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Abstract: This work focuses on the design and
implementation of hybrid controller for parallel DC- DC
converter intended for direct current (DC) Arc welding
application. In this work Parallel multi phasing Topology
of DC- DC converter is considered to ensure current
sharing between the converters with reduced stress. The
proposed hybrid controller combines the advantages of
proportional integral controller at steady state and fuzzy
logic controller at transient state. A complete
comprehensive simulation of proposed controller is
carried out and results indicate the dynamics of proposed
system is robust with sudden variations in load.
Experimental studies justify the application of hybrid
controller for welding applications.
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1. Introduction.

The power source of welding decides welding
guality, technical and economic characteristics of
welding [1, 2]. The welding power supply with DC
output provides high stability [3].Conventional dc
welding sources employ uncontrolled diode bridge
rectifier with a bulky dc-link capacitor in the front
end followed by an inverter rectifier combination at
the load end [3]. To improve the input power quality
front end converter topology has been proposed in
[3]. Detailed analysis of literatures highlight the
merits of DC-DC converter for high current welding
applications [4].

Parallel operated DC to DC converter have
several advantages like low stress on semiconductor
devices, reliable, high current carrying ability and
good thermal conductivity. Researchers have
explored the use of coupled inductor for parallel
connected Single-Ended Primary Inductor Converter
(SEPIC) topology [5]. In [6] interconnection concept
of two (or more) series-parallel resonant converter
suitable for parallel/series connected inputs is
explained. It is in this perspective this work focuses
on parallel multi stage converters for welding
applications.

The controller design is vital for ensuring

desired operation of the power converter. A dual-
loop

Control scheme is utilized to incorporate over
current protection and regulate dc voltage. The
integration of voltage and droop current sharing
controller with small signal modelling of parallel
DC/DC converter system is discussed in [7]. The
fault tolerant capability of parallel converters and
their merits are discussed in detail in [8, 9]. A robust
controller for parallel dc—-dc buck converters by
combining the concepts of integral-variable-
structure and multiple-sliding-surface control is
explained in [10]. The adaptive control of parallel
DC to DC buck converter is discussed in
[11].Bifurcation behavior in parallel-connected buck
converter to enable stable current sharing is
explained in [12, 13]. In [14] the implementation of
PID and fuzzy logic controller for DC-DC buck
converter using digital signal processor is explained.
A new mixed modulator for parallel converter that
combines interleaving and  spread-spectrum
techniques in order to achieve the lowest level of
conducted EMI generation is discussed in [15]. The
design of fuzzy controller to reduce the current
ripples is discussed in [17, 18]. Control method for
equal current sharing with linear and nonlinear load
for three phase parallel converter is explained in
[19]. An intensive analysis of various literature
acknowledge that fuzzy Systems provide better
response under transient conditions while a
conventional Pl controller works well in steady
state. It is in this context this paper discusses a
hybrid fuzzy PI controller for Parallel multi stage
buck fed cuk Converter.

1. Description of Parallel Buck Fed cuk

Converter
A. Description of Buck Fed cuk Converter

Parallel buck fed cuk converter block diagram is



shown in Fig. 1 where output of first converter is
given to second converter. Therefore two stage
voltage reduction take place and range of
controllable duty radio will increase. Voltage stress
on IGBT under turn off condition reduces. Since
buck fed cuk converter are connected in parallel
entire load current get divided into number of
parallel stage. Paralleling of converter will reduce
current crowing under turn on condition and thermal
stress.
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Fig. 1.Block diagram of the parallel buck fed cuk
converter

The buck fed cuk converter consists of two
IGBT named S1 and S2. Also two fast recovery
diode D1andD2 used as freewheeling action when
corresponding IGBT is in turn off condition. L1 C1
and L2 C2 of corresponding inductor and capacitor
stage 1 and stage2 respectively which is shown in
Fig. 2. There are five modes of operation under
continuous conduction mode. Fig.2 (a), Fig.2 (b),
Fig.2 (c), Fig.2 (d) and Fig.2 (e) shows the different
mode of operations.
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Fig. 2. Buck fed cuk converter
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Mode I:

In this mode both S1 and S2 is turned ON.
The current through the inductor L1 and L2 rises
linearly. As the diode is reverse-biased by the
voltage source V, no current flows through it. L is
used to transfer energy from the input to the output
of the converter.
Vi =Vi, —Va 1)
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Fig.2(a) Mode |
Mode II:

In this mode S1 remains ON and S2 is
turned OFF. The current to the load is only
discharging of capacitorC2, L1 is connected to in
supply, diode D1 is reversed biased and D2 is
forward biased, L2 transfer energy to load.
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Fig.2(b) Mode Il

Mode IlI:

In this mode both S1 and S2 is Turned OFF.
This mode is continuous of mode |1, with respect to
load same condition continuous.

