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Abstract

Interleaving control schemes are widely used in
converter applications. Merits of such control
methods are in reducing input/output current or
voltage ripples and volume, and increasing the
processed power capacity of converters. For
converters with constant frequency operation, it is
easy to achieve interleaving control. However, it is
difficult to realize interleaving features with variable
frequency operation, such as boost-type power factor
correctors (PFCs) operated in critical conduction
mode (CM) condition. This new interleaving
technique makes each phase work at ideally CRM.
Natural current sharing and precise 180 ° phase shift
are achieved. The scheme can be easily integrated
into a PFC control chip. Full-order averaged model
of CRM boost is derived to analyze the stability of the
converter. In this project, a two-phase PFC boost
converter operating with Pl and Fuzzy controller at
the CRM s described which employs a variation-
tolerant phase shifter (VTPS) is proposed and results
are presented by using Matlab/simulink software.
Keywords— Critical Conduction Mode (CRM), DC
Motor Drive, Interleaved Boost Converter Control,
Power Factor Correction (PFC), Variation-Tolerant
Phase Shifter (VTPS).

INTRODUCTION
Ac—dc power supplies with transformer isolation are
typically implemented with some sort of input power
factor correction (PFC) to comply with harmonic
standards such as IEC 1000-3-2. There are three
techniques to satisfy these standards. One of them is
adding passive filter elements to the traditional passive
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diode rectifier/LC filter input combination; the
resulting converter is very bulky and heavy due to the
size of the low-frequency inductors and capacitors.
Another method is using an ac—dc boost converter in
the front-end rectifying stage to perform active PFC
for most applications [1]-[3]. The ac-dc boost
converter shapes the input line current as an almost
sinusoidal shape with a harmonic content compliant
with agency standards. Using active PFC, however,
increases the cost and complexity of the overall two-
stage converter because an additional switching
converter must be implemented [4]. This has led to the
emergence of single-stage power factor-corrected
(SSPFC) converters.

Power factor corrected circuits can be classified as
either passive or active PFC among which active PFC
is preferred due to its small form factor and higher PF
[5]. The operation modes of an active PFC converter
can be classified as the continuous conduction mode
(CCM), discontinuous conduction mode (DCM), or
critical conduction mode (CRM) depending on the
current flowing through the inductor [6]-[9]. For a
heavy load, the CCM is usually employed because it
can handle more current than the DCM and CRM. At
the CCM, however, the hard switching of the
freewheeling diode may result in decreased power
conversion efficiency. On the contrary, the
freewheeling diode is switched softly at the DCM and
CRM and thus higher power efficiency can be
expected.

To better understand Power Factor (PF), it is important
to know that power has two components:
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*Real Power
*Reactive Power

Real Power is the power that is actually consumed and
registered on the electric meter at the consumers’
location. It performs the actual work, such as creating
heat, light and motion. Real Power is expressed in kW
and is registered as kWh on an electric meter. Reactive
Power is required to maintain and sustain the
Electromagnetic Field (EMF) associated with the
industrial inductive loads [10]. Reactive Power is
measured in KVAR. The total required power capacity
including the real and the reactive components is
known as Apparent Power, expressed in kilovolt
ampere (KVA).Power Factor is a parameter that gives
the amount of real power used by any system in terms
of the total apparent power. Power Factor becomes an
important measurable quantity because it often results
in significant economic savings. When this ratio
deviates from one, the input contains phase
displacement and harmonic distortion or both and
either one degrades the Power Factor. Thus, the power
considered as Reactive power in the system is due to
two reasons:

* Phase shift of current with respect to voltage,
resulting in displacement

* Harmonic content present in current, resulting in
distortion

These two factors define Displacement Factor and
Distortion Factor, respectively; most power conversion
applications use the PFC stage as the first stage in an
AC-to-DC converter to improve the displacement and
distortion factors so that minimum Apparent Power
can be obtained from the supply. To reduce the losses
in a power line and a power generator, minimum
apparent power is absorbed from the supply, resulting
in the improvement of power quality and overall
efficiency of the system. The basic function of the PFC
stage is to make the input current drawn from the
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system sinusoidal and in phase with the input voltage
[11].
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Fig. 1 shows the block diagram of the two-phase
interleaved PFC boost converter with the proposed
VTPS operating at the CRM.
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Fig . 2. Timing diagram of the two-phase interleaved

