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Abstract
In this study, a new Phase Shifted Full Bridge (PSFB) Pulse Width Modulated (PWM) isolated dc-dc

converter is proposed. In the proposed converter, resonant inductor is replaced with Linear Variable Inductor
(LVI) that is controlled by output current. The soft switching operation range is increased and the dependency
of ZVS operation on the load current is decreased. The required energy for ZVS operation at low current
levels is obtained by means of the high value of the LVI. The value of LVI decreases approzimately linearly
with increasing current. At high current levels parasitic resonance and duty cycle loss are decreased. By
selecting the range of the LVI properly, the necessity of the dead time control between gate drive signals of
the IGBTs in the lagging leg is eliminated. A prototype of single phase IGBT-based inverter arc welding
machine is implemented by using the proposed converter which operates at 75 kHz switching frequency and
5 kW output power. The experimental results taken from the converter show the feasibility of the proposed
method.
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1. Introduction

Soft switching techniques are preferred in order to reduce switching losses, current and voltage stresses; con-
sequently, increasing circuit efficiency, power density and decreasing electromagnetic interference in de-dc con-
verters [1-4]. The Full Bridge (FB) isolated Pulse Width Modulated (PWM) dc-dc converters are widely used
in medium-to-high power applications. In these converters, the switching losses and the parasitic resonances
between the parasitic capacitance of the power switches and the transformer leakage inductance reach very
high values. By means of phase shifting (PS) method, a quasi-resonance between the parasitic capacitance of
the power switch and the leakage inductance of the transformer is formed. The energy stored in the leakage
inductance is used for the discharging of the parasitic capacitance, and the power switch is turned on with ZVT.

If an IGBT is used as power switch, parasitic capacitance would not be sufficient to provide soft turn off,
thus an external snubber capacitor is connected in order to suppress the rate of rise of voltage, and to decrease
turn-off losses [5]. ZVS range of the leading leg is wide enough because the required energy for discharging the
parallel capacitor is supplied from the load current [6]. At the lagging leg, ZVS is achieved by energy stored in
resonant inductor, and ZVS range decreases with increasing value of the external parallel capacitor [5,7].

Most of the recent researches on the PSFB converters are mainly concentrated to solve the problems of

the lagging leg [5-18]. By including two additional power switches in primary, the ZVS range of the converter
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can be enhanced at the expense of conduction losses [5]. Increasing the leakage inductance of the transformer
or adding a large series inductance extends the zero voltage switching (ZVS) range at the lagging leg. On the
other hand, this increases the duty cycle loss, the voltage ringing across the output diodes, and the primary
conduction losses as well [6, 8]. The energy stored in the magnetizing inductance of the auxiliary transformer
can be used to extend the ZVS range [9], but this increases conduction losses. Replacing linear inductor with
a saturable inductor extends the ZVS operation range, and reduces duty cycle loss and voltage ringing [10, 11].
However, over-heating of the saturable inductor is a severe problem, and size of magnetic core causes significant

increase in the cost [12, 13].

Family of FB converters with additional series coupled inductors has been proposed, which can achieve
ZVS from a full load to a no load condition without increasing the conduction loss [9], [10]. However, the voltage
unbalance of the transformer at starting up exists in these converters. Furthermore, if the operation duty ratio
is large and the leakage inductance of the transformer is very small, the magnetizing inductance of the coupled
inductor must be small enough to ensure enough magnetizing current to achieve ZVS. This may result in large

conduction losses at light load.

A new ZVS FB converter has been proposed in [14], which can increase ZVS range of the primary switches,
and reduce duty-cycle loss. The main idea is to use two power transformers in series. At start up, transformers
voltages are unbalanced. In the proposed converter, there are two additional coupled inductors, two clamp
diodes, a snubber capacitor, and two rectifier diodes in addition to the normal PSPWM converter components.
These additional components increase the complexity and cost of the converter.