Fig.2(c) Mode 111

Mode IV:

In this mode S1 is OFF and S2 is turned ON
so what stored on L1 will be transferred to second
stage. D1 forward biased anld D2 is Reversed
biased.

Fig.2(d) Mode IV

Mode V:

This is the last mode which is same as mode
I1, both S1 and S2 OFF and both D1 and D2 are
forward biased. Only in MODE | source is
connected to load, various switching pattern is
shown in Fig.3.

Fig.2(e) Mode V



B. Design of Buck fed cuk Converter:

The key parameters in design of buck converter
are input voltage V in, output voltage V out,
maximum output current I load, switching frequency
of power IGBTSs fsw.

(i) Inductor design:
The equation for the right inductor calculation

is

L V_o_utx(\/_ln—v_ou_t) 4)
(I _ripplex f _swxV _in)

After rearrange and substitute

I_:Dx(\/_m—v_out) 5)

(I _ripplex f _sw)

For the inductance, the appropriate wire diameter of
the inductor should be selected. The maximum
output current of the design, decides the wire
diameter of the inductor. Equation to get the
maximum output current is given by.

|.

Imax = IIoad + Lple (6)
2

To avoid the overload of the inductor, the current

rating of the inductor is chosen with respect to the

maximum current.

(i) Capacitor design

The voltage ripple across the output
capacitor is the sum of three parts. One is due to the
Effective Series Resistance (ESR) of the capacitor,
other is due to the Effective Series Inductance (ESL)
of the capacitor and the third is the third is the
voltage drop due to the load current that must be
supplied by the capacitor as the inductor is
discharged. The capacitor ESR value can be selected
from data sheet. ESL value is taken as zero.

T _on

T =— )

As mentioned before, assume ESL=0, Simplify the
equation

V =1 _ripplexESR +( | _ripplexT _onj ©
C _out

Therefore

. out=( (I _rlpplef<D/f _sw)j
- (AV —1 _ripplex ESR)
(10)

Cout is the minimum output capacitor I ripple is the
estimated inductor ripple current AV is the desired
output voltage ripple D is Duty Cycle of the Buck
converter Fsw is minimum switching frequency of
the Buck converter, generated by drive circuit.

2. Hybrid FUZZY Pl Controller for Parallel
Converter

This section contemplates the application of
hybrid Fuzzy PI controller for wilding application
combining the advantages of Pl controller at steady
state and fuzzy controller during transient state. The
block diagram of hybrid controller has been
represented in Figure 5. A simple logical switching
mechanism is employed which changes the control
action from one controller to another controller
based on the voltage error value. The conventional
Pl controller is operated at steady state condition
while fuzzy is operated when the system undergoes
transient or overshoot behavior. The input voltage
error () and change in voltage error (ce) to the
fuzzy logic controller are divided into seven
linguistic variables: Negative Big (NB), Negative
Medium (NM), Negative Small (NS), Zero (ZE),
Positive Small (PS), Positive Medium (PM), and
Positive Big (PB) shown in table.1. The linguistic
variables for the output are ZE, PS, PMS, PM, PLM
and PL represent Zero, Positive Small, Positive
Medium Small, Positive Medium, Positive Large
Medium and Positive Large respectively.
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Fig. 5.Proposed hybrid system

A. Design of Fuzzy Logic Controller

Design of fuzzy controllers is based on expert
knowledge of the Converter. There are two inputs
for the fuzzy controller for the buck converters. The



first input is the error in the output voltage given,
where OV/[K] is kth sample of the output voltage and
VR is the desired output voltage. The second input is
the difference between successive errors and is given

by

e[k]=VR-0OV[K]
ce[k]—e[k]—e[k —1]

(11)
(12)

The first step in the design of a fuzzy logic
controller is to define membership functions for the
inputs. Seven fuzzy levels or sets are chosen and
defined by the following library of fuzzy-set values
for the error e and change in error Ce.

The control rule for the dc-dc converter is shown
in the Table.1. A typical rule can be written as
follows. If e is NB and de is PS then output is ZE
where the labels of linguistic variables of error (e)
are, change of error (de) and output respectively, de
and output represent degree of membership.

Table. 1 Rule Base for Membership Function

de

e NB | NM | NS | ZE | PS | PM | PB
NB | NB|NB | NB|NB | NM| NS | ZE
NM | NB | NB| NB|NM | NS | ZE | DS
NS | NB | NB|NM| NS | ZE| PS | M
IE | NB | NM | Z8S | ZE | BS | PM | B
PS | NM | NS | ZE | PS | PM | PB | PB
PM | NS | ZE | PS | PM | PB | BB | PB
PB | ZE | PS | PM | PB | PB | PB | PB

B. Flow Chart

The process of Hybrid Fuzzy PI controller is
based on the error voltage from the converter. The
conventional PI controller is active when the voltage
error is less than 5 volts whereas the hybrid
controller is active when the error is greater than 5
volts. The working of the controller is depicted in
figure 6.

