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Abstract
In this article, developing a computer model allowing to obtain analytically the dependences of the discharge current i(t) 
and voltage in a spark discharge U(t) on the given discharge circuit parameters is carried out. A toolkit for evaluating the 
characteristics of capacitive ignition systems of various types at the stages of creating new circuit technical solutions and 
engineering has been developed. The obtained results allow to significantly reduce the time for evaluating the potential of 
ignition systems without carrying out sufficiently complex and labor-intensive experimental studies. The resulting depend-
ences i(t) and U(t) allow to determine and calculate all the main parameters of spark discharges in plugs—energy, power 
and duration of discharges, as well as the maximum value of the discharge current.
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Introduction: formulation of the problem

The discharge circuits of capacitive ignition systems of all 
main types contain nonlinear elements—switching spark 
gaps and semiconductor or spark plugs. The nonlinearity 
of discharge circuits complicates the development of math-
ematical and computer models of discharge processes [1–4].

In [3], based on the results of experimental studies of 
discharge processes in a capacitive ignition system, the 
current–voltage characteristics of spark discharges in semi-
conductor plugs were constructed and approximated with 
respect to the oscillatory and unipolar types of discharge 
processes in the range of the parameters of the discharge cir-
cuits corresponding to serial and prospective capacitive igni-
tion systems. The obtained expressions for the volt-ampere 
characteristics of the oscillatory and unipolar discharges 
are the basis for the development of tools for modeling and 
research of the efficiency of ignition systems at the stages 
of development of new circuit solutions and analysis of the 
efficiency of the projected ignition systems.

The article solves the problem of developing a computer 
model allowing to obtain analytically the dependences of the 

discharge current i(t) and voltage in a spark discharge U(t) 
on the given discharge circuit parameters: storage capaci-
tor capacitance C, discharge circuit inductance L, active 
resistance R and commuting discharger breakdown voltage 
U0 taking into account the current–voltage characteristics 
of spark discharges in semiconductor sparks for the main 
types of capacitive discharge—oscillatory and unipolar. The 
task was solved without taking into account the impact on 
the spark discharges of pressure in the combustion devices, 
temperature, physicochemical properties of fuels and the 
composition of the fuel mixture, determined by the air–fuel 
ratio. The tasks of estimating the igniting ability of spark 
discharges based on the consideration of gas-dynamic and 
thermodynamic processes in the combustion chambers and 
starting igniters of gas turbine engines were solved, includ-
ing, in [5–8].

The main difficulty in developing a computer model of 
discharge processes in capacitive ignition systems, taking 
into account the actual current–voltage characteristics of 
spark discharges, is as follows: The discharge current in 
capacitive ignition systems varies according to the damped 
sinusoid law; therefore, for the entire discharge process, 
there is a family of current–voltage characteristics, each of 
which corresponds to the half-period of the current change.

As is known, the discharge in semiconductor plugs con-
sists of two stages—preparatory and spark. During the pre-
paratory stage, the current flows through the semiconductor 
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element of the spark plug; due to the negative semiconductor 
resistance coefficient, an avalanche-like current and temper-
ature rise to a state where explosive sparking of the semi-
conductor material and gas ionization between the electrodes 
over the semiconductor occur. This circumstance leads to 
the breakdown of the ionized gap above the semiconductor 
and the transition of the discharge to the spark stage, dur-
ing which ignition of the combustible fuel mixture occurs. 
In the course of developing a computer model of discharge 
processes in capacitive ignition systems of an oscillatory and 
aperiodic discharge, the preparatory stage of the discharge 
was not taken into account, as it does not directly affect the 
processes in ignition. An additional justification for this is 
the fact that in high-voltage capacitive ignition systems with 
pulse transformers, the preparatory stage of discharges is 
practically absent [4, 9].

The results of the development 
of a computer model

The developed computer model of discharge processes 
implemented in Simulink, in accordance with the technology 
described in [10], is shown in Fig. 1. The model describes 
the discharge processes in the basic circuit of the discharge 
circuits of the capacitive ignition systems shown in Fig. 2.

When the key S is open, the discharge current through the 
spark plug F after the breakdown of the spark gap FV varies 

according to a damped oscillatory law; with a closed key S, 
the current through the plug increases to a maximum value 
and then decreases unipolarly [3, 4].

The magnitude of the discharge current at the given fixed 
time is calculated in the MATLAB function block (i), which 
generates the output signal i using the input parameters L, C, 
U0 and R, based on the functional dependence [4]:

where � =
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Fig. 1  Computer model of 
discharge processes in the 
capacitive ignition system

Fig. 2  Basic scheme of discharge circuits of capacitive ignition sys-
tems of oscillatory and unipolar discharge
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of the punctured spark gap FV and the spark plug F, the 
resistance of the inductance L and the connecting wires.

The volt-ampere characteristics of the spark discharges 
of the oscillatory and unipolar types, containing the direct 
and inverse branches, were approximated in [3] by the 
corresponding mathematical dependencies. The direct 
branches of current–voltage characteristics of oscillating-
type discharges, as follows from the theory of a pulsed 
electric arc [11], correspond to an increase in current dur-
ing each half-period of current change, while the opposite 
branches correspond to a decrease in current during each 
half-period. The forward branch of the current–voltage 
characteristic of unipolar-type discharges corresponds to 
an increase in current; the reverse branch corresponds to 
a decrease in current from the maximum value to zero.

