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Abstract

The Cascaded Connected Single Switch Quadratic Boost (C*S*-QB) is studied
first from its ideal model, then with semi-real model taking into account re-
sistive losses through the inductors and the capacitor. The continuous con-
duction mode equations, describing these different models are established,
taking into account losses through passive components. From these equa-
tions, the voltage gain and the efficiency are determined for the semi-real
model. The voltage gain and the efficiency are then analyzed versus duty cycle
and the influence of passive component losses on the performance of the qu-
adratic boost converter is carried out for the semi-real model. It has been
showed that the quality of the passive components of a converter plays an
important role in the quality of the conversion. However, not all passives
components affect the converter in the same way.
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1. Introduction

Photovoltaic energy is used for daily consumption purposes; however, the direct
current delivered by the panels must be suitable for the majority of appliances
that only operate in alternating current. This transformation is done using pho-
tovoltaic inverters. The voltage delivered by the main being about 220 V in West
Africa, it would be necessary that the photovoltaic system could deliver as much.
Taking into account the losses, we would need a DC voltage of about 300 V from

the panels to convert it into a suitable AC voltage. As a result, the number of
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panels, delivering only 15 - 17 V each on average, to be put in series to obtain the
300 V is quite considerable. As we are in the context of miniaturization and cost
minimization, the inverters include DC-DC step-up converters to raise the vol-
tage from the panels to average voltage values.

The low-frequency characterization of the DC-DC converters was carried out
in 1972 [1] [2]. The work presented in [1] can be considered as the first refer-
ence to the modeling of DC-DC converters by means of analytical techniques
with average continuous time. In the 1990s, the search for a circuit-oriented
modeling methodology led to the suggestion of the use of pulse width modulator
(PWM-Switch), a three-terminal structure that was the active switch and the di-
ode, the passive switch for most converters [3]-[8]. Later, a general average state
model based on the representation of state variables using Fourier series has
been proposed [9]. Reference [10] proposes the application of this method to
resonant and PWM converters, substituting switches with dependent sources.

At the beginning of the 21st century, a systematic method (applicable to all
conduction modes) to obtain circuit-oriented average models for multi-output
DC-DC converters is presented [11]. One of the main functions of the DC-DC
converter is to also allow an impedance matching between the source, which are
the panels and the load (user).

That is, there are many works in the field of DC-DC converters with the main
objective in renewable energies being high voltage gain with maximum efficien-
cy with reasonable duty cycle [12]-[17]. In this field, quadratic boost converters
are good candidates but there are still some problems to solve: how to minimize
losses? How these losses affect the performance of the converter?

Some studies [14] [15] have highlighted losses due to components; however,
the question remains as to the proportion that each of its components has in the
total losses.

This work focuses on these problems by studying a Cascaded Connected Sin-
gle Switch Quadratic Boost (C*S*>-QB), particularly the losses in the passive
components of the converter. Based on an electrical and mathematical modelling
of the converter, the main equations governing the converter are presented and
the analytical expressions of the voltage gain and conversion efficiency taking

into account losses through passive components are determined.

2. Modeling of the Converter and Mathematical Formulation

The quadratic boost can practically operate in all the possible different modes of
conduction according to the values of the duty cycle ratio and the load. The
choice of switching into Continuous Conduction Mode (CCM) or Disconti-
nuous Conduction Mode (DCM) has a direct impact on the performance of the
power stage and the crossing frequency of the loop.

Also, particular hypotheses can be expected to cope with the analysis of the of
discontinuous conduction mode with variable switching frequency. Indeed, the

operation in DCM will generally result in a higher loop bandwidth at the ex-
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pense of less efficiency. The converter sized on the basis of this mode will proba-
bly be smaller due to smaller inductances, but the requirements on the capacit-
ance of the output capacitor will be higher [11].

The Cascaded Connected Single Switch Quadratic Boost (C*S*-QB) is pre-
sented in Figure 1.

It consists of a single mosfet transistor which serves as a switch, three diodes
D,, D, and D,, two capacitors C; and G, two inductors Z, and Z,, and the load
resistance R as can be seen in Figure 1.

