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1. INTRODUCTION

Switched mode dc-dc converters are the most efifigg@wer electronic systems that convert an
unregulated dc input voltage into a regulated dtputuvoltage. Switched mode power supplies when
compared with the linear power supplies are smaitiesize, much more efficient and have high power
density. Therefore they are used extensively irsgeal computers, computer peripherals, communitatio
medical electronics and adapters of consumer elgctrdevices to provide different level of dc voks.
Among the basic topologies of dc-dc converters bookverters are widely used in portable consumer
electronics. In general dc-dc converters are timvariant, non linear dynamic systems. The non fimadure
of the dc-dc converters arise mainly due to switghpower devices, inductors and capacitors. Onerértt
disadvantage of buck converter is its reliance amgd passive components. The increase in switching
frequency reduces the size of components but dslda various converter losses thereby reducing the
efficiency when used particularly in light loads brder to overcome these limitations soft switghin
methods are used [1].

Soft switching techniques such as zerotagael switching and zero current switching
substantially reduce the switching losses resulimigher efficiency. This paper particularly deatith
zero current switching which facilitates the folioyy advantages: (i) Before the initiation of thexne
switching cycle the inductor current is zero infiegr higher efficiency. (ii) Zero current switchiradways
forces the inductor to begin its charging at zenoent which limits the peak value of the induatarrent to
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exactly twice the average current. This is quitsirdéle for both steady states and instantaneoitshing
cycle relationships [2].

In high power applications, it is often requiredassociate the converters in series or in par
due to the unavailability of a single device tohstand the voltage stress or current stress. Tvengaes o
comecting the converters in parallel called interlegvare:(i) input current ripple is reduced (iidirctor
size is reduced (iii) current rating of the semidoctors are reduced (iv) good current sharing antbe
converter modules (V)R losses andnductor ac losses are reduced (vi) easier systaimtemance an
expansion (vii) increased system reliability. Theim challenge in the field of Power Electronics
emphasized more on the control aspects of tl-dc converters. The control approachuires effective
modeling and a thorough analysis of the conve

The main objective of a control scheme is to mdiee dystem to track the desired refere
input even in the presence of noise, modeling earat disturbances. In control syst controller plays a
vital role by generating appropriate control sigftal the system to regulate the performance.Insgitthe
advancements in process control techniques, PIDp(Ptional— Integral —Derivative) controller is stil
popular in closeddop control. In most of the industries PID conedl are widely used due to th
simplicity, applicability, low power consumption érease of implementation. A simple Zier-Nichols
tuning rule is one of the most popular methodsuwiirtg to obtain resonable good initial setting of Pl
controllers because of familiarity and ease of[@%

The design of feedback compensator requires a dgnawdel of the switching converter. In orc
that the transient analysis and control designeasy a number equations must be solved in a seque
This problem can easily be solved by arriving airagle equation describing the converter approety:
over a number of switching cycles using state sgaggaging technique. The zero current switchirgs)
interleaved Buck converter with PID controller haserbedesigned, modeled and simulated u
MATLAB/Simulink.The main objective is to implemetitis control scheme to the converter which desesi
its operation, implementation, simulation perform@arand o to study the performance of the conve
with source and load variations.

2. DESIGN OF ZCSINTERLEAVED BUCK CONVERTER
2.1 Buck Converter:

The output voltage of the Buck converter whichhiewsn inFigurel is always less than the ing
voltage and is given by,

VO = dVS (1)

Whered = T"T” is the duty cycle ratio, o, is the on time of the semiconductor switch and Thé

switching period. To ensure the continuous curmeotle of conduction the selected value of induct:
should beggreater than the critical value of the inductc which acts as a boundary condition for continu
and discontinuous current mode of operation:

Switch

gl e111 08
Ve— ZS Diode — R

Figure 1. Schematic diagram of Buck converter

The buck converter comprises of an inductor capacitor C, a semiconductor switch and a di
The critical value of inductance is given

Le=(1~-d) - e
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The inductor value must be chosen by consideriaddbt that the magnitude of the ripple current in
the output capacitor as well as the load currerdetermined by the appropriate inductor value. ldenc
normally a ripple current of 10% to 20% of the ager output current is assumed for the design teaeh
good performance of the converter. The value ofidghar is determined by,