For the forward and reverse branches of the cur-
rent–voltage characteristics of spark discharges, the 
expressions are used [3]:

• for the forward branch U1(i) and the reverse branch U2(i) 
of the oscillation discharge:

• for the forward branch U3(i) and the reverse branch U4(i) 
of the current–voltage characteristic of the unipolar dis-
charge:

The values of the coefficients a1, a2, a3, a4, b1, b2, b3, 
b4, c1, c2, c3, c4, d1, d2, d3, d4, which ensure a high corre-
spondence of the approximating expressions (2)–(5) to real 
experimental current–voltage characteristics, in [3] are:

(2)U1(i) = a1 − b1 ⋅ i + c1 ⋅ i
1,5 +

d1

i0,5

(3)U2(i) = a2 − b2 ⋅ i + c2 ⋅ i
1,5 + d2 ⋅ i

0,5

(4)U3(i) = a3 − b3 ⋅ i + c3 ⋅ i
1,5 +

d3

i0,5

(5)U4(i) = a4 + b4 ⋅ i
1,5 − c4 ⋅ i

2 + d4 ⋅ i
3

a1 = 65, b1 = 0.017, c1 = 0.00038, d1 = 459.8;
a2 = 19,61, b2 = 0.15, c3 = 0.0014, d3 = 4.904;
a3 = 65, b3 = 0.017, c3 = 0.00038, d3 = 459.8;
a4 = 14,703, b4 = 0.0015, c4 = 3.26, d4 = 1.9.

The dependencies for the voltage in the spark discharge 
U(t) shown in Fig. 1 are calculated by the MATLAB func-
tion block (U) according to the algorithm: At a positive cur-
rent variation rate calculated by the derivative block, the 
dependences (2) or (4) are used; at a negative current varia-
tion rate, dependences (3) or (5) are used.

The oscillatory or unipolar type of the discharge in the 
computer model is set by the diode block.

Confirmation of simulation results

The adequacy of the developed model was estimated by 
comparing the obtained dependences i(t), U(t) with the 
experimental dependences for the same values of the dis-
charge circuit parameters C, L, R and U0 for oscillatory and 
unipolar types.

The scheme of the experimental bench is presented in 
Fig. 3.

Experimental studies were carried out in laboratory con-
ditions without affecting the serial semiconductor plug of 
high pressure, temperature and fuel mixture. The size of the 
electrode gap of the spark plug was 0.6 mm.

The effect of the conditions in the combustion chamber 
of a gas turbine engine on the duration of spark discharges 
and the maximum value of current through a semiconductor 
plug was investigated in [12].

The capacity of the storage capacitor was C = 0.5; 1.0; 
2.0 μF, inductance L = 32, 106 μH. As a switching element, 
a two-electrode spark gap R-44 with a breakdown voltage 
of U0 = 3.1 kV was used. The charge of the storage capaci-
tor was carried out from the regulated transformer power 
supply.

The repetition frequency of spark discharges in a semi-
conductor plug under the experimental conditions was 

Fig. 3  Schematic diagram of the 
experimental stand
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varied within 4–8 pulses per second; at the same time, the 
oscillograms of the discharge processes remained practically 
unchanged.

The oscillography of the discharge current was carried 
out using a current measuring transformer TA with a number 
of turns w = 100 and a load resistor R1 = 0.8 O; oscillography 
of the voltage in a spark discharge in a plug was carried out 
using an ohmic voltage divider R2–R3 with a transmission 
factor of 100.

Figures  4 and 5 show the characteristic oscillo-
grams of the oscillatory and unipolar discharge obtained 
experimentally. 

Figures 6 and 7 show the oscillograms i(t) and U(t) 
obtained using the computer model for the oscillatory and 
unipolar types of discharges with the same values of the 
storage capacitor capacitance and the discharge circuit 
inductance.

The energy efficiency of the storage capacitor, i.e., the 
ratio of the energy of spark discharges to the energy accumu-
lated in the capacitor, under the experimental conditions was 
15–20%, and an increase in the inductance of the discharge 
circuit led to an increase in the energy utilization factor of 
the storage capacitor, which is consistent with the results of 
studies conducted in [4].

Fig. 4  Oscillograms for the oscillatory discharge. a C = 1  μF, 
L = 32 μH, b C = 1 μF, L = 106 μH

Fig. 5  Oscillograms of an unipolar discharge. a C = 1 μF, L = 32 μH, 
b C = 1 μF, L = 106 μH

Fig. 6  Oscillograms of the discharge current and voltage drop in the 
spark plug for the oscillatory discharge. a C = 1  μF, L = 32  μH; b 
C = 1 μF, L = 106 μH
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Findings

From Figs. 4, 5, 6 and 7, the discrepancy between the theo-
retical and experimental dependences i(t) and U(t) does not 
exceed 10%, which is acceptable for engineering practice in 
relation to fast pulsed processes and indicates the adequacy 
of the developed computer model, taking into account the 
restrictions imposed by conditions in the zone of formation 
of spark discharges in semiconductor plugs.

The resulting simulations of i(t) and U(t) make it possible 
to determine and calculate all the main parameters of spark 
discharges in plugs—discharge current, energy, power, dura-
tion of discharges in laboratories and test benches without 
exposure to the fuel mixture, pressure and temperature.

Thus, tools have been developed for evaluating the char-
acteristics of capacitive ignition systems of various types 

at the stages of creating new circuit solutions, research and 
design. The presented results will significantly reduce the 
time to assess the potential capabilities of ignition systems 
without conducting rather complex and time-consuming 
experimental studies in real combustion chambers of gas 
turbine engines.
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