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Abstract— A power-factor-correction (PFC) circuit based on  efficiency.

the interleaved boost converters in critical conduction mode The operation of the ZCS auxiliary commutation circuits
(C-DCM) with a zero current switching (ZCS) technique is  gpplied to interleaved boost converters is analyzed in
investigated. The main switches turn-on occurs naturally in - gaction 1. In Section I adesign example is presented

ZCS, due to the operation in C-DCM. In addition, the C- g ion |V shows the control circuit strategy which is
DCM also reduces the reverse recovery losses of the boost.

diodes. The use of the auxiliary commutation circuits |mpIe_mented using the EPLD technology. The
provides ZCS at the main switches turn-off and they are only €XPerimental results obtained from a2 kW prototype
activated during the main switches commutations. By using Operating with input AC voltage of 120 Vrms and an
the interleaved converters technique, the input current ripple  output DC voltage of 300 ¥re presenteth Section V. The

is minimized. The control circuit of the converters has been last Section summarizes the conclusions drawn from this
implemented using a single Erasable Programmable Logic investigation.

Device (EPLD) EPM7128SLC84-15 from Altera Corporation.

The experimental results obtained using al.2 kw [I. PRINCIPLES OFOPERATION
prototype operating from an AC input voltage source of 120
Vrms are presented A. Interleaved ZCS Boost Converters
|. INTRODUCTION Figure 1 shows the proposed PFC interleaved ZCS boost

In order to satisfy international standards such as IECEOnverters. Each one of the boost cells presents an
1000-3-2, several active power factor correction (PFCjuxiliary commutation circuit composed by a resonant
techniques have been developed. The PFC technigG@Pacitor Gi (Cro), a resonant inductorgk (Lry), and a bi-
reduces the disturbances in utility systems caused by nofiféctional auxiliary switch §-Da (Sae-Daz). Since the
linear loads, especially current harmonics. Among thOnVerters operate in a crltllcal conduction mode (C—.DCM),
different alternatives, the boost converter used as front-erfge turn-on of the main switches happens naturally in ZCS.
single-phase PFC circuit operating in continuousThe.fU“Ct'O” of the aq>§|I|ary commutation circuit is to
conduction mode (CCM) became the most popuIaPrQV'de favorable conditions for_the turn-off .of_ the main
approach [1,2]. The favorable aspects of this configuratiofWitches under ZCS. The main characteristics of this
are : set-up voltage conversion ratio, simple topology, higiPPology are as follows:
efficiency and continuous input current. However, the 5  Commutation under ZCS at turn-on and under ZCS
operation of the boost converter in CCM can present some and ZVS at turn-off for the main and auxiliary
drawbacks such as a high reverse recovery losses of the switches:
boost diode and the commutation losses. This results in 3 Commutétion under ZCS and ZVS at turn-on and

higher EMI and reduces the efficiency of the converter [3]. under ZCS at turn-off for the boost diodes:

Some papers has proposed the use the soft-switchingy.  The auxiliary circuits are placed out of the main
technigues as a solution to overcome such drawbacks [8- power path, and they are activated during the
10]. An another alternative to minimize the mentioned switching transitions of the main switches only:;
drawbacks, it is the use of interleaved boost converters . The input current ripple is reduced, when
Operating in the diSCOﬂtinuous Conduction mOde (DCM) or Compared with an On|y boost converter Operating in
critical conduction mode (C-DCM) [3-5]. The use of the critical conduction mode:

interleaved technique allows the reduction of the L ’ D

conduction losses in the switches, maintaining a gooc ~— ;

quality of the input current. Moreover, the turn-on of the —g: ;j—
switches occur naturally under zero current (ZCS). —

However, the turn-off losses of the switches are nol

e X : S S

minimized, which happen under maximum current N "z 5Dm Dro "2

condition. e] A v, 51;} 52;} =V,
To improve the performance of the interleaved boosi ' Lml 1, TDst 7§, Dszl Lr2

converters in C-DCM, this works investigate the use of the . .

auxiliary commutation circuits which provides ZCS at the Crrp , , TCre
turn-off of the switches. With the use of these ZCS
auxiliary commutation circuits is possible to improve the Fig. 1. Interleaved ZCS boost converters.
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Fig. 2. Ideal waveforms of the inductors currents. 0

. Fig. 4. Variation of the switching frequency.
» The boost diodes reverse recovery losses are

minimized; In Fig. 4 is shown the switching frequency variation as
> Operation in critical conduction mode (C-DCM). function of the input voltage angle for different values.of