_ VsTd(1-d)
Al = 0D 3)
The capacitor value is determined by assuming tipub voltage ripple as 1% to 2% of the output
voltage. The capacitor value is determined by,

1
8fsC

AV = AL )

The following are the parameters considered foigtled/s=48V, Vo=12V, =50 kHz, L=2.16X10
*H, C=1.736x10F and R=1.4@

2.2. Zero Current Switching Buck Converter:

The switches of the zero current switching (ZCSkBuaonverter turn on and off at zero current.
The circuit shown in the Figure 2 consists of tiguictor connected in series with the switch to ehiZCS.
This type of connection is called as L type conio&ctwhich is advantageous than the other type of
connection called the M type. In M type of conneatan amount of energy is trapped in the inducter t
the recovery times of the practical devices. Tlisults in the voltage transients across the swittls
condition favors the L type over M type.

Ly

8, Le
¢ oo (PN
by

5 Iy l
. Cxn i Iy .
Vo= -‘7 T b R

Figure 2. Schematic diagram of ZCS InterleavedkBoionverter

IS

The ZCS Interleaved Buck Converter comprises ofrés®nant component inductorg; )Ly, and
capacitors & and G», inductors L, and L,, a capacitor C, two semiconductor switches, twads O and
D, and a load resistor R.

The resonant components can be determined as follow
The ratio between the peak resonant current anibéaecurrent is given by the following equation,

—Im_ Vs |&
T T NI (5)

The value of inductor ¢ and the capacitor,Care determined by,

14 2V
T = % C, + I—S C, (6)
and
Vs 2
L, = (E) Cy (7)

The following are the parameters considered foigthed x; =Lx,= 5.89uH and
Cx]_ = C:xgz 7584“F
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3. MODELING OF ZCSINTERLEAVED BUCK CONVERTER

The ZCS interleaved buck converter is modeled ustate space averaging technique in which the
design is carried out in time domain based on thmrformance indices. Therefore the converter
specifications are very well met. This method ghy significant for this kind of converters sintee PWM
converters are the special type of non linear systerhich is switched in between two or more noedin
circuits depending upon the duty ratio [4]. The waideature of this method is that the design cacabeed
out for a class of inputs such as impulse, stegirarsoidal function in which the initial conditioase also
incorporated.As a general case state space avgragdthod for two switched basic PWM converters is
discussed now. The inductance currents and capeeitaoltages are state variables and matrix form of
equation is mentioned below,

X = Alx + Blu (8)
X = Azx + Bzu (9)

where x is a state variable vector, u is a souentor, A, B, A,, B, are the system matrices respectively.
The significance of state space averaging techniiggein replacing the above two sets of state
equations by a single equivalent set describddliasvs,

X =Ax + Bu (10)

The A and B matrices are the weighted ayes of actual matrices describing the switcheterys
given by the following equations,

A=dA, + (1 —d)A, (11)
B=dB, + (1—d)B, (12)

where d is the duty cycle ratio. Based on the alsliseussion, state model of Interleaved Boost cdavés
derived and is discussed now.

Mode of operation is assumed as continuous coratusiince higher power densities are possible
only with this mode of operation. During this mode and §) are always in complementary states with the
switches $and S respectively that is when, $ on, D is off and vice versa. Similarly when 8 on, B is
off and vice versa. Accordingly four modes of sWwitgy states are possible and the corresponding stat
equations are arrived as follows:

Model: S, and $ are on
X - Alx + 31VS (13)

_ il .
Iy
iLxl

X = isz (14)

VCxl

VCxZ
[ v, |

where i and j are currents flowing through the inductancesihd Ly, iix; and jx, are the currents flowing
through the resonant inductanceg hnd Ly,,Vx; and V., are the voltages across the resonant capacitances
and \t is the capacitance voltage respectively.
Mode2: S, is on and 8is off

X = Azx + BZVS (15)

Mode 3: S is off and $is on
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X = A3x + B3VS (16)