Assuming that all components are ideal and the converter is operating in
Continuous Conduction Mode (CCM) [16] as this operating mode is more

suited for photovoltaic applications, the basic equations are as follows [17]:

di "
_levi_&(l_s) (1)
dt L L
di VeV,
i:i_&(l_s) 2)
dt L, L
q . .
S g g ®
dt C, C
d V, i
&:—L.’.Ii(l_s) (4)
dt RC, C,

When taking into account resistive losses through inductor and capacitor, the

boost converter can be presented as shown in Figure 2:
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Figure 1. Boost quadratic (C*S*-QB).
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Figure 2. Quadratic boost converter with losses through inductor and capacitor (model 1).
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The power balance is written as:

P=F+ PrLl + PrLz + PrCl + PrCz (5)

P,P,,P. ,P._,P P

Orimy i, gt I,
the power losses through the inductors series resistance r_,r, and the power

are respectively the input power, the output power,

losses through the capacitors series resistance I, I, . Expressing the different

terms in Equation (5), it can be rewritten in the form:

Vv ly +, ly
Ty M e ey o
6
1§ a(l-a) I2-a
+re - AR
(1-a) (1-a)
We can then derive the gain factor Gas:
(1-a)'R
G= 4 2 3 7)
R(l-a) +(1-a) r, +r, +a(l-a)r, +a(l-a) r,
Ris the load resistor.
The conversion efficiency 7 is defined by:
)
= 8
TR R, ®
Replacing Ry, R ,F_ by their respective expressions, the conversion effi-
ciency becomes:
1
a(l-a)r, +1, a(l-a)r, +r,
1+ R 2=
(1-a)' R (1-a)'R

3. Results and Discussions

Based on the mathematical formulation above, we have been able from Mathcad
software to plot different voltage gain and Conversion efficiency versus duty
cycle. The simulations were performed by varying duty cycle and series resis-

tances, but choosing transistors and diodes as ideals.

3.1. Voltage Gain Factor

These curves are intended to highlight and appreciate the inductive and capaci-
tive ESR effects on the quadratic boost performance. The internal resistance,
whose effect we want to observe, is parameterized with values ranging from 0.02
Q to 0.1 Q with a pitch of 0.02. These different values can materialize a progres-
sive deterioration of the component or a use of components of different quali-
ties. However, the values of more than 0.1 Q are already large enough not to be
interested because in practice the use of quality components will be preferred for
optimizing the performance of the converter. In the same vein, we will vary the
internal resistance of a component assuming that the other components are

good qualities, that is to say constant internal resistances and equal to 0.02 Q
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[18].

Therefore, we present in Figure 3 the voltage gain factor G versus duty cycle a
for various inductor series resistance I, Figure 3(a) and various inductor se-
ries resistance I, Figure 3(b).

These figures show that voltage gain factor first increase until a certain duty
cycle a, value from which it began decreasing. In fact, when the duty cycle is in-
creasing the losses in the series resistance of the inductor also increase to a thre-

shold from which the losses are so important that the voltage gain factor begin

20 —

Voltage gain factor

0 . , . . . ,
0.0 0.2 0.4 0.6 0.8 1.0
Duty cycleo

(a)

Voltage gain factor

T
0.0 0.2 0.4 0.6 0.8 1.0
Duty cyclea

(®)

Figure 3. Voltage gain factor versus duty cycle for various inductor’s series resistance
values. (a) 1 =1, =1, =002Q;() r =r =r =002Q.
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decreasing for duty cycle approaching unity. We can see that this threshold de-
pend directly on the series resistance value r;. For low r; the threshold is reached
very close to duty cycle equal to unity but for increasing r; the threshold is
reached far from duty cycle equal to unity. This means that the maximum vol-
tage gain factor (corresponding to a duty cycle a,) is shifted left as r; increases.
As losses in the inductor increase, the voltage gain factor decrease very rapidly
[19].

However, we can see that, in Figure 3(a), the difference between the maxi-
mum of the curve representing a good quality of Z, and that of the poor quality
is about 52.78% which is quite considerable as voltage gain factor losses. While
in Figure 3(b) the difference is only about 4.56% between the maximum of the
low and high 1, curve. Thus showing that the quality of the inductor Z, has an
impact 10 times greater on the voltage gain than that of the inductor Z,.

This means that in practical design the value of r, must be absolutely known
and small, with Z, priority over Z,, otherwise the output voltage could not be
guaranteed.

