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Abstract — Recent equipment uses many inverters from the
viewpoint of energy saving. The inverter circuits have a potential
of disturbance source because the high voltage and high speed
switching devices are used in the circuits. In this paper, we
investigated the relationship between the switch timing difference
of inverter circuit and the common-mode voltage on the cable.
First, we investigated the mechanism generating the common
mode voltage by using the inverter system which was used for
driving a three phase motor. A simple equivalent circuit of the
system was created. And then, the mechanism was evaluated by
the circuit simulation. The results showed that the switch timing
difference caused the common-mode voltage. Next, the drive
circuit was constructed by using CPLD, and the common-mode
voltage was measured by capacitive voltage probe (CVP). The
results showed that the common-mode voltage increased by the
increase of the switch timing difference and the influence mainly
appeared below 1 MHz.
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L INTRODUCTION

The number of equipment using inverters increases
according to the development of energy saving technology.
The inverter causes the disturbances emission because this uses
a high voltage and a high speed switching circuit. Therefore,
the radiation mechanism and the method of countermeasure
have been studied [1] — [4].

The drive circuit of three phase motor uses an inverter circuit.

Therefore, the radiation mechanism of disturbances was
studied and the paper [2] pointed out the common-mode
current on the motor drive cable is the emission source above
30 MHz. However, the reason why the emission more than 100
MHz appears on the common-mode current has not been clear.

In this paper, we examined the relationship between the
common-mode voltage and the switching timing difference.
First, the principle of generating common-mode voltage by the
switch timing difference is discussed by the drive system of
three-phase motor. Next, the effect of the switch timing for the
common-mode voltage is simulated by simple equivalent
circuit. Finally, the relation between the common-mode voltage
and the switch timing difference is evaluated by the drive
circuit using a CPLD.
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II.  DISTURBANCE BY SWITCHING TIMING DIFFERENCE

Figure 1 shows the example of the drive system for three
phase motor. The system is constructed with a drive circuit, a
drive cable, and a motor. The drive circuit is constructed with
six field effect transistors (FETs) named Uy, Vy, Wy, Ug, Vg,
and Wg. In these names, U, V, W present the phase name, and
the subscripts of U and B indicate the upper derive device
(FET) and the lower drive (FET) respectively.

Three phase motor

Drive circuit
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Fig. 1 Example of drive system for three phase motor

The example of control signal waveform of these FETs is
shown in Fig. 2. In Fig. 2, N = 1 ~ 48000 represents the time
step. The motor is rotated by switching the FET using this
waveform. The rotation speed is controlled by changing the
switching period which is presented by N= 48000 in this figure.
The comb-shaped wave in Fig. 2 is used for the pulse width
modulation (PWM), and the torque of motor is controlled by
changing the duty ratio.

As shown in Fig. 2, the pair of FETs (Uy and Ug, Vy and
Vg, Wy and Wg) does not turn on simultaneously in the case
of three phase motor drive. This means that we need not pay
attention to the operation of the pair of FETs (ex. Uy and Ug)
for preventing the damage of FET.

Figure 3 shows the simple model for investigating the
influence of the switch timing. In this model, FETs is presented
by switches, resistances of r, present the resistance of drive
cable, and r;(i=1~3) present a three phase motor. Although the
equivalent circuits of the drive cable and the motor are

presented by impedances at the actual condition, the
impedances are replaced by resistances because of
simplification.
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Fig. 2 Example of drive signal waveform

The left side graphs in Fig. 3 present the waveform when N
is from 15000 to 17000 in Fig. 2. On the calculation, the
voltage source level (E) of 15 V, the time step of 0.1 us, ry of
1 Q, and r; of 100 Q were selected. The resistance of switch
when this was “ON” was 0.1 Q and the resistance of switch
when this was “OFF” was 1 MQ. For the PWM, the waveform,
whose period was 60 s and duty ratio was 50%, was used.

When the switch of Wy turn on at N=15990 (1 ps early),
both Uy and Wy are “ON” as shown in Fig. 3(a). And then,
the voltage level at the point W in Fig. 3(a) changes from 7.5
V to 15V as shown in Fig. 3(a). The level at the point of U is
15V because the switch of Uy is “ON”, and the level at the
point of V is OV because the switch of Vg is “ON”.

When the switch of Wy turn on at N=16010 (1 ps later), the
switches of Uy, Vy, and Wy are “OFF” as shown in Fig. 3(b).
And then, the voltage level at the point W in Fig. 3(b) changes
from 7.5V to OV. The voltage levels at the points of U and V
are OV because the switches of Uy and Vy are “OFF” and the

switch of Vi is “ON”.
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Fig.3 Simple model for investigating influence of switch
timing
The common-mode voltage was calculated for investigating

the influence of the switch timing. In this paper, the common-
mode voltage was defined by equation (1).
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where, Vy, Vy, and Vy are voltage between each point (U,
V, and W) and ground

Calculation results from N=15000 to N=17000 are shown
in Fig. 4. The influence of the switch timing appears at
N=16000. However, the larger common-mode voltage appears
caused by the PWM operation.
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Fig. 4 Common-mode voltage caused by switch timing

III. DRIVE WAVEFORM FOR INVESTIGATION

Figure 4 shows that the disturbance appears caused by the
switch timing. However, the level is lower than the level by
PWM operation. Therefore, the drive waveform shown in Fig.
5 was employed to investigate the influence of switch timing.