Mode4: S, and $ are off

X - A4x + B4VS (17)
where,
0 0 0 0 = o
Ly Ly
o o o o o =+ =
Ly Ly
0 0 0 0 = 0 0
Ly1
A;={0 0 0 0 0 = 0 (18)
X2
L 0 0 0
Cx1 Cx1
o =~ o = 0 o0 o0
Cx2 Cx2
L1 90 0o o o =
- C (o RC-
[0 0 0 L oo 4
Ly Ly
o 0 0 0 0 o0 =2
Ly
00 0 0= 0 o0
Ly1
42=lo 0 0 0 0 -~ o (19)
Lx>
22 0o 20 0 0 0
Cx1 Cx1
0 0 0 0 0 0 0
L2 9 0 0 o =2
- C C RC-
0 0 0 0 0 0 -
Ly1
0o 0 0 o o =+ =%
Ly Ly
00 0 0 == 0 0
Lxq
4=lp 0 0 0 0 =X o (20)
Lx>
00 00 0 0 0
0= 0 = 0 0 0
Cx2 Cx2
LI 9 0 0o o =2
-C C RC-
0 0 0 0 0 0
Ly
0000 0 0 O
0000 =L 0 o0
Ly1
4 =10 0 0 0 0 == o (21)
Lx>
0000 0 O O
0000 0 0 0O
LT 90 0 o =2
-C (o RC-
_0_
0
1
Ly1
B,=B,=B; =B, =L (22)

N
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The average state model takes the form describ&dlaws:
X = [Allx] + [B][U] (23)

Where [A] = Aldl + Azdz + A3d3 + A4d4, [B] = Bldl + Bzdz + B3d3 + B4d4, [U] = VS and the dUty
cycle ratio is given by, + d, + d5 + d, = 1.The output equation is defined as follc

e
i
iLxl
y=[0 0 0 0 0 0 1]|iix (24)
VCxl

VCxZ
| v, |

4. CLOSED LOOP CONTROL SCHEME FOR DC-DC CONVERTER
The closed loop control system for the ZCS IntadebBuck converter with PID controll
feedback is shown in the Figuse

Vref + Ve PID 7CS
CONTROLLER | PWM |—| INTERLEAVED
BUCK
Vo - CONVERTER
SENSOR

Figure3. Functional Block diagram of closed loop contrtbtic-dc converte

The ultimateaim in designing the controller is to minimize #eor between o and Vref. As seen
from the Figure 3the important functional blocks that are evidermt: &ID Controller, PWM (Pulse Wid
Modulation) and daic converter. The PID Controller acts asompensator and generates the control si
by compensating the error signal (Ve).PWM blockoisthe generation of driver signal obtained frdme
compensator. The error (Ve) between the outputagelt(\Vo) and reference voltage (Vref) is processe
the compensator block with PID Controller algorithm generate control signal. The control sic
significantly affects the converter characteristicsl therefore effective tuning of the controlkeione of the
desired aspects of the control system. Tine tuned PID controller generates the duty cydenmand
corresponding to the error signal which is thenvested as switching pulses using the PWM functic
block.

5. DESIGN OF ROBUST PID CONTROLLER
The typical closed loop system using PID contraeshown in theFigure3. The ideal continuous
time PID controller can be expressec

u(®) = ky |e(®) + 1 fy e(®dt + T, e ()| (25)

Where u(t) is the control output, is constant coefficient of the proportional galinjs the integral time,
is the derivative time and e(t) is the error betwé®e Vref and Vo. The transfer function correspngdo
the PID controller is given as,

u(s) = [kp +54 kds] e(s) (26)
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Where k,, k; =’;—’i’ and ky = k,T,4 are the proportional, integral and derivative gaofsthe controller

respectively [3]. K, T; and Ty are calculated according to Ziegler — Nichols igniules. This method is an
accurate heuristic method for determining goodirggt of PID controllers. This method is based oa th

empirical knowledge of the ultimate critical gaig Pwhich is given by%" , Whereo is the natural frequency

of oscillation of the converter under consideratibhe Ziegler — Nichols tuning formulae is illugtrd in the
Table.1

Table 1. Ziegler — Nichols tuning rules for PIDr@wller design

SI.No Parameters Formulae
1 Proportional gaing} 0.6 R
2 Integral Time () 05 R
3 Derivative Time (3) 0.125 R

P, value is obtained by the careful evaluation of domverter by assuming appropriate natural
frequency of oscillation. Theykvalue thus obtained is properly tuned in ordet tha system tracks the
required step response. The main objective in tuthe controller is to choose the parameters ih suway
that the control signal generates the accurate citle command for the regulation of the dc-dc eoter
under consideration, irrespective of the sourcdagel or load disturbance. Hence it presents therfas
dynamic response which is evident from the simafatesults. Thegd k and k values thus designed for the
converter stages are shown in Table 2.