In [15], the ZVS operation is achieved over the entire conversion range in the PSPWM converter. But
the method is not appropriate for arc welding machines. The proposed converter is suitable for applications

where the load resistance is fixed.

In a recent study [16], zero-voltage switching (ZVS) for the leading leg and zero-current switching (ZCS)
for the lagging leg switches are achieved in the converter operating at 3kW and 50kHz. But, the proposed
topology requires many circuit elements in addition to the PSPWM converter components. A power MOSFET,
a capacitor and a free-wheeling diode are used for active energy recovery clamp. Auxiliary circuit is implemented
with a transformer, a diode bridge, and two inductors. Besides, a control signal and drive circuit are required
for power MOSFET.

In this study, a new method is proposed to improve the ZVS range of the lagging leg. The resonant
inductor in the PSFB converter is replaced with Linear Variable Inductor (LVI) which is controlled by output
current. The proposed converter has advantages over recently developed PSFB dc-dc converters in terms of duty
cycle loss, output voltage ringing, and efficiency. The proposed method does not increase circuit complexity and
only an additional magnetic core is required. The soft switching operation range is extended and dependency
of ZVS operation on the load current is decreased. At low currents, the required energy for ZVS operation
is obtained by means of high value of the LVI. At high currents, parasitic resonances and duty cycle loss are
reduced. By selecting the range of the LVI properly, the necessity of the dead time control between gate drive
signals of the IGBTs in the lagging leg is eliminated. A prototype of single phase IGBT-based inverter arc
welding machine is implemented by using the proposed converter operating at 75 kHz switching frequency with
5 kW output power. The duty cycle loss, which is about 34% in the normal PSFB converter, reduces to about
15% in the proposed LVT assisted PSFB converter, at full output current. The experimental results taken from

the converter demonstrate that the proposed method has promising feasibility.
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2. Proposed PSFB converter

The proposed PSFB converter is shown in Figure 1. The converter consists of four IGBTs (@1 —Q4) with reverse
diodes (D7 — Dy),parallel snubber capacitors (C7 — Cy),a high frequency transformer (Trf1), a DC blocking
capacitor Cpc, a resonant inductor (Lg, LVI), two output rectifier diodes (D1 and Dps), and an output
filter Lo . In order to decrease turn off losses of the IGBTS, high valued parallel snubber capacitors are used in
the converter. It is important to determine the maximum and minimum values of the LVI in terms of discharge
of the snubber capacitors at minimum and maximum output currents. Leading leg transition and lagging leg
transition, respectively, occur in one period of PSFB converter. ZVS range of leading leg is wide enough, and
the operation of the leading leg is explained in [5,7]. In this study, only lagging leg transition analysis will be

given in detail.

Lagging Leg ———
Vo {(Q 23D, =C, Vour N DTS
GEI \ . Trfl LVI Gm\

I e} L 0
—
1 1 Ele ctrode
VD\ Vo,
il i Piece
1

Figure 1. LVI controlled PSFB dc-dc converter for arc welding applications.

The operation waveforms of the PSFB converter are shown in Figure 2. Before t < tg, @1 and D3 are
conducting. At t = tg, the drive signal Vg1 is removed and lagging leg transition starts. The equivalent
circuit for the lagging leg and related waveforms are shown in Figure 3(a). Before ¢ < to, switch S is closed,
Ver =0, Voo = Va = Vpe, and I, = I1,(0). When the switch S is opened at ¢ = tg, the energy of the

inductance charges C7, and discharges Cy. Capacitor currents are given as
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Figure 2. Operation waveforms of the PSFB converter.
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Inductor current is
dVen dVer

I, =Ici — Ico = (C1 + Cy) 7 =Cp 7

3)

The equivalent circuit of Figure 3(a) is given in Figure 3(b). Due to the resonance, the series capacitors can be
replaced with an equivalent parallel capacitor and dc voltage supply can be shorted. From Eq.(3), the equivalent
parallel capacitor Cp is obtained as

