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Abstract

This report discusses the analysis, design and control of Boost Con-

verter with Output CL Filter (BCOCLF). The converter is a fourth

order system containing two inductors and two capacitors. The fol-

lowing are its main attributes.

• The well known conventional boost converter have the problem of

discontinuous output current, which can be undesirable in many

applications.

• The proposed design of the fourth order boost converter solves

this problem with the use of output CL filter.

• Although there are other fourth order boost converters which

solve the aforementioned problem, this converter is unique in

the aspect that it keeps the converter DC gain same as that of

the conventional boost converter.

Keywords: Boost Converter, DC-DC converter, fourth order

boost converter, BCOCLF, no ripple output current
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Chapter 1

Introduction

1.1 Motivation

It is well known that transformers are used to step-up or step-down ac voltages

keeping the power unchanged. They are easy to implement, rugged and highly

efficient electrical devices. But unfortunately, they cannot be used for DC systems

as the transformer would saturate for a DC current would produce a constant flux

in its core. Hence there was a need for the development of devices that could

step-up or step-down DC voltages, much similar to the way transformers do so.

With the advent of Power Electronics in the early 1950s, this became possible.

The following are the three basic power electronic DC-DC converters and their

function(s) [1, 2].

• Buck converter: step-down DC voltage

• Boost converter: step-up DC voltage

• Buck-Boost converter: step-down or step-up DC voltage

The three are called basic converters, because all other DC-DC converters have

been derived from these three topologies [2]. Apart from these, many more DC-
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1.2 Objectives and Contributions

DC converters namely the Ck, Sepic, Zeta and Flyback converter have been

reported in literature [3, 4].

The basic converter topologies have one inductor and one capacitor in their cir-

cuitry. Thus because of these two storage elements, they form a second order

system. Because of switching, currents on either the input side, or the output

side or both (in case of buck-boost converters) are discontinuous. This discontinu-

ity in current is undesirable. This is because since the average current demanded

by the load is constant, it is met by peaky currents owing to the discontinuity.

As per literature, this kind of peaky currents are harmful to DC voltage source,

most likely to be a battery [5 - 11]. Hence higher order DC-DC converters are

designed to counter this problem.

1.2 Objectives and Contributions

DC-DC converters with CL filters are reported in literature [12 - 15]. CL filters

either on the output side, or input side or both, help to reduce switching frequency

ripple and lower the EMI [16]. Further there is a reduction in ripple current (on

the side wherever the filter is placed) as reported in [13]. Various fourth order

converter topologies have been reported in the literature. Some fourth order

buck converter topologies are namely - FOBUC, BCIF and BCICLF [13]; while for

boost converter, they are - HGFBC and FODBC [17]. Due to the presence of these

filter components, the DC gain of these fourth order converters tend to change

from that of their corresponding conventional second order topology. However, a

fourth order buck converter namely BCICLF was proposed in [13] which retained

the converter gain as equal to the gain of conventional buck converter, and also

solved the aforementioned problem of ripple current on the input side. Taking

inspiration from this, a fourth order boost converter is proposed in this report

2



1.3 Overview of the Report

such that the ripple on the output side is brought down as compared to second

order boost converter, and also the converter gain is retained same as that of

the conventional boost converter. The said converter along with its controller

is designed and simulated in MATLAB Simulink and performance results are

obtained.

1.3 Overview of the Report

In chapter 1, an introduction to the basic idea of the project work is given de-

scribing the motivation that had driven it and the objectives it has met. In

chapter 2, a review of basic three DC-DC converter topologies is carried out,

their steady state analysis and design of their parameters are attended in detail.

In chapter 3, an overview of design and control of conventional boost converter is

given describing in detail its challenges and shortcomings - the major one being

the discontinuous output current of boost converter and its detrimental effects on

converter’s life. To encounter this, the need for fourth order DC-DC converters

is discussed through an example of a fourth order buck converter topology that

retains DC gain of conventional buck converter and has no right half plane zeros.

Inspired from this, a new fourth order boost converter topology retaining gain

as that of conventional boost converter is then proposed; such that the output

current becomes continuous and converter life is enhanced. Its detailed steady

state analysis and design parameters are given. The derivation of the proposed

converter’s transfer function and design of its controller are also discussed here.

Finally, the simulation results in the form of wave-forms and tabulated data are

given. Derived conclusions from this study and future scope of development are

presented in chapter 4.
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Chapter 2

Review of basic DC-DC

Converter Topologies

Introduction

This chapter deals with the steady state analysis and design of inductance and

capacitance for the three basic DC-DC converters namely the Buck, Boost and

the Buck-Boost converter. These three converters are the basic building blocks for

all other DC-DC converters, hence it is important to understand their operation,

steady state analysis and design [2].

Also, it is important to note that all analysis in this report is done considering

that the power remains same on both sides of the converter, i.e. ideal operation

(no losses in the converter) and also only for continuous current mode (CCM) of

operation.

4



2.1 Basic Concepts for Steady State Analysis

2.1 Basic Concepts for Steady State Analysis

To analyze the steady state functioning and design of basic DC-DC converter

topologies, two fundamental theories are vitally instrumental.

• Inductor volt-second balance

• Capacitor charge balance

2.1.1 Inductor Volt-Second Balance

The steady state operation of DC-DC converters have two modes of operation:

• Ton - indicating time during which the semiconductor switch is conducting.

