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SUMMARY We conduct, in accordance with IEC 61000-4-2, an elec-
trostatic discharge (ESD) test for a small size battery-operated control cir-
cuit board in a myoelectric artificial hand system to investigate the influ-
ence of the induced noises by indirect ESDs from an ESD generator to a
horizontal coupling plane (HCP) and a vertical coupling plane (VCP). A
photo-coupler is set between the small size control board and a motor con-
trol circuit to suppress noise in the pulse width modulation (PWM) signals.
Two types of ESD noise are observed at the output pins of PWM signals.
One type is the ESD noise itself (called Type A) and the other one is the
ESD noise superimposed over the PWM pulses (Type B). No matter which
polarity the charge voltages of the ESD generator have, both types can be
observed and the Type A is dominant in the output pulses. Moreover, the
ESD interference in the HCP case is found to be stronger than that in the
VCP case usually. In the PWM signals observed at the photo-coupler out-
put, on the other hand, Type A noises tend to increase for positive polarity
and decrease for negative polarity, while Type B noises tend to increase
at −8 kV test level in the HCP case. These results suggest that the photo-
coupler does not work well for ESD noise suppression. One of the reasons
has been demonstrated to be due to the driving capability of the photo-
coupler, and other one is due to the presence of a parasitic capacitance
between the input and output of the photo-coupler. The parasitic capaci-
tance can yield a capacitive coupling so that high-frequency ESD noises
pass through the photo-coupler.
key words: ESD, immunity test, control board, PWM signal, photo-coupler

1. Introduction

Electrostatic discharge (ESD) often occurs between two
electrically charged objects and the induced ESD noise may
range beyond GHz bands in frequency spectra. Such a noise
may damage or upset the function of sensitive electronic
circuits. From this perspective, the IEC 61000-4-2 stan-
dard [1], [2] is issued by the International Electrotechnical
Commission (IEC) and regulates the ESD immunity test, in
which an ESD generator or ESD gun is used for simulat-
ing the discharge from a charged human body to electronic
devices.

The immunity test with an ESD gun can be divided into
contact discharge and air discharge according to the differ-
ence between the methods used to inject the discharge cur-
rent into the equipment under test (EUT). According to the
target into which the output current from the ESD gun is
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injected, the immunity test can also be divided into direct
test and indirect test. The direct test uses the ESD gun to
discharge directly to the surface or a specific point of EUT
and it simulates the situation of discharges from a charged
human body to an electronic device. On the other hand, the
indirect test can simulate the case when the human body
touches a metallic object near electronic devices and it also
uses the ESD gun to discharge to a metal plane placed close
to EUT. In actual tests, these indirect discharges are simu-
lated by a vertical coupling plane (VCP) and a horizontal
coupling plane (HCP), respectively.

As regards the direct ESD immunity tests, some valu-
able results have been reported so far in [3]–[7] from the
viewpoints of the correlation between EUT failure and ESD
gun parameters, the reproducibility, uncertainty, as well as
the prediction of discharge current waveforms from the ESD
gun. For the indirect ESD immunity tests [8]–[10], there
are few published investigations [11] for real EUT, although
most manufacturers have been conducting all kinds of ESD
immunity tests.

In this study, we conduct a case study on an indirect
ESD immunity test for a small size battery-operated con-
trol board in a myoelectric artificial system in conformity
with IEC 61000-4-2. Figure 1 shows the block diagram of a
myoelectric artificial hand system. In this system, the myo-
genic potential signals in the order of mV are acquired by

Fig. 1 Block diagram of myoelectric artificial hand system.
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several sensors attached on the arm, and then are amplified
and sent to a small size control board. The micro control
unit in the control board analyzes the myogenic potential
signals and produces the corresponding pulse width modu-
lation (PWM) signals. The PWM signals are sent to a mo-
tor control unit at the hand for driving the servo-motors to
make the artificial hand work. In order to suppress electro-
magnetic noises between the control board and the motor
control unit, a photo-coupler, which allows light to transfer
electrical signals between two electrically isolated circuits,
is employed between them.

The ESD test for such a myoelectric artificial hand sys-
tem is expected to the whole system. However, it will be
not easy to clarify the reason when a malfunction occurs be-
cause there are many factors may cause the malfunction. In
view of that the control circuit board is the main part of the
system which produces the PWM signals to drive motors,
as a first step, we focus the test on the control circuit board.
In the first part of this study, we conduct indirect ESD tests
on the small size control board (commercially available as
REK-0001, Kyoei Sangyo Co. Ltd.) to investigate the basic
coupling characteristics of noises induced by an ESD gun.
We focus on the influence of ESDs on the pulse width in the
PWM signal and an affected pulse width in the PWM output
waveforms is defined here as a malfunction of the control
board. From a statistical analysis on the pulse width in the
PWM signals, we also attempt to clarify the different fea-
tures in the VCP and HCP cases. In the second part, we ex-
amine the effect of photo-coupler in the system because the
actual input of the PWM signals to the motor circuit is given
through the photo-coupler. We employ the same approach to
statistically analyze the pulse width for the photo-coupler’s
output PWM signals to clarify whether or not it is valid in
suppressing the ESD noises. Finally, we also make an at-
tempt to clarify the mechanism based on the experimental
findings.