Cp=0C1+Cs. (4)

In the series L-C resonant circuit shown in Figure 3(b), the initial inductance current is I (0) and initial

capacitor voltage Vop(0) = 0. Circuit equations can be derived as follows:

I, = I,(0) cos(wt) (5)
Ll g . n n
s>( dl ‘[V ! Lo Lo
n 0 VA — 1 t=t, . L t=t, - L
Vo m— m m
Icz l T ’ : Ls LS
C,=—= ‘[VCZ LO=lw 1,(0)=l,,,, 1(0)=L,,
L v,0=0 | ‘
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Figure 3. a) Lagging leg transition circuit and waveforms for I L (0) = Ipmin, b) Equivalent circuit and waveforms for

1,(0) = Iparrn and ¢) Equivalent circuit and waveforms for I1(0) = Ipo.
Veop = I (0)wLg sin(wt) (6)
w=1/VIsCr )
T = 27/LsC,. (8)
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Here, w is angular frequency, and T' is resonance period. For ZVS condition the inductance energy should be

high enough to charge the parallel capacitor Cp to Vpc .
1 2 o 1 2
glsle 2 5CrVie (9)

From this energy relation, the minimum current level Ipy;ry required to provide ZVS is given by

C
Ipyviv = Vpe L—p~ (10)
g

For the complete charge/discharge of the parallel capacitor, primary current should be larger than Ippsyy .
When I, = I,p 1N, resonance duration is maximum and capacitor charges to Vpc in quarter resonance period

as shown in Figure 3(b). Primary current falls to 0 and Vo p reaches to Vpe at the end of

tzvsmax =

!

= g\/Lst. (11)

If the parallel capacitor is not discharged at the end of tzvgarax, reverse resonance occurs and soft switching

is lost.
If Ip > Ipprn as shown in Figure 3(c), the parallel capacitor voltage Vop increases from 0 to Vpe in

tzvs duration. If the initial inductance current I;,(0) = Ipg, then tzy s duration can be derived from (6) as

follows:
Vop = IpowLg sin(wt) = Vpe (12)
1 .. Vpe
- arcsm(Ipost) zZvs (13)
tzvs = v/ LsCp arcsin @q / @ (14)
Ipog V Ls

At the end of resonance Ip falls from Ipg to Ip; and current is commutated to Dy. Ip; can be obtained from
1 I3y — I3)) = Lowvz (15)
2 S\ po Pl — 2 PVDC-

At t = to, negative voltage is applied to Lg and current falls to zero linearly in t;;yvgpar duration.

I
LLINEAR = LSVl (16)
DC

Change of the primary current from Ipg to 0 takes place in the duration tpg as shown in Figure 2.

tpo =tzvs +lLLINEAR (17)

At the end of tzys duration Vggo should be applied to the IGBT. The dead time tpi2, required between 1
and @2, should provide
tzvs <tpiz2 <tpo. (18)

If tp12 > tpg, current changes direction, reverse resonance starts, and (2 turns on with hard switching. Energy

of the parallel capacitor is dissipated on the transistor.
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Duty cycle loss AD is defined as the duration of the change of the primary current from -Ipg to IWO as

shown in Figure 2. In this duration, the rectified output voltage Vp is zero because two rectifier diodes are

conducting simultaneously. If it is assumed that IWO = Ipg, then duty cycle loss is given as,

1
AD =tzvs +tLINEAR + tLINEAR£~ (19)
1
The percentage of the duty cycle loss AD (%) is calculated as,
AD 1
AD(%) = —= = 2fs |tzvs + trinpar(l + ﬂ) (20)
Ts/2 IPl
At high current levels tzvs << tringar, Ipo = Ip1, Ipy = [WO’ and from (19) and (20)
2LsIo
AD = 21
VbeN )
AD  Af.L.I,
AD >~ — AP0 22
(%) Ts/2 VaN (22)

are obtained.