CRM PFC boost converter when the slave converter

turns ON (a) earlier and (b) later than desired (180°
phase shifted from the master converter) CRM.
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The upper converter consisting of LM, DM, and SM is
the master and the lower one consisting of LS, DS, and
SS is the slave [12]-[14]. The output voltage level is
compared with the reference level generated by the
band gap reference (BGR) to generate the error voltage
VCOMP. For the master converter, the fixed slope
ramp signal VRM is compared with the error voltage
VCOMP and the switching signal ®M becomes LOW
when VRM is larger than VCOMP, decreasing the
inductor current IM. The voltage level of the
secondary winding of the transformers is utilized to
detect the zero current of the primary winding. The
zero current detectors (ZCD) generate the pulse
VDTM, setting ®M to HIGH when the voltage level of
the secondary winding is lower than the reference
level.

The operation of the slave converter is similar to that
of the master except that the slope of the ramp signal
Vgs is variable to get the accurate 180° phase
difference between the master and slave converters.
The slope of VRS is adjusted by the phase shifting
loop consisting of the phase-frequency detector (PFD),
charge pump (CP), loop filter, and ramp generator, so
the rising edge of the ZCD output Vprs of the slave
converter is locked to that of ®HP which is 180° phase
shifted from Vprm by the phase shifter. Because the
switch SS of the slave converter is turned ON by the
rising edge of Vprs, the turn-ON instant of the slave
converter is 180° phase shifted from that of the master
converter [15].
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Fig. 1 shows the timing diagram of the two-phase
CRM PFC boost converter employing the previously
explained phase control scheme. If the slave converter
is turned ON earlier (later) than desired, meaning Vors
is faster (slower) than ®HP, the loop filter output Vctrl
controlling the slope of VRS is decreased (increased).
Then, the turn-OFF instant of the slave converter
becomes slower (faster), which in turn makes the turn-
ON instant of the slave converter slower (faster).
Because the phase shifting loop locks the rising edge
of Vprs to that of ®HP, the accuracy of the phase
shifter is very critical to achieve the desired 180° phase
shift between the master and slave converters. The
VTPS described below ensures the accurate 180° phase
shift.

B. Variation-Tolerant Phase Shifter

Fig. 2(a) shows the proposed Vtps with its timing
shown in Fig. 2(b). When the inductor current of the
master converter is zero, the ZCD of the master
converter generates a short pulse of the frequency of
VDTM is 500 kHz

_ I1.Tswn-1, (1 +1) .ty _
Vr1=Vyrer - ) + ) =Vger (1)

And t; can be rearranged as

I
tz = 1
I1+1,

1
Tswn-1= ETSW,n—l- )

Since the switching frequency for PFC control changes
slowly due to the low bandwidth of the PFC control
loop, the previous switching periodTsw, n—lis almost
equal to the present switching period Tsw , n and,
therefore, t2 is

1
t2 =5 Tswn- ©)

At t=t;, Oc1 becomes HIGH to set ®np, meaning Dp iS
delayed by 180° from Vprm. As explained previously,
the phase shifter cell 1 generates ®np delayed by 180°
from Vorm  when®=LOW. WhenCI)1=HIGH,<I)c2
becomes HIGH by the phase shifter cell 2 to generate
®yp delayed by 180° from Vprm. While the
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conventional phase shifter requires UP and DOWN
current sources whose matching is critical but cannot
be very good, the proposed one requires only UP
current sources, which can be easily matched [16]. A
Monte Carlo simulation has been performed to see the
achievable accuracy of the phase shift under
environmental variations and the results are shown in
Fig. 3. The x-axis is the phase difference between the
input signal Vporm and the output signal ®wp; they-axis
represents the number of events. In order to compare
the phase shifting accuracy with the conventional ones,
the conventional phase shifters with UP and DOWN
current sources [17] and with a sample-and-hold
circuit [18] are also simulated. As can be seen in the
figure, the proposed VTPS shows much better phase
shifting accuracy than the others against the
environmental variations.

Fig. 4 clearly illustrates the importance of the accurate
phase shift between the two converters, where the
simulated ripple of the input current at the peak of the
input line ac voltage is shown as a function of the
phase difference of the two converters for the input
line voltage of 90 Vrms and the output current of 700
mA [19]-[21].

