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ABSTRACT The protection of electromagnetic pulse (EMP) is important for aircraft due to vulnerable
electronic equipments are installed. The control box of engine is also suffering from EMP and seldom studied.
Meanwhile, most of work related to EMP protection focus on shielding design. Few works consider the
effect of engine shell. The field distribution induced by EMP and its influences on the controller layout
are unaddressed. This work will comprehensively investigate the field distribution characteristics of an
engine under EMP, which is studied by simulating and experimenting methods. The transmission line matrix
(TLM) is used to simulated field distribution of the bounded wave simulator and aero-engine, which provides
better placement for equipment under test in the simulator. The field differences of bounded wave simulator
and plane wave have been analyzed by using CST software. The feasibility of plane excitation instead of
bounded wave simulator model excitation is checked, which has been verified by using the engine model.
Then, the distribution characteristics of transverse and longitudinal fields surrounding the aero-engine are
obtained, and the surface current distribution of the engine is also obtained in the simulation. The aero-engine
simulation is excited by bounded wave simulator under CST software. According to the corresponding
monitoring points, the simulated field distribution characteristics are verified by using the largely bounded
wave simulator. Finally, the influence of field distribution on the layout of the engine electronic control
system is analyzed, which provides a reference for the anti-electromagnetic pulse design of the engine
electromagnetic controller.

INDEX TERMS Electromagnetic pulse (EMP), bounded wave simulator, placement for equipment under
testing, field distribution of engine.

I. INTRODUCTION

Electromagnetic pulse (EMP) is one of the main damage
effects of high-altitude nuclear explosion. The peak elec-
tric field of EMP can reach 103 V/m. Such a large pulse
will induce severe changes in electromagnetic fields, thereby
cause serious interference to cables, electronic equipment,
etc. The aircraft is equipped with a large number of electronic
and electrical equipment. These equipments are vulnerable to
EMP. Thus, the susceptibility to EMP has been considered as
a key issue for the certification of aircrafts [1].
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Aero-engine is the most important component in the air-
craft. The aero-engine is made of metals and operates in a
mechanical principle. It will not be affected by EMP. How-
ever, the control system for the aero-engine can be easily
destroyed by EMP, which can distort or even stop the aero-
engine. Due to various considerations such as mass reduction,
higher control complexity, regulation precision of different
parameters, economic operation, etc. [2], [3], [4], modern
aero-engine control systems are developed using low-voltage
electronics that are vulnerable to EMP. Thus, the protection
of control system becomes a main concern for aircraft man-
ufacturers. Many researches focus on the reinforcement of
electronic controller by using the shielded cables, shielded
connectors, shielded cabinet and filters [5], [6], [7], [8], [9].
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However, few works consider the shielding effect of aero-
engine shell. The field distribution induced by EMP and its
influences on the controller layout are unaddressed.

The field distribution is an important factor for the arrange-
ment of sensitive equipment, which can also improve the anti-
interference ability of equipment with lower cost and less
weight gain. The aero-engine exhibits a complex structure,
which will cause great changes in the field distribution [10],
[11]. Itis favorable to place the sensitive device in places with
less electromagnetic field.

This work will intensively investigate this issue through
both simulation and experiment. Firstly, computational elec-
tromagnetic (CEM) tools can help predict the response of a
complex structure. A wide variety of algorithms and meth-
ods have been developed to address the electrically large
problems that are often encountered in the aircraft industry.
We employ CST to simulation the 3D field distribution on the
aero-engine. Then, the bounded wave simulator is used to test
the aero-engine EMP coupling [12] for the experiment.

The rest of the paper is organized as follows: In Section II,
the field differences of bounded wave simulator and plane
wave have been analyzed by using CST software. Then
the field and surface current distribution of aero-engine
is simulated by using bounded wave simulator excitation.
In Section 111, the simulation of the electric field distribution
on the aero-engine surface is verified by using the bounded
wave simulator and the results from experiment agree well
with our simulation results.