In order to investigate the characteristics of the PSFB converter, the simulation of the converter is
realized in MATLAB. In the simulations IGBT is assumed to be an ideal switch. The converter is designed for
single phase inverter arc welding machine application with 200 A output current. The characteristics of the
proposed converter are obtained with simulation and given in Figure 4. Simulation parameters are selected as
Vpe=300V, Cp = 10nF, 1uH < Lg < 8uH, fg =75 kHz,and 0 < Ip < 40 A. The value of Cp is high
enough to decrease the turn off losses of the IGBTSs at nominal current. High values of Lg are not included
in the simulations because tpy and duty cycle loss AD increase with Lg. Minimum current boundary and
minimum dead time for the selected Lg are determined from tzysaprax curve. ZVS range and required dead
time increase depending on the value of Lg. The minimum dead time is restricted by the turn on and the turn
off rates of the IGBTs. Safe dead time is assumed to be tp12 >400ns for the selected IGBTSs at this power
level. Thus, Lg < 3uH is not appropriate for minimum dead time requirements. According to Eq. (18), dead
time should be smaller than tpq.

For Lg = 3uH and Lg = 8uH, the waveforms of tzvs,trrNnpar and tpg versus primary current are
shown in Figure 5. Dead time should remain in the area between tpy and tzyg curves. In case Lg = 3uH,
ZVS starts at Ipprrny =17.3 A, and dead time tp1o should be 272 ns. If tp1o is selected as 400 ns, soft switching
starts from Ip = 35.7 A (Point A). Small values of Lg is not able to provide dead time requirements and it
narrows the soft switching range. In case Lg = 8uH , ZVS starts at Ipprny =10.6, and dead time should be
445 ns. The minimum dead time provides safe dead time limit tp1o >400. If tpyo is selected as 400 ns, soft
switching below 10.73 A does not occur (Point B). For Lg = 8uH , tpo is 1.15us @ 40 A, and duty cycle loss is
34% at fs =75 kHz. Large values of Lg increase duty cycle loss and voltage ringing at the output. Parasitic
ringing across the rectifier diode occurs when the voltage rises in the secondary of the transformer as shown
in Figure 2. Voltage ringing is mainly affected by the resonance inductance Lg, the junction capacitance of
the diode, and the diode reverse recovery characteristics. When voltage is applied to the secondary, one of the
rectifier diode is reverse biased, and resonance inductance rings with the diode capacitance. Ringing frequency

is calculated as,
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Figure 5. Lagging leg transition durations and dead time areas for Ls = 3uH and Ls = 8uH .

where Cp is the equivalent capacitance of the rectifying diode. Large value of Lg causes ringing at lower
frequency, as well as higher diode voltage stress, higher snubber loss, and higher switching noise [6,8,17,18].
Secondary side ringing problems can be solved by using passive snubber, active snubber, or saturable inductor.
In this work, saturable inductances are used in series with rectifier diodes to suppress the ringing voltage at the
output.

Characteristics of the proposed converter are obtained with simulation and given in Figure 6. Simulation
parameters are selected as Vpe=300 V, Cp=10 nF, and 0 < Ip < 40 A . It is assumed that Lg(LVI) is
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changed as shown in Figure 6(a), depending on the output current (Ip = Ip/N). With proper selection of
minimum and maximum values of LVI, nearly constant dead time in the converter is achieved, and duty cycle
loss is not increased with output current. It is seen that ¢pg is nearly constant in Figure 6(b). Compared to
Figure 5 (Ls = 8uH), duty cycle loss decreases from 34% to 15% at fs = 75 kHz, at full output current

(Ip =40A). As switching frequency increases, the improvement will be more distinguishable.
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Figure 6. (a) Theoretical variation of LVI, and (b) Lagging leg transition durations for theoretical variation of LVI.

