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micro resistance welding, supercapacitor,
capacitive energy storage, flyback converter

Yuliia KOZHUSHKO#*, Tetiana KARBIVSKA*,
Denys ZINCHENKO* **_ Danijel PAVKOVIC***,
Eugeniusz ROSOLOWSKI****_ Oleksandr BONDARENKO*

CHARGING DEVICE OF CAPACITIVE ENERGY STORAGE
FOR MICRO RESISTANCE WELDING

Micro resistance welding is the most common technology for making permanent connection
between two conducting materials. This paper proposes a high-efficiency charging device for the ca-
pacitive energy storage within the micro resistance welding device power supply utilizing a Flyback
converter. Based on the comprehensive analysis of charging device losses, it is determined that one of
the main sources of conduction losses in the charging device is the output diode. In order to ameliorate
this problem, utilization of a MOSFET transistor as an output diode within the Flyback converter is pro-
posed in order to increase its overall efficiency. The presented results suggest that the proposed Flyback
converter topology could improve the power efficiency by 7.0% at 50 kHz switching frequency
through minimization of conduction losses in comparison with the traditionally-used Schottky diode.

1. INTRODUCTION

Micro resistance welding is one of the most effective welding technologies widely
used by the electronics industry today. Micro resistance welding is performed between
two pieces of conducting material by means of resistive heating caused by the passage
of high-magnitude electric current [1].

The current amplitude for micro resistance welding typically ranges from hundreds
to thousands of amperes and depends on material type and thicknesses of individual
parts. Energy consumption of significant power and short duration followed by long
pauses between each pulsed welding discharge are load features of the micro resistance
welding device. These features determine the negative impact of welding equipment on

* National Technical University of Ukraine “Igor Sikorsky Kyiv Polytechnic Institute”, Kyiv, Ukraine.
** Tallinn University of Technology, Tallinn, Estonia.
*** University of Zagreb, Zagreb, Croatia.
***% Wroctaw University of Science and Technology, Wroctaw, Poland



6 Yu. KOZHUSHKO et al.

the utility electrical grid in terms of high-magnitude pulsed loads and voltage drops at the
point of grid connection, and possible harmonic distortion of the grid voltage if switched
AC power supply is used. One of the effective methods for mitigating of this problem is
using suitable Energy Storage topology within the power supply for the welding
equipment. The operation of such power supplies can be based on the capacitive en-
ergy storage, which can provide fast energy discharge required for the welding process
during the required time interval [2]. Moreover, during charging of the capacitive en-
ergy storage, energy is consumed from the grid evenly, almost without a negative in-
fluence on it. Capacitive energy storage of the power supply has to accumulate enough
energy to provide hundreds of thousands of charge/discharge cycles and ensure fast
and efficient energy transfer to the load [2].

Due to the high energy density, Li-ion battery is commonly applied as energy stor-
age in mobile devices. However, the high-amplitude pulsed load, which is inherent to
the welding equipment, drastically degrades the operational characteristics and the
useful cycle life and calendar life of the Li-ion battery [3]. An effective solution for
micro resistance welding power supply is using supercapacitors. Due to high capacity,
low leakage current, thermal characteristics, shelf life, supercapacitors could be used
as capacitive energy storage of power supply for micro resistance welding [4].

Charging devices for capacitive energy storage have to provide significant current
and low terminal voltage, because of peculiarities of the load. Moreover, energy effi-
ciency and parameters of weight and size are the key parameters in the design of
charging devices. Small size and weight could be achieved due to the increase in the
switching frequency. However, the increase of the switching frequency causes a rise in
the dynamic power losses. Conduction losses of the low-power converter are depend-
ent on the current passing through the semiconductor components and they signifi-
cantly reduce efficiency. Thus, choice of the optimal converter topology and thorough
losses analysis are key points for the design of high-efficiency charging device [5].