4. Result and Discussion

MATLAB software is used to validate the
performance of various controller on parallel buck
fed cuk converter. Performance of proposed
converter is simulated in open loop, closed loop with

Pl, fuzzy and hybrid systems. Steady state error, rise
time and output ripple are considered as
performance measure for evaluating the performance
of various controller. Fig.7. shows output voltage
waveform of converter operated under open loop.
The point 'a' shows the instant at which load is
applied and the disturbance in waveform that is
voltage drop to zero. At point 'b' (15sec) change in
load there is a drop in voltage is12V, steady state
error is 3V.

The closed loop current response and
voltage response with various controllers is depicted
in Fig.8 and Fig. 9 respectively. The steady state and
dynamic characteristics are analyzed with respect to
the points 'a', 'b', 'c’, d' and are tabulated in Table2.

From the simulation it is evident that the
proposed hybrid controller is robust and has better
steady state and fast dynamic response which is the
requirement in DC welding application.

REFFRNCE VOLTAGE (Vref)

e{t) = Vref - Vact

CALCULATE CHANGE IN
ERROR ce(t) = de/dt

READ Kp, Ki, (t) l READ e(t) and ce(t) ‘

I

APPLY FUZZY RULE BASE |

CALCULATE THE GAIN u(t)

u(t) = Kpe(t) + MS«(()

GENERATE REFERENCE
CURRENT

GENERATE PWM
PLUSE TO CONVERTER

Fig.6. Flow chart of Hybrid system
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Fig.9. Output Voltage Waveform of various controller

PERFORMANCE CONTROLLER TYPE
PARAMETER Pl | FUZZY | HYBRID
Rise Time(sec) 0.2 .05 .04
(output current)

Steady-State (sec) 208 198.5 210.5
Value(current)

Steady-State (sec) 23.9 22.75 24
Value(voltage)

Output Current 3 5 2.5
Ripple(A)

Output Voltage 0.3 0.5 0.25
Ripple(V)

5. Experimental Analysis

The experimental setup of Buck fed cuk
converter is shown in Fig.10. Hybrid algorithm is
implemented using PIC16F877A micro controller
from microchip. The Voltage output from converter
is taken as feedback and given to microcontroller
through port A, with the code return in pulses are
generated which is shown in Fig.11l. The
experimental voltage and current are scaled down
version of simulations. Hardware model is designed
for 1.4A which is shared by parallel converter as
0.7A. Input Voltage from diode rectifier of 45.6 V is
passed to filter is given as converter input shown in
Fig.12, output current waveform of converter is
shown in Fig.13.
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6. Conclusion

This paper proposes a hybrid fuzzy PI
controller for parallel buck fed cuk converter for DC
welding applications. The hybrid algorithm
combines the merits of Pl and fuzzy controller. The
simulation results indicate the robustness of the
controller. Hardware results validate the proposed
controller for Parallel converter and justifies its
application for welding application.

Appendix A
Parameter of the Simulation

STAGE VALUES

Tine 20.00us ©:00.00ne

Fig.12.Input voltage to converter

[ F1=2.5 kHz, VIN=230V,
VOUT=100V, IOUT=35A,
VRDS,0N=3.5V, TON=177}s,
IMIN=3.5A, L1=3.1994mH,
C1=350pf

I F2=5 KkHz, VIN=100V, VOUT
=24V/,10UT=35A,VRDS,0N=3.5V,
TON=50.25ps, IMIN=3.5A
L2=10mH, C2= 450uf

C3=625 pf

References

1. JM. Wang and S.T. Wu, “A novel inverter for arc
welding machines,” IEEE Trans. Ind. Electron., vol.
62, no. 3, pp. 1431-1439, Mar. 2015.

2. JM. Wang, S.T. Wu, S.-C. Yen, and H.-J. Chiu, “A
simple inverter for arc-welding machines with current
doubler rectifier,” IEEE Trans. Ind. Electron., vol. 58,
no. 11, pp. 5278-5281, Nov. 2011.

3. Swati Narula, Bhim Singh, G. Bhuvaneswari,
"Improved power-quality-based welding power supply
with over current handling capability,” IEEE Trans.
power electronics, Vol.31,No.4, pp.2850-2859,
April.2016.