Il. SIMULATION FIELD DISTRIBUTION OF ENGINE

In this chapter, the commercial full-wave simulation soft-
ware, CST Microwave Studio, is used for analyzing the field
distribution and the double exponential field signal effects
in the bounded wave simulator. By comparing the standard
double exponential wave with the field wave in bounded wave
simulator, the advantages and disadvantages of using plane
wave are analyzed for instead of bounded wave simulator
model in simulation. Then, the optimal location is determined
for EUT (equipment under test). At last, the surface field
distribution of an aero-engine is simulated in the bounded
wave simulator.

A. THE WAVEFORM OF EMP

With regard to the nuclear electromagnetic pulse, a double
exponential function [13] is employed as the plane wave exci-
tation source in numerical simulations.

E(t) =KkE, (e —e ). (1)

where E), is the peak value of the excitation, k = 1/(e”*" —
e~P») a modifying factor to make E/E, = 1 and t, is the
time for electric field rising to the peak. « and § are char-
acteristic parameters satisfying the condition § > « > 0,
t > 0. The time domain waveform and the physical parame-
ters are shown in figure 1(a)[14]. The spectrum of the excita-
tion is computed by using Fourier transform and is shown in
figure 1(b).
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FIGURE 1. The diagrams of nuclear electromagnetic pulses.

B. ANALYSIS OF FIELD IN BOUNDED WAVE SIMULATOR
AND PLANE WAVE

The plane waves are used as excitation sources in CST
Microwave Studio for the EMP (electromagnetic pulse) sim-
ulation. The volume of bounded wave simulator model is
much larger than EUT, which greatly increase the software
simulation time. And plane wave excitation provides stan-
dard double exponential wave in the simulation. However, the
influence of bounded wave simulator is ignored on standard
signal, which produces unacceptable tolerances.

The physical dimension of bounded wave simulator is
shown as figure 2, and it is used to test surface field
distribution of the aero-engine. The simulations are car-
ried out by using the software CST [15]. To ensure high-
precision simulation of open absorption boundaries and free
space, “open (add space)’” option is selected to automati-
cally estimate the required space with “air”’ as background
in the frequency range from O Hz to 600 MHz in this
study [16].

The overall dimension of the simulator is 44 mx6 mx5 m,
and the main geometric parameters are shown in the fig-
ure 2. The bounded wave simulator includes front tapered
transition, parallel segment and rear tapered transition. The
total length of the bounded wave simulator is 44 m with a
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FIGURE 2. Structural dimension drawing of bounded wave simulator.

height and width of 5 m and 6 m respectively. The termi-
nation load is connected to a resistance array (R=135 )
which is formed in parallel with three 405 <2 resistors. The
upper transmission lines are evenly distributed with 26 metal
wire grids, which have a diameter of 3 mm. and the lower
transmission line is consisted of a metal plate. In the simula-
tion, the termination load is set up by three parallel “Lumped
Element”.

A typical double-exponential expression of early-time
HEMP is adopted in figure 1(a), and the “Discrete Port™ is
used as the simulator excitation in software CST [17]. The
simulation of the field distribution and field waveform of the
bounded-wave simulator is performed.

As mentioned, plane wave is usually used as the exci-
tation source of electromagnetic pulse coupling simulation.
Although this setting can improve simulation efficiency, the
influence of the bounded wave simulator on the field sig-
nal is ignored, which leads big tolerance values between the
simulation and the experiments. As shown in figure 3, the
electric field waveforms of bounded simulator are compared
with standard waveform in time and frequency domains.
Figure 3(a) shows that the amplitude of vertical electric
field is higher than 50 kV/m in the working volume of
bounded-wave simulator in time domain. The comparison of
vertical field and total field shows that the bounded wave sim-
ulator has good field directionality in the vertical direction.
Little difference is present in the time domain between rise
times. The field amplitude drops rapidly in the descending
region. And the spectrum shows the difference clearly in fig-
ure 3(b). When the frequency is less than 20 MHz, the field
in the bounded wave is 3 dB smaller than the standard field.
However, the field frequency is consistent between 20 MHz
and 300 MHz.

The test parameter and tolerance values of nuclear electro-
magnetic pulse waveform have been shown in the military
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TABLE 1. Waveform parameters and tolerance standard of EMP.