• Toff - indicating time during which the semiconductor switch is not con-

ducting.

Depending on the circuit topology, the inductor charges or discharges in either

of the time intervals. The total time Ts which denotes the switching time period

of one cycle, is the sum of the times Ton and Toff .

Now in steady state, since the average inductor current has to remain same

over one cycle, the net
〈

diL(t)
dt

〉
= 0. Also we know that vL(t) = LdiL(t)

dt
, therefore

the following can be written [1]:

1

Ts

∫ Ts

0

vL(t)dt = 〈vL〉 = 0 (2.1)

2.1.2 Capacitor Charge Balance

Capacitors in the converters have a constant average voltage in steady state

operation, although there is charging and discharging of capacitors taking place

during Ton and Toff time intervals. Thus the net
〈

dvC(t)
dt

〉
= 0 as averaged over

5



2.2 Buck Converter

one cycle. Now since current through capacitor is given as iC(t) = C dvC(t)
dt

, the

following equation can be written [1]:

1

Ts

∫ Ts

0

iC(t)dt = 〈iC〉 = 0 (2.2)

2.2 Buck Converter

Buck converters are used for stepping down DC voltages. The fundamental circuit

diagram of buck converter is as given in Figure 2.1 [2].

DC Voltage Source

Inductor

Capacitor

T1

T2

Load

Figure 2.1: Fundamental circuit diagram of buck converter

During TON terminal T1 is connected to the inductor, while during TOFF

terminal T2 is connected to inductor. Thus the inductor charges during TON and

discharges during TOFF . In actual circuit, this SPDT switch is implemented by

the use of a controlled switch (in this case MOSFET) and an uncontrolled switch

(in this case diode) as shown in Figure 2.2.

6



2.2 Buck Converter

Vg

MOSFET

Diode

L

C

R

Figure 2.2: Circuit diagram of buck converter

The steady state analysis of buck converter goes as follows [1, 2]:

Vg

L

C

R

+ -

VL

IC

Vo

+

-

IL
Ig

Io

Figure 2.3: Buck converter equivalent circuit during TON mode of operation

Equations during TON mode:

vL = Vg − Vo

=⇒ diL(t)

dt
=
Vg − Vo
L

(2.3)

7



2.2 Buck Converter

iC = iL −
Vo
R

(2.4)

Vg

L

C

R

+- VL

IC

Vo

+

-

IL

Ig = 0

Io

Figure 2.4: Buck converter equivalent circuit during TOFF mode of operation

Equations during TOFF mode:

vL = −Vo

=⇒ diL(t)

dt
=
−Vo
L

(2.5)

iC = iL −
Vo
R

(2.6)

also, 〈iL〉 = Vo

R
averaged over one switching cycle.

Converter Gain:

Now applying inductor volt-second balance using (2.3) and (2.5), we get,

(Vg − Vo)(DTs) + (−Vo)(1−D)Ts = 0

=⇒ Vo = DVg

(2.7)

8



2.2 Buck Converter

where D is called the duty cycle of the switch and is defined as,

D =
TON

Ts

Considering ideal operation, input power is equal to output power, Pin = Pout.

Therefore, Ig = DIo.

Capacitor Design:

Using (2.3) and (2.5) and the average value of inductor current, its waveform

is constructed as shown in Figure 2.5. From (2.4) and (2.6), and Figure 2.5,

capacitor current waveform is constructed as shown in Figure 2.6. Assuming that

all the ripple current flows through the capacitor, the required capacitor value

can be calculated as,

DTs Ts

iL(t)

(Vg – Vo)/L

-Vo/L

Ts/2

Vo/R ΔiL

t

Figure 2.5: Inductor current for buck converter

9



2.3 Boost Converter

DTs Ts

iC(t)

(Vg – Vo)/L

-Vo/L

Ts/2

t

0 ΔiL

Figure 2.6: Capacitor current for buck converter

∆Q =
∆ILTs

8

=⇒ C∆Vo =
∆ILTs

8

=⇒ C =
∆iL

8f∆Vo

(2.8)

where ∆Q is the change in charge of the capacitor and f is switching frequency

given by f = 1
Ts

.

Inductor Design:

Referring to Figure 2.5, we can write the following:

∆IL =
(Vg − Vo)(DTs)

L

=⇒ L =
(Vo)(1−D)

∆ILf

(2.9)

2.3 Boost Converter

Boost converter steps-up DC voltages. Hence fundamentally it has the reverse

circuit of buck converter as shown in Figure 2.7 [2].

10



2.3 Boost Converter

DC Voltage Source

Inductor

Capacitor

T1

T2

Load

Figure 2.7: Fundamental circuit diagram of boost converter

During TON , the inductor pole is connected to T2 and the source charges the

inductor. Later during TOFF , the indcutor is discharged to the load by being

connected to T1.

Thus the actual circuit diagram for implementing this is given as in Figure

2.8.

