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Abstract: - The inrush current of the Boost converter can reach high values when attached to a stable input
source like a car battery or a battery buffered micro-grid. To avoid the inrush current, a modification of the
converter by placing the capacitor between the output and input can be done. To reduce the switching losses,
the quasi resonant zero current switching QRZCS concept is used. The active switch of the converter has a
constant on-time and a variable off-time or frequency. The inrush current is studied and the function of the
QRZCS converter is treated with the help of mathematical descriptions and with the uZi diagram. LTSpice

simulations are used to prove the considerations.
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1 Introduction

When the capacitor of the Boost converter is not
connected between the output connectors, but
between the positive input and the positive output
connectors, we call this topology modified Boost
converter. A comprehensive study can be found in
[1]. This circuit (Fig. 1) has two interesting features.
First, the voltage stress at the capacitor is reduced
and second, the inrush current is avoided. The
disadvantage of the converter is the fact that
changes in the input voltage effect immediately the
output voltage. The converter is therefore useful
when a stable input voltage is available, like a
battery buffered micro-grid. In this study, the inrush
current of the modified and of the normal Boost
converters are compared and the modified converter
is extended to a zero current switching ZCS quasi
resonant QR converter. The basic studies on quasi-
resonant DC/DC converters go back to [2], [3]. The
concept was applied to many topologies (c.f. e.g.,
[4], [5], [6], [ 7], [8], and there cited references), but
not as we know to the modified Boost converter.
The main idea of the ZCS is to avoid switching
losses by switching on and off the transistor with no
current. With an inductor in series to the switch, the
current starts at zero, when the transistor is turned
on. With the help of a resonance circuit, the current
through the switch reaches zero within a predefined
time interval, and now the transistor is turned off
again with zero losses.
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Fig. 1: Modified Boost converter

2 Inrush Current

The inrush current of a converter used on a stable
supply can lead to high current and to saturation of
the magnetic devices.

2.1 Inrush Current of the Boost Converter
The inrush current of the normal Boost converter
(Fig. 2) is very high when applied to a battery or a
battery stabilized micro-grid. When the input
voltage is applied to the converter, the loop
consisting of U1, L, D, and the output is closed.
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Fig. 2: Boost converter

2.1.1 Inrush Current with No Load

When no load is applied to the output of the
converter, the inrush current can be described by
KVL (Kirchhoff’s voltage law) by

t
di 1.
U =L—+—|idt 1
‘ m+c£' )

which leads to the sinusoidal current

izUl\/g-sinwf&t . 2)
The peak current is therefore

A C

In = Ul\/E 3)

and the output capacitor is charged up to two times
the input voltage. A simulation of the inrush current
and the output voltage is depicted in Fig. 3. The
inductor of the converter has a value of 47 pH, the
capacitor has a value of 330 uF, and the input
voltage is chosen to 24 V.
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Fig. 3: Boost converter inrush current with no load,
up to down: current through the inductor (equal to
the current which comes out of the source, red), the
voltage across the output (green)

2.1.2
Load
The state equations can be written according to

Inrush Current with Consideration of the

dip  +U;-uc

ot i iL(0)=0 (4a)
d i, —u:/R
Lo Lok R U =0 (4b)
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Transformation into the Laplace domain leads to the
matrix equation

1
s n (IL(S)]: % .
_l S+L UC(S) 0
C CR

With the help of Crammer’s law, the current in the
Laplace domain can be written according to
Ul
L i CLRs
1T ©)

)

Until the current reaches zero again for the first time
it can be described by a damped ringing with the
damping factor

1

“3cR 2
and the angular frequency
1 1
w= /a_—4C2R2 . (8)

After the first half wave, the diode turns off and the
current decreases by an e-function until the output
voltage reaches the input voltage. The time constant
depends on the load and the value of the output

capacitor
r=RC . 9)
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Fig. 4: Boost converter: inrush current (red). The
voltage across the output (green) with the attached

load
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From Fig. 4 one can see that the peak of the inrush
current is about the same as that of the one that
occurs when no load is connected. The difference is
that the output capacitor is now discharged by the
load until the diode turns on again when the output
voltage is lower than the input voltage. The ringing
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is caused by the diode. For estimating the inrush
current, (3) leads to a good approximation.

