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Abstract

This paper looks at the buck boost converter, a power electronic device that can step up and step
down voltages forapplications where voltage control is required. The studyin this report analyses and
confirms through simulations the voltages and currents through the converter based on various
switching sequences. Moreover, this report outlines the design of a buck boost converter using the
specificdesign equations. Lastly, anisolated version, known as the fly back converter, was developed
to show the various applications that can arise from said configuration.

Introduction

Powerelectronics are widely used to control powerand convertitto differentforms.There are many
different forms of power electronic devices that serve different purposes. Some may convert AC
electrical powerto DC electrical power whilst others amplifythe power. This report focuses on DC/DC
converters and their applications. DC/DC converters are a switched mode power supply (SMPS)
device. These devices convert one DC voltage level to another DC voltage level when supplied with
power of a few kilowatts. Depending on whetherthe voltage level is going up, down, or both, eithera
boost, buck, or buck-boost converterwillbe used, respectively. These converters can also be isolated
which will be discussed in further detailin this report. Particularly, the isolated buck-boost converter,
the flyback converter will be discussed.

Switched Mode Power Supply

SMPS devices using high switching frequencies to control the voltage levels in a circuit. The time
differences between the on and off states of the circuit characterises what type of SMPS deviceiitis.
This characteristicis known as the duty ratio O; the duty cycle ratio is the ratio of the on-time period
againstthe total time period cycle. By working the SMPS at high switching frequencies, little energy is

dissipated by the switchin eitherstarts therefore low loss components may be used for the filtering
aspect of this circuit. (Billings and Morey, 2010)
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Figure 1- Block Diagram of SMPS (Agarwal, 2013)

Figure 1(Agarwal, 2013), shows a block diagram of how a SMPS works. The device is fed an ACvoltage
(Vac) whichis first converted to a DCvoltage (E;) using arectifier. This DCvoltage willthen flow through
the switchingcircuit which can be eitherbuck, boost or buck-boost. This voltage is then filtered using
an LC filter circuit to get rid of any undesirable harmonics and there is a feedback component to
control the voltage output. SMPS devices can workin either Continuous Conduction Mode (CCM) or

2



Discontinuous Conduction Mode (DCM). The major difference between the two is thatin CCM, the
current thatis seeninthe inductordoes not go below zero during switching cycles howeverin DCM,
it can be seenthatthe current does go below zero.

Buck-Boost Converter

The buck-boost converteris a hybrid of two othertypes of converters. The buck converter, which
steps down a voltage, and the boost converter which steps up the voltage. The input voltage will
have the opposite polarity of the output voltage. It can both step up and step down a voltage. Asa
buck-boost convertercan function as either converter, itisapopulardevice usedin power
electronics. It can be usedforall the applications stated forthe buck and boost converter. They will
commonly be used in self-regulating power systems to ensure that the power stays consistent. The
buck-boost converteris usedin battery powered applications as it can keep asteady powersupply
evenwhenthe battery poweris depletingovertime. It can also step down the voltage when the
battery has full charge as this might be more than whatis required forthe application. (Roberts,
2014)
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Figure 2 - (a) Topology of a Buck/Boost Converter, (b) Current flow when Switch S is ON, (c) Current flow when Switch S is OFF

When the switchis turned on, current flowsintotoinductorL. Current will also flow in opposite
direction onthe outputside. As thisvoltage is negative, and a positive voltage is flowing through the
inductor, the diode will block any current passing. When the switch is opened, the inductor

discharges current which flows through the load and capacitor. At this point, the diode is forward
biased.

As the buck-boost converteris able to operate it both modes, itis popularin powerelectronics.
However, there is adisadvantage of havinganinverted output voltage which can limitits application
possibilities. With the buck-boost converter, it has discontinuous current at both the input and
output which meansitcannot be used for Power Factor Correction(PFC) applications. For PFC,
normally aboost converterwill be used asitcan provide asmooth continuous current atthe input
side. (Abdel-Rahman, 2014)

Simulation

DC/DC converters can eitherwork in continuous conduction mode, or discontinuous conduction
mode. The difference between the two modesisthatin DCM, the currentreacheszero before the
switchisturned on again. The period for which the current is at zero foris known as the ‘dead time’.
Ideally, abuck-boost converter will workin CCM. To ensure the circuit worksin CCM, the inductance
must be above a certainvalue. This can be calculated usingthe equation:

S (-8

L=
2fs

(1)
Where 6 = Duty cycle ratio

R = Load Resistance

f, = switchingfrequency.

The following simulation was done using MATLAB. The following schematic is fora buck-boost
convertertowork as a boost converterin CCM.

Design Calculations
When the switchis turned on, fora time period of toy, the supply voltage E;is applied across
inductorL and the current change of the inductor will be:

. Ej
AlL = TltON (2)



When the switchis turned off, the time period can be found by subtracting the time period of one
cycle, T by ton. The current stored inthe inductor beginsto decrease as it discharges and this
decrease, the voltage acrossit will equate tothe output voltage v, and the current change is:

~Aiy, = =2(T ~ ton) (3)

By equatingthe two above equations, the voltage ratio can be obtained to be:
YVo_ _ 8
Ej - 1-6 (4)
Therefore, if the duty ratiois greaterthan 0.5, the voltage ratio will be greaterthan 1 which means
the outputvoltage is greaterthan the input voltage. This means that the buck-boost converter will
work as a boost converter. If the duty ratiois lessthan 0.5, then the converter will work as a buck
converter.

For thissimulation, the duty ratiois chosen to be 70% to ensure that the convertersteps up the
voltage.

Arbitrary values were chosen forresistance, capacitance, input voltage and switching frequency.
These are