Table 2. Tuned Values for the Converter stages

S.No Converter Kp ki Kp
1 Buck Converter 2.56 7873 2.08X410
2 Interleaved Buck Converter 25 6801 1.7X10
3 ZCS Interleaved Buck Converter 0.33 17.89%10 1.522X1¢f

6. SIMULATIONRESULTS

The ZCS Interleaved Buck Converter with PID Conémolis designed and simulated using
MATLAB/Simulink. The design is carried out in tind®main and hence the converter specifications aach
rise time, settling time, peak overshoot and stesddte error are achieved as per the Industrintistals and
is illustrated in Table.3. The simulation has bearried out for variable voltage source and vaddbad not
limiting to R load, which is illustrated in TableThe simulation results for the output curreptimductor
currents i and j, output Voltage Vo with PID Controller for ordinaBuck converter, interleaved one and
for zcs interleaved Buck converter are shown inuFég3 (a), 3(b) and 3(c) respectively.

Table 3. Performance Parameters for the ConvetdgeS

Rise Settling Peak Steady State
S.No Converters Time(s) Time(s) Overshoot(%) Error(V)
1 Buck Converter 0.01 0.0125 0 0
2 Interleaved Buck 001 0.013 0 0.002
converter
3 ZCS Interleaved Buck 0.012 0.014 0 0.02
Converter

It is obviously understood from the simulation fésthat for the input transients of 44V-46V-48V,
the output voltage of the Buck converter and ie@ved one are maintained constant, which is coresickes
12V. In Figure 3 (a), the output voltage settlesmdanuch faster and hence the dynamic performantieof
converter is improved. No undershoots and overshaot evident. The output voltage ripple is almost
negligible. It is understood from Figure 3(b), the inductors Land L, share the current equally and hence
good current sharing is being achieved which isafrthe major advantages in designing the controliae
simulation results of ZCS Interleaved Buck conweghown in Figure 3(c) reveal the fact that the PID
controller is the robust one in which the resuls im concurrent with the mathematical calculatiofise
converter is designed in time domain and hencectiwerter specifications are very well met. In ttése
also the output voltage regulation is achievedtlier same voltage transients with much lesser gttime

Closed Loop Control Of Soft Switched InterleavedkBOonverter (R.Shenbagalakshmi)
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and there is no overshoot or undershoot. The cusikaring among the inductors is maintained in this
converter stage also.
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Figure 3(c). Simulation results for ZCS Interleaddk Converter
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BUCK CONVERTER
INTERLEAVED BUCK CONVERTER

ZCS INTERLEAVED BUCK CONVERTER

Figure 4. Output Voltage Comparison for the thrages

The output current contains some ripple which igdemt from Figure 3(c) that needs some
improvement. Figure 4 shows the output voltage a@mspn between the three stages. It is understuatd t
all the three waveforms start from zero and attladir steady state for both Input and Output teamsi. The
Buck converter waveform settles a few milli secoaddier when compared with the other two stageslll
the three stages of converter the dynamic perfocmdmas been improved which shows that the controlle

thus designed is simple, robust, easy to desigrimplément and highly efficient.

Table 4. Output Voltage for Load Variations

Output Voltage (V)
ZCS
SNo  R@) L(H) E(V) ﬁefere“"e Buck Interleaved o oaved
oltage(V) Buck
Converter Buck
Converter c
onverter
1 1.44 - - 12 12 11.99 12.01
2 2 - - 12 12 11.99 12.03
3 5 - - 12 12 12 12.01
4 1.44 10X16 - 12 12 11.99 12.01
5 2 100X1¢F - 12 12 12.02 12.01
5 5 100X1CF 5 12 12 12.09 12.03
120
= 100 -
L
< 80
oy
g 60 ——BUCK
= 40
= =l nterleaved
w20
=he=ZCS
O T T T T 1
0 2 4 6 8 10