2. Test Method and Conditions

Figures 2(a) and 2(b) shows the test arrangement of indirect
discharges from an ESD gun to a VCP and HCP, respec-
tively, for the small size control board. As shown in the fig-
ure, the test was conducted according to the IEC 61000-4-2
standard for indirect ESD to a HCP on a table and a VCP
on a piece of insulation sheet. The room temperature was
23◦C and the relative humidity was 55%. The control board
was put on a 1 cm thick styrofoam sheet above the insulation
sheet, and at a position of 10 cm far from the VCP. The tip of
ESD-gun was set at the center of the HCP or VCP. The con-
trol board was powered by a 9 V alkaline battery connected
with a 33 cm long power cable between the board and the
battery. Such an arrangement was based on the actual usage
of the myoelectric artificial hand system, where the battery
was usually not located near but at a distance of tens of cm
from the control board. So the EUT in this immunity test
contained not only the control board but also the power ca-
ble and battery.

Fig. 2 Test setup for indirect discharges of ESD gun on (a) vertical cou-
pling plane (VCP) and on (b) horizontal coupling plane (HCP).

With this arrangement, a digital oscilloscope (Agilent
54845A, 8 GHz sampling, 1.5 GHz bandwidth) was used to
observe the PWM waveforms, and the waveform data were
sent to a personal computer by using a USB (Universal Se-
rial Bus) interface in a real-time. Figure 3 shows how the
probe of oscilloscope was attached to the PWM signal out-
put pins in the control board. The probe was a 10:1 passive
probe with 1 MΩ/12–14 pF input and 500 MHz frequency
bandwidth. In order to reduce a direct coupling to the probe
cables from the ESD noises, some ferrite cores were at-
tached to the cables.

Figure 4 shows an example of PWM output waveform.
The figure is taking voltage on the vertical axis and time
on the horizontal axis. The PWM pulse had a magnitude
of 5 V, a pulse width of 750 μs and a repetition period of
20 ms. During the ESD test, the disturbance of the pulse
width in the PWM output waveforms was analyzed because
an affected pulse width may make a malfunction of serve-
motors.

Table 1 shows the test conditions. The indirect dis-
charge tests by using the HCP and VCP were conducted
under different test levels of ±4 kV and ±8 kV. Under each
test level, the test was performed three times. In each test,
the ESD events were generated in a burst form. The burst
number was 999 times and the time interval between every
two events was 50 ms. The PWM waveforms were observed
with the digital oscilloscope with a sampling interval of 2 μs.
The pulse width for each PWM pulse was extracted from the
PWM waveform data using a pre-determined threshold level
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Fig. 3 Attachment of the probes to acquire the output PWM waveforms.

Fig. 4 Example of PWM time waveform.

Table 1 Specifications of indirect discharge ESD test.

Amplitude of PWM pulse 5V
Time width of PWM pulse 750 μs
Time period of PWM pulse 20ms
ESD gun coupling method VCP and HCP
Test level 4 kV, 8 kV
Porlarity Positive, Negative
Time interval of burst discharge 50ms
Number of trial 3
Sampling rate for output to PC 500 kSa/s
Sampling interval for output to PC 2μs
Pulse detection threshold level 2.5V

of 2.5 V.
In an actual myoelectric artificial hand system, a photo-

coupler is usually used between the control board and a mo-
tor control circuit to remove the noises in the PWM sig-
nals. To investigate the photo-coupler effect, we observed
the PWM waveforms through the photo-coupler connected
to a signal output pin of the control board, which will be

Fig. 5 Examples of induced ESD noise voltages on power-off PWM out-
put.

discussed in Sect. 4. The test conditions and the analysis
method are the same as the case without photo-couplers.

3. Test Results and Statistical Analysis

Figure 5 shows examples of the voltage waveforms observed
at the PMW output pin under the 4 kV test level when the
control board was set to power off. The ESD noise voltages
exhibit different features for different discharges of polarity,
which should yield different effects when they are added to
the original PWM signals.