Vg

MOSFET

Diode
L

C

R

Figure 2.8: Circuit diagram of boost converter

Converter steady state analysis is as follows [1, 2]:

11



2.3 Boost Converter

Vg

L

C R

+ -

+

-

Vo

IC

IL

VL

Io
Ig

Figure 2.9: Boost converter equivalent circuit during TON mode of operation

Equations during TON mode:

vL = Vg

=⇒ diL(t)

dt
=
Vg
L

(2.10)

iC =
−Vo
R

(2.11)

Vg

L

C

R

+-

+

-

Vo

IC

IL

VL

Io

Ig

Figure 2.10: Boost converter equivalent circuit during TOFF mode of operation

12



2.3 Boost Converter

Equations during TON mode:

vL = Vg − Vo

=⇒ diL(t)

dt
=
Vg − Vo
L

(2.12)

iC =
Ig − Vo
R

(2.13)

Converter Gain:

Applying inductor volt-second balance to (2.10) and (2.12).

VgDTs
L

+
(Vg − V o)(1−D)Ts

L
= 0

=⇒ Vo
Vg

=
1

1−D

(2.14)

Applying capacitor charge balance to (2.11) and (2.13).

−VoD
R

+
(Ig − Vo)(1−D)

R
= 0

=⇒ Ig =
Vo

R(1−D)

=⇒ Ig
Io

=
1

1−D

(2.15)

Capacitor Design:

Using current equations of the capacitor; iC(t) = C dvC(t)
dt

and 〈vC(t)〉 = Vo aver-

aged over one cycle, we get the following waveform of the capacitor voltage vC(t)

(Figure 2.11).

13



2.3 Boost Converter

DTs Ts
t

Ts/2

vC(t)

-Vo/(RC)

(Ig – Vo/R)/C
2ΔvCVo

Figure 2.11: Capacitor voltage for boost converter

2∆VC =
VoDTs
RC

=⇒ C =
VoD

2Rf∆VC

(2.16)

Inductor Design:

Similarly using inductor voltage (2.10) and (2.12), Figure 2.12 is obtained.

DTs Ts

iL(t)

t

(Vg )/L

(Vg-Vo)/L

Ts/2

Vo/(R(1-D)) ΔiL

Figure 2.12: Inductor current for boost converter

14



2.4 Buck-Boost Converter

∆IL =
VgDTs
L

=⇒ L =
VoD(1−D)

f∆IL

(2.17)

2.4 Buck-Boost Converter

The buck-boost type of converter can be used for stepping up as well as stepping

down of the DC voltages. This is achieved by varying the duty ratio D.

Fundamental circuit diagram of buck-boost converter is given in Figure 2.13 [2].

DC Voltage Source Inductor Capacitor Load

T1 T2

+

-

Figure 2.13: Fundamental circuit diagram of buck-boost converter

When inductor pole is connected to T1 during TON , the inductor gets charged

through the source, whereas during TOFF it is connected to T2 and discharges to

the load.

It is important to note that here the discharges from the lower side and hence a

reverse polarity is obtained at the output as shown in the figure.

In practice, the SPDT is realised using MOSFET and a diode (Figure 2.14).

15



2.4 Buck-Boost Converter

Vg
L C R

DiodeMOSFET

+

-

Figure 2.14: Circuit diagram of buck-boost converter

The converter steady state analysis is as follows [1, 2]:

Vg

L

C

R

+

-+

-

Ig

IL

IC

VoVL Io

Figure 2.15: Buck-boost converter equivalent circuit diagram during TON mode
of operation

Equations during TON mode:

vL = Vg

=⇒ diL(t)

dt
=
Vg
L

(2.18)

16



2.4 Buck-Boost Converter

iC =
−Vo
R

(2.19)

Vg

L

C

-

+

Ig = 0

IL

IC

VL

+

-

Vo

R

Io

Figure 2.16: Buck-boost converter equivalent circuit diagram during TOFF mode
of operation

Equations during TOFF mode:

vL = Vo

=⇒ diL(t)

dt
=
Vo
L

(2.20)

iC = IL −
−Vo
R

(2.21)

Converter Gain:

Applying inductor volt-second balance to (2.18) and (2.20).

VgD + Vo(1−D) = 0

=⇒ Vo
Vg

=
−D

(1−D)

(2.22)

17



2.4 Buck-Boost Converter

Therefore, we see that the output voltage has opposite polarity as compared to

the input voltage.

By capacitor charge balance applied to (2.19) and (2.21), we have

IL =
Vo

R(1−D)

and by power balance, we know that

Ig
Io

=
D

1−D

Hence we can write Ig = DIL

Capacitor Design:

Using current equations of the capacitor; iC(t) = C dvC(t)
dt

and 〈vC(t)〉 = Vo aver-

aged over one cycle, we get the following waveform of the capacitor voltage vC(t)

(Figure 2.17).

DTs Ts
t

Ts/2

vC(t)

-Vo/(RC)

(Ig – Vo/R)/C
2ΔvCVo

Figure 2.17: Capacitor voltage for buck-boost converter

2∆VC =
VoDTs
RC

=⇒ C =
VoD

2Rf∆VC

(2.23)
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2.4 Buck-Boost Converter

Inductor Design:

Using inductor voltage (2.18) and (2.20), the inductor current waveform as shown

in Figure 2.18 is obtained.

