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Abstract
This paper presents a circuit model of the spark plug in the ignition system for conducted electromagnetic
interference (EMI). Based on the spark plug’s current discharge channel, the circuit model of the spark plug
is established with the parasitic parameters and the air-gap model. The parasitic parameters of the spark plug
are extracted with the finite element method, and the air-gap model of the spark plug is analyzed using the
electric circuit principles and the air-discharge theory. The simulation and measurement results validate this
model. Furthermore, this model confirms that the spark plug discharge is the main conducted EMI source in

the ignition system based on simulation.

Key Words: Circuit model, electromagnetic interference/compatibility, finite element method, parasitic

parameters, spark plug, ignition system

1. Introduction

More and more electronic devices have been introduced into modern automobiles. The problem caused by the
electromagnetic interference (EMI) of electrical systems is therefore becoming increasingly serious [1]. EMI may
cause failure or malfunction of the electrical devices and affect both the safety and reliability of automobiles
[2,3], which has aroused great concern among automotive manufacturers and designers. International and local
institutions have standardized the electromagnetic compatibility (EMC). For example, the International Special
Committee on Radio Interference (CISPR) indicated EMI standards with specifications on the threshold of the
automotive electromagnetic radiation for conducted EMI (from 150 kHz to 30 MHz) and radiated EMI (from
30 MHz to 1 GHz) [4,5].

Recently, simulation techniques have been widely used in predicting EMC, including the finite element
method (FEM), the method of moments (MoM), the finite difference time domain (FDTD) method, and the
transmission line method (TLM) [6-12]. These methods can help to identify automotive EMC-relevant problems

in the very early design stage and avoid intensive costs in the redesign cycles of the automobile development
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process. On the other hand, the ignition noise caused during engine operation is the most powerful EMI
source in the automobile. Many measurements and simulations have been carried out for the study of ignition
system EMI. However, EMC tests, according to the international standards, are expensive and time-consuming.
Moreover, in these experiments, it is difficult to analyze the spark plug discharge mechanism [13,14]. Fujiwara
and Amemiya proposed a spark plug circuit model in [15], and they used a simplified structure of the spark
plug to obtain parasitic parameters. This simplified model could easily lead to parameter errors. In [16], Wang
used the diode instead of the spark plug in the circuit model. However, the diode can only simulate the spark
plug correctly before the spark plug breaks down, not in the stages afterwards. Until now, researchers have not
described the spark plug discharge characteristics in detail in one working cycle.

A circuit model of the spark plug for conducted EMI is proposed in this paper after analyzing its internal
discharge channel. The model takes into account the parasitic parameters and the spark plug air-gap discharge
characteristics. With the FEM in the field solver, it is more precise if the parasitic parameters are extracted
based on the real structure of the spark plug. The air-gap is treated as nonlinear dynamic resistance in the
circuit model. Therefore, the spark plug discharge characteristics can be described by the circuit model in
detail both before and after breakdown. The whole process of the spark plug discharge is simulated using the
model placed in the ignition system. The results obtained by the simulation and the measurement prove the
efficiency of the model proposed in this paper. Finally, the conducted EMI of the ignition system is simulated.
The simulated results are consistent with the measured results, and this indicates that the spark plug discharge

is the main conducted EMI source in the ignition system.

2. The circuit model of the spark plug in the ignition system

In analyzing the spark plug discharge problem, the spark plug current discharge channel is an overriding factor.
As current i shooting through the unshielded center electrode is the dominant ignition current, the discharge

channel and the corresponding circuit model of the spark plug are shown below in Figure 1 [14].
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Figure 1. The discharge channel and circuit model of the spark plug.

In Figure 1, R, is the series resistance and its value can be given by the manufacturers; r, is the air-gap
resistance of the spark plug; and C,, C;, and C), are the parasitic capacitances between the center electrode

and the shell.
Figure 2 shows the ignition system circuit model with the following simplifications: 1) the parasitic

capacitances between the ignition system’s modules are neglected and are finally added to the whole system; 2)

the ignition coil circuit model is simplified here, which is expatiated in [17].
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Figure 2. The circuit model of the ignition system.

