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Diagnosing the automobile starting system 
 

This article presents a new method for analysing the torque of an internal combustion engine using registered electromechanical 

runs and magnetic field distribution in a starter. The aim of the study was to develop a model of the starting current of an internal 

combustion engine and carry out verification tests on real objects. The developed model allows to simulate the shutdown of individual 

cylinders. Experimental research was conducted using the Bosch FSA 740 equipment for four internal combustion engines under 

variable operating conditions. During testing, the starting current and relative compression in cylinders were recorded. Simulating the 

variable load of the starter, the magnetic induction distribution of the magnetic induction was recorded in the feed slot. The research will 

be used to develop a method of diagnosing the starter and determining the torque of the internal combustion engine.  

Key words: starter, starting current, diagnostics, Matlab, engine torque 

 
 
1. Introduction 

Because of the growing environmental requirements of 
the automotive industry, a lot of attention is paid to main-
taining the engine and its equipment in proper technical 
condition, guaranteeing air pollution as low as possible. In 
addition, new technical solutions are introduced to reduce 
emissions. In the case of the starter system, it is commonly 
used in new vehicles with a start-stop system that reduces 
fuel consumption and the emission of toxic components 
into the environment, while increasing the number of starter 
starts by 50%. 

The starting system is the only device in the vehicle that 
is not monitored as a pilot light or information on the on-
board computer. Damage to it affects the ecology in terms 
of the start-up phase and passenger safety when the engine 
is stopped [4, 5]. It is therefore desirable to develop models 
and diagnostic patterns that allow the in-service supervision 
of the starting system. 

A frequent damage to starters is the wear of brushes and 
bushes. In the works [1, 7, 8], the authors attempted to 
diagnose the boot system using neural networks. The results 
confirm the possibility of diagnosing the condition of the 
starter brushes using a single-directional neural network. In 
reference [2] a wear model of the starter bearing system is 
developed. This model can be used to describe and interpret 
the actual operating processes as well as evaluate the dura-
bility of the starter bearings. The vibroacoustic studies of 
the starter [6] have confirmed the possibility of using a 
vibroacoustic signal to assess the technical condition of the 
pacemaker. Work [9] analyses the effect of engine torque 
variations on the engine startup process using electric and 
pneumatic starters. The relationship between the momen-
tary torque values and the crankshaft rotational speed was 
determined. It has been found that the degree of non-
uniformity of instantaneous speed is dependent on the value 
of the torque component of the number of engine cylinders 
and the power of the starting system. 

2. Analysis of engine torque 
Movement resistance associated with the operation of 

the internal combustion engine significantly limits its tech-
nical indicators. When calculating the torque moments of 

the internal combustion engine, the resistance torque gener-
ated by the individual engine functionalities must be taken 
into account. 

The total anti-torque of the motor can be represented by 
the pattern: 

 Ma-t = Mf + Mg + Mi + Maux (1) 

adding up the moment values of: Mf – friction, Mg – gas 
forces, Mi – inertia forces of the internal combustion en-
gine, Maux – auxiliary devices. 

An important component of the torque is the friction 
torque Mf, resulting from the frictional forces accompany-
ing the engine, including the piston travel and the rings 
mounted on the cylinder liners, as well as the frictional 
forces associated with the pivot movement with respect to 
the pan in the main and the main bearing. 

The moment of friction can be expressed as: 

 M� = ����∙	
 (2) 

Ve – engine displacement, pf – friction force acting on the 
piston with respect to the surface unit. 

Variability of the torque during one engine cycle is due 
to the compression of the load in the individual cylinders 
and is caused by the gas pressure acting on the surface of 
the piston crown, connecting rod bearings and the main 
crankshaft bearings. Changes in resistance torque values 
from gas forces follow the formula: 

 M��α� = −Sr �sinφ + �������� ��
!"#���������$% 

 �p"�α� + p'�α + 2π� + p*�α + 3π� + p��α + 4π� − 4p-�  (3) 

S – piston head surface area, r – crankshaft crank radius, φ 
– angle of rotation of the crankshaft, pi (I =1, 2,3,4) – in-
stantaneous pressure in individual cylinders, p0 – ambient 
pressure. 