C. Ramp Generator

For the proper operation of the interleaved PFC boost
converter, the slope of the ramp signal Vrs of the slave
converter should be adjusted by the loop filter output
Vctrl. On the contrary, the ramp signal Vrm of the
master converter has a fixed slope. The ramp
generators shown in Fig. 3 provide the required Vrm
And Vgs accordingly. The currents of the
transistorsM21 and M24are given as Vctrl/Rs and
Vrer/Rs, respectively, and are copied to the
transistorsM14andM11, respectively. Then, the
charging current lgs of the ramp generator 2 is
IPWM—(VREF-Vctrl)/Rs. Therefore, the ramp slope
of the slave converter increases when the loop filter
output Vctrl becomes larger. Because the charging
current Irm of the ramp generator 1 is constant, the
ramping slope of the master converter is fixed

September 2015

Page 1167



ISSN No: 2348-4845

International Journal & Magazine of Engineering,

Technology, Management and Research

A Peer Reviewed Open Access International Journal

D. Stability of the Phase Shifting Loop with the
VTPS

In the CRM PFC boost converter, the switching period
tsw is the sum of the on-time ton and off-time off of the
switch and is given as

v

tsw = ton + torr = ton + (vo_l:;in) ton =
%

(22-) ton(®

Vo—Vin

Where vin and Vo are input and output voltages,
respectively .The variables in (4) can be represented as
the sum of the dc value and small-signal variation
component as
tsw = Tow + tow
ton = Ton + fon
v, =Vo+ 7,

Vin = Vin + Uin )
" M
*e 1 — _ F—I
Is . . =
Tt - -.-4:}\
¢ Ton e Torr time

Fig. 4. Perturbation of the switching period when the
small on-time perturbation” ton is induced at the slave
converter.

(b)
Fig. 6. (a) Small signal model of the slave converter
with the VTPS and (b) its open-loop model.
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Then,(4)can be rearranged as

) (Toy +Eon)  (6)

VotUo=Vin—bin

Tsw + tsw = (

Assuming ¥;,, and ¥, are zero, the aforementioned
equation becomes

Vo

Tsw + iSW:(v,,—v,-n) (Ton +
ton) (522) Ton*(525-) Eon ()

Vo~ Vin ~Vin

Removing dc values in (7), we obtain the following
relationship:

,iSW = (ﬁ) ion ()]
Esw(0) = (725 Eon(0)-8(t — Torr) ©)

If there is a variation in the on-time” ton of the slave
converter with the VTPS, the switching period™ tsw
would change after some finite delay Torr as shown in
Fig. 6. This can be expresses as [21Therefore,” tsw of
thenth cycle is the sum of the " tsw of the (n—1)th cycle
and the variation due to the change in the on-time *
ton, which can be represented as

A~ ~ ~ vV
Eswn(®) = Eswa-1(0) + Eonn(®). (25 - 8( =

Torr) (10)

Taking the Laplace transformation of (10), we obtain
therefore, the transfer function is

TSW,n (s) - TSW,n (s). e Tsw=

= Vo _

Ton‘n(S). (m) .e sTorF (11)
Tsw(s) .

Therefore, the transfer function == is
Ton(s)

TAsw(S) - zsw,n(s) - 1 _ ( Vo ) _e—STorF
Ton(s) Tonn(s) 1 —e=Tsw Vo—Vin

(12)

When the switching period changes, the PFD and CP
generate the pumping current for™ tsw and the loop
filter output is given as
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5 T
Verri (s) = Icp. STZM(/S)-ZF(S) (13)
lps = Detry (14)

Rp
and by the Laplace transformation
7 ?c T
s () = "2 (15)
B

The variation of the charging current IRS of the ramp
generator changes the on-time as

n v, .C
TON + tDTL = % (16)

which can be rearranged as

Tonlrs + Tontrs + Irston + tontrs = VeompCrs

(17)
The last term of the left part of (17) can be neglected,
and because Ty = LCOMPCRS
IRs

Tontrs + Irston=0
(18)

Therefore, the transfer function™ TON(s)/"IRS(s) can
be obtained as

TONirs + IRSfonzo
(19)

From the aforementioned observations, the small
signal model of the phase shifting loop with the VTPS
can be obtained as shown in Fig. 9(a) Because the
crossover frequency of the voltage regulation loop of
the PFC converter is very low.