Designing supercapacitor charging devices is an specific problem, which is dis-
cussed by a number of authors. For example, [5], [6] propose a supercapacitor charg-
ing device using a soft-switching full-bridge pulse-width modulated (PWM) converter.
The proposed converter has the advantages of lower switch voltage stresses and re-
duced circulating current. A buck dc-dc converter is presented in reference [7] and
used for supercapacitor charging. This paper describes the converter circuit by using
a system of differential equations, and shows that the converter is capable of stable
operation subject to different distortion sources. Reference [8] presents the converter
for supercapacitor charging, that uses a resonant inverter, which can start its operation
directly in steady mode, hereof can work in a mode close to short-circuit at the load
side. It should be noted, however, that the authors of these papers do not consider the
peculiarities of the load characteristic of the micro resistance welding process.

Thus, the aim of the work is to improve the circuit topology of the charging device
for the capacitive energy storage of power supply for micro resistance welding.
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2. CHARGING DEVICE FOR THE CAPACITIVE ENERGY STORAGE
OF POWER SUPPLY FOR MICRO RESISTANCE WELDING

The developed circuit topology of the power supply for welding Multicell Pulse
Generator is represented in Fig. 1.
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Fig. 1. Topology of power supply for micro resistance welding

This topology includes the following units. The Diode Rectifier rectifies the grid
AC voltage with the frequency of 50 Hz, whereas the Input Filter smoothes the recti-
fied (pulsed) DC voltage characterized by significant 100 Hz ripple. The Flyback
Converter provides the voltage for charging the supercapacitor module. Multicell
Pulse Generator regulates the welding current in the load. The Buck dc-dc converter
topology is chosen as the basis for converter cells control under welding conditions.

The power supply is, in fact, a charger for the energy storage — the Supercap Bat-
tery, which includes m supercapacitors (350 F each) connected in series

The load of the circuit is the Supercap Battery. In this specific case, the main crite-
ria for the choice of supercapacitor type are not a capacitance but an equivalent series
resistance (ESR), which should be as small as possible. The analysis showed that the
decrease of supercapacitor ESR is typically accompanied by the increase of its ca-
pacitance, and vice versa. The energy efficiency of the supercapacitor battery during
discharge is defined by the following equation [9]:
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loss

g, =2 s
Wy,

; (M

where W, is the energy dissipated on the supercapacitor equivalent series resistors,
and W, is the usable energy within the supercapacitor, given by:
Lo 1
I/VU Z_CUmax __CUmin > (2’)
2 2
where Uy, denotes the rated supercapacitor voltage and U, represents the minimum
allowed supercapacitor voltage once the discharge is finished.

Figure 2 shows the efficiency dependence on the discharging current for the super-
capacitor cells whose parameters are listed in Table 1. Energy losses on the equivalent
series resistors during the discharge of the supercapacitor are given by:

I/Vloss = RESRi;SChtdeCh > (3)
where iz, is the discharge current of the supercapacitor battery, Rzsk is the equivalent
series resistance and #;;; is the discharging time.

Table 1. Parameters of supercapacitor cells from different manufacturers

Manufacturer Rated voltage Rated capacitance Maximum ESR
Maxwell 2.7V 350 F 3.2mQ
Nesscap 27V 360 F 2.9 mQ
Samwha 27V 360 F 3.8 mQ

1
0.8
o
206
A
e
= 0.4 i —_—
——— Maxwell 350F 2.7V -
T
0.2 = — =Nesscap 360F 2.7V
. — — Samwha 360F 2.7V
50 100 130 200 250 300 350 400 450 500
Discharge current, (A)

Fig. 2. Efficiency vs. discharging current bar graphs for different supercapacitor batteries
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So, the choice of supercapacitor type with appropriate ESR ensures the required
energy capacity for micro resistance welding, which does not need overly excessive,
as in other applications, such as electric vehicles [10] and intermittent wind energy
systems [11].