Load Current (A)

Figure 5. Comparison of Efficiencies

The efficiency of the ordinary Buck Converter, h¢aved Buck converter and ZCS Interleaved
Buck Converters are determined and are shown dghi@doad current in Figure 5. The efficiency bét
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interleaved state is slightly lesser than the adirBick converter where as the efficiency of the Intvkd
converter with zero current switching is much imm@d. It is almost same and even high at some
currents when compared with the ordinary Buck caievestage. The highest efficiency is obtains 98%
with a load resistance of 1.94

AC INPUT RECTIFIER FILTER DC INPUT DC-DC RESISTIVE
VOLIGE CIRCUIT VOLIAGE ] > CONVERTER > LOAD
EL817 CURRENT AND
VOLTAGE
LIMITING
CIRCUIT
CRYSTAL PIC
OSCITL.LLATOR 16F877A
2X 16 LCD
svoe | [ DISPLAY
SUPPLY

Figure 6. Block Diagram for the Hardware set up

e

PO = = %5

Figud¢a) Output Voltage Measur
using Multimeter

Figure 8(b).Output Measured with Oscilloscc Figure 8(c). Gate Pulse
(Scale: yaxis: 1 div and 10Volts/d) (Scale:axis:2.5divX20us/div = 20kHz)

7. HARDWARE RESULTS

The experimental setup for closed loop controltef Buck converter is implemented using |
microcontroller (PIC16F877A). The PIC microcontesllis used to implement the controller platfoand
programming is done using the software micro C.IPH@& microcontroller is able to automatically gene!
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the required duty cycle in order that the systeanks the desired set value. The Hardware set ugisterof
the Power supply circuit, dc-dc converter, PIC méemtroller, crystal oscillator, optocoupler, 2Xliguid
crystal display, current and voltage limiting ciitsu The experimental set up is carried out usihg t
following values:

L =10mH, C = 100pF, R = Ik V=18V, V=10V, MOSFET - P55NF06, DIODE — 1N4007

The Block diagram of the entire set up is showrrigure 6. Here the 230V ac supply is stepped
down and is converted in to 18V dc supply whichiigen to the converter. The load used is the iigsisbad
across which the output voltage is to be regula@utocoupler (EL814) is used to isolate the highage
side from low voltage side. The PID controller paeders thus designed are programmed using micro C
language and implemented through the PIC16F877Aowdntroller. The PIC16F877A microcontroller has
special features such as High performance RISC @Rb an operating speed of 20MHz and 200ns
instruction cycle, flash memory of 14.3kB, prograaite code and power saving code protection, 1®bit,
channel A/D converter, 33 I/O pins, and 5 I/O pavith self reprogrammable features. The prototymeleh
is shown in Figure 7.The output voltage measuredsacthe load is shown in Figure 8 (a) and Figu(b)8
respectively.

The output thus shown settles down faster in theygaof ms and controller works effectively
thereby tracking the reference voltage. The stestalte error is observed which needs further imprere.
The waveform thus observed in the oscilloscope show evidence of overshoots or undershoots. The
simplified version of the program codes are writterimplement the PID controller. In order that
loop should be speeded up the multiply routineslianged to 8x8 signed multiply routine with a 16t b
signed result [10].

8. CONCLUSION

A closed loop control system has been designedtier ZCS Interleaved Buck converter in
continuous time domain using robust PID controlldihe simulation results thus obtained using
MATLAB/Simulink is in concurrence with the mathengal calculations. The controller thus designed for
the Buck converter is implemented using PIC16F8a8Aa control platform and the results are illustiat
The mathematical analysis, simulation study and ekperimental study show that the controller thus
designed achieves tight output voltage regulatimhgood dynamic performances and higher efficiefitye
soft switching thus implemented reduces the swiighstress and losses and hence leading to highest
efficiency of 98% with the load value as 1(44The controller enables good current sharing amnbeg
parallel connected Buck converters. This methddpslogy independent and also can be extendedchfoof
the applications such as power factor preregulagimtovoltaic cell and speed control applicatiohike
prototype developed using microcontroller is motetable for portable electronic systems and more
effective and easy to be implemented.
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