3. Experimental results

To implement the LVI characteristics proposed in Figure 6(a), two identical cores (inductors) are connected
electrically in series. These cores are not magnetically coupled. The parameters of the cores are given in
Table 1. The basic structure of the implemented LVI is shown in Figure 7. A DC control current generates a
DC bias field in both cores, and shifts the operation point into saturation. Without any control current in the
control winding, the inductance of the LVI turns out to be maximum. Maximum inductance value of the LVI
is obtained with appropriate number of primary turns. Next, the number of control winding turns is adjusted
experimentally until the required inductance characteristic is obtained. ®4¢1 and ® 402 do not induce AC
voltage in the control winding owing to phase shift of 180°. In order to saturate ferrite cores over the wide
range of control current, a small air gap can be inserted for inductance optimization. Otherwise very large
cores may be necessary for LVI design. Increasing air gap too much is not recommended, because the core
B-H characteristic becomes approximately linear and required inductance variation characteristic with control
current can not be obtained. Control winding current of the LVI is the dc output current of the converter. The

current flowing through Lg is the AC primary current.

199



Turk J Elec Eng & Comp Sci, Vol.19, No.2, 2011

LacLs

NG

Core 1 Core 2 Ly
I

D
Paci Ipc DC Ipc Ppc2
1 Control
o Winding

Figure 7. Basic structure of the LVI.

Table 1. Core properties used in LVI prototype.

I | Magnetic length 19.2 cm
A | Core area 4.34 cm?
1 | Core permeability 1290

The inductance of the implemented LVI is measured depending on the control current as shown in Figure
8(a). The control current is adjusted between 0 - 200 A and this corresponds to the change of Ip between 0
and 40 A. The inductance of the implemented LVI prototype decreases with increasing control current. Lagging

leg transition durations are obtained with simulation for the implemented LVI, and given in Figure 8(b).

The developed LVI is replaced with resonant inductor in the PSFB converter. Design specifications and
PSFB converter parameters are given in Table 2. The control of the converter is implemented with UC3879.

In order to analyze the output current response of the PSPWM converter, simulations are realized in
MATLAB for the implemented LVI, and for Lg = 1uHand Lg = 10uH. Output current reference is set at
Iy = 140A. Output current is compared with reference current, and duty cycle is changed with PI controller
depending on the current error. PI parameters are selected as Kp = 1.1 and K7 = 0.6 for sampling frequency
fs = 75kHz. From the simulated output current responses shown in Figure 9, the output current settles to
the reference current in about 100 ws, and relative ripple in the output current is quite low (Alp = %)
because of high frequency switching. Overshoot in the output current in LVI assisted PSPWM converter
is approximately 25%. Overshoot increases with decreasing Lg, and it is minimum for Lg = 10uH. The
overshoot is also dependent on Kp and K coefficients. In the steady state, the duty cycle is 71%, 57% and
45% for Lg = 10uH, LVI, Ls = 1uHrespectively. Lg = 1uHis shown for comparison purpose, it is not
appropriate for implementation. It is concluded that use of LVI does not cause control instability in the PSFB

converter, and control design is similar to that in normal PSPWM converter.
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Figure 8. (a) Experimental variation of LVI, and (b) Lagging leg transition durations obtained for experimental variation
of LVL

Table 2. Design specifications and parameters of LVI assisted PSFB converter.

Ttem Symbol Value
Input voltage Vbe 300V
Switching frequency fs 75kHz
Dead time tp12, 1D34 400ns
IGBTs S1(Q1+ D1) — Sy | IXGH60N60C2D1
Output diodes Do1 — Doo DSEI 2x121-02A
Snubber capacitors C1—Cy 5nF-630V
Transformer turns ratio N = Np/Ng 5:1
Magnetizing inductance Ly 300uH
Nominal output current Io 2004, (Ip = 404)
Output inductor Lo 10pH

Experimental results taken from the LVI assisted converter are shown in Figures 10-14. The waveforms
of primary current Ip, the voltage V4p and gate drive signals of the lagging leg, at minimum primary current
providing ZVS, are given in Figure 10. It is seen that ZVS operation starts at approximately Ip=10 A, and
dead time between gate drive signals of the lagging leg is 450 ns.