Figure 6 shows two typical examples of ESD noise
added to the PWM waveforms under the 8 kV test level. Fig-
ure 6(a) shows a type of short time pulses whose pulse width
was under the sampling period of 2 μs. In this type the ESD
noises did not overlap with the PWM pulses. These pulses
are called Type A here. While Fig. 6(b) shows the other type
of ESD noises which were superimposed on a PWM pulse.
This resulted in that the original PWM pulse with a width
of 750 μs was split into two or three parts, and each part of
pulses had a width from tens to hundreds μs. These pulses
are called Type B. As a result, all of the observed pulses at
the PWM output pin can be classified into either Type A or
Type B.

Figure 7 shows the percentage of the pulses with dif-
ferent widths (Type A, Type B and PWM) relative to the
number of original PWM pulses (in the case without ESD)
at the ±4 kV and ±8 kV test levels in the VCP case. It should
be noted that their sum is not 100% in total because of the
above definition. From the figure, at the ±4 kV test levels,
the pulse widths were mainly observed as Type A except for
the original PWM pulses. When the test level was ±8 kV,
although both Type A and Type B pulses tended to increase,
Type A pulses increased more significantly. Moreover, this
trend is independent of the polarity of the discharge volt-
ages.

Figure 8 shows the relative percentage at the ±4 kV and
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Fig. 6 Examples of observed waveforms at the PWM output pin under
the 8 kV test level. (a) A type of short time pulses whose pulse width is
under the sampling period of 2 μs; (b) a type of ESD noises which are
superimposed on a PWM pulse.

Fig. 7 Relative percentage of various type pulses compared to original
PWM pulses in the VCP case.

±8 kV test levels in the HCP case. Similar to the tests in
the VCP case, the observed pulses mainly belong to Type
A, and there is an obvious increase at −4 kV/m in the HCP
case compared to the VCP case. Under most test conditions,
the Type A and Type B noises in the HCP case were found
to take a larger percentage than that in the VCP case. In
view of that the EUT is located right above the HCP, the
ESD interference in the HCP case should be stronger than
the VCP case.

4. Noise Suppression Effect of Photo-Coupler

As in the actual artificial hand system, a photo-coupler (To-
shiba TLP281, Rising/falling time: 2–3 μs) as shown in

Fig. 8 Relative percentage of various type pulses compared to original
PWM pulses in the HCP case.

Fig. 9 Structure of the photo-coupler.

Fig. 10 Comparison of the PWM input (CH1) and output (CH3) wave-
forms of the photo-coupler.

Fig. 9 was connected to a PWM signal pin of the control
board with a very short cable (2 cm). The ESD suppression
effect of the photo-coupler was therefore investigated as fol-
lows.

4.1 Test Results

At first, the input (CH1) and output (CH3) PWM wave-
forms of the photo-coupler were observed, and the wave-
form data were sent to the computer for further analysis.
Figure 10 shows two typical PWM waveforms before and



JI et al.: AN ESD IMMUNITY TEST FOR BATTERY-OPERATED CONTROL CIRCUIT BOARD IN MYOELECTRIC ARTIFICIAL HAND SYSTEM
2481

Fig. 11 Relative percentage of various type pulses compared to original PWM pulses in the VCP case
for comparison of photo-coupler effect.

Fig. 12 Relative percentage of various type pulses compared to original PWM pulses in the HCP case
for comparison of photo-coupler effect.

after the photo-coupler under the 4 kV ESD test level in the
VCP case. By comparing the input and output waveforms
of the photo-coupler in the figure, we could see that, ex-
cept for the first ESD noise peak, the next ESD pulses with
smaller magnitude were removed after the photo-coupler.
This phenomenon may be considered as the following two
reasons. First, the smaller noises had not a voltage or cur-
rent large enough to drive the transistor in the output side
of the photo-coupler, which yielded that they did not ap-
pear at the output side of the photo-coupler. Second, due to
the presence of parasitic capacitance between the input and
output of the photo-coupler, only the low-frequency compo-
nents were filtered by the photo-coupler, whereas the high-
frequency components passed through the photo-coupler or
the parasitic capacitance.

Figures 11 and 12 show that, compared to the original
PWM pulse number without the ESD, how many pulses take
different pulse widths when the PWM signals pass through

the photo-coupler under the ESD test. As can be seen, Type
A pulses become more dominant for the positive polarity but
less dominant for the negative polarity after the signals get
through the photo-coupler, while Type B pulses become less
dominant except for the negative polarity in the HCP case. It
may be explained by that the ESD noises with the magnitude
smaller than the 2.5 V threshold may be pulled up to nearly
5 V after the signals get through the photo-coupler for Type
A pulse noises, as long as they have a sufficient magnitude
to drive the photo-coupler. The Type B pulse noises resulted
from an addition of ESD noises to the original PWM sig-
nals as show in Fig. 6(b). Since the rising/falling time of
the pulses is slowed down slightly after the photo-couple,
the narrow pulse noises, that divide the original PWM sig-
nal into two or three parts, may be smoothed so that the
number of Type B pulse noises decrease. In the HCP case
for negative polarity, however, the original PWM signals are
easier to be divided into two or three parts with deeper dips
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Fig. 13 Relationship between the amplitudes of input and output voltage
of the photo-coupler.

because of the large noise level of negative polarity. The
above-mentioned rising/falling time is not long enough to
smooth them, so an increase in Type B is observed.