In Figure 2, Cy = Cy+ C, /2, C5 = Cp + C,. /2,C5 =C,, /2, Uy is the DC power supply, R; and Ry are
respectively the resistance of the primary and the secondary winding, L; and Ly are respectively the inductance
of the primary and the secondary winding, M is the coefficient of mutual inductance between the primary and
the secondary winding, C,, is the parasitic capacitances between the high-voltage wire and the shell, and R,,

is the resistance of the high-voltage wire.

3. The spark plug circuit model

3.1. Parasitic parameters extracted by the FEM

The inner electrical field of the spark plug can be taken as an electrostatic field for the analysis of the conducted
EMI problem. Figure 3 shows the longitudinal section of the spark plug solution region. Parasitic parameters
are extracted with the FEM.

Figure 3. Longitudinal section of the spark plug solution region.

In Figure 3, 1 U Qpis the solution domain, I'" is the boundary of the insulation medium, I'; is the
boundary of the ith conductor, and £; and ¢y are the permittivity of the insulation medium and the vacuum,
respectively.

In the solution domain, the governing equations and the constitutive relation are:

VxE=0
V-D=0 . (1)
D=¢cFE

When using the scalar potential E = —V¢ and the FEM approach, Eq. (1) can be written as follows [18]:
pe{pel? Voell?|p=f on I'y}. (2)
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That is:

/EV(pI - VdQ =/ eoV' - chdQ—i—/ e1Vy' - VdQ =0
Q Qo 0

Vo' € {p € L*, Vo eIL?|p=fon I'y}, (3)

where ) is the solution domain including €y and €, I'y is the Dirichlet boundary representing all I'; (i= 1,

2, 3, 4) boundaries, and f is the applied voltages on the conductors.
Eq. (3) leads to the following matrix equation:

[k} [¢] =0, (4)

where matrix [k] is a function of the geometric parameters where the elements are connected with an interpo-
lating function.

The parasitic parameters can be calculated by imposing 1 V onto the first conductor and 0 V onto the
others in turn. For example, static potential ¢; = 1 V is applied to the jth conductor while grounding the

others, and Eq. (4) is solved to obtain the potential distribution. Because the surface charge density on the
conductor surface is 0 = ¢F - n(n is the unit vector of outward normal to the conductor surface), the electric

charge of the ith conductor can be computed by:

Qi = Eé‘ FE- ndl"z (5)

i

Therefore, we can get the parasitical parameters from:

Cij— %

= (i #J)- (6)

(1, Pj—1,05+1,Pm)=0,p;=1

3.2. Air-gap model of the spark plug

The spark plug experiences the working cycle composed of the off stage, the discharge stage, the self-excited
discharge stage, and again the off stage. The air-gap presents different discharge characteristics in different
stages [19]. We establish the air-gap model, taking Spark Plug_1 in Figure 2 as an example, in this paper.

The nodal voltages of 1, 2, 3, and 4 are denoted by w1, us, us, and uy, respectively; iy, io, i3, i4, i5,
16, and 47 represent the branch currents, respectively; i, is the current through the spark plug air-gap; and u,
is the voltage of the spark plug.

a) There is no initial energy stored until the control signal is triggered (¢ = t1). The primary winding
then connects with the power supply and C5 is charged. Because the spark plug voltage does not reach the
breakdown voltage, it is in the off stage. In this stage, we can neglect the primary winding parasitic capacitances.

Figure 4 shows the circuit model transformed to the s-domain.

808



WANG, ZHENG, YU, JIA: Circuit model and parasitic parameter extraction of the...,
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Figure 4. The circuit model when the spark plug is in the off stage (t1 < ¢t < t2).

The circuit model is governed by Kirchhoff’s laws, and therefore it can be formulated in terms of nodal
voltages and branch currents.