SIMULATION RESULTS

Here simulation is carried out in several cases, in that
1). Improvement of Power Factor using AC/DC Single
Stage Conversion Operated under Phase Shifted
Technique.

2). Improvement of Power Factor using AC/DC Single
Stage Conversion Operated under Variable Phase
Shifted Technique

Volume No: 2 (2015), Issue No: 9 (September)

3). Improvement of Power Factor using AC/DC Single
Stage Conversion with Pl and Fuzzy controllers

Case 1: Improvement of Power Factor using
AC/DC Single Stage Conversion Operated under
Phase Shifted Technique

=

[

Fig.7 Matlab/Simulink Model of Proposed Power
Factor Correction using AC/DC Single Stage
Conversion Operated under Phase Shifted Technique

Fig.7 shows the Matlab/Simulink Model of Proposed
Power Factor Correction using AC/DC Single Stage
Conversion Operated under Phase Shifted Technique
using Matlab/Simulink software package.
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Fig.8 Output Voltage

Fig.8 shows the Output Voltage of Proposed Power
Factor Correction using AC/DC Single Stage
Conversion Operated under Phase Shifted Technique.

September 2015

Page 1169



ISSN No: 2348-4845
International Journal & Magazine of Engineering,

Technology, Management and Research

A Peer Reviewed Open Access International Journal

Fig.9 Source Side Voltage & Current

Fig.9 shows the Source Side Voltage & Current of
Proposed Power Factor Correction using AC/DC
Single Stage Conversion Operated under Phase Shifted
Technique, which represents the both voltage &
current would be placed in in-phase condition, get
unity power factor.
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Fig.10 Output Voltage & Input Current

Fig.10 shows the Output Voltage & Input Current of
Proposed Power Factor Correction using AC/DC
Single Stage Conversion Operated under Phase Shifted
Technique.

Volume No: 2 (2015), Issue No: 9 (September)

Fundamental (50Hz) = 13.86, THD=T7.29%
T T T T T

0 100 200 300 400 500 600 700 800 900 1000
Frequency (Hz)

Fig. 11 FFT analysis of source current

Fig. 11 shows the FFT analysis of source current of
Proposed Power Factor Correction using AC/DC
Single Stage Conversion Operated under Phase Shifted
Technique, get 7.29%.

Case 2: Improvement of Power Factor using
AC/DC Single Stage Conversion Operated under
Variable Phase Shifted Technique

Fig.12 Matlab/Simulink Model of Proposed Power
Factor Correction using AC/DC Single Stage
Conversion Operated under Variable Phase Shifted
Technique

Fig.12 shows the Matlab/Simulink Model of Proposed
Power Factor Correction using AC/DC Single Stage
Conversion Operated under Variable Phase Shifted
Technique using Matlab/Simulink software package.
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Fig.13 Output Voltage

Fig.13 shows the Output Voltage of Proposed Power
Factor Correction using AC/DC Single Stage
Conversion Operated under Variable Phase Shifted
Technique.

Fig.14 Source Side Voltage & Current

Fig.14 shows the Source Side Voltage & Current of
Proposed Power Factor Correction using AC/DC
Single Stage Conversion Operated under Variable
Phase Shifted Technique, which represents the both
voltage & current would be placed in in-phase
condition, get unity power factor.

Fig.15 Output Voltage & Input Current

Fig.15 shows the Output Voltage & Input Current of
Proposed Power Factor Correction using AC/DC
Single Stage Conversion Operated under Variable
Phase Shifted Technique.
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Fig. 16 FFT analysis of source current

Fig. 16 shows the FFT analysis of source current of
Proposed Power Factor Correction using AC/DC
Single Stage Conversion Operated under Variable
Phase Shifted Technique, get 5.70%.

Case 3: Improvement of Power Factor using
AC/DC Single Stage Conversion with fuzzy
controller.