Figure 2 shows the ideal waveforms of the currents i
the inductors L and L, operating in C-DCM. The input
current waveform of the interleaved boost converters is Taking into account that the boost converters operate
given by the sum df(t) andi,(t), which is similar to the Wwithout interactions among them, the operation principle
input current waveform of the boost converter operating iof the interleaved ZCS boost converters is analyzed
CCM. The minimum input current ripple is obtained byconsidering only one of the boost converters. In this
shifting the boost main switches gate signal by halfinalysis the output filter capacitor is assumed as a constant

e. Auxiliary Commutation Circuit

switching period. voltage source Y during a switching period. Figure 5
_ _ shows the operating stages of the simplified ZCS boost
B. Variable Frequency Operation converter during a switching cycle, and they are described
In Fig. 3 a detail of the current in one of the boos@S follows:
inductors is represented. In this figurg ts the main Stage 1. ¢ t)): During this stage the main switch iS

switch on-time, Js is the conduction time of the boost on and the input curreng;(t) flows through it increasing
diode and T is the switching period. The boost inductolinearly. This stage is responsible by the power
currents should reach zero at the end of each periotlansference control. The resonant capacitor voliggst)

Therefore: is clamped at -¥,, where
|Ai‘on :|Ai[Off (1) Voo =Vo ~ 14y (6)
The input voltage is defined as: and Z, = La (7)
V, )=V, sin(at) (2) Cut
Then: Stage 2. ¢ t,): At t;, the auxiliary switch § is turned
V_sin(e ), v, -V, sin(w)),, on under ZCS. The currentr;(t) increases due to the
L = L (3) resonance betweergiand G, The current g(t) evolves

in a resonant way until it reachigg(t). The current r,(t)

The switching frequency variation for the boost .
Lo . and the voltagecr,(t) can be expressed as follows:
converter operation in C-DCM, can be obtained from 9ecri(l) P

expression ( 3) as follows: i (t):%sin(wlt) (8)
fs(t):l_%m(m) (4) Ve ()= Ve, codwit) +V, (9)

on R

wherea is the ratio of the peak input voltage to DC output _ 1

voltage and is given by: where ! JiCu (10)
a=—v (5) The duration of this resonant stage is equal to

° A, :isin‘laz—lli” % (11)
1.(t) 2w Vco

lpk Stage 3. ¢ t3): This stage begins when the diodeg, D
turns on, starting to drive the difference among the value of
the currenti_g.(t), in the inductor k;, and of the input
currenti 4(t). During this stage the main switch &n be

ton . fof turned off under ZCS and ZVS. Whan,(t) reaches the

T . input current again, the diodespPturns off. The current

iLr1(t) and the voltagecry(t) can be expressed as follows:

Fig. 3. Current in one of the boost inductors.



. -V, .
i (t):z—czsm(w1t)+ 1, coqwit) (12)
1
Veu (t) =V, Cos(wlt) +Z1, Sin(wlt) (13)
where Ve, ==yVeo! = (1,2,) (14)

The duration of this resonant stage is equal to

A ——Sln_]'BzZ Iln VV 2\/ leln E
@

E 6/ lem) D

Stage 4. ¢ t,): During this stage the capacitorRl(]s
linearly charged up to output voltage, Wy the input
current. At this time the boost diodg ERurns on. During
this stage the voltageri(t) is given by

Ve (t)=Ves N

where Vea = Ve, = Vco2 - (I inZl)z
The duration of this resonant stage is equal to

o Ve AR VS AN

RL
|

Stage 5. (¢ t;): The curreni r,(t) decreases due to the
resonance betweergfand G;. The currenip(t) evolves
in a resonant way until it reachgsg(t). During this stage
the curreni r,(t) and the voltagecry(t) can be expressed

as follows:
1 0=1,, codeo)
V

Cri (t)=21,sin(cat)+V,

The duration of this resonant stage is equal to
L

20,

(15)

(16)

(17)

ty

A (18)

in

(19)
(20)

. (21)
Stage 6. § t5): This stage begins when the diodg, D
turns on. During this stage the auxiliary switch 8an be
turned off under ZCS and ZVS. WhegR;(t) reaches zero
again, the diode R turns off. The currenitz,(t) and the
voltagevcr,(t) can be expressed as follows:

-V V) .
L0y (22)
Ve (t) = (Vcs -V, )cos(a)lt)+Vo (23)
where Ves =V, +1,,Z, (24)
The duration of this resonant stage is equal to
_m
' _Zl (25)

Stage 7. § t;): The active switches;S&nd S, are off,
and the input current flows through the boost diode D
decreasing linearly .