DTs Ts

iL(t)

t

(Vg )/L

(-Vo)/L

Ts/2

Vo/(R(1-D)) ΔiL

Figure 2.18: Inductor current for buck-boost converter

∆IL =
VgDTs
L

=⇒ L =
Vo(1−D)

f∆IL

(2.24)
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Chapter 3

Boost Converter with Output CL

Filter

Introduction

In this chapter, we shall discuss about the design and simulation of a DC-DC

boost converter for given voltage transformation ratio, power rating and switching

frequency. We shall then see the shortcomings in its performance, by simulating it

in MATLAB Simulink. To overcome those shortcomings, we shall propose a new

topology for boost converter, having four storage elements - two inductors and two

capacitors. We shall then design this new converter for the same specifications

as the previous one and compare the performances of the two converters.

3.1 Design and Steady State Performance of DC-

DC Boost Converter

In this section, 12/48 V voltage ratio, 100 W power rating, 100 KHz switching

frequency boost converter shall be designed along with its controller, and shall be
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3.1 Design and Steady State Performance of DC-DC Boost Converter

simulated in MATLAB Simulink, chiefly to analyze its steady state performance.

3.1.1 Converter Design

Power rating P = 100 W

Input voltage Vg = 12 V

Output voltage Vo = 48 V

Therefore, D = 0.75

Switching frequency f = 100 KHz

Rated load R = 482

100
= 23.04 Ω

Rated output current Io = 48
23.04

= 2.0834 A

Using (2.15), rated input current Ig = 8.3334 A

According to [18], the current ripple can be between 20% to 40% of the rated

value. Considering close to ideal operation, we choose ∆IL = (10%)Ig = 0.8334 A

From (2.16) and (2.17), we get C = 8.138µC and L = 108µH.

3.1.2 Converter transfer function and controller tuning

Since we want to control the output voltage of the boost converter by varying the

duty ratio D, we use the ’Gvd(s)’ transfer function of boost converter as given in

[1].

Gvd(s) = Gd0

1− s
ωz

1 + s
Qω0

+
(

s
ω0

)2 (3.1)

where, Gd0 = Vo

1−D , ω0 = 1−D√
LC

, Q = (1−D)R
√

C
L

and ωz = (1−D)2R
L

.

Substituting values in (3.1), converter transfer function and its bode plot are

obtained as shown in Figure 3.1.
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3.1 Design and Steady State Performance of DC-DC Boost Converter

Figure 3.1: Bode plot of Gvd(s) transfer function

Clearly, the system is unstable with a phase margin of −269◦ and gain margin

-45.7dB. Hence a controller is must for its stable operation and for good steady

state performance.

Along with the controller with transfer function Gc, the overall block diagram of

the system looks like what is shown in Figure 3.2.

Figure 3.2: Control block diagram for voltage control of boost converter

We shall tune a PI controller for the given transfer function, such that the

new gain crossover frequency (ωgc) is obtained around 7000 rad/s with a phase

margin of around 90◦ and a positive gain margin.
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3.1 Design and Steady State Performance of DC-DC Boost Converter

General transfer function for PI controller is given as.

Gc =
kp(sT + 1)

sT

Therefore, using open loop transfer function of the system, and applying the

following conditions,

|GcGvd|7000 rad/s = 1

and
1

T
=
ωgc

10

we get kp as 2.8184× 10−3 and T as 1
700

. These values were substituted and bode

plot was found to be stable. Due to resonance around ω = 7000 rad/s, and the

resulting curvature in the magnitude plot, the new bode is found to intersect the

0 dB line at a a lesser than expected value. Hence ωgc is obtained at 452 rad/s

and gain margin is 4.75 dB. The resulting Bode plot is shown in 3.3

Figure 3.3: Bode plot of Gvd(s) ∗Gc(s) transfer function
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3.1 Design and Steady State Performance of DC-DC Boost Converter

It can be seen that two gain cross-over frequencies are obtained.

3.1.3 Results

The designed values of inductor, capacitor at rated load and given switching

frequency along with the controller are now simulated in MATLAB Simulink and

results are observed for output voltage, converter output current and load current

as are showed in Figures 3.5 - 3.7 respectively. For reference, these quantities are

marked in Figure 3.4.

IC

Iload
Vg

MOSFET

Diode

L

C

Io

Ig R

Figure 3.4: Boost converter circuit with marked currents and voltages to be
studied

Figure 3.5: Vo (V) v/s time (s)
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3.1 Design and Steady State Performance of DC-DC Boost Converter

Figure 3.6: Io (A) v/s time (s)

Figure 3.7: Iload (A) v/s time (s)

3.1.4 Shortcomings in Steady State Performance

From simulation results, it is evident that Io is peaky in nature. This is because

during TON mode of operation, no current flows from the input to the output of

boost converter, and the average value of current demanded by the load needs

to be met anyways. Iload on the other hand is having comparatively less ripple,

because most of it has been absorbed by the output capacitor, but it is still

close to 5% of the demanded average value. Because of high current ripple in Io,
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3.2 Introduction to Fourth Order DC-DC Converters

capacitor voltage vC ripple is also found to be about 5% of the average output

voltage.

It is reported in [19] that high ripple in capacitor current causes internal heating

owing to ESR and hence degradation of capacitor life. This in turn affects the life

of the converter as a whole. Hence it comes important to address this problem

of high ripple in output current. For the same, we shall propose a new topology

of fourth order boost converter in section 3.3.

3.2 Introduction to Fourth Order DC-DC Con-

verters

The problem of discontinuous output current is not unique to boost converter.

A similar problem of discontinuous input current exists for buck converters also.