1

i S L

Fig.17 Matlab/Simulink Model of Proposed Power
Factor Correction using AC/DC Single Stage
Conversion using fuzzy Operated under Variable
Phase Shifted Technique
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Fig.17 shows the Matlab/Simulink Model of Proposed
Power Factor Correction using AC/DC Single Stage
Conversion using fuzzy Operated under Variable
Phase Shifted Technique using Matlab/Simulink
software package.

Fig.18 Output voltage

Fig.18 shows the output voltage of Proposed Power
Factor Correction using AC/DC Single Stage
Conversion using fuzzy controller Operated under
Variable Phase Shifted Technique.

Fig.19 Source Side Voltage & Current

Fig.19 shows the Source Side Voltage & Current of
Proposed Power Factor Correction using AC/DC
Single Stage Conversion Operated under Variable
Phase Shifted Technique with fuzzy controller, which
represents the both voltage & current would be placed
in in-phase condition, get unity power factor.

CONCLUSION

Here proposed new converter topology to control of
fuzzy with improved power quality features by using
different control actions, attain lower THD values.
This paper discusses several fundamental issues
related to the topological derivation, analysis, and
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control of TL dc—dc converters. Furthermore, it has
been demonstrated that the proposed feed forward
control scheme works well in maintaining an equal
voltage among the dividing capacitors used in the
converters. For a two-phase interleaved PFC converter,
a variation tolerant 180° phase shifter has been
developed and applied to a 320-W CRM PFC boost
converter implemented in a simulation process. The
input current ripple can be greatly reduced with the
proposed phase shifter compared with the conventional
phase shifting techniques. The proposed DC-DC
converter is simulated under Pl controller and Fuzzy
logic controller. The Input harmonic distortion content
for both controllers is presented in the above results
and it is shown that for Pl controller it gave 7.29%
while the THD for Fuzzy logic controller is
5.70%.Although the proposed phase shifter has been
applied to a PFC boost converter with DC machine
drive to check the performance characteristics of the
drive , it can be used in any type of two-phase
interleaved switching power converter.

REFERENCES

[1] Yong-Seong Roh, Young-Jin Moon, Jeongpyo
Park, and Changsik Yoo “A Two-Phase Interleaved
Power Factor Correction Boost Converter With a
Variation-Tolerant Phase Shifting Technique” IEEE
Transactions On Power Electronics, Vol. 29, No. 2,
February 2014.

[2] Power Factor Correction Basics, Application Note
42047, Fairchild Semiconductor, San Jose, CA, USA,
2004.

[3] Power Factor Correction Handbook, On
Semiconductor, Phoenix, AZ,USA, Sep. 2007.

[4] R. W. Erickson and D. Maksimovic,Fundamental
of Power Electronics,2nd ed. Norwell, MA, USA:
Kluwer, 2001, pp. 589-630.

[5] O. Garcia, J. A. Cobos, R. Prieto, P. Alou, and J.
Uceda, “Single phase power factor correction: A

September 2015

Page 1172



ISSN No: 2348-4845

International Journal & Magazine of Engineering,

Technology, Management and Research

A Peer Reviewed Open Access International Journal

survey,”[EEE Trans. Power Electron., vol. 18, no. 3,
pp. 749-755, May 2003.

[6] L. H. Dixon, “High power factor pre-regulator for
off-line power supplies,” inProc Unitrode Power
Supply Des. Sem, 1990, vol. 700, pp. 12.1-12.6.

[7]1 M. S. Elmore, “Input current ripple cancellation in
synchronized parallel connected critically continuous
boost converters,” inProc. IEEE Appl. Power Electron.
Conf., Mar. 1996, pp. 152-158.

[8] J. R. Tsai, T. F. Wu, C. Y. Wu, Y. M. Chen, and
M. C. Lee, “Interleaving Phase shifters for critical-
mode boost PFC,”IEEE Trans. Power Electron., vol.
23, no. 3, pp. 1348-1357, May 2008.

[9] X. Xu, W. Liu, and A. Q. Huang, “Two-phase
interleaved critical mode PFC boost converter with

closed loop interleaving strategy,”IEEE Trans. Power
Electron., vol. 24, no. 12, pp. 3003-3013, Dec. 2009.

[10] J. Zhang, J. Shao, F. C. Lee, and M. M.
Jovanovic, “Evaluation of input current in the critical
mode boost PFC converter for distributed power
systems,” inProc. IEEE Appl. Power Electron. Conf.,
Feb. 2001, pp. 130-136.