“h) — RiL(s) + sLi i (s) + sMIs(s)

Ua(s) = Rala(s) + sLalz(s) + sMI1(s)

Ir(s) + Ua(s)sC5 + 7[[]2(5)};5]3(5)] =0 (7)
[Uz(SEUUS(S)] = Us(s)s(Cs + C4) + [US(S)};TUAL(S)]

[US(S)};TUAL(S)] = Uy(s)(sCs5 + ﬁ)

Solving Eq. (7) based on the condition of r4(s) = 0o, we can obtain the primary winding current and the spark

plug voltage:

(8)

{ 11(s) = gty "5 + miir (5Cs + 72)V2(9) — iy Us(9)
Ug(s) = Ua(s)

b) As soon as the control signal is cut off (¢ = t2), the primary current discharges through parasitic capacitance
C1, as shown in Figure 5. At the same time, C5 is charged by the secondary current, which causes C5’s voltage

to increase greatly and rapidly. The corona is therefore created between the 2 electrodes.
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Figure 5. The circuit model when the spark plug is in the discharge stage (t2 <t < t3).
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The circuit equations of nodal voltages and branch currents are controlled by:

RiLi(s) + sLi i (s) + 2= Ta(s) + sMIx(s) = Luiy (t2—) + Mig(to—) + 12

Us(s) = Roly(s) 4 sLoly(s) + sMIy (s) — Lyia(ta—) — Miy (ty—)

Iy(s) + [Ua(s) — 22l2=)] 505 4 L2 Uslll — : 9)
[UQ(SEUUS(S)] = [Us(s) — @]S(Cg +Cy) + [Us(S)B;Uz;(S)]

Uy (s) = Ua(s)

At this moment (¢ = t2), the parameters in the circuit model satisfy the following relations:

rg(s) =00
sli(s) >> sla(s) . (10)
L>M

Under the conditions of Eq. (10), Eq. (9) can be simplified. The primary winding current and the spark plug

voltage can then be expressed as:

{ I1(s) = [Laii(ta—) +Mi2(t2_)]m (11)
Ug(s) = Ua(s) |

When t = to, u4(t) reaches breakdown voltage Vj,-. The corona discharges and the spark plug breaks down.
Therefore, positive and negative ions exist, and the resistance changes over time until the plasma is present
(t=ts).

During this period (t2 ~ t3), the primary winding current can be obtained by solving Eq. (9):

_R2 + slo

SMRw Ug(S)

Il (S) = ﬁ [Lgiz (fz—)'i‘M’il (fg—)—(Rz-FSLg)CgUg(fz—)]'f‘ﬁ [(RQ'FSLQ)(RLw'FSCg)'Fl]UQ(S)

(12)

During the process, the spark plug air-gap resistance can be computed by the Rompe-Weizel formula in the

re(t) =1, { (2a/p /: ii(t)dt) }_0'5 : (13)

where [, is the length of the air-gap of the spark plug, « is the spark coefficient, and p is the pressure.

time domain [20]:

Since r4(t) << R, and i << iy, the spark plug voltage and current have the following relations:

ig(t) + Cg,u;(t) =0
. (14)
ug(t) =ig(t)ry ()
The initial conditions at ¢ can be written as:
Ug(ta) = Vi
(1) = 1 (15)
Zg (fz) =0
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When substituting i,(t) from Eq. (13) into Eq. (14), the relations in Eq. (14) can be restated as:

i!](ﬁ) = Klu;(f)
i’ uw? —i " ! , 16
Zq(f) = 2K22( g(t) g(t) g(t)ug(t) g(t)) ( )

THO)

where K; = —C5 and K3 = I2p/2c.
Eq. (18) can be restated as:

w(Oud(t) — ul (H)ug (t)u!
Kyl (1) = 2K2 K oWy (t) u4(qt()f) o (g ()

)- (17)

After solving Eq. (17) under the conditions of Eq. (15), the spark plug current and voltage can be written as:

{ ig(t) = 2 | Ko I3 | Ky K3eXatHPr (] 4 2Kat+Pry=1.5 18)

us(t) = ug(t) = 2| Ko K| (1 + 2K3t+P1)=05

where K3 = V4, /2K, and P is an integral constant.

¢) Once the plasma appears in the air-gap (t = t3), the spark plug enters the self-excited discharge stage

immediately. This period lasts until the spark current becomes smaller than the arc current (t = t4).

The voltage of the spark plug remains constant during this phase (¢35 <t < t4), supposing in this paper
that ug(t) = usa(t) = Up [21,22]. The circuit model is shown in Figure 6.