VG 95371- VG
IEC 61000-4-25
10 96903-50
Test Tolerance Test Tolerance
parameter value parameter value
Eo 50kV/m 0-+6dB 50kV/m +10%
10%-90% 2.5ns +1.5ns 2.5ns +10%
Trwhm 25ns 25-75ns 23ns +20%

and civil test standards [18], as summarized in table 1.
It shows that waveforms in the bounded wave simulator meet
the requirements of the standards. In order to improve the
matching accuracy of simulation and test, several points are
suggested:

(1) The test value is less than the values simulated
by plant wave in low frequency (below 20 MHz).
In order to ensure the reliability of equipment sen-
sitive to low frequency region, the field amplitude
should be increased properly in the bounded wave
simulator.

(2) When the sensitive area of the tested equipment is
located between 20 MHz and 300 MHz, plane wave can
be used as excitation source instead of adding bounded
wave simulator model. Because of the field waveform
has a better consistency in this frequency region. All of
this setting improves the simulation efficiency signifi-
cantly.

(3) If the tested equipment is sensitive to overall fre-
quency band, the amplitude of field strength in time
domain should be increased properly. It makes the
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FIGURE 3. Time and frequency domain waveforms of electric field.

field waveform closer to the standard waveform as a
whole.

As the analysis showing, one has to tailor the plane wave
usage according to his own range of interests.

E-field distribution inside the bounded-wave simulator is
an important factor to ensure the field uniformity on the tested
equipment. For getting a better testing result, the optimal test
location should be selected in the bounded wave simulator.
Figure 4 shows the E-field distribution inside the bounded-
wave simulator at t=147 ns. At this moment, the wave just
arrives to the end of the simulator. And figure 4 shows the
largest electric field amplitude at the back of the simula-
tor. The E-field distribution at both ends is worse than the
middle parallel section, which is effected by the terminal
load and pulse source. The front end of parallel section has
a better field uniformity than other places. Also the field
in the middle is slightly larger than both sides. From the
discussion above, the tested equipment should be located in
the front end of parallel section. And it is supported by the
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insulated object for leaving a certain distance from lower
metal plate.

C. SIMULATION OF ELECTROMAGNETIC FIELD
DISTRIBUTION ON AERO-ENGINE SURFACE

With the development of electronic control technology,
the complexity of the aero-engine control system is ever-
increasing. The control system is more susceptible to EMP
effects. Then, the ability of the aero-engines to resist elec-
tromagnetic pulse interference becomes a popular research in
recent years. The field distribution of aero-engine is an impor-
tant factor for the arrangement of sensitive equipment, which
can also improve the anti-interference ability of equipment
with lower cost and less weight gain. The surface field distri-
bution of aero-engine is simulated using full wave algorithm
in CST software, which is excited by bounded wave model
excitation. The difference of plane wave and bounded wave
model excitation is compared based on the special point field.
For reducing the tolerance between simulation and experi-
ment, bounded wave model excitation is used for field dis-
tribution simulation of aero-engine.

To obtain the differences of plane wave and bounded wave
model excitation, two models have been developed in CST
including the aero-engine geometry model. The geometry
of aero-engine is shown in figure 5, which includes the
reduction gearbox, air inlet, accessones gearbox, combus-
tor, power turbines and exhaust pipe. The dimensions are
2.5 m long, 0.75 m wide and 0.82 m high. The points of
P1, P2, P3, P4 are the field detection points in the sim-
ulation. In the simulation of bounded wave model excita-
tion, boundary condition is identical to that of bounded wave
simulation, which includes the setting of excitation source.
According to the above field simulation of bounded wave
simulator, the aero-engine is located in the front of paral-
lel section, as shown in figure 6(a). The aero-engine has a
distance of 27 meters from the pulse source, 1 meter from
the lower flat transmission line and transverse symmetrical
distribution in simulator. For the plane wave excitation model,
the standard double exponential pulse signal is added as
shown in figure 1(a). To obtain the high-precision simulation
of open absorption boundaries and free space, “open (add
space)” option is used to automatically estimate the required
space, with “air” as the background, and frequency range is
defined from 0 Hz to 600 MHz. Identical propagation direc-
tion was used for both simulations, as shown in figure 6(b).
All materials of aero-engine are set to “PEC” to speed up the
simulation.