Stage 8. ¢ ty): At t;, when the input curreni(t)
reaches zero, the main switchi$ turned on under ZCS.
The capacitor & and the inductor §; form a half-cycle
resonance through the main switcha®d the diode R,
which reverses the polarity of the voltag(t). When
iLri(t) reaches zero again, the diodey, Dturns off,

beginning another switching cycle. During this stage the

resonant inductor curreiliz;(t) and the resonant capacitor
voltagevcr,(t) can be expressed as follows:

-V, .
i, (t)=—sin(wt) (26)
1
Veu (t) =Veo Cos(wlt) (27)
The duration of this resonant stage is equal to
T
o (28)

Figure 6 shows the theoretical waveforms of the
converter operation. In Fig. 7 are represented the state
plane of the converter for the maximum and the minimum
input current.
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Fig. 5. Operation stages of one of the boost converters.
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Fig. 7. State plane of one of the boost converters.

(a) for maximum input current;
(b) for minimum input current.

I1l. DESIGNGUIDELINES AND EXAMPLE

larger than 1. Choosing =1.1:
\Y)
Z, =—-°><=101Q
b1, l+a) (34)
h) The resonant inductancég, andLg,: choosing G, and
Crzequal to 56 nF (commercial value) the resonant inductances
value are obtained as follows:

Ly = Lg, =Z,°C =5.7 uH (35)
IV. CoNTROL CIRCUIT STRATEGY

The block diagram of control circuit for the interleaved
ZCS boost converters presented in this paper is shown in
Fig. 8. Concerning Fig. 1, the boost cell formed by %,

D, and its auxiliary commutation circuit is considered to be
the master boost converter. The other boost cell is
considered to be the slave boost converter. The operation
of the master boost converter in C-DCM is as follows: the
switch § is turned on whenever the current value in the
inductor Ly reaches zero. The current value of iIs
monitored using a LA 55-P current sensor, from LEM Inc.
The current sensor signal is compared with zero and the
output signal comparator is used as input for the circuit of
generation of the gate signals, which was implemented
using a Erasable Programmable Logic Device (EPLD)
EPM7128SLC84-15 from Altera Corporation. The
emergence of Application Specific Integrated Circuit -

In this section, it is presented a design procedure and &®5IC has drawn much attention due to its shorter design
example to determine the component values of theycle, lower cost and higher density. The simplicity and

proposed interleaved boost converters.
a) The input specifications consists of :

Output Power P, =1200 W
Output Voltage V, =300V
Input Voltage Vin =120 Vrms
Input Frequency if = 60 Hz
Minimum Switching Frequency sfuin=40 kHz

programmability of the EPLD make it a good choice for
prototyping digital systems.

Figure 9 shows the input and output signals of the
control circuit represented in Fig. 8. The conduction time
interval of the switches are constant and fixed. For the
main switches this interval is defined A and for the

b) Voltage ratio: from the input specifications it is possibleauxiliary switches this interval is defined A,. During

to obtain the voltage ratio, which is given by:

¢) Time of conduction of the main switch: from the input

specifications and the equation (29 ):

(29)

the time interval\tc both switches Sand Q5 or S and S,
are on.

current

sensor Ly
A

- gate of §

t —:L__a—L‘rw—log S 30 FPGA
" fen 40000 ' (30) } (control | drive —gate of &
i i i . comparator signals
d) Maximum switching frequlency. dononation) gate of S
f =~ — =93kHz reference ()
Smax " (31) (near to zero) gate of %,
€) The boost IndUCtancea\?r;? L2 _Fig. 8. Block diagram of control circuit.
L,=L,=—2"=1296 uH (32)
ZFL currentsensor__
f) Peak current in the boost inductancesihd L: comparato " ||
V.t
I = —L°0 =14.14A (33) gate of $ | [
. Ll . . gate of &y |_|
g) Characteristic impedance of the auxiliary commutation o
circuit; to ensure the main switches turn-off under ZCS, the gate of 3
current peak in the auxiliary inductor during the stage 3 it gate of S [ ]
should be larger than the maximum current in the boost <—A‘s—>mA
inductor. Defininga as the parameterized value of the S
Atc

maximum input boost current, this parameter should be

Fig. 9. Control circuit waveforms.