To encounter this problem, many fourth order DC-DC converter topologies are

proposed in literature. One of them is Buck Converter with Input CL Filter

(BCICLF) as reported in [13]. The circuit diagram for BCICLF is given in Figure

3.8.

Vg

L1

C2

C1

VC2

MOSFET

L2

R

Figure 3.8: Circuit diagram for BCICLF

26



3.3 BCOCLF - Design and Performance

Although other topologies of fourth order buck converters also solve the prob-

lem of discontinuous input current, but the presence of CL filters also tend to

modify the converter gain as compared to their conventional counterparts. This

topology is unique in this aspect that its converter gain is same as that of the

conventional buck converter. That is, the converter gain of BCICLF is given as,

Vo = DVg

If this converter is utilized for interfacing a voltage source such as a battery,

with a DC system, then the input current ripple is reported to have reduced to

such an extent that battery life has enhanced and EMI has reduced. Although

other fourth order buck converters have too been successful in achieving these

feats, but unlike them, BCICLF it does not have any non-minimum phase zeros

in the output voltage to duty ratio transfer function. As a result, BCICLF has

a superior dynamic performance and its control is much simpler as compared to

other fourth order buck converters.

3.3 BCOCLF - Design and Performance

Thinking on the same lines for boost converter output current ripple problem,

we shall now propose a new topology to address it. The converter is called Boost

Converter with Output CL Filter (BCOCLF). Circuit diagram for BCOCLF is

given in Figure 3.9.
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3.3 BCOCLF - Design and Performance

Vg

L1

C2

C1

VC2

L2

R

MOSFET Io

Figure 3.9: Circuit diagram of BCOCLF

As shown in the figure, the CL filter is added on the output side. In steady

state, the output voltage is greater than the input voltage. When the MOSFET

is conducting, the voltage at the n terminal of the diode is Vo and that on its p

terminal is Vg, hence the diode is reverse biased and does not conduct. During this

on time, the inductors L1 and L2 are charging and as soon as the MOSFET goes

off, the polarity of inductor voltages get reversed as explained by Lenz’s law, and

hence the diode is forward biased by the voltage source and inductor L1. Thus the

output voltage is now enhanced. Also, during TOFF time period, the capacitor

C1 gets charged as shall be discussed, and during TON it discharges to the load.

Hence, essentially, there is always a load current flowing from the converter,

and this is the reason how output current ripple is reduced. Interestingly, upon

doing the circuit analysis, capacitor C1 voltage averaged over one cycle, comes

out to be equal to source voltage. Hence during TON mode, the output voltage

is approximately zero, and during TOFF mode, it is the enhanced value. This

is pretty much the case in conventional boost converter also. Therefore, the

converter gain is same as that of conventional boost converter.
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3.3 BCOCLF - Design and Performance

3.3.1 Steady State Analysis and Design

For steady state analysis of the converter, we shall consider the converter equiv-

alent circuit during TON and TOFF separately.

Vg

L1

+

-

Ig

IL1

-+

IL2L2

C1

VC2

Io
C2

R

Figure 3.10: Equivalent circuit of BCOCLF during TON mode of operation

Equations during TON mode:

Vg − vL1 − vL2 = 0 (3.2)

vL1 = Vg + VC1 − VC2

=⇒ diL1(t)

dt
=
Vg + VC1 − VC2

L2

(3.3)

vL2 = VC2 − VC1 (3.4)

iC1 = −Io

=⇒ dvC1

dt
=
−Io
C1

(3.5)
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3.3 BCOCLF - Design and Performance

L1

C2

+

-

Ig

IL1

- +

IL2

L2

C1

VC2

R

Vg

Io

Figure 3.11: Equivalent circuit of BCOCLF during TOFF mode of operation

Equations during TOFF mode:

Vg − vL1 − vL2 − VC1 = 0 (3.6)

vL1 = Vg − VC2

=⇒ diL1(t)

dt
=
Vg − VC2

L2

(3.7)

vL2 = VC2 − VC1 (3.8)

iC1 = Ig − Io

=⇒ dvC1

dt
=
Ig − Io
C1

(3.9)
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3.3 BCOCLF - Design and Performance

3.3.1.1 Converter Gain

Applying inductor volt-second balance for L1 using (3.3) and (3.7).

(Vg + VC1 − VC2)D + (Vg − VC2)(1−D) = 0

=⇒ VC1 =
VC2 − Vg

D

(3.10)

Applying inductor volt-second balance for L2 using (3.4) and (3.8).

(VC2 − VC1)D + (VC2 − VC1)(1−D) = 0

=⇒ VC1 = VC2 = Vo

(3.11)

(3.10) and (3.11) imply
Vo
Vg

=
1

1−D
(3.12)

Applying capacitor charge balance for capacitor C1 using (3.5) and (3.9).