The normal concept to reduce the inrush current
is to insert a resistor to limit the current and to shunt
it by a mechanical contact, when the output
capacitor is charged, or to use an NTC resistor
which reduces its value when it gets warm; but this
second method leads to additional losses. When
using an electronic switch instead of the mechanical
contact this can be used as a fuse to turn off the
converter in case of overload or short circuit.

2.2 Inrush Current of the Modified Boost
Converter

When the modified Boost is applied at the input
voltage and no load is connected, no inrush current
occurs. When the load is already connected then an
inrush limited by the load occurs, but no dangerous
overcurrent. Fig. 5 shows the current through the
inductor and the current through the capacitor (same
values as in Fig. 4). The steady state values are the
input voltage divided by the load resistor for the
inductor current and zero for the current through the
capacitor. The maximum current through the
inductor is about two times the steady state value.
But the input current which is drawn from the input
source is nearly constant all the time and is equal to
the steady state value of the current through L1.
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Fig. 5: Inrush of the modified Boost converter, up to
down: output voltage (green), the voltage across the
capacitor (blue), current through the inductor (red),
input current (grey), current through the capacitor
(violet)
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3 Quasi Boost

Converter

One possibility to achieve a QRZCS converter
(Fig. 6) is to connect an inductor Ly in series to the
active switch and a capacitor Cr parallel to the
diode. The devices are supposed to be ideal.

Resonant ZCS

E-ISSN: 2224-266X

57

Felix A. Himmelstoss

< R1
i < u2

u

Fig. 6: Zero current switching quasi resonant
modified Boost converter

3.1 QRZCSMBC Described by the Sequence

of the Modes

For the description of the function, the capacitor C

is modelled by a constant voltage source UC, and

the inductor L1 is modelled by a current source 10.
The function is described starting from the free-

wheeling stage mode MO (Fig. 7).
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Fig. 7: Equivalent circuit d1‘1ring MO (free-wheeling)

Mode M1 (Fig. 8) starts when the active switch is
turned on.
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Fig. 8: Equivalent circuit during M1 (the current
commutates from the diode into the active switch)

The current in the resonance coil increases
according to the differential equation
G Uy (10)
dt Ly

The current increases linearly. When it reaches the
current 10, the diode D turns off. Now a new
equivalent circuit is valid. The duration of mode M1
lasts

(11

When the current in the switch reaches 10, the
current through the diode reaches zero, too, and

Volume 22, 2023



WSEAS TRANSACTIONS on CIRCUITS and SYSTEMS
DOI: 10.37394/23201.2023.22.8

turns off. Now the resonant capacitor has to be
included in the equivalent circuit (Fig. 9).
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Fig. 9. Equivalent circuit during M2 (resonant
stage).

The circuit can be described by the state equations
and their initial values according to

di —Ucg +U .

—R= R Ir(0) =1y

12,
dt La (12.3)

ducr _Iir—1lo

The mode M2 can be described by the state
description

Ucr(0)=0 . (12.b)

. 0o -L|. Lo
dflr)_ Le | 'Ll W[ 13y
dt\ucr) | L ¢ Nuer) |_to

Cr Cr
Laplace transformation leads to
s — =2 4
| 0

o ( LR(S))+ R ()
N S UCR(S) _0

Cq sCg

With Crammer’s rule and with the Laplace

correspondences one can write for the resonance
current in the time domain

i s =1, +U, f%-sin /clL t. (15)
R R™=R

Fig. 10 shows the sequence of the modes starting
with Mode MO. During M1 the current reaches I0,
during M2a the current through Lr is positive, and
during M2b negative. During M2b one must turn off
the active switch to achieve ZCS. During M3 Ckr is
discharged by I until the diode D turns on and the
circuit is again in the free-wheeling mode MO.