The converter, which controls the charging process of the supercapacitor battery,
is designed as a Flyback converter. It partly functions as input current form corrector.
It should be noticed that even though the output power of the converter is relatively
low (tens of watts), the currents flowing through the considered part of the converter
are several amperes and they cause substantial energy losses within individual circuit
components. So, this part of the circuit requires an in-depth analysis.

3. ANALYSIS OF LOSSES OF THE CHARGINGING DEVICE

Energy efficiency is one of the key parameters in the design of charging devices.
The efficiency of the charging device depends on the operating conditions such as the
average value of voltage and current, and the PWM switching frequency. However,
the most significant portion of total losses of the charging device is related to dynamic
losses in semiconductors and conduction losses that are caused by parasitic resis-
tances. Efficiency is usually expressed as [12]:

P
n="2100%, )

in

where P,,; = P, — Py is the device output power of the charging device, and P,, is the
input power of the charging device.

As illustrated in Fig. 1, the charging device consists of a bridge rectifier, an input
filter, a flyback converter, and a supercapacitor battery. Therefore, according to the
proposed method, the total power losses are calculated as the sum of the power losses
of each of the aforementioned subsystem of the charging device.

Power losses in the power supply of the charging device (i.e., input rectifier) are
mainly caused by the conduction losses within the diodes due to the forward and re-
verse current flows. Switching (commutation) losses are negligible due to the low
frequency of the alternating current supplying the charging device from the utility
grid. The voltage drop across the diode and the series resistance are the sources of
a diode’s conduction losses [12], [13]:

PVDcond =[d2 'RDS +Im 'UF > )

where I, is the RMS value of the current passing through diode, R); is the equivalent
resistance of the diode, Uy is the forward voltage drop and I,,, is the input current of
the charging device (bridge rectified output current).
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During conduction, the power loss in each of the two simultaneously conducting
diodes will be the same. Since only a pair of diodes are conducting over one half-
period of the grid voltage, the average power loss within the diode bridge rectifier can
be calculated as:

2 /2
I)rect(ﬁer = ? IZP VDcond dt = 2P VDcond * (6)
0

Power losses within the input filter generally comprise the inductor and capacitor
power losses. Dielectric power losses of the input capacitor C;, can be calculated from
the following equation [12]:

P.=U.-2n fC-tan? , (7

where U. is the capacitor voltage, C is the capacitor capacitance, and tan¢ is the di-
electric loss angle tangent.

Inductor losses are due to the core hysteresis losses and winding losses, while the eddy
current losses are neglected due to the frequency of the voltage at the filter input. In order
to calculate the losses in the inductor core, the following equation can be used [14]:

P, =k-f*-B".V, (8)

where f is the rectified voltage ripple frequency (twice the grid voltage frequency),
B is the magnitude of flux density variations within the core, and &, & and [ are
Steinmetz’s constants and V, is the volume of core material.

The wire (conductor) loss, caused by the Ohmic resistance, is defined by the fol-
lowing formula:

PLw :Ij 'RD(,'» 9

where [, is the RMS value of the current passing through inductor, and R is the
winding Ohmic resistance.

Power losses of the Flyback converter consist of the transformer losses, MOSFET
transistor losses, output Schottky diode losses, and output capacitor losses. Trans-
former power losses can be categorized as: core hysteresis losses, core eddy current
losses, and winding losses.

The hysteresis losses represent the work required in order to alternate the direction
of the magnetic flux within the ferromagnetic core. Naturally, these losses strongly
depend on the type of material used to build the core. Based on the improved Stein-
metz equation, the transformer core power losses Py, can also be calculated according
to Eq. (6), wherein the parameter B represents the magnitude of the alternating mag-
netic field flux density within the core [14]:

P =k-f“-BJ-V,. (10)
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Fig. 3. Core hysteresis frequency power losses for different field flux density magnitudes

The transformer core hysteresis losses are proportional to the Flyback converter
switching frequency and to the maximum amplitude (magnitude) of the magnetic field
flux density. Figure 3 illustrates the core losses for a selected transformer as a function
of field flux density magnitude and frequency. It is apparent that for very low magni-
tudes of the core field flux density (B = 50 mT), the core losses may be considered
negligible up to 100 kHz. However, as the frequency and filed flux density increase,
hysteresis losses may have a significant effect on the overall losses of the charging
device.