Coefficients: 

  μ = 0
1         λ = 3

1     (4) 

e – mischievousness, l – length of connecting rod, r – con-
necting rod radius. 
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The moment of inertia, which accompanies changes in 
engine speed, also has a significant effect on the resistance 
of the engine. The moment of inertia of the internal com-
bustion engine can be represented by the formula: 

 
456$

' = 4656$
' + 47656$

' + '89�9$
' + '8:�:$

' + 4;5:$
'         (5) 

I – torque reduced to the axis of the starter rotor, Izr  – mo-
ment of inertia of the rotary masses of the internal combus-
tion engine reduced to the axis of the crankshaft, Ib – mo-
ment of inertia of the connecting rod relative to the axis 
passing through the centre of gravity and perpendicular to 
the connecting rod plane, Ir – moment of inertia of the start-
er, mt  – mass of the piston and the piston pin, mk – mass of 
the connecting rod, Vk – instantaneous linear velocity of the 
centre of gravity of the connecting rod, ωk – instantaneous 
angular velocity of the connecting rod, Vt – instantaneous 
linear velocity of the piston, ω – angular velocity of the 
crankshaft, ωr – angular velocity of the starter 

At the moment of resistance there is also the moment 
resulting from the work of auxiliary equipment, necessary 
for the proper functioning of the engine: cooling, lubrica-
tion and fuel systems. In order for auxiliaries to function, 
they must be supplied with sufficient energy. During nor-
mal operation of the engine, this energy reduces the availa-
ble power of the engine, while the start-up of the engine 
must be provided by the start-up system, which must bal-
ance it, and the excess power generated by the engine is 
expected to result in effective movement. Calculations 
based on empiric engine attachments relate to established 
operating conditions (temperature and load), their use for 
startup conditions may be misleading because of differ-
ences in the assumptions for which they were designated. 

The moment of the auxiliary devices can be represented 
by the formula: 

 M<= = M>	 + M 	 + M��? + M@1 + M�@ + M 	3   (6) 

where M is, respectively, the moment of: Mwp – the water 
pump, Mop – the oil pump, Mw – the injection pump, Mal – 
the alternator resistance, Msk – the compressor air, Mpow – 
the oil pump resistance. 

The tangential forces for different motor states are 
shown in Figures 1–3. 

 

 
Fig. 1. Crank tangential forces in a smooth-running motor 

 

 
Fig. 2. Crank pin effort – no burning in two cylinders 

 

 
Fig. 3. The tangential force – no burning in four cylinders 

3. Equations of the electric starter circuit of the car 
Diagnostics is based on the analysis of the start and stop 

torque components of the engine. The equations describing 
the moment include the following. 

The electric piston equation takes the form: 

EB = �R@ + RB� D i@�a� + �z@ D δϕIδiI % D diIdt + cM D ϕ@ D ω�a�     �7� 

where: EB – electromotive force unloaded battery [V], Ra – 
resistance of the armature winding [Ω], RB – internal re-
sistance of the battery [Ω], dΨa/dt – voltage induced in the 
armature windings [V], ia – current of the armature [A], za – 
number of coil windings of the armature, ϕa– main magnet-
ic flux of the armature circuit [Wb]. 

The mechanical system consisting of a starter rotor, gear 
and crankshaft has one degree of freedom. Therefore it is 
possible to describe it in one equation by reducing all the 
forces and moments to the axis of the starter rotor. The 
basis for determining the form of the equation is Formula 8, 
resulting from the principle of the conservation of mechani-
cal energy: 

 
PM
PI A = N (8) 

E – mechanical energy of the whole system, N – the result-
ing power of the driving and thrust forces 

 E = 456$'  (9) 

 N = M D ωr �10� 
where: I – the incident moment of inertia of all the masses 
in motion reduced to the starter axis, M – the resulting 
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torque of the drive and thrust forces reduced on the starter 
axis 

 
P
PI U456$' V = M ⋅ ω3 �11� 

or:  

 
P4

P�6 ⋅ 56$' + P56PI ⋅ I = M0 + M@#I + M1 ��  �12� 
Me – magnetic moment produced in the starter, Ma-t – en-
gine torque, reduced to the starter axis, Mloss – moment of 
mechanical and magnetic losses of the starter, ϕr – angle of 
rotation of the starter rotor. 