When the current is negative, one can turn off
the active switch, and the current commutates into
the body diode.

The current reaches zero within the time Twmia.

. /C ) ’ 1
I(My2a)=0=15+U, L—:-sm ETmza (16)

resulting in

| L
Tyiza =+/Crlg -arcsin| — ¢ |-R |, 17
M2a rRLR arCSln( U, CRJ (17)
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Fig. 10: Sequence of the modes: voltage across the
resonant capacitor (green), the control signal (blue),

and current through the resonant inductor (red)

With
(18)

one gets (the sinus is already in the third quadrant)

Tym2a =+/Crlr -{ﬁ-i-arcsin{&—o I(':—RJJ (19)

2 R

arcsin (—x) = arcsin x

The next time when the current reaches zero, which
is the last possibility to turn off the switch at zero
current, is attained at

TM2a+TM2b:ﬂCRLR . 3—7[+aI'CSil’1 I_O i . (20)
4 U2 CR

Note that the sine wave is already in the fourth
quadrant.

The voltage across the resonant capacitor can be
calculated according to

uCR:U{I—cos ClL t}.
R-R

When the current reaches zero, the body diode turns
off and mode M3 begins. The current Iy discharges
linearly the resonant capacitor, and when the voltage
reaches zero the free-wheeling diode D turns on and
the circuit is again in the free-wheeling mode MO.

(e2))

3.2 QRZCSMBC Described by the uZi
Diagram
A very clear way to understand the resonance effect
of the converter is by using the u-Zi diagram, [9]
(Fig. 11).

When the active switch is turned on, the current
increases, and the voltage across Cr is still zero
(mode M1, perpendicular line). When the current
reaches Io, the diode turns off, and the resonant
mode M2 starts. To get the midpoint (center) of the
circle, one must look at the equivalent circuit Fig. 9
and ask oneself to which endpoint a damped ringing
would lead.

One can see that the current through the
inductor Lr would be Iy and the voltage across Cr
would reach the output voltage. Now one can draw
the circle starting from the point (0, ZIp). When the
circle reaches the voltage axis and the current gets
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negative, one can turn off the active switch, and the
current commutates into the diode in parallel to the
active switch (body diode when a MOSFET is
used). The last possibility to turn off the switch is
before the current gets positive again. Mode M2 can
be separated into two parts M2a and M2b, but the
describing equations are the same. Mode M3 starts
when the circle hits again the voltage axis. Now M3
can be described by a horizontal line (the capacitor
is discharged linearly by Io) until it reaches the
origin and Mode MO starts again.

Zi
phi,
Zl
2 Uz
M2a
M1y phi,
Mo
M3 W UCR
M2b
Fig. 11: uZi diagram of the ZCSQRMBC
From the resonance angular frequency
oot 27 (22)
Celg T
one can calculate the period of the resonance
T=27,/Cgxly . (23)
With the Schlussrechnung
27.....27m, Crlg
[/ VP (24)
¢2......TM2D
one gets
Tmaa = @14/Crlr (25)
Tymab =924/Crlr - (26)

One can calculate the duration of M2 by measuring
the angles ¢ and .

With the help of the definition of the cosine in a
rectangular triangle one can calculate the angles

cos 22 = Zly . (27)
2 U,
The angles for M2a and M2b are
@, =2-arccos % (28)

2
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g01=7z+(%—%)=37”—arccosi—lzo, (29)
respectively. The durations are therefore
Tyvoa = 3—”—arccos Zly \JCrlr 30)
T 2b =L2-arccos %J,/CRLR . 3D
2

3.3 QRZCSMBC Dimensioning Hints
The converter is useful when the load current (and
the mean value of the current through the coil) does
not change very much. The basic converter is
dimensioned like a normal Boost converter. When
the electronic switch is turned on, the input voltage
is across the main inductor, and the current
increases by Al. The on-time is given by

r AL

on U1 :