The delay time between main switches gate signals is In Fig. 12. are represented the input voltage and current.
defined as the half of the switching period. To determin&his figures shows that the waveform of the current is very
this delay, it was used a similar procedure to that utilizedimilar to the one of the input voltage. The input current
in [4]. distortion is due to low resolution of the equipment used

for the waveforms acquisition.
V. EXPERIMENTAL RESULTS Tok e 10.0wss

e 1
VST
To verify the operation and the performance of the _ Verr isn
interleaved ZCS boost converters presented in this paper /ﬁ \/\;\
y g

prototype has been implemented. The power stage circt [’*T E\ r_wf] 4

is shown in Fig. 10 and the components and paramete
used are summarized in Table 1. The active switches we \/
implemented with a HGTP7N60C3D (600 V, 7 A) UFS
(Ultra Fast Switches) series IGBTs from Harris
Semiconductor, which present built-in an anti-paralle.
hyperfast diode. The boost diodes used were a hyperfestms o.ms; (a) ] Tok e 10.0wss 6(225
diode RHRP870 (700 V, 8 A) from Harris Semiconductor.
The measured efficiency was 97.5%.
Figure 11 shows the experimental waveforms obtaine in1
for a close point to the peak of input voltage. As can b P o
seen in Fig. 11.a, the main switches turn-on happer - u\/ o VLM \XE
naturally in ZCS. Due to the presence of the auxilian \
commutation circuit, the turn-off of the main switches
occurs simultaneously in ZCS and ZVS. The maximun
voltage on this device is equal to the output voltage of the™ ™= = " T T s T
converter. Figure 11.b shows that the auxiliary switgh S ™™= "™ s i [l S
turns-on in ZCS and turns-off simultaneously in ZCS anc ! !
ZVS. Figure 11.c shows that the boost diodebns-on in _ _ ity i
ZCS and ZVS and turns-off in ZCS. In Fig. 11.d are s2 4 Ji st M W
represented the current in the resonant indugtpahd the " il L :
voltage in the resonant capacitog,CIn Fig. 11.e are
represented the currents in the two main switchesn8
S,. In Fig. 11.f are represented the currents in the two ma
inductors, L, and L. In this figure can be verified the delay ‘s
of half operation period among the command of these O] 0

devices. This delay is the responsible by minimization of (@) Main swit hgg(-bﬁ EﬁPefimeF‘tta}: gav(ef)oéms-td_ den @
. . a) Main switc uxiliary switch Sq; (c) Boost diode
the Input current rlpple. Capacitor voltag®cri(t) and inductor curretitga(t); (€) Main switches
currents; (f) Main inductors currents.

TABLE 1 . - - :
UTILIZED COMPONENTS ANDPARAMETERS IN THEPROTOTYPE (scales: 100 V/div.; 10A/div.;iEs/div.).

1

Vb1

Vcr1

1

Tek Sn.DkSlg 89 Acas
T

Component Parameter !
Vin (input voltage) 120 Vrms Vin
V, (output voltage) 300V
Input Frequency 60 Hz iin
Liand L 129uH MWWWMW §
LRl and LRz 53HH 1 i
Criand G 56 nF, polypropylene capacitors MNM W M
Ci (output filter) 680F, eletrolythic capacitor i
Si-Ds;and $-Ds, HGTP7N60C3D
Sp-Dar and So-Daz HGTP7N60C3D
D]_ and Q RHRP87O Ch1 500V 5.00VQ WMI1.00ms Ch3 7 140V

Fig. 12. Experimental waveforms of the input voltage and current.

L, (scales: 50 V/div.; 5A/div.; 1ms/div.).

D,
{3t

Ly D, ’_I
T4

Lr1 Lr2
N E S }E L In this paper was investigated the use of a zero current
x| CR%& °‘|F3Sl Hh¥ T G REZ Vo guitching (ZCS) soft commutation technique for
o-l%

VI. CONCLUSIONS

o application in boost converters, operating in critical
Sa1 S conduction mode. The main switches turn-on occurs
L I naturally in ZCS, due to the operation in C-DCM. In
Fig. 10. Breadboarded interleaved ZCS boost converter. addition, the C-DCM also reduces the reverse recovery




losses of the boost diodes.

The use of the auxiliary commutation circuit providing
ZCS at the turn-off of the main switches and an
improvement of the efficiency is achieved. The
experimental results was obtained using a 1.2 kW
prototype operating from an AC input voltage source of
120 Vrms. The measured efficiency was 97.5%.

The auxiliary commutation circuit is placed out the
power path and therefore, there is no voltage stresses on
power semiconductor devices.

The minimization of the input current ripple is obtained
by use of the interleaved boost converters.

The control circuit was implemented using a single
EPLD EPM7128SLC84-15 from Altera Corporation.
Owing to the highly integrated facility of the designed
Control IC, the complexity can be greatly reduced.
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