The drive signal waveform in Fig. 5 applies PWM to both
upper FET and lower FET. The drive system is balanced by
applying to both side, and the common-mode voltage caused
by the PWM is reduced.
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Fig. 5 Drive signal waveform used for investigation

The calculation results of the common-mode voltage from
N= 15000 to N=17000 in Fig. 5 are shown in Fig. 6. The model
and the conditions in Fig. 3 were used for the investigation.
The duty ratio of the PWM is 50% at original position and the
timing of Wy is changed to N=15990 (early) and to N=16010
(later). In addition, the duty ratio of Uy and Wy were changed
to 48% (early) and to 52% (later).

This shows that the common-mode voltage caused by the
PWM is reduced and the voltage by the timing difference only
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appears. This means that the common-mode waveform is
convenient to investigate the influence of the FET switch
timing difference.
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Fig. 6 Common-mode waveform caused by derive signal in Fig.

5.
IV. EVALUATION OF COMMON-MODE VOLTAGE

The influence to the common-mode voltage by the switch
timing difference was investigated by a simple experimental
system. The investigation result is described in this section.

A. Configuration of the drive circuit

Figure 7 shows the external view of the drive circuit for the
investigation. The CPLD whose clock frequency was 64 MHz
was used for the signal oscillator. The switch timing of the FET
was controlled by changing the VHDL program of CPLD. The
Si4532 (Vishay Siliconix) which was built N-channel and P-
channel MOS-FET into a single package was used as the drive
FET. The BS870 (Diodes) was used to drive the upper side
FET. DC link voltage of the inverter was 15V

The drive signal period generated by CPLD was 24 ms,
PWM wave period was 60 us and the duty ratio of PWM was
50% for Ug, Uy, Vy, Wp, and Wy. Moreover, the duty ratio of
Vg was changed from 50% to 48% by VHDL program.

BS870 Si4532

Fig.7 External view of drive circuit used for investigation

Figure 8 shows the example of measured drive waveform.
The waveform whose period was 24 ms was observed. This
means the drive circuit in Fig. 7 operates according to the
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design specification and the drive circuit can be used for the
investigation. 24ms
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Fig. 8 Example of drive waveform by drive circuit

Experimental set-up for measuring common-mode voltage
is shown in Fig. 9. The drive circuit in Fig.7, the drive cable,
and the load were placed on the metallic ground plane. Vinyl
insulated Vinyl sheathed Flat-type cable (VVF cable) whose
length was 1 m was used as the drive cable. The diameter of
the conductor was 1.6 mm. The three phase motor which was
the load of the cable was presented by the impedance. However,
the impedance was indicated by the resistor of 100Q for
simplification of the model.

The common-mode voltage was measured by capacitive
voltage probe (CVP) [5] and a spectrum analyzer. The CVP
whose operating frequency range was from 100 kHz to 100
MHz was used for the experiment. The CVP was placed 40cm
away from drive circuit. The height of cable was determined
from the height of CVP, and the height is set to 10 cm. The
high pass filter, whose cutoff frequency was 110 kHz, was
inserted at the input port of the spectrum analyzer to prevent
the large drive signal.
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Fig. 9 Experimental set-up for measuring common-mode
voltage

Figure 10 shows the measurement results. In this figure, the
duty ratio of Vp was changed from 50% to 48%, and the
spectrum was measured. The RBW and VBW of spectrum
analyzer were 9 kHz and 100 kHz respectively.

This shows the spectrum decrease in proportion to the
frequency. The spectrum does not changed by changing the
duty ratio of Vp in frequency range from 10 MHz to 100 MHz.
However, the spectrum when the duty ratio is 48% is larger
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than that of the duty ratio of 50% in frequency range below
10MHz.

The average value in the specified frequency band was
evaluated to confirm the tendency shown in Fig. 10. The result
is shown in Fig. 11. In this figure, the vertical axis shows the
average value defined by the equation (2).

1 N
A_N;Va

In this equation, N is the number of the spectrum in the
specified frequency band, and V; is voltage level of each
spectrum. Three bands which were 0.15~1MHz, 1~10MHz,
and 10~100 MHz were selected for the investigation. The
vertical axis is the level normalized by the level at the duty
ratio of 50%. This shows that the average value increases under
inverse proportion to the duty ratio in frequency range from
0.15 MHz to 1 MHz. On the other hand, the average value does
not increase in frequency range from 10 MHz to 100 MHz
when the duty ratio is less than 49%. This means that the
influence of the switch timing difference mainly appears below
1 MHz.
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Fig. 10 Common-mode voltage spectrum appearing on
drive cable
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Fig. 11 Relation between average voltage and delay time
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VI.CONCLUSION

The influence of switch timing difference in the inverter
circuit which was used to drive three phase motor was
investigated. The motor drive system is modeled a simple
circuit to study the disturbance generation mechanism. The
results showed that the switch timing difference generated the
common-mode voltage which was a disturbance source. The
drive signal, which had PWM at both upper side and low side,
was used to reduce the common-mode voltage in the
investigation.

The drive circuit was constructed with CPLD and FET to
investigate the relations between the common-mode voltage
and the switch timing difference. The common-mode voltage
was measured by using capacitive voltage probe (CVP) and a
spectrum analyzer. The results showed that the influence of
the switch timing difference mainly appears in the frequency
below IMHz. This result is used to reduce the disturbance
caused by the inverter.

Future work is the investigation of the switch timing
difference by PWM waveform and the study of disturbance
generation by other mechanism.
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