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This paper describes a robust circuit design using matching technology to drive the ultrasonic welding
transducer with zero voltage switching. A new feedback control method to track the optimal working
frequency was practically implemented by a FPGA chip. All analytic results exhibited that the newly
designed class-E inverter circuit can be effectively and stably applied on the high power ultrasound

welding system.
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INTRODUCTION

Traditional inverter architectures for industrial high power
ultrasound systems are including of half-bridge,
full-bridge and push-pull circuits (Ishikawa et al., 1997,
1998; Mizutani et al., 1998), which based on conventional
complex inverters (class AB or B) (Mortimer et al., 2001).
Therefore, to develop a simple and efficient inverter
structure is very important for the high power ultrasound
systems. In practical application, ultrasound transducer
needs a very high resonance quality factor, so the
available bandwidth will become very narrow. For most
high power ultrasound systems, the characteristics of the
mechanical components in the transducer will vary under
working condition. Thus, the resonant frequency will be
changed for driving high-Q transducers at frequencies
other than the transducer resonant frequency results in
very small power conversion efficiencies. But for the
ultrasound welding system, the working frequency must
be in the characteristic capacitive region of piezoelectric
transducer. If the working point is too close to the
resonance point, the working current will become too
large and burn the circuits. This working point application
is the difference between the transducer of ultrasound
welding system and the other piezoelectric devices. In
the high power ultrasound welding system, when the
working point is too close to the resonance point, the
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current changes into very large and makes the system
uncontrollable. For industry efficiency application, most of
them just simply require the inverter of electrical power
into ultrasonic power region. A simple class-E inverter
circuit design with zero voltage switching (Raab, 1978;
Sokal et al., 1975), which is optimized in the efficiency.
The inverter possesses the advantages of simple
architecture; low switch voltage and zero voltage switch
which make it suitable for the application of power supply
system under 500 W. In this research, a simple class-E
inverter circuit design is used to drive the ultrasonic
welding system.

EXPERIMENTAL

Laboratory virtual instrument engineering workbench (LabVIEW)
(Jimenez et al.,, 2005; Lin et al, 2010) supplies a graphical
programming environment and can develop the sophisticated
measurement, test and control systems by using intuitive graphical
icons and wiring the icons to be a control flowchart. As shown in
Figure 1, a high power piezoelectric element measurement system
includes the LabVIEW program with a computer, a GBIP Interface
card, an arbitrary waveform generator (Agilent 33250A), a
oscilloscope (Tektronix TDS3000) and a power amplifier (NF
HS4012). Generally, the LabVIEW program is regarded as a control
interface to measure the piezoelectric characteristic. The GBIP
Interface card is used to ftranslate the signals between the
waveform generator and the oscilloscope. By the man-machine
interface command of the LabVIEW program, the waveform
generator will produce and send a frequency signal to the power
amplifier (NF HS4012) and enlarge the frequency signal to drive the
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Figure 1. The high power piezoelectric element measurement system.
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Figure 2. The relation of characteristic impedance vs. frequency.

piezoelectric transducer. By using the GBIP card in the LabVIEW
program, it is able to control the oscilloscope to measure the
voltage signal and the current signal of the piezoelectric transducer
and further to get the impedance of the piezoelectric transducer.
During the LabVIEW measurement, the sweeping frequency range
is set from 38 to 42 KHz, the sweeping frequency interval is 2 s, the
input power for the power amplifier (NF HS4012) is equal to
63.63*1.1 = 70W (at Vims=63.63V, lms=1.1A), respectively. Then,
the piezoelectric feature of transducer can be obtained by
frequency sweeping in the high power ultrasound welding system.
Typically, these features include the characteristic impedance of the
frequency and phase-frequency characteristics, as shown in
Figures 2 and 3. In Figure 2, the point B is the resonance point and
the point A is the inverse resonance point, respectively.