The comparison between plane wave and bounded wave
model is shown in figure 7(a) for time domain and fre-
quency domain. The fields from point P3 (figure 5) are cho-
sen. The figure 7(a) shows the comparison in time domain.
And figure 7(b) is the comparison in frequency domain.
In time domain, the rise time is almost constant with notice-
able delay due to the propagation length difference. In fre-
quency domain, when the frequency below 20 MHz, the
field amplitude of plane wave excitation is about 3 dB

VOLUME 10, 2022



D. Zhou et al.: Simulation and Experimental Study of the Field Distribution of Engine for Electromagnetic Pulse

IEEE Access

80000

7
40362

20863
10278
5183
2614

3 e
168

8.5

a.98

454
1.79 \
0

1318
421

565
en.g
20000
40362
20363
10273
stes
2614
1318
66s
333
168
.5
421
20.8
9.38
4.5
1.79
0

=

Efflective Area

(b) Field distribution at x = 0 in bounded wave simulator

FIGURE 4. Distribution of vertical E-field in bounded-wave simulator.
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FIGURE 5. Diagram of aero-engine structure.

higher than that of bounded wave model excitation. How-
ever, it is very consistent from 20 MHz to 400 MHz. All
of this analysis is consistent with the above results as in
section II B. In order to reduce the tolerance of simula-
tion and experiment, all of the following simulation results
are obtained from the bounded wave model excitation. ield
comparison of bounded wave simulator and plane wave
excitation.

The simulation results of detection points around aero-
engine are shown as figure 8 and figure 9. Figure 8 shows
the time domain and frequency domain results of transverse
field changes in the monitoring point P1. Due to the influ-
ence of surface current, field strength decreases with distance
increasing from aero-engine surface. Then the wiring harness
shall be arranged with a certain distance from aero-engine
and supported by a support frame. The frequency domain
shows that the difference of coupling below 200 MHz,
which proves that the main coupling frequency band of
EMP is below 200 MHz. Both time domain and fre-
quency domain have the same waveform excepting for the
amplitude.
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(a) Simulation model of engine excited by bounded wave simulator

(b) Simulation model of engine excited by plane wave

FIGURE 6. EMP simulation model of engine.

Taking account of the surface electric field distribution, the
field of four representative points was selected for analyz-
ing the longitudinal field distribution. The monitoring point
locations are shown in figure 5. And the results are shown as
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FIGURE 7. Field comparison of bounded wave simulator and plane wave
excitation.

figure 9. In contrast to the transverse field, the longitudinal
field varies greatly in amplitude. From the time domain in
the figure 9(a), the field amplitude is changed from 40 kV/m
to 115 kV/m, and the field amplitude of P2 is smaller than
that of P1. The frequency domain of figure 9(b) shows that
the coupling frequency varies for different points. All of the
coupling frequency is, nevertheless, lower than the 200 MHz.

The two-dimensional electric field distribution of aero-
engine is shown in the figure 10. The longitudinal two-
dimensional electric field distribution of aero-engine is
shown in the figure 10(a). Figure 10(b) shows the two-
dimensional transverse field distribution at the monitoring
point P1. Figure 10(c) shows the two-dimensional transverse
field distribution at the monitoring point P2. Figure 10(d)
shows the two-dimensional transverse field distribution at the
monitoring point P3. The large amplitude of electric field
mainly appears above and below the aero-engine. Then, weak
field strength appears at left and right sides. Compared with
the figure 5, upper and lower part of reduction gearbox has
the large amplitude of electric field. And the electric field
amplitude of air inlet is lower than the amplitude of incident
electric field. The field amplitude of exhaust pipe is higher.
The surface current distribution of aero-engine is shown as in
figure 11.
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Ill. EXPERIMENT OF ELECTROMAGNETIC FIELD
DISTRIBUTION ON ENGINE SURFACE

The electric field distribution on the aero-engine surface is
verified by using the bounded wave simulator. The surface
material of aero-engine has good conductivity. And the satu-
ration and nonlinearity are not considered, which are believed
to be less important in our study. Then weak field expansion
of instead of strong field test is used here without loss of
generality.