Primary current Ip and the voltage Vap are given in Figures 11, 12 and 13, at output currents 60 A,
130 A and 200 A, respectively. From these figures, it is seen that tpy = 550 ns and AD = 1.1us approximately.
tpp and AD are nearly constant at different output currents, due to the decrease of the value of the LVI with

increasing output current.
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Figure 9. Output current responses and duty cycle waveforms in the PSFB converter for Ls = 1pH, LVI and
Ls = 10pLH(Iref :14OA).
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Figure 10. Experimental waveforms of Vag(100V/div), Ip(10A/div), Varpa(10V/div) and Vges(10V/div) at mini-
mum ZVS boundary (1 ps/div).
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Figure 11. Experimental waveforms of Ip and Vap for I,= 60 A from LVI assisted converter with 100 V/div, 10
A/div and 1 ps/div scales.
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Figure 12. Experimental waveforms of Ip and Vap for Io= 130 A from LVI assisted converter with 100 V/div, 10
A/div and 1 ps/div scales.
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Figure 13. Experimental waveforms of Ip and Vap for Io= 200 A from LVI assisted converter with 100 V/div, 25
A/div and 1 ps/div scales.
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Figure 14. Experimental waveforms of Ip and Vap for Io= 200 A from normal PSFB converter with Ls = 8uH.
Scales are 100 V/div, 25 A/div and 1 ps/div.

Waveforms of the normal PSFB converter with Lg = 8 uH are given in Figure 14. It is seen that primary
current changes its direction in 2.5 pus at nominal current. According to equation (22), the duty cycle loss,
which is about 34% in the normal PSFB converter, reduces to about 15% in the proposed LVI assisted PSFB
converter, at full output current. Furthermore, output voltage ringing is quite low in the proposed LVI assisted

PSFB converter because of the reduced energy in the resonant inductor.
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4. Conclusions

In this study, a new Phase Shifted Full Bridge (PSFB) pulse width modulated isolated dc-dc converter is
proposed to improve the ZVS range of the lagging leg. In the proposed PSFB converter, IGBTs are used
instead of MOSFETSs due to their low cost and low conduction losses. In order to operate IGBTs at high
switching frequencies, turn-off losses are reduced by means of high valued parallel snubber capacitors. The
normal PSFB converter is not well suited for IGBTs because of the limited ZVS range of the lagging leg
switches. It is required to employ a large resonant inductor to provide ZVS at the lagging leg, and this increases
duty cycle loss and parasitic ringing at high currents, and decreases efficiency.

In the proposed converter, the required large resonant inductor is replaced with Linear Variable Inductor
(LVI) which is controlled by output current. The soft switching operation range is extended and dependency of
ZV'S operation on the load current is decreased. At high currents, parasitic resonances and duty cycle loss are
reduced. By means of LVI, the necessity of the dead time control between gate drive signals of the IGBTSs in
the lagging leg is eliminated. This feature is very important for industrial applications. A prototype of single
phase IGBT-based inverter arc welding machine is implemented by using the proposed converter operating at
75 kHz switching frequency with 5 kW output power. The duty cycle loss, which is about 34% in the normal
PSFB case, reduces to about 15% in the proposed LVI assisted PSFB converter, at full output current. The
proposed method does not increase the number of components in the normal PSPWM converter. The control
and design principles are similar to the normal PSPWM converter and control is very simple. The resonant
inductor can be replaced with LVI by using an additional core and a control winding in series with the output
inductor. But, the size of the implemented LVI is larger than normal resonant inductor, and it is required to
make optimization to reduce the size of the LVI. The experimental results taken from the converter demonstrate
that the proposed method has promising feasibility in high-power applications where IGBTs are preferred as

the power switches.
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