In this paper, the use of the ultrasound transducer applied to the
plastics welding is a piezoelectric material (Rubio et al., 2010)
which is produced by the Japan’s TDK and applied at very high the
power range. Hence, the working point of welding must be stable
and controlled in the capacitive region. In other words, the working
point voltage and current phase is nearly 90 degrees. As shown in
Figure 4, it is found that the impedance characteristic of the
piezoelectric transducer will decrease and drift to left while the
piezoelectric transducer works at a high temperature (80°C). In

other words, the working frequency will be changed and the
impedance of the transducer becomes small, while increasing the
temperature. The small impedance of the transducer will make the
output current become very large immediately. Then, the large
output current will raise the output power to burn the mold.
Therefore, the ultrasound welding system has to continuously
adjust the working frequency to achieve a stable output power.

A class-E inverter circuit design

In Figure 5, the equivalent circuit of a class-E resonant inverter
consists a choke inductor L¢, a power switches S, a shunt capacitor
Cp and a Cy-Ly-R. series-resonant circuit (Kazimierczuke et al.,
1995). The basic circuit configuration consists a power MOSFET
working as a switch, a L,-Ci-RL series-resonant circuit, a shunt
capacitor Cp, and a chock inductor L¢. The switch turns on and off

at the working frequency f =@/ (27) determined by a driver.

The transistor output capacitance, the choke parasitic capacitance,
and stray capacitances are included in the shunt capacitance C,,
For high working frequencies, all of capacitance C,can be supplied
by the overall shunt parasitic capacitance. The resistor R is an ac
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Figure 4. The piezoelectric transducer working at a high temperature (80°C).
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Figure 6. The equivalent circuit of a class-E resonant inverter.

load. The choke inductance L¢is assumed to be high enough so
that the ac ripple on the dc supply current li can be neglected. A
small inductance with a large current ripple is also possible, but the
consideration of this case is beyond the scope of this text. When
the switch is on, the resonant circuit consists L, Ci and R
because the capacitance Cp is short-circuited by the switch.
However, when the switch is off the resonant circuit consists Cp, La,
Ci, and R connected in series. Because Cpand C; are connected
in series, the equivalent capacitance Ceq= C1Cp/ (Ci+ Cp) is lower
than Cy and Cp The load network is characterized by two resonant
frequencies and two loaded quality factors. The switch is on

for :1/|:2E\/LCC1CP/(CI +CP):| and
Q=L /R, =1/[@,LCC, /(G +C, )]

£l 220,10 =C [(C,+C)-

Figure 6 shows an equivalent circuit of the inverter for working
above resonance. If the working frequency is greater than the

where the

resonant frequency fol, the Lc-Ci-R. series-resonant circuit

represents an inductive load at the working frequency. Therefore,
the inductance L can be divided into two inductances, La1 and Lz,
connected in series such that Ly= Las+ La and Lgs resonates with
C1 at the working frequency, that is,

w:ﬁ (1

The loaded quality factor defined at the working frequency is

oL, oL,+L,) 1 N oL ,
R R, oC\R, R,

L

0, =

)

The current through the series-resonant circuit is sinusoidal and
given by

i=1 sin(ot+9). (3)

where [, is the amplitude and ¢ is the initial phase of current.
According to Figure 5,

ng + iCP =li—i=1i— Im Sln(a)t+¢) @

For the time interval 0 < @t < 27D , the switch is on and
ic,: = 0 . Consequently, the current through the MOSFET is
given by

Icp -1 sin(ax), for O<ax <27D,

Iy, = (5)
0 for 27D < wt <27

For the time interval 27D < @t < 27T, the switch is off, which

implies ng = (. Hence, the current through the shunt capacitor C,

is given by
.0 forO<ax <2zD ©)
@\ -1, sin(a), for 22D<a@ <27

The voltage across the shunt capacitor and the switch is found as
1 (o
ng =E_L”qud(al)
P