The eddy currents generated by the magnetic field also contribute to the overall
losses within the transformer core. The eddy currents flowing within the core will give
rise to the so-called magnetic skin effect, which will also be more prominent at higher
frequencies. As a consequence, the flux density in the core and the power flow through
the transformer are reduced. Figure 4 shows the frequency dependence of the power
losses due to eddy currents.

The power losses due to eddy currents are obtained according to the following
equation [15]:

PTre:ke'f2'Bz.I/c’ (11)

where fis the power converter PWM switching frequency, B is the flux density within
the core, k. is the eddy current coefficient that depends on the type of the core material
and V. is the volume of the core material.

The magnitude of the winding losses is proportional to the winding resistance, and
to the current squared. The magnetic field around the windings will in turn create an
electric skin effect, which will increase the effective resistance of the windings, thereby
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restricting the current flow to the outer parts of the conductor. The winding power
losses can be calculated as [12]:

})Trw :ZIE('n.RD('n+21/21('n.RA('n’ (12)
n=1 n=1
where I is the DC current component, R is the winding DC (Ohmic) resistance,

L;c is the AC current component, and R, is the winding equivalent AC resistance due
to the electric skin effect.

120
----- B=25mT ——B=50mT
100 . L
~ gp | ——B=100mT - --B=150mT ,"
2 -
= 60 -
= L
or o - -
= "‘10 . 5 - _ — -
20 IR e i
0 T e i
0 50 100 150 200 250 300 350 400 450 500
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Fig. 4. Eddy current vs. frequency power losses for different magnitudes of field flux density

Conduction losses of the MOSFET transistor are directly dependent on the current
passing through the transistor and are very little dependent on the switching fre-
quency. Conduction losses within the power MOSFET can be calculated as [9]:

P

VIcond — Ij 'RDS(on)’ (13)
where 1, is the RMS value of the current passing through the transistor, and Rpcon) is
the drain-source on-state resistance.

MOSFET switching losses depend on the load current and the power supply
switching frequency according to the following equation [12]:

})VTsw :Uin'f.(ID'ta—i_O’Ser)’ (14)

where U, is the drain-to-source voltage, I, is the drain current, f'is the switching fre-
quency, #, is the reverse recovery time, and Q,, is the reverse recovery charge.

The conduction losses of the output Schottky diode within the Flyback converter
are calculated as follows [11]:
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Bopeona = Ij ’ RDS +1

out

U, (15)

where 1, is the RMS value of the current passing through diode, Ry is the equivalent
resistance at the given junction temperature of the diode, Uy is the forward voltage
drop and 7, is the output current of the Flyback converter.
Finally, dielectric power losses of the output capacitor C,, can be calculated from (7).

The circuit schematic in Fig. 5 represents a simple RC model of a supercapacitor.
It comprises three ideal circuit elements: a series resistor Ry (i.e. the equivalent se-
ries resistor or ESR) which contributes to the energy loss component of the superca-
pacitor during charging or discharging; a parallel resistor R, representing the leakage
resistance, and a capacitor Cy representing the supercapacitor capacitance. The power
losses due to the leakage current are significantly lower than the power losses due to
equivalent series resistance. Consequently, leakage current losses can be neglected in
the analysis [9].

The power losses during charging of the supercapacitor can be calculated as:

Pczlf'zRESRk: (13)
k=1
where i, is the supercapacitor battery charging current and Ry is the equivalent series
resistor of the A-th series-connected supercapacitor cell.
Supercapacitor charging current can be expressed by the following equation:

— (14)

where U is the voltage across the equivalent capacitor Ci.