(−Io)D + (Ig − Io)(1−D) = 0

=⇒ Ig
Io

=
1

1−D

(3.13)

3.3.1.2 Inductor L1 Design

Using (3.3) and (3.7), inductor current waveform is drawn as shown in Figure

3.12
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3.3 BCOCLF - Design and Performance

DTs Ts

iL1(t)

t

Vg/L1

(Vg-Vo)/L1

Ts/2

Vo/(R(1-D)) ΔiL1

Bcoclf il1

Figure 3.12: Inductor L1 current waveform for BCOCLF

∆IL1 =
VgDTs
L1

=⇒ L1 =
VoD(1−D)

∆IL1f

(3.14)

3.3.1.3 Capacitor C2 Design

Knowing 〈vL2〉 = 0 averaged over one cycle, we can fairly assume that all the

ripple current ∆iL1 is flowing through capacitor C2. Therefore,

∆Q2 =
∆IL1Ts

8

=⇒ C2 =
VoD(1−D)

8f 2L1∆Vo

(3.15)

3.3.1.4 Capacitor C1 Design

Using (3.5) and (3.9), capacitor voltage waveform is obtained as shown in Figure

3.13.
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3.3 BCOCLF - Design and Performance

Bcoclf vc1

DTs Ts
t

Ts/2

vC1(t)

-Io/C1

(Ig-Io) /C1
2ΔvC1Vo

Figure 3.13: Capacitor C1 voltage waveform for BCOCLF

2∆VC1 =
IoDTs
C1

=⇒ C1 =
IoD

2f∆VC1

(3.16)

3.3.2 Converter Transfer Function

State space method is used to find out the converter transfer function. Converter

TON and TOFF mode equations are used to obtain small signal model of the

converter. Since the converter has four storage elements, four state variables -

inductor currents of L1 and L2 and capacitor voltages of C1 and C2 are studied.

For small signal analysis, all voltages, currents and the duty ratio are written as

a combination of their averaged DC value and small signal time varying quantity
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3.3 BCOCLF - Design and Performance

[1].

〈vg(t)〉TS
= Vg + ˆvg(t)

d(t) = D + ˆd(t)

〈vC1(t)〉TS
= VC1 + ˆvC1(t)

〈vC2(t)〉TS
= VC2 + ˆvC2(t)

〈iL1(t)〉TS
= IL1 + ˆiL1(t)

〈iL2(t)〉TS
= IL2 + ˆiL2(t)

(3.17)

Taking TON and TOFF mode equations and averaging them over one cycle we

get,

L1
d〈iL1(t)〉Ts

dt
= 〈vg(t)〉Ts − 〈vC2(t)〉Ts + 〈vC1(t)〉Tsd(t) (3.18)

L2
d〈iL2(t)〉Ts

dt
= 〈vC2(t)〉Ts − 〈vC1(t)〉Ts (3.19)

C1
d〈vC1(t)〉Ts

dt
= 〈iL2(t)〉Ts − 〈iL1(t)〉Tsd(t) (3.20)

C2
d〈vC2(t)〉Ts

dt
= 〈iL1(t)〉Ts − 〈iL2(t)〉Ts −

〈vC2(t)〉Ts

R
(3.21)

Values from (3.17) are substituted and the state space matrix is formed as given

in (3.22).


ˆ̇iL1(t)

ˆ̇iL2(t)

ˆ̇vC1(t)

ˆ̇vC2(t)

 =


0 0 D

L1

−1
L1

0 0 −1
L2

1
L2

−D
C1

1
C1

0 0

1
C2

−1
C2

0 −1
RC2




ˆiL1(t)

ˆiL2(t)

ˆvC1(t)

ˆvC2(t)

+


1
L1

VC1

L1

0 0

0 −IL1

C1

0 0


v̂g(t)
d̂(t)

 (3.22)
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3.3 BCOCLF - Design and Performance

For controlling the output voltage by varying the duty cycle, transfer function

of output voltage to duty ratio (Gvd) is required. Hence the output equation is

given as,

ˆvC2(t) =
(

0 0 0 1
)


ˆiL1(t)

ˆiL2(t)

ˆvC1(t)

ˆvC2(t)

 (3.23)

Using (3.22) and (3.23) and taking their Laplace transforms, the following

transfer function is obtained.

Gvd(s) =

VC1RC1L2s
2 − I1(L1R +DL2R)s

+VC1R(1−D)

RL1L2C1C2s
4 + L1L2C1s

3

+(RL1C1 +RL2C1 +RL1C2 +RL2C2D
2)s2

+(L2D
2 + L1)s+ (D2 − 2D + 1)R

(3.24)

For study, a 12/48 V, 100 W, 100 KHz switching frequency BCOCLF along

with its controller is designed. 12 V input voltage is chosen because most batteries

are 12 V sources, and 48 V is chosen because it is the optimum LVDC microgrid

distribution voltage [20].

Vg = 12 V

Vo = 48 V

P = 100 W

Igrated = 8.3334 A

Iorated = 2.083 34 A

Rrated = 23.04 A

D = 0.75
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3.3 BCOCLF - Design and Performance

f = 100 KHz

Substituting in (3.14), (3.15) and (3.16) we get,

L1 = 108µH

L2 ≈ L1 = 108µH

C1 = 3.225µC

C2 = 1.085µC

Substituting these values back in (3.24), and obtaining the Gvd bode plot as

shown in Figure 3.14

Figure 3.14: Bode plot of Gvd for designed BCOCLF

Clearly, the system is unstable with a phase margin of -526◦at gain crossover

frequency ωgc = 2.05× 106 rad/s and gain margin of −46.9 dB at phase crossover

frequency ωpc = 1.21× 104 rad/s and hence a controller is required for its stable

dynamic and steady state performance.
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3.3 BCOCLF - Design and Performance

3.3.3 Controller Design

The general block diagram for control scheme of the mentioned converter is the

same as we used for boost converter and is shown in Figure 3.2.