0, fa O<a<27D

~ (@2

p

+1 [oos(@+@)—cos2iD+9)]}, far 272D<@ <27

(7)

Substitution of the condition Vs, (27)=0 into (7) yields the

relationship among [, ,D,and @

m?’
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I =1 2zx(1-D) (8)
" 'cos(2xD +¢)—cosg

Substitution of (8) into (5) yields the switch current

| 2(1=D)sin(+g)

Likewise, substituting (8) into (6). One obtains the current through
the shunt capacitor

0, for O0<wt<2xD

7 {I_ZE(I—D)sin(a)t—i—(p)

for 2xD < wt<2xw
cos(2xD+ @ )—cos@

(10)

forO<wt <2zD

. , faO<aw<27zD
’IE: cos(2D+¢) —cos @ . N
i 0 for 27D< @ <27 From (7), (8) get
O’
=1 [ g, 270 D)[cos(ar+ ) —cos(2aD + 9)]
oC, cos (2D + @) —cos ¢

Using the condition dv, /d( wt)=0 at wt =271, one
obtains the relationship between phase ¢ and duty cycle D

I, [A=-D)[z(-D)coszD +sinzD]

}, for2zD<wt <27

(13)

¢ = 7+ arctan cos2zD—1
27(1—-D)+sin2zxD

From (11), the dc input voltage is found as

tan ¢ = cos27zD-—1 (12)
27(1-D)+sin2x D
From which;
1 2z
Vi=—[" v, d(ar)=—"
27 227D oC,

Rearrangement of this produces the input resistance of the class E
inverter

V., (1-D)[z(1-D)coszD+sinzD]

= (15)
aC, tan(zD+ @)sin D

R, =

dc '
II

0, forO<at<27xD,

tan(ZD + @) sintD

Y {@—27D+

\% (1-D)[x(1-D)cosxD + sintD]

2x(1-D)
cos(2xD + @) —cos ¢

The current through the series-resonant circuit is sinusoidal.
Consequently, higher harmonics of the input power are zero.
Therefore, it is sufficient to consider the input impedance of the
series-resonant circuit at the working frequency.

tan(x D + ¢)sin D

From (11) and (15), one arrives at the normalized switch voltage
waveform

[cos(ax+@)—cos(2xD +¢@)]}, for2zxD<wt <27

Figure 6 shows an equivalent circuit of the series-resonant circuit
above resonance at the working frequency. The fundamental
component of the input voltage of the series-resonant circuit at the
working frequency is
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V, =V v, =V, sin(wt+¢)+V

rr

cos (@t + @) (17)

Laim

Using (11) and the Fourier formula,

1 pox ) 2sin 7z D sin(z D +
Vieiw = —I v, sin(@r+¢)d (wt) = - ( /) Vv, (18)
7T o2rb 7 (1-D)
Substituting (11) into the Fourier formula and using (14), the reactance of the series-resonant circuit (equal to the reactance of
amplitude of the fundamental component of voltage the input the inductance L, ) is obtained as:
1 2
Laim = a)LuZIm = I vx cos (a)t+¢)d(a)t)
7 b (19)

1-2(1-D) z*+2cospcos(2xD + @)+ cos2(xD +¢)[cos27z1)—;z(1—D)sin2;zD]V
- 2(1-D)zcos(zD + @) [ (1-D)xcoszD + sinzD | "

Combining (8), (16), and (18),

2sinDcos( D + @) sin(xD+ @) [(1 —D)zcosmD+ sinJZ'D]

wC,R, = (20)
o 7 (1-D)
Similarly, using (8), (14), and (18),
&L, 2A1-D) 7 ~1+200s poos( 2D+@) —cos 2 2D+ cos 2aD—7{1-D) sin27D | on
R AsinztDeos( D+ sin{ 7D+ (1-D) weos aD-+sin7D |
The product of (19) and (21) yields
2(1-D)’ 72 1+ 2c0s pos( 27eD-+) —cos 2 22D+ ) cos 2D~ 7(1-D) sin27D)|
@L,C,= (22)
2 (1-D)
Assuming that the main circuit works in optimal condition that is Matching of load

duty cycle D = 0.5, then, the formula can be given as:

According to the former derivation, R, among them is replaced as
=8/(n+4)XVi*/P (23) ultrasonic transducer load and need to add matching circuit which
L can be represented as a matching circuit of transformer-coupled
and matching inductance L, between the class-E and ultrasonic
L = QLRL / © (24) transducer. Normally, the load characteristics are referred to the
“ mechanical side and combined with these elements. The designed
) class-E inverter is the switching mode and has higher efficiency that
C =8/(n(n” +4)oR 2 can possess low loss and high circuit efficiency than others (for
P ( ( ) L ) (25) example: class A, AB, B etc.) because of its zero voltage switching
characteristic. Ultrasonic transducer is a strong nonlinear
_ _ 2 time-varying system. Under different working frequency, the
Cl =1/ ('ORL (QL (TE(TE 4) / 16)) (26) difference between impedance characteristics and the mechanical
vibration characteristics are remarkable. Most of the ultrasonic
_ 2 welding system works at the region of inductor characteristic to

= 27 . . " .
L c 2(n /4 + (R L I f) (27) employ the difference with the others applications. The matching

R

L
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Figure 8. The matching technology of ultrasonic welding system.

transformer design is shown in Figure 7 according to the equivalent
impedance with inverter output and ultrasonic transducer input.

The equivalent circuit of a matching transformer is shown in
Figure 7. The transformer consists of the primary impendence (Z; =
Ry + jwly) of the matching transformer and the secondary
impendence (£ = R + jwLy) of the matching transformer. Ly and L
are the primary winding and the secondary winding respectively. R;
and R are parasitic resistances from the loss of the matching
transformer material and winding. Zr and Z, are the input primary
impedance and the output secondary impedance respectively. Zy is
the mutual coupling impendence of the matching transformer which
consists of Ryand jwLy where Ry is the mutual coupling resistance;
Ly is the mutual coupling inductor. Vi and / are the input voltage
and current respectively. Vo and kL are the output voltage and
current respectively. The voltage and current relation equations of
the matching transformer circuits in Figure 8 are

Vi=1Z -2,1, =12,

(28)
V,=01,2,-2,1 =12,
By using (28), we can obtain Zg.
Z,=2,-(2;/(z,+2,)) (29)

When circuit of the secondary impendence is short (Zo = 0), we can
get the input primary impendence Zgo. By using equation (29), the
2y is

Z, = [Zz (Zl ~Zy )]1/2

By using equation (29) and (30), we can get Zg, Zo and the output
secondary admittance Yo.

(30)

Zr=(ZoZo+ Z1ZRo) | (Zo+ Z1) and Zo = [Z( Zr- Zro)l / (Z1 - ZR)

Zi Zy

1 Z, Z
Y,=—=G, + jB, = 22 (31)

Z, R-Z,,

We assumed the primary impendence is a pure resistance (Zz= R),
the output secondary admittance (G, + jB,) is

Z, R
Z, Z

RO
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Figure 9. The overall blocks of the driving system.

We assumed R;, R. are extremely small (near to zero), the
transformer impendence ratio (n = Zi/4) is

_R+jo,l _ o, _ L

n= - == (33)
R, + jo,L, jo,L, L,

We assumed | Zgro|<<R, the output secondary admittance is

1 1
G, +jB,=n—+—

R joL,

1 RG,
n=RG,=L, = =L =—" (34)
W, B, W, B,

To adjust repeatedly L, and L, for the output waveform of the
voltage and current and the impedance matching of matching circuit
is mainly in order to deliver the suitable power from inverter to
ultrasonic transducer. L, is the matching inductor in the matching
network which used ultrasonic coupling technology. Therefore, the
selection of appropriate matching circuit parameters has a very
important significance.