11,(s) R, I,(s) R, 214(S) R, 3 [ii) R. 41g(s)

Ll sl e
gLZ C;=— C; +C Cs ‘H/rg(s)
+ + +
N (t3-) us(13-) uy(t5)
Breoiateo) (e s
-5 - N - N
();Mi,(zj-)

Figure 6. The circuit mode when the spark plug is in the self-excited discharge stage (t3 <t < t4).

u(13-) 8)

Nodal analysis is applied to obtain the circuit equations below.

Rlll (S) + SL1[1 (S) + %Il (S) + SMIQ(S) = Llil (fg—) + Miz(fg—) + @
UQ(S) = RQIQ(S) + SLQIQ(S) + SMIl (S) — inz(fg—) — Mil(ﬁg—)
u2(t3—) [U2(s)=Us(s)] _
Iy(s) + [Ua(s) = =3=]sCs + =22 = 0
[Uz(s)R;US(S)] _ [Ug(s) _ uS(tSS_)]S(CS +Cy) + [US(S)}%_TU4(S)]

w

U4(S) =t

S

Uy(s) = Ua(s)
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The primary winding current, the spark plug current, and the spark plug voltage can therefore be obtained.

Li(s) = ﬁ[inz(fg—) + Miq(ts—) — (Ra + SLQ)CgUz(tg—)] + ﬁ[(Rz + SLQ)(Rl—w +sC3) + 1]U2(8)
ey
Ij(s) = LRl - [Uy(s) - 2020
Ug(s) = %
(20)

d) As soon as the spark current becomes smaller than the arc current, the plasma diminishes and the spark

plug returns to the off stage [23]. During this stage (¢4 <t < t5), the circuit model is as shown in Figure 7.

12(5) Re 2 14(8) Ry 316(5) Re 414(s)

1

114(8) R

I5(s |5(S)l 17(s)

G Cy— C3+C~4 Cs KH/"g ()
U (ty-); )
S Lyl (t4-) Lyi (- Tuz(tzr) Cj’ Us(:r) ’ju4(:4-)
S
Mi, (t5-)

I—

Figure 7. The circuit model during the stage in which the spark plug returns to the off stage (t4 <t <ts).

Applying the nodal analysis, we have:

RiIi(s) +sLiIi(s) + s(lh I (8) + sM1Iy(s) = Lyiy (ta—) + Mioy(ts—) + @
UQ(S) = RQIQ(S) + SLQIQ(S) + SMIl (S) — inz(f4—) — Mil(ﬁ4—)
Iy(s) + [Uz(s) — 221505 + 7[[]2(5)1%;[]3(5)] =0

[Ug(sz%—ng(s)] _ [Ug(s) . u3(ts4_)]s(03 + 04) + [US(S)J'%_TU4(S)]
[UB(S)J%_TU4(S)] = [Us(s) — 2ataz)]50y 4 Yale)

g (s)
Uy(s) = Ua(s)

Solving Eq. (21) under the condition of 74(s) = oo, the primary winding current and the spark plug voltage
can be obtained.

I(s) = ﬁ[inz(M—) + Mii(tg—) — (R2 + SLQ)CgUQ(t4—)] + ﬁ[(Rz + SLQ)(Rl—w +sC3) + 1]U2(8)
- it
[lex]Uy(s) = Ua(s)
(22)

The air-gap model of the spark plug is established based on the above analysis. After solving Eqs. (7)-(12)
and Eqs. (18)-(22) and then taking the inverse Laplace transform, the current of the primary winding and the

voltage of the spark plug during the working cycle can be obtained in the time domain.
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Measurement and simulation

Parasitic parameters of the spark plug

According to the physical placement and the material characteristics of the spark plug, we extracted the parasitic
parameters using the FEM approach: C, = 5.3986 pF, ) = 5.8701 pF, and C, = 4.9849 pF. In order to

confirm the parameters and the circuit model shown in Figure 2, the spark plug impedance characteristics were

measured and simulated. The results are presented in Figure 8.
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Figure 8.

characteristic.