The on-time T, is fixed and must be chosen
according to the ZCS condition

U, SR sin |——t>1,
LR CR LR

The amplitude of the sinus wave must be larger than
the current through the coil to secure that the current
through the active switch becomes negative. For the
nominal point, one gets a good choice with (30, 31)

:37” Caly . (34)

(32)

(33)

T
— M2b
Ton _TM 2a +

During the off-time the current decrease by the same
value Al (in the steady state). L can be calculated
with the help of (32). During the on-time, the load

current discharges the capacitor by

Ton Ton
1 1 fU,
Aug == !ILoaddt_C-([ Lt 35)
For an allowable voltage ripple Auc, the capacitor
can be calculated according to
C= I oad Ton .

Auc
The capacitor will be chosen larger to compensate
for the series resistor of the device and the tolerance.
This has to be proved with the datasheet. The
chosen capacitor will be approximately two times
the value got by (36).
For the resonance elements one gets from

(36)

. C 1
in=1,+U, [=B .sin t 37
=1 +Uy [T sin [ (37)
for the characteristic resistor
7- |tk Yo (38)
Ck o
and for the period
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Calculating Lr from the two equations and setting
them equal leads to

2
U T?
Lg=| 2| Cr=——. 40
R (I()J R 47[2CR ( )
This results in the equation for Cr
T 1y
=0 41
"7 U, (41)

4 Simulation

First, we simulate the converter with constant
current through the inductor and constant voltage
across the capacitor. The small RC snubber in
parallel to the active switch damps the ringing
between the resonance inductor Lr and the parasitic
output capacitor of the transistor. Fig. 12 shows the
simulation circuit and the voltage across the
transistor, the current through the resonance
inductor, and the voltage across the resonance

capacitor.
o
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Fig. 12: QRZCSMBC simulation circuit, up to
down: voltage across the active switch (green);

current through the resonance coil (red), the voltage
across the resonance capacitor

Fig. 13 shows the current through the resonance
inductor Lr over the voltage across the resonance
capacitor Cr. The ringing caused by the output
capacitor of the transistor can also be seen here.

Fig. 14 shows the real converter with an
inductor, capacitor, and load resistor. The higher the
duty cycle, the higher the output voltage, the higher
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the load current, and the higher the current through
the main inductor.
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Fig. 13: Resonant current over the voltage of the
resonance capacitor, parameters like in Fig. 12
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Fig. 14: Current through the active switch (dark
green), current through the inductor (violet); output
voltage (turquoise), input voltage (blue), the control
signal (grey); current through the resonant coil (red),
the voltage across the resonant capacitor (green)
(duty cycle 42 %)

When the current through the main coil is too
high, so that the zero switching condition is no more
valid, the switch is turned off under current and
additional losses occur. This is depicted in Fig. 15.

The definition of duty cycle, that is the on-time
of the active switch referred to as the period, is used
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here for convenience. Fig. 16 shows the converter
with low output voltage and current.
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Fig. 15: Current through the active switch (dark
green), current through the inductor (violet); output
voltage (turquoise), input voltage (blue), the control
signal (grey); current through the resonant coil (red),
the voltage across the resonant capacitor (green)
(duty cycle 70 %)
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Fig. 16: Current through the active switch (dark
green), current through the inductor (violet); output
voltage (turquoise), input voltage (blue), the control
signal (grey); current through the resonant coil (red),
the voltage across the resonant capacitor (green)
(duty cycle 28 %)

To get a comparison with the normal modified
Boost converter, it was simulated using the same
coil and capacitor values as used for the
QRZCSMBC. The efficiency is about 1.4 % lower
than for the ZCSQR converter. No optimization was
done. A Schottky diode was used. The efficiency is
improved because of the reduction of the switching
losses, but the additional resonance current leads to
higher forward losses.
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4 Conclusion
The QRZCSMBC has several interesting features:
e No inrush current when applied to the input
source
Reduced voltage stress across the capacitor
Nearly no switching losses
But increased forward losses
Overall improved efficiency

The circuit is especially useful for powerful
batteries and battery-buffered micro-grids.
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