The converter output volatge is compared with reference value and error signal

is generated. This error is fed to the controller having a gain Gc which generated

a control voltage vc. In the modulator block, this control voltage was compared

with a sawtooth wave of peak magnitude Vm and frequency equal to the switching

frequency of the converter as shown in Figure 3.15

vc

Vm

Ts
t

TON

Figure 3.15: Gate pulse generation by modulator

In our case Vm = 1V and Ts = 10−5s.

A PI controller was used with transfer function

Gc = kp +
kp
sT

Referring to the bode plot in Figure 3.14, the kp and T values are set such that

system is stabilized and steady state error is reduced. The controller was designed

such that gain crossover frequency is obtained at 8000 rad/s, with a phase margin
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3.3 BCOCLF - Design and Performance

of about 90◦. Using the conditions

|GcGvd|8000 rad/s = 1

and,
1

T
=
ωgc

10

the values are found to be kp = 3.6308× 10−3 and T = 1
800

. The overall system’s

bode plot was obtained as shown in Figure 3.16.

Figure 3.16: Bode plot of plant with controller

Owing to the curvature in the magnitude plot, due to resonance around

8000 rad/s, it is seen that the system is stable with a phase margin of 123◦at

gain crossover frequency ωgc = 789 rad/s and gain margin of 1.57 dB at phase

crossover frequency ωpc = 11 700 rad/s. The steady state error is reduced to zero

because of the pole at origin.
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3.3 BCOCLF - Design and Performance

3.3.4 Results

The BCOCLF with calculated values of inductors, capacitors and controller pa-

rameters are simulated in MATLAB Simulink. The simulation was carried out of

500 ms and load was changed as,

0 ms - 125 ms: 100% of rated load, R = 23.04 Ω

125 ms - 250 ms: 75% of rated load, R = 30.72 Ω

250 ms - 375 ms: 50% of rated load, R = 46.08 Ω

375 ms - 500 ms: 25% of rated load, R = 92.16 Ω Output voltage, output current,

all other state variables and output power were observed for their mean value,

peak to peak ripple percentage, settling time (ts) and overshoot/peak to peak

spike during a transient.

Consider Figure 3.17 showing BCOCLF and the quantities that are measured.

Vg

L1

C2

C1

VC2 = Vo

L2

R

MOSFET Iload

IoIL1 +

-
VC1

IL2

Figure 3.17: BCOCLF circuit diagram with to be measured quantities marked

The observations are shown in Figures 3.18 - 3.23.
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3.3 BCOCLF - Design and Performance

Figure 3.18: Output voltage Vo(V ) v/s Time(s)

Figure 3.19: Load current Iload(A) v/s Time(s)
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3.3 BCOCLF - Design and Performance

Figure 3.20: Inductor L1 current IL1(A) v/s Time(s)

Figure 3.21: Inductor L2 current IL2(A) v/s Time(s)
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3.3 BCOCLF - Design and Performance

Figure 3.22: Capacitor C1 voltage VC1(V ) v/s Time(s)

Figure 3.23: Output Power Po(W ) of BCOCLF v/s Time(s)

The results are tabulated in Tables 3.1 to 3.4.

Note: All percentages are taken w.r.t. the mean value.
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3.3 BCOCLF - Design and Performance

Quantity Mean Value ts (ms) Overshoot p-p ripple (in %)
Vo(V ) 48.00V 22 0 2.65
Iload(A) 2.08A 22 0 2.64
Po(W ) 99.99W 25 0 5.30
IL1(A) 9.07A 21 0 9.55
IL2(A) 6.99A 24 0 1.91
VC1(V ) 48.00V 20 0 11.08

Table 3.1: Results for 0-125 milliseconds, 100% load

Quantity Mean Value ts (ms) Spike p-p ripple (in %)
Vo(V ) 48.00V 7.90 17.12V 2.62
Iload(A) 1.56A 8.06 0.79A 2.62
Po(W ) 74.96W 7.67 54.85W 4.01
IL1(A) 6.71A 7.29 4.22A 12.98
IL2(A) 5.15A 7.78 3.83A 2.17
VC1(V ) 48.00V 7.42 23.28V 8.41

Table 3.2: Results for 125-250 milliseconds, 75% load

Quantity Mean Value ts (ms) Spike p-p ripple (in %)
Vo(V ) 48.00V 8.67 17.71V 2.72
Iload(A) 1.04A 8.34 0.71A 2.73
Po(W ) 50.00W 9.17 37.31W 5.47
IL1(A) 4.44A 8.28 4.18A 20.26
IL2(A) 3.39A 8.84 3.80A 3.211
VC1(V ) 48.00V 9.70 22.44V 5.96

Table 3.3: Results for 250-375 milliseconds, 50% load

Quantity Mean Value ts (ms) Spike p-p ripple (in %)
Vo(V ) 48.00V 11.34 18.42V 2.98
Iload(A) 0.52A 9.58 0.62A 3
Po(W ) 25.00W 9.64 19.56W 5.95
IL1(A) 2.23A 11.05 4.29A 41.34
IL2(A) 1.70A 11.29 3.76A 6.46
VC1(V ) 48.00V 11.95 21.47V 3.69

Table 3.4: Results for 375-500 milliseconds, 25% load
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3.3 BCOCLF - Design and Performance

Now let us compare the converter output currents for boost converter and

BCOCLF for same operating conditions. The boost converter output current,

and BCOCLF’s output current are shown in Figures 3.24 and 3.25.