We plotted in Figure 4 the voltage gain factor G versus duty cycle a for vari-
ous [, inFigure 4(a) and various I, inFigure 4(b) [18].

These two figures illustrate the effect of the capacitor series resistance on the
voltage gain factor. We can see that the quality of the capacitor C| has a greater
impact in Figure 4(a) than the capacitor C, in Figure 4(b). In fact, we can loose
up to 18.8% of voltage gain factor for a bad quality of the capacitor C; against
0.64% for a bad quality of the capacitor C,.

That is, the low values of the internal resistances of inductances and capacitors
allow us to have a better voltage gain. However, the r; values affect the value of
the voltage gain more than the r values. But different influences are more
marked by the values of I, and the values of I ; the variations of I, impact

more than the variations of 1, .

3.2. Conversion Efficiency

The challenges to be raised at the level of the converters being not limited to the
voltage gain but also to the yield, let us analyze now the conversion efficiency
versus the duty cycle.

Figure 5 shows the conversion efficiency profile versus duty cycle for various
r, values in Figure 5(a) and various n, values in Figure 5(b) [18].

This figure shows that as the duty cycle increases, the conversion decrease and
this decrease is very marked for duty cycles close to unity if the series resistance
r, of the inductor is small. When r; is high, the losses in the inductor prevail as
duty cycle increase leading to the observed decrease of the conversion efficiency
[19].

Indeed, we see with the figure that this decrease is very steep for duty cycles
close to the unit when the series resistance r, is weak. When, on the other

hand, it is high, the losses in the inductance take precedence over the effects of
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the duty cycle, resulting in a less gross decrease in conversion efficiency but ear-
lier. However, we can see at the level of the figure that the various curves are
barely perceptible thus showing the very low impact that the quality of the Z,
inductance has on the conversion efficiency.

In Figure 6 the Conversion efficiency profile is presented versus duty cycle for
various I, values (Figure 6(a)) and larger e, (Figure 6(b)).

As observed before (Figure 4), we can see in Figure 6 that the effect of the series

20

18
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14 -

12 H

10

Voltage gain factor

0.0 0.2 0.4 0.6 0.8 1.0
Duty cycle o

(a)

Voltage gain factor

0.0 0.2 0.4 0.6 0.8 1.0
Duty cycle a

(®)

Figure 4. Voltage gain factor versus duty cycle for various capacitor’s series resistance
values. (a) 1 =1 =1, ,=002Q;() r =r =r,=002Q.
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Figure 5. Conversion efficiency versus duty cycle for various inductor’s series resistance
values. (a) 1 =1 =1, =002Q;(®) r =r, =1, =002Q.

resistance of the capacitor C, is smaller than that of the series resistance of the
capacitor C.

As with the voltage gain curves, we see that the values of I, influence more
on the performance followed by those of I , then from r_ andthen r .

For low duty cycle, the gain and efficiency curves are inversely proportional
but the effects of the internal resistances of inductances and capacitors are iden-

tical. These effects predominate in duty cycle neighboring to the unit to the
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Figure 6. Conversion efficiency versus duty cycle for various capacitor’s series resistance
values. (a) 1 =1 =1, ,=002Q;(b) r =r =r,=002Q.

point of canceling the values of these different curves.

It would be advisable not to operate at duty cycles greater than 0.8 because the
effects of series resistances are more marked in this area. Indeed, working with a
duty cycle close to the unit increases the stress of the semiconductors and de-

creases sharply the life of the converter [19].

4. Conclusions

We have presented in this paper a detailed theoretical study of the quadratic
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boost converter. We have taken into account the real behavior of the passive
components of this converter and we have analyzed its voltage gain factor and
conversion efficiency. It has been shown that the quality of the passive compo-
nents of a converter also plays an important role in the quality of the conversion.
Indeed, the deterioration of these components over time will cause underper-
formance of the converter. However, not all passives components affect the
converter in the same way. Input inductor Z, must be of the best possible quality
as input capacitor C,. The output inductor Z, has little effect on the performance
of the converter contrary to Z,. Finally, we have the output capacitor C, that has
a very low impact on the voltage gain and on the efficiency but remains impor-
tant for the quality of the output voltage.