4.2 Discussion

For clarifying the mechanism of the photo-coupler in ESD
noise suppression, we conducted an extra experiment which
focused on the relationship of the driving capability between
the input and output signals of the photo-coupler. Referring
to Fig. 9, since the signal is transmitted through light inside
the photo-coupler and we could only know the electric sig-
nal, we used a signal generator to control the input voltage
and then the current.

Figure 13 shows the relationship between the ampli-
tudes of input and output of a PWM signal with a constant
period (20 ms) and pulse width (750 μs). As can be seen, as
the input PWM signal amplitude decreases to about 1.2 V,
the output voltage of the photo-coupler becomes zero. In
other words, if the noise voltage is less than 1.2 V, the photo-
coupler will not be driven and the corresponding noise can
be removed. However, when the noise voltage is larger than
1.2 V, it may pass through the photo-coupler and be pulled
up to 5 V to exceed the threshold of 2.5 V. This mechanism
should yield the increase of Type A pulse noises after the
photo-coupler.

In addition, the presence of parasitic capacitance be-
tween the input and output of the photo-coupler may also
yield a capacitive coupling and then reduce the suppression
effect on high-frequency ESD noises. So we conducted an-
other experiment whose circuit is shown in Fig. 14. In this
experiment, we set the amplitude of the source voltage (Vs)
to 1 V and the internal resistance (Rs) to 50Ω for the signal
generator, which is not large enough to drive the transistor
inside the photo-coupler. Since the ESD noise may have a
frequency range up to several GHz, as shown in [6], for ex-
ample, we measured the relationship between the frequency
of input signal and the amplitude of output voltage of the
photo-coupler from 1 MHz to 3 GHz. As can be seen in
Fig. 15, even a small input signal could still get through the
photo-coupler at higher frequencies. From the point of in-
tersection of the tangent line of the rising part and the steady

Fig. 14 Experimental circuit to measure the frequency feature of the
photo-coupler.

Fig. 15 Relationship between the frequency of input signal and the am-
plitude of output voltage of photo-coupler from 1 MHz to 3 GHz, which
covers the possible frequency range of ESD noise as shown in [6].

state voltage in Fig. 15, we could derived the corresponding
frequency fc as 300 MHz approximately, and then the para-
sitic capacitance of 0.25 pF from C = 1/2π fc(Rs + Ri + RL)
where Ri and RL are shown in Fig. 14. Using this estimated
parasitic capacitance C, we calculated the output voltage
from

Vo =
4π fCRL

1 + [2π fC(Rs + Ri + RL)]2
Vs (1)

for Vs = 1 V and also plotted the result in Fig. 15 with a
dashed line. The reasonable agreement between them sup-
ports the explanation of the capacitive coupling between the
input and output of the photo-coupler at high frequencies.

In reality, the above-mentioned two mechanisms
should work together to affect the noise suppression effect
of the photo-coupler.

5. Conclusions

An indirect ESD immunity test has been conducted, in ac-
cordance with IEC 61000-4-2, on a small control board used
in a myoelectric artificial hand system. The PWM pulses are
sent from the control board to a motor control circuit, and a
photo-coupler is used between them for suppressing noises.

First, at the PWM signal output pins, two types of
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pulses, different from the original PWM pulse, have been
observed. One type is due to the ESD noise itself, and the
other type is due to a superimposition of the ESD noise to
the PWM pulses. Both types of pulses can be observed re-
gardless of the charge voltages of the ESD gun, and Type A
dominates the noise pulses. Moreover, the ESD interference
is stronger in the HCP case than that in the VCP case. The
findings have demonstrated the basic characteristics of the
indirect ESD impact on the PWM pulses in the small size
control board.

Second, the test results for the ESD noise suppression
effect of a photo-coupler also confirm the findings men-
tioned above. Moreover, it is found that Type A noises tend
to increase for positive polarity and decrease for negative
polarity after the photo-coupler, and Type B noises also tend
to increase for negative polarity in the HCP case. The find-
ings suggest that the photo-coupler can not function well
as expected in ESD suppression. One of the reasons has
been demonstrated to be due to the driving capability of the
photo-coupler, and the other one is due to the presence of
parasitic capacitance between the input and output of the
photo-coupler. Such capacitive coupling reduces the sup-
pression effect on high-frequency ESD noises.

The future subject is to further clarify the ESD cou-
pling route and then derive an effective ESD countermea-
sure.
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