A system of differential equations (12), describing at 
any time the process of starting a combustion engine:  

YZ
Z[
ZZ
\ ] _̂]` = a_]b]` = c0 − db − be − fa_gh

ih jghjb + ik jgkjb
]a_]` = fgh b − lh−` − lmnoo − a_ 22 ]p] _̂p� _̂ �

                    �13� 

 
Assuming that: ϕr =y1, i =y2, ωr =y3  

YZ
[
Z\

]q1]` = q3
]q2]` = c0−dq2−e�q2 ,s�−fq3gh �q3�

ih ]gh �q2�+ik ]gt �q2�
]q3]` = fg` �q2�q2 −lh−` �q3 ,q1 ,s�−q 32

2 D]p �q 1�] q1 −lmnoo �q3 ,q2�
p�^_ �

    (14) 

 
In order to solve the system of differential equations, a 

program was written in the Matlab environment, on the 
basis of which the angular velocity, magnetic flux and cur-
rent waveforms were derived, as shown in Fig. 5. 

In this study, the current drawn by the starter during 
power-up is analysed. The simulation of the current flow on 
the PC is similar to that obtained from direct measurements. 
Using the data obtained from the above program regarding 
the starting current as a function of time, the curve I = f(t) 
was analysed. After feeding the data into "starter.exe.", 
waveforms were plotted. Figure 4 shows the value of cur-
rent changes during start-up obtained by computer simula-
tion. The first part of the chart, which represents the maxi-
mum current increase (Fig. 6), deserves special attention. 

 

 
Fig. 4. Graph of the current drawn by the starter as a function of time 

 
Fig. 5. Solution of the system of differential equations (1 – angular veloci-

ty, 2 – magnetic flux, 3 – current waveform) 
 

 
Fig. 6. Initial start-up phase  

 
With a function that approximates the starting current, a 

definite integral can be calculated in the time interval of 0–
0.09 s. The starting current size can be a characteristic pa-
rameter for various starter faults, as confirmed in the re-
search part of the work. 

4. Modelling the characteristics of the starting  

current in Matlab 
The analysed system of first order differential equations 

was discretised, and then decoded numerically by means of 
the fourth-order Runge-Kutta method with the integration 
step. This method is commonly considered to be effective 
and corresponds to a compromise between the accuracy of 
solutions and the time of numeral simulations. In this case, 
the method was implemented in the Matlab environment. 

A program was written that allows modelling current 
consumption by the starter for the engine’s variable anti-
torque. The program includes equations describing anti-
torque in a four-cylinder internal combustion engine. 

A characterisation of the starting current is shown in 
Fig. 7. 

 

 
Fig. 7. Starting current characterisation for a four-cylinder engine 

5. Experimental verification tests 
In experimental research, the size of the starter circuit 

was measured using the BOSCH FSA 740 apparatus. Using 
the FSA device, the starting current measurements and 
indirect pressure measurements in individual cylinders 
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(relative compression) were performed. The results of the 
measurements are shown in Figures 8–13. 

 

 
Fig. 8. Starting current for all spark plugs 

 

 
Fig. 9. Relative compression for all spark plugs 

 

 
Fig. 10. Starting current with one spark plug removed 

 

 
Fig. 12. Starting current for two spark plugs 

 

 
Fig. 11 Relative compression for one spark plug current for two spark 

plugs 
 

 
Fig. 13. Relative compression for two spark plugs 

6. Summary 
Analysis of the effect of starter failure can correct the 

indirect pressure measurement of the compression. Experi-
mental research has allowed the results to be verified from 
the model thanks to the simulated changes in the tightness 
of the individual cylinders. 

The registered starting current for one spark plug was 
confirmed by the absence of compression pressure in the 
unsealed cylinder. When two cylinders are unsealed, there 
is a change in the starting current, which confirms change 
of the torque in individual cylinders. 

 

Nomenclature 

CI compression ignition 
CNG compressed natural gas 
DI direct injection 

LPG liquified petrolum gas 
SI spark ignition 
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