We also show that it is not recommended to use duty cycle close to unity [14]
[15] because losses effects are most important there with a markedly decrease of
both voltage gain factor and conversion efficiency. Next steps are dedicated to
building a prototype converter for validation purpose and taking into account

switching losses.
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Appendix

The RMS values of the currents in the inductances Z, and Z, of this quadratic

elevator are respectively |efle and IeffLZ whose expressions are:

|
IEfle = ||_1 Zﬁ (A-l)

and

=l (A-2)

(1-a)

and the losses in the inductors are therefore given by:

Ieff,_2 = L,

_ 2
P, =Ty L, (A-3)
| 2
- 0 _
o rLl (1_ )4 (A-4)
and
P, =My, L, (A-5)
| 2
_ 0 _
P, =", (1_a)2 (A-6)
_ _ 2 2
ooy + , — rLl : IeffL1 + rLz : Iefsz (A'7)
r |°2 r Ig (A-8)
Y a) T (1-a)

It is the same for capacitors whose expressions of the currents flowing through

them are given by:

pour O<t<aT

| R (A-9)
[ | 3
' Ll :"—0(2 pour aT <t<T
1 2 (1_a)
-1, pour O<t<aT
= A-10
e, =9y _p, = o pour aT <t<T (4-10)
2 (1-a)

The RMS values of the currents are therefore obtained by:

1.7, 1] o0 12 T 12a?
L, = /?jo 12, dt = ?[jo (1_‘;)2 dt+] (1:2)4 dt (A-11)

1] 12 12a®
o, =4 |= ~-aT + (T—aT) (A-12)
AT © aw)
This gives by calculation:
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L a(l-a) (A-13)

and

|
=]~
© 4
o
N
o
—

Il
=]~
| —
s
° 8
S
=
)
]~

—~
Ll
SN
Q [R
N—
N
Q.
—
[

effc, —
(A-14)
|2 2
= |2zt + Y (1 _aT)
(1-a)
giving by calculation:
o
. a (A-15)
Capacitor losses are:
P. =P, +P, (A-16)
2 2
Pe =Te, Lette, +1c, ~lere, (A-17)
lia(l-a Iy
P, =T = ( 4)+C2- U (A-18)
(1-a) (1-a)
The total power loss of the converter is therefore:
Ps= PrL1 + PrL2 + Prcl + Prcz (A-19)
Ps=r, IfﬁL1 +r, -1 jﬁLz +Ig, - Ifffcl +1g, - jﬁcz (A-20)
12 12 12 a(l-a 12
=>Pg=r ——+n, 5l 0o ; )+rc2~ % (A1)
(1-a) (1-a) (1-a) (1-a)
By replacing /;with I, = > the expression becomes:
l-a
VL SR VI ly +, ly
ey T ) )
2 5 (A-22)
o lga(l-a) I5-a

“T ey @ (1a)

This gives a calculated expression of the voltage gain (G, ,_ ) of the converter
with the inductive and capacitive ESR effects.
Vo (1_ a)z R

e v 2 3 7 (A-23)
\ n, +(1—a) 1, +a(1—a)'rc1 +a(l—a) I, +(1—a) R

We obtain the expression of the efficiency of the converter by the relation:

R

==L A-24

n P ( )
R,

n= (A-25)

P, +Ps
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where P, designates the overall power loss in the quadratic boost system. 2, and
P, designating respectively the input and output powers.

P =R+ PrL1 + PrL2 + Prcl + Prc2 (A26)

=V lo+r, - Iezfle +r, - IjffL2 +Io, - Iezffcl +I, - IjffC2
=V, -1, =V, 1, +r, |°2 +T, I‘?
1o h o'ty (1—0!)4 L. (1_a)2
5 (A-27)
Iy -a(l-a) 12 o
+Ig, - I,
(1-a) (1-a)
or B, =V, (A-28)
and V, =R I, (A-29)
P
=12 :EO (A-30)
P P P.a(l-a a
=Ps=r, S+, v Rl 4) c, = (A-31)
(1-a) R(1-a) R(1-a) R(1-a)
r +a(l-a)-r r +a(l-a)-r
=P, =| 2 ( 4)°1 Sl Z)C ) (A-32)
(I-a) R (I-a) R
P
Moy = °P (A-33)
P{1+LS}
R
1
Mo = P (A-34)
1+-5
R
This finally gives:
ﬂrL,rc = L (A'35)
e r,+a(l-a)r, r, +a(l-a)r,
(1-a)' R (1-a)* R
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