[11] T. Ishii and Y. Mizutani, “Power factor correction
using interleaving technique for critical mode
switching converters,” inProc. IEEE Power Electron.
Spec. Conf., May 1998, pp. 905-910.

[12] B. T. Irving, Y. Jang, and M. M. Jovanovic’, “A
comparative study of softswitched CCM boost
rectifiers and Rinterleaved variable-frequency DCM
boost rectifier,” inProc. IEEE Appl. Power Electron.
Conf., Feb. 2000, pp. 171-177.

[13] C. M. de Oliveira Stein, J. R. Pinheiro, and H. L.
Hey, “A ZCT auxiliary commutation circuit for
interleaved boost converters operating in critical

Volume No: 2 (2015), Issue No: 9 (September)

conduction mode,”IEEE Trans. Power Electron., vol.
17, no. 6, pp. 954962, Nov. 2002.

[14] T. F. Wu, J. R. Tsai, Y. M. Chen, and Z. H. Tsai,
“Integrated circuits of a PFC controller for interleaved
critical-mode boost converters,” in Proc. IEEE Appl.
Power Electron. Conf., Feb. 2007, pp. 1347-1350.

[15] L. Huber, B. T. Irving, and M. M. Jovanovic,
“Open-loop  control  methods for interleaved
DCM/CCM boundary boost PFC converters,” IEEE
Trans. Power Electron., vol. 23, no. 4, pp. 1649-1657,
Jul. 2008.

[16] A. Jansen, “Master—Slave Critical Conduction

Mode Power Converter,” U.S. Patent Application
2006/0077604, Apr. 13, 2006.

[17] B. Lu, “A novel control method for interleaved
transition mode PFC,” in Proc. Appl. Power Electron.
Conf., Feb. 2008, pp. 697-701.

[18] L. Huber, B. T. Irving, and M. M. Jovanovic,
“Review and stability analysis of PLL-based
interleaving control of DCM/CCM boundary boost
PFC converters,”IEEE Trans. Power Electron., vol. 24,
no. 8, pp. 1992-1999, Aug. 2009.

[19] H. Choi and L. Balogh, “A cross-coupled master—
slave interleaving method for boundary conduction
mode (BCM) PFC converters,”IEEE Trans. Power
Electron., vol. 27, no. 10, pp. 4202-4211, Oct. 2012.

[20] H. Choi, “Interleaved boundary conduction mode
(BCM) buck power factor correction (PFC)
converter,”IEEE Trans. Power Electron., vol. 28,no0. 6,
pp. 2629-2634, Jun. 2013.

[21] J. Sun, D. M. Mitchell, M. F. Greuel, P. T. Krein,
and R. M. Bass, “Averaged modeling of PWM
converters operating in discontinuous conduction
mode,”IEEE Trans. Power Electron., vol. 16, no. 4, pp.
482-492, Jul.2001

September 2015

Page 1173



ISSN No: 2348-4845

International Journal & Magazine of Engineering,
Technology, Management and Research

A Peer Reviewed Open Access International Journal

Kakarla Swathi Received his B.Tech Degree from
Adams Engineering College, Palvoncha, Khammam.
Currently pursuing hes M.Tech in KLR College of
Engg & Tech, Palvancha, Khammam, Telangana. Her
areas of interest are Power Electronics, Electrical
machines and Power Systems.

Dr.P.Surendra Babu He is currently working as
Professor and Head of Electrical and Electronics Engg.
Department at KLR College of Engg. & Technology,
Palvancha, Telangana. He obtained his Ph.D degree in
Electrical Engineering in the area power electronic
devices applied in power systems from JNTU college
of Engineering Kakinada, Andhra Pradesh. He has an
experience of over 14 years in teaching undergraduate
and post graduate classes in the areas of Interest
Electical machine power system, P.E and applications,
Network theory drives and etc..He has contributed
over 53 papers in various National and International
journals and conferences , he is currently an editorial
board member and reviewer for
JETT,JEEER,JAET,IJAREEIE,IJRET and also he is
the auther of two text books i.e. Electrical Technology,
Electrical power systems.

Volume No: 2 (2015), Issue No: 9 (September) September 2015

Page 1174