RESULTS AND DISCUSSION

The frequency tracking circuit measuring frequency range
is from 39.5 to 40 KHz. The resonance frequency is
39.75 KHz at the lowest impedance. The setting is to
make the system work at the optimal working frequencies
with ultimate stability. The feedback control method of
ultrasound welding system is implemented with a VHDL
program in a FPGA chip. The FPGA chip has two major
logic circuits. One logic circuit is designed to sweep and
catch the working frequency. The other logic circuit is
designed to adjust the working frequency simultaneously.
In this study, the feedback controlling method of an
ultrasonic machine at the working frequency (40 KHz)
and the working power (550 W) are controlled by the
output current value. The overall blocks of the driving
system are shown in Figure 9.

In the main system, AD0804 communicates with the
FPGA chip through an AD536 to detect the amount of
working current and is controlled by the data from output
current of the ultrasonic welding system. The function of
AD536 can be fetched any alternating signal to change
into root mean square (RMS) value. Then, the current
threshold is set and transmitted to the FPGA chip to
launch the frequency-sweeping circuit. When repeating
the sweeping of ultrasonic transducer frequency, the chip
catches the ultrasonic working frequency simultaneously.
The control module will sweep several frequency ranges
in sequence with the default sweeping time to access the
working frequency value. Then, the normal working
frequency value is sent to the driver. At this point, the
current value of the working current is smaller or the
same as the default threshold.

As shown in Figure 10, the class-E inverter for
ultrasonic welding system (40 KHz and 500 W) which
possesses the high efficiency with zero voltage switching.
The driving circuit parameters of ultrasonic welding
system with feedback design used in the experiments are
shown in Table 1. If the ultrasonic welding system
becomes unstable, the output voltage of power driving
circuit will be greatly reduced due to the leading of
loading and thermal effects than the shift of working
frequency. The detecting circuit will measure the output
voltage of the power driving circuit using the technology
of class-E combined with transformer matching circuit. It
possess the self-adjust function where the interference
resulted from the load effect of transducer for ultrasonic
welding system. The graph of the output waveform of the
ultrasonic welding system is shown in Figure 11. The
results present the typical voltage and current waveforms
for this type of welding transducer.

In this kind of design, the ultrasound welding system
working in the capacity range will be easy to steady
control and not rise the temperature which results in the
very low power assumption. The efficiency comparisons
between the simple class-E inverter circuit and the
traditional inverter circuit with 50 test times in the
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Figure 10. The zero voltage switching condition.

Table 1. The driving circuit parameters in the
designed ultrasonic welding system.

Design element  Value of parameter

Le 1.5mH
La 1.0 mH
Lb 0.5 mH
Cp 18 nF
Tr 9.3 mH:15 mH

Output current
|

® Stop
¥

CH1 200% CH2 500ma M 10.0us CH
12-0ct-10 16:17 <10Hz

Figure 11. The ultrasonic output of the class-E welding system.
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Figure 12. The efficiency comparisons of the ultrasound welding system between
the simple class-E inverter circuit and the traditional inverter circuit during 50 test

times.

ultrasound welding system are shown in Figure 12. It is
found that the efficiency of the class-E inverter circuit
design in the ultrasound welding system is more
remarkable stable than that of traditional inverter circuit.
This is because the class-E inverter circuit design can
raise the efficiency to make the output power into a more
stable region and get a longer system life time.

Conclusion

A class-E resonant inverter incorporated with a matching
transformer method to drive the ultrasonic welding
system with zero voltage switching is successfully
developed. A simple inverter characteristic model and a
feedback control with a CPLD chip are both used to
derive the optimal parameters for the system state
stability. This control method is implemented on a
practical ultrasound welding system currently used
inindustry applications. The results prove that this kind of
class-E circuit can be succeed with a new feedback
control to drive high power effectively and automatically
track a proper frequency for the ultrasound welding
system.
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