In the experiment, the equal-probability aero-engine model
was built for real aero-engine with the material 304 stain-
less steel with good conductivity. The aero-engine model has
dimension of 2.5 m long, 0.75 m wide and 0.82 m high. The
real aero-engine model is shown in figure 12. The aero-engine
model is located in the bounded wave simulator as described
in the simulation. It has a distance of 27 meters from the
front surface of the aero-engine model to the pulse source,
1 meter from the lower flat transmission line and transverse
symmetrical distribution in the simulator. The aero-engine
model should be supported from the flat transmission line by
insulating support. The geometry of the bounded wave simu-
lator is similar with the bounded wave simulator simulation.
And the field uniformity of the simulator has been proved
several times. Due to the limitation of the number of electric
field probes, three simulation monitoring points are verified
in this experiment. The locations of electric field probes are
shown in figure 12. Probe coefficient after calibration is listed
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FIGURE 10. Two-dimensional electric field distribution of engine.

in Table 2. In order to reduce the electromagnetic interfer-
ence, all signals of the electric field probes are transmitted
through optical fiber to the shielding room.

When the bounded wave simulator operates without the
aero-engine model, the electric field waveform is shown in
figure 13(a). The field amplitude is 300 V/m. The result
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FIGURE 12. Experiment layout of engine model.

TABLE 2. Waveform parameters and tolerance standard of EMP.

. Probe coefficient
Probe position

(V/m/V)
P1 450
P2 340
P3 333

TABLE 3. Proportion of electric field at monitor point.

Point Simulation results Testing results
1 115 kV/m 540 V/m
2 40 kV/m 230 V/m
3 75 kvV/m 390 V/m
Ratio 2.87:1:1.87 2.35:1:1.7

from the testing point of the aero-engine model is shown
in figure 13(b). The results show that the waveform of test-
ing points is still a double exponential waveform. Then the
amplitude varies greatly at different points. At testing point
P1, the amplitude of electric field is up to 540 V/m. The
amplitude of electric field is about 390 V/m at point P3.
The minimum amplitude of electric field appears in the point
P2, which is about 230 V/m. The proportion of electric field
at monitor point shows that the simulation and test results
have the same field distribution trend. The rate of simula-
tion is that P1:P2:P3=2.87:1:1.87. The test result is about
P1:P2:P3=2.35:1:1.7. The tolerance may be produced by
the height of the electric field probe. At the same time, the
tolerance will be amplified by weak field test of 300 V/m.
However, this test also proves that the simulation and field
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distribution are corrected. Then, there is another problem that
whether the weak field experiment can verify the strong field
distribution. The linear field characteristics of metal surface
has been verify by last experiment. Based on the results, the
sensitive equipment should be located in the low amplitude
field region.

IV. CONCLUSION
In this paper, simulation shows that plane wave excitation can
be used as bounded wave simulator excitation in EMP simu-
lation. And the E-field distribution at both ends is worse than
the middle parallel section, which is affected by the terminal
load and pulse source. The front end of parallel section has
a better field uniformity than other places, which provide the
reference for the location of engine in the bounded wave sim-
ulator. Then, the field amplitude of plane wave excitation is
slightly higher than that of bounded wave excitation. Then the
fields have a good consistency in frequency between 20 MHz
and 300 MHz. When the frequency is less than 20 MHz, the
field in the bounded wave is 3 dB smaller than the standard
field.

The protection of electromagnetic pulse (EMP) is impor-
tant for aircraft due to vulnerable electronic equipments are
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installed. The control box of engine is also suffering from
EMP and seldom studied. Meanwhile, few works consider the
effect of engine shell. The research shows that serious uneven
field distribution appears on the aero-engine surface. It will be
a good idea that reasonable arrangement of sensitive equip-
ment is used to increase ant-interference capability. The sim-
ulation and experiment show that the upper field amplitude of
reduction gearbox is 150 kV/m. The electric field amplitude
of air inlet, lower than the amplitude of incident electric field,
is only about 40 kV/m. According to the electrical field of
monitoring points, the experiment has been conducted in the
bounded wave simulator. The simulation is proved by using
the method of field rate. The proposed method will improve
the ability of resisting HEMP for the design of aero-engine
electronic control system.
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