Frequency (Hz)

——— Measurement results
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The spark plug impedance characteristics:
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10° 3x107 10°

a) amplitude-frequency characteristic, (b) phase-frequency

Figure 8 shows the simulation results and measurement results of the spark plug impedance characteristics

between the frequencies of 100 Hz and 100 MHz. It is shown that the simulation results are consistent with the

measurement results within the frequencies between 150 kHz and 30 MHz. Therefore, the simulation results

can reflect the impedance characteristics of the spark plug in the frequency band, and the parasitic capacitances

values are verified for use in the circuit model in dealing with the conducted EMI problem. On the other hand,

the measurement results are inconsistent with the simulation results in the range of frequency from 100 Hz to
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2 kHz. This is mainly due to the test errors inherent in the measurement system. However, these errors have

no significant impact on the analysis of the conducted EMI problem.

4.2. The circuit model of the spark plug in the ignition system

The simulated circuit model of the spark plug in the ignition system is shown in Figure 2. The parameters are:
Us(t) =12[e(t —t1) —e(t —t2)] V, t1 = 1.8 ms, to =3.2ms, Ry =2 Q, C; =1.0 puF, L; =25 mH, Ly =
56H, M=0.1H, R, =20 Q, R, =28k, C3 =1.5pF, Cy =833pF, C5s =7.92pF, R, =4.98kQ, V,
=4.6kV, Uy =350V, I, = 0.89 mm, p= 1 atm, a = 1.1 atm cm?/(V? s), and I, = 0.0015 mA.

This experiment was carried out in a semianechoic chamber and the measurement system is shown in
Figure 9. The ignition system of the automotive gasoline engine generator is supplied by a 12-V DC power
supply via a line impedance stabilization network (LISN). The experimental system is located on the test
platform on the ground. The measurement system comprises a digital oscilloscope (Tektronix DP0O4104), a
high-voltage probe (Tektronix P6015A), and a current probe (Tektronix A622). The measurement system for
the current of the primary winding, the spark plug voltage at point A, and the LISN voltage at point B are
given in Figure 9.

Figures 10 and 11 present the primary current and the spark plug voltage at point A, respectively, in the

time domain, which were obtained by measurement and simulation.

4l ——— Measurement results |
—— Simulation results
Transmission g 21
Battery LISN ne p
[
5
High voltage Spark plug O
wire
Control 0
module
Ignition coil 2 L L L L
0 0.002 0.004 0.006 0.008 0.01

Time (s)

Figure 9. The experimental measurement system in a  Figure 10. The simulated and measured current of the

semianechoic chamber. primary winding.

As shown in Figures 10 and 11, the simulated waveform is in good agreement with the measured waveform
at various time points when the ignition system is working. Although there are some differences in amplitude,

the measurements and simulations have the same trend in the time domain. This outcome demonstrates that
the spark plug circuit model is correct.

4.3. Conducted EMI of the ignition system

According to the EMC measurement standards, the conducted EMI measurements were performed by observing
the voltage developed across the defined LISN impedance [24]. The measurement results of the LISN voltage

at point B in Figure 9 are shown in Figure 12.
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Figure 11. The simulated and measured voltage of the Figure 12. Measurement and simulation results of the
spark plug. LISN voltage.

The measured waveform is nearly the same as the simulated waveform in Figure 12. The results illustrate

that the spark plug discharge is the main source of conducted EMI in the ignition system based on simulation.

5. Conclusion

This paper proposed a circuit model for analysis of the spark plug’s conducted EMI in the ignition system.
The circuit model emphasized the parasitic capacitances and the air-gap characteristics of the spark plug. The
model was established after analyzing the spark plug’s internal discharge channel. The approach for extraction
of the spark plug parasitic parameters was discussed within the context of the FEM. The spark plug impedance
characteristic simulation results coincided with the measurements, especially in the frequency band between
150 kHz and 30 MHz. The discharge processes and mechanisms of different spark plug stages were described in
detail in this paper, using the electric circuit principles and the air-discharge theory. The primary current and
the spark plug voltage simulations showed an exciting consistency with the measurements, which validated the
effectiveness of the model. The ignition system’s conducted EMI was simulated with the proposed model and
the results confirmed that the spark plug discharge was the main source of the conducted EMI in the ignition
system.

With rising constraints on energy resources and increasing concerns about the environment, the consumer
as well as the automotive industry will pay more attention to conducted EMI. As a result, modeling and
simulation will play important roles in automotive design and development. The modeling method described
in this paper is indeed useful for the analysis of automotive conducted EMI.
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