R leak
i C
—- SC
R ESR | |
-t -

U.

Fig. 5. Equivalent model of a supercapacitor

4. EFFICIENCY OF THE CHARGING DEVICE

Power losses have been evaluated analytically on the basis of the equations dis-
cussed in Sections 3. The main components data and parameters of the charging de-
vice are reported in Table 2.
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Table 2. Data used in power losses analysis

U,.V | 230+10% | ¥DI-VD4 KBP207G Tri figr‘;e EII3\I]§-725
Ui sV 5.5 G, 4.7 uF, 400 V VD3 STPS40L40CT
g » A 50-500 L, RLB0812-101KL Cou 10 uF, 100 V
Jow s kHz 50-500 VTl STB8N65MS5 Supercap Maxwell 350 F 2.5V

Based on the equations given in Sections 3, losses as a function of the converter
switching frequency are presented in Fig. 6. One of the main sources of conduction losses
in the charging device is the output diode VD5. The voltage drops in the open p-n-junction
of the typical diode are 1.2—1.4 V. The problem could be solved application of Schottky
diodes, in which the voltage drop is 0.4-0.7 V. Another way to solve the problem could be
used a MOSFET transistor as an output diode of a Flyback converter [16].

14
— —Power losses
12
o Power losses include Schottky
% 10 diode losses -
= -
> B =
T B
Z 4 -
3 ==
4]
50 100 150 200 250 300 350 400 450 500
Switching frequency, (kHz)

Fig. 6. Power loss as a function of the switching frequency

It should be mentioned that in order to determine the optimal topology of the
charging device of Supercap Battery, it is necessary to carry out losses analysis for
both topologies with the different values of the switching frequency, since the increase
of the switching frequency dramatically increases the dynamic power losses. The
function of switching frequency-related power losses in Fig. 7 shows the obtained
results of power losses analysis for the Flyback converter topology based on using
MOSFET transistor as an output diode.

Figure 8 shows the calculated efficiencies of the charging device for different values
of switching frequency. The Flyback converter topology with Schottky diode as output
diode achieves an efficiency of 85.0 % at 50 kHz switching frequency for a 28.6 W out-
put power. On the other hand, the proposed converter with MOSFET transistor acting as
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the output diode achieves a notably higher efficiency of 92.0 % at the same switching
frequency and for equal output power conditions. Therefore, the proposed Flyback
converter topology could improve the power efficiency by 7.0 % by minimizing the
conduction losses.

14 — —Power losses
12
Power losses include
g 10 MOSFET transistor losses =
g 8 ==
= &
.ﬂ% 4
2 -
]
50 100 150 200 250 300 350 400 450 500
Switching frequency, (kHz)
Fig. 7. Power loss as a function of the switching frequency
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Switching frequency, (kHz)

Fig. 8. Comparison of efficiency of the Flyback converter topology
with Schottky diode and with MOSFET transistor

It should be noted that the increase in switching frequency increases the dynamic
power losses of MOSFET transistor and thereby reduces the gain in efficiency. Fig.8
shows that using the MOSFET transistor as the output diode of the Flyback converter
does not seem to be advisable at switching frequencies above 400 kHz.
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5. CONCLUSIONS

This paper has presented an analysis of power losses within the Flyback converter
used as a charging device for the supercapacitor-based energy storage system utilized
in micro-resistance welding applications. The analysis results have pointed out to the
possibility of notably increasing the efficiency of the charging device. The high-
efficiency of the charging device could be provided by reducing the conduction power
losses of the Flyback converter. The improved efficiency of the Flyback converter can
be achieved by using a MOSFET transistor as an output diode, thus increasing the
efficiency by 7.0% at the switching frequency of 50 kHz. However, the application of
the MOSFET transistor is inadvisable at switching frequencies above 400 kHz, be-
cause the dynamic power losses of the MOSFET transistor increase above those ob-
served for the case of the more traditionally used Schottky diode.
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