4. Thiruvenkadam Madhulingam, Thangavel Subbaiyan,
Paramasivam Shanmugam, Shrinath Kumar "Design




and development of improved power based micro-butt
welding power supply,” IET power electron,
Vol.10.iss 7, pp.746-755, 2017.

5. Venkatanarayanan, Saravanan Manimaranl "design of
parallel-operated SEPIC converter using coupled
inductor for load sharing." Journal of Power
electronics, Vol.15, No.2, pp 327-337, march 2015.

6. H. Aigner, J. Biela "Parallel/Series connection of self-
sustained oscillating series-parallel resonant converter"
14th European Conference on power electronics and
application(EPE), pp 1-10, 2011.

7. J. B. Wang, Design A Parallel Derived Buck
Converter System Using The Primary Current
DroopSharing Control, IET Power Electronics, Vol.4
Issue 5, pp491-502, 2011.

8. Vijay Choudhary, Enrique Ledezma, Raja Ayyanar,
Robert M. Button "Fault Tolerant Circuit Topology
And Control Method For Input-Series And Output-
Parallel Modular Dc-Dc Converters”, IEEE Tran on
Power  Electronics,Vol.23,Issue 1, pp402-411,
Jan2008.

9. Muhammad Saquib "regulated peak power tracking
system." Journal of Power electronics, Vol.11, No.6,
pp870-879, Nov 2011.

10.SudipK. Mazumder, Ali H. Nayfeh, and Dushan
Borojevic "Robust Control Of Parallel Dc-Dc Buck
Converters By Combining Integral-Variable Structure
And Multiple-Sliding-Surface Control Schemes" IEEE
Trans On Power Electronics, Vol. 17, No. 3, pp428-
437 May 2002.

11.Wei Zhou. "Adaptive control of parallel DC-DC buck
converter ~ with  uncertain  parameters.”  12th
international conference on control, automation,
robotics and vision, pp 737-740, 2012.

12.H. H. C. lu, C. K. Tse, "Bifurcation Behavior In
Parallel-Connected Buck Converters." IEEE Trans On
Transactions On  Circuits And  Systems—I
Fundamental Theory And Applications, Vol. 48, No.
2, pp 233-240, February 2001.

13.H.H.C. Lu "Effect of interleaving on the bifurcation
behaviour of parallel-connected Buck converter."
IEEEICITO2, pp 1072-1077, 2002.

14.Liping Guo, JY Hung, RM Nelms “Evaluation of dsp-
based pid and fuzzy controllers for dc-dc
converters”’IEEE Transactions on Industrial
Electronics, vol. 56, no. 6, June 2009.

15.J.Mon, D. Gonzalez, J. Balcells "Hybrid modulator for
power converter for power converter in parallel
topology.” 15th International power electronics and
motor control Conference." pp DS2C1.1-DS2C1.7,
2012.

16.Martin  Ordoneg, Mohammad T. Igbal, John E.
Quaicoe "Selection Of A Curved Switching Surface
For Buck Converters”, IEEE Trans On Power
Electronics, Vol.21, Issue 4, pp 1148-1153, July 2006.

17.Nittala S. K. Sastry "Reduction Of Ripple In Single
Phase Buck Converter By Fuzzy Logic Control",
Vol.2, Issue 3 pp 2202-2204, May-Jun 2012.

18.Reza llka, "Fuzzy Control Design For A Buck
Converter Based On Recursive Least Square
Algorithm," International Journal On Computational
Sciences & Applications, Vol.2, No.6, pp 9-20 , Dec
2012.

19.Uffe Borup, F. Blaabjerg; P. N. Enjeti, "Sharing Of
Nonlinear Load In Parallel-Connected Three-Phase
Converters* IEEE  Transactions On  Industry
Applications, Vol. 37, No. 6, pp 1817-1823, Nov/Dec
2001.

20.Chuen Chien Lee "Fuzzy Logic In Control Systems:
Fuzzy Logic Controller-Part 1", IEEE Transactions On
Systems, Vol.20, No.2, pp404-418, Mar-Apr 1990.

21.S.Vinod Dr. M. Balaji, Dr. M. Prabakar "Robust
control of parallel buck fed buck converter using
hybrid fuzzy PI controller.” IEEE PEDS conference,
June 2015.

22.S.Vinod, S B Thalapathi" parallel connected buck fed
SEPIC converter system for welding application”.
pak.J.Biotechnol, VVol.13, pp 391-394.2016


http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.D.%20Gonz%C3%A1lez.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.J.%20Balcells.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Mohammad%20T.%20Iqbal.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.John%20E.%20Quaicoe.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.John%20E.%20Quaicoe.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.F.%20Blaabjerg.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.P.%20N.%20Enjeti.QT.&newsearch=true

