

relative errors below 0.2. 

The quotient between the transmitted torque and 

the angular velocity can be established as a first order 

system. Effectively, the transient response 

corresponds with a first order system in the run up 

regime where the time constant is equal to 1.54s. and 

the speed for the steady state is 350 min-1. 

The angular resolution given by the number of 

teeth of the flywheel crown was determined, whose 

value is equal to 2.4°, the angular resolution can be 

improved if the number of teeth used in the flywheel 

is increased, allowing it to increase the frequency in 

the signal and the temporal passage between 

consecutive peaks of the signal is reduced, achieving 

a greater quantity of velocity data with which to 

obtain the instantaneous angular velocity curve. 

The internal combustion engine used to drive the 

flywheel assembly used a belt drive to the flywheel 

assembly. It is of interest to be able to establish the 

mechanical losses in the belt transmission due to the 

slip produced. Transmission error between pulleys, 

pulley/belt slip are deduced from pulley rotation 

angle measurements and it is necessary to be able to 

use optical encoders in the two pulleys of the test 

bench. The use of tensioner limits belt slip on 

pulleys, and can have a positive effect on error 

reduction. It should be clarified that these 

measurements are outside the scope of the 

experimental tests carried out on the test bench and 

it is not possible to view the influence of the slippage 

of the pulleys on the phase shift of the signals and on 

the error transmission. 

 
Author contributions: research concept and design, 

A.F.R.V.; Collection and/or assembly of data, A.F.R.V; 

Data analysis and interpretation, A.F.R.V.; Writing the 

article, A.F.R.V., C.A.R.P.; Critical revision of the article, 

C.A.R.P.; Final approval of the article, C.A.R.P. 

 

Declaration of competing interest: The authors declare 

that they have no known competing financial interests or 

personal relationships that could have appeared to 

influence the work reported in this paper. 

 
REFERENCES 

 

1. Charchalis A, Dereszewski M. Processing of 

instantaneous angular speed signal for detection of a 

diesel engine failure. Hindawi Publishing Corporation. 

Mathematical problems in Engineering. 2013:659243. 

http://dx.doi.org/10.1155/2013/659243. 

2. Lang KL, Liu L. Lang A. Multi-Purpose Flywheel 

(MPF) and Misfire Detection. SAE Tehcnical Paper 

Series. 2005. 2005-01-1141. 

https://doi.org/10.4271/2005-01-1141. 

http://dx.doi.org/10.1155/2013/659243
https://doi.org/10.4271/2005-01-1141


DIAGNOSTYKA, Vol. 23, No. 2 (2022)  

Valencia AFR, Piedrahita CAR.: Using the instantaneous angular speed measurement to characterize the… 

 

10 

3. Kee R, Blair G. Acceleration test method for a high 

performance two-stroke racing engine. SAE Technical 

Paper Series. 1994:942478. 

4. Teng C. Evaluation of idle combustion stability using 

flywheel acceleration. SAE Technical Paper Series, 

2003. 2003-01-1673. https://doi.org/10.4271/2003-

01-1673 

5. Peragón FC, Jiménez FJ. Red neuronal óptima para la 

estimación de la presión indicada en base a la medida 

de la velocidad angular en motores alternativos de 

combustión interna. Maquinas y Motores térmicos. 

2004. 

6. Merchan CE. Determination of power and torque in 

internal combustion engines by free acceleration 

technique. B.S Thesis, Dept. Mech. Eng., Industrial de 

Santander Univ., Bucaramanga, Santander, Colombia, 

2004. 

7. Hsu TR. On a flywheel based regenerative braking 

system for regenerative energy recovery. Proceedings 

of green energy and systems conference. Dept. Mech. 

Eng, San Jose State University. 2013. 

8. Figliola RS, Beasley DE. Mediciones Mecánicas. 

Alfaomega 2003. 

9. Long G. Acceleration characteristics of starting 

vehicles. Transportation Research Board. 2000. 

10. Henry RR, Lequesne B, Chen S. Belt-driven starter 

generator for future 42-Volt systems. SAE Technical 

Paper Series. 2001. 2001-01-0728. 

https://doi.org/10.4271/2001-01-0728. 

11. Averbukh M, Rivin B, Vinogradov J. On-board battery 

condition diagnostics based on mathematical 

modeling of an engine starting system. SAE Technical 

Paper Series, 2007-01-1476, 2007. 

12. Li Y, Gu F, Harris G, Ball A, Bennett N, Travis K. The 

measurement of instantaneous angular speed. 

Mechanical Systems and Signal Processing. 2004: 

786-805. 

http://dx.doi.org/10.1016/j.ymssp.2004.04.003. 

13. Wojnar G, Lazarz B. Averaging of the vibration signal 

with the synchronizing impulse location correction in 

tooth gear diagnostics. Diagnostyka, 2007; 4(44):19-

24. 

14. Wojnar G. Using of torsional vibrations velocity for 

the detection of toothed wheels' fault. Scientific 

Journal of Silesian University of Technology. Series 

Transport. 2010; 66(1):1-10. 

15. Ciurdea I, Horodinca M. Instantaneous angular speed 

measurement and signal processing: A brief review. 

Bul. Inst. Polit. Iasi. 2017;63(1). 

16. Leclère Q, Girardin F, Rémond D. An Analysis of 

Instantaneous Angular Speed Measurement Errors. 

2003. [Online]. Available: 

https://www.researchgate.net/publication/281923513. 

 

Received 2022-01-11 

Accepted 2022-04-29 
Available online 2022-05-05 

 

Carlos A. Romero- 

PIEDRAHITA, receive 

his M.Sc in Alternative 

Internal Combustion 

Engines and his Ph.D. 

degree in propulsive 

systems in means of 

transport from Valencia 

Polytechnic University, 

Valencia, Spain, 2007 

and 2009, respectively. 

Currently, he Works at Pereira Technological University. 

His current research interest includes internal combustion 

engines and machine design. He has directed different 

undergraduate and master degree projects in the areas of 

machine design, internal combustion engines. He has been 

a professor in the areas of mechanical design, internal 

combustion engines, motor laboratory and automobile 

theory. 

 

Andrés F. Rodríguez- 

VALENCIA, received his 

B.Sc and M.Sc degree in 

Mechanical Engineering 

from Pereira Technological 

University. Currently, he is 

a Professor in the 

Department of Energy and 

Mechanics at the 

Autonoma de Occidente 

University, Cali. He has 

guided the subjects of Thermodynamics, Fluid Mechanics, 

Mechanics and Hydraulic Machines in the Mechanical 

Engineering program. 

 

https://doi.org/10.4271/2003-01-1673
https://doi.org/10.4271/2003-01-1673
https://doi.org/10.4271/2001-01-0728
http://dx.doi.org/10.1016/j.ymssp.2004.04.003
https://www.researchgate.net/publication/281923513