Figure 3.24: Io (A) v/s time (s)

Figure 3.25: Output current Io(A) vs Time(s) for BCOCLF

From observing the output currents for the two converters, it is evident that

the peak-peak variation for output current in boost converter is 9.41A which is

reduced to 0.823A in BCOCLF; which means a nearly eleven times reduction!
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3.3 BCOCLF - Design and Performance

This can mean an enhanced life of the output capacitor, as the internal heating

of capacitors owing to ESR is greatly dependent on the current ripple magnitude

[19]. Thus converter life shall be increased.

Summary

Firstly in this chapter, in section 3.1 the design of boost converter for 12/48 V,

100 W and 100 KHz switching frequency operation was discussed. We saw its

resultant output voltage, output current and load current. It was observed that

the converter’s output current was discontinuous and hence peaky in nature,

in order to meet the average load current demanded. This was found to be

detrimental to output capacitor’s life as it would cause much internal heating

in it. Moreover, a peaky output current meant more ripple in the load current

thus being harmful for sensitive loads as well. Thus we felt the need for fourth

order converters. In section 3.2, a fourth order buck converter topology and its

key features were discussed. Working on the same lines for boost converter, a

fourth order boost converter topology - BCOCLF was introduces in section 3.3.

For control of the converter, its output voltage to duty ratio transfer function

was derived using small signal modelling and state space averaging methods. By

simulating this converter and its controller for the same operating conditions as

boost converter, the output voltage, output current, load current and all state

variables were observed and results were tabulated. Finally it was seen how

BCOCLF’s output current was continuous owing to the converter’s topology.

Hence BCOCLF was found to have an upper edge on conventional boost converter

in terms of steady state performance and converter life.
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Chapter 4

Conclusions and Scope for Future

Work

In this chapter, we shall make conclusions based on whatever is learned from

simulating conventional boost converter and BCOCLF under given operating

conditions. Further the scope of future development of this converter shall be

discussed.

4.1 Conclusions

Observing the analysis and performance of conventional boost converter and

BCOCLF, we conclude the following points:

• Converter gain: The converter gain for BCOCLF is same as that of the

conventional boost converter, despite of the output CL filter.

• Load current ripple reduction: The conventional boost converter of

same power rating, voltage transformation ratio and switching frequency

operating for full load had a load current ripple of around 5%. BCOCLF
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on the other hand, has 2.65% of load current ripple, which is nearly half of

the conventional value.

• Output current ripple: Due to the presence of CL filter, output current

of BCOCLF is not discontinuous as it is the case with conventional boost

converter. As a result, for the same load, the output current need not be

peaky unlike the conventional boost converter. The peak-peak variation for

output current in boost converter was reduced by 11 times in BCOCLF.

This could mean enhanced life of the output capacitor, as the internal heat-

ing of capacitors owing to ESR is greatly dependent on the current ripple

magnitude [19]. Thus converter life shall be increased.

• Complexity: As the number of storage elements increases, complexity of

the system increases. Analysis and controller design becomes cumbersome.

Moreover, transient analysis becomes intricate.

• Reliability: BCOCLF uses four storage elements and one switching device

while boost converter uses two storage elements and one switching device.

Failure of any of these components will lead to malfunctioning of the con-

verter. Therefore, BCOCLF is less reliable as compared to boost converter.

• Cost: All performance advantages of BCOCLF come at the cost of an

additional inductor-capacitor pair. Comparing values of capacitance- the

required value for boost converter is about 8µC and the total required value

for BCOCLF is about 3µC + 1µC = 4µC which is still lesser than that

for the boost converter. Moreover, since BCOCLF requires two capacitors,

manufacturing multiple BCOCLFs would require capacitors to be purchased

in bulk. Both these factors - decreased capacitance value requirement and

purchasing capacitors in bulk shall bring down the cost of manufacturing of

BCOCLF. But on the other hand, there is also an extra inductance required
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and the total inductance requirement value for BCOCLF exceeds that of

boost converter. Hence, on an overall basis, BCOCLF would be a costlier

device.

4.2 Scope of Future Development

Although BCOCLF seems to work properly under given operating conditions, its

study is not yet complete. There are certain areas which can be worked upon in

future to enable BCOCLF a cost effective, and a robust device thereby making

it a usable product in power systems industry. They are listed as follows:

• Inductor L2 design: The current through inductor L2 was found to be

a non-linear function of time, and hence designing precise value of L2 was

found cumbersome. Hence for the sake of simplicity, its value was approxi-

mated to that of inductor L1. Further studies can be carried to find precise

value of L2.

• Analysis with losses: All the analysis done in this report was for loss-less,

ideal operation of the converter. Further studies can be done considering

resistive inductors and capacitors with ESR, along with diode voltage drop

and switching losses.

• DCM operation: In the report, the DC-DC converter BCOCLF was an-

alyzed for only continuous current mode (CCM) operation. Studies can be

extended to DCM operation as well.

• Application to microgrids: Converter studies for its application to mi-

crogrids for interfacing batteries, solar panels etc. can be carried out, mak-

ing use of its technical advantages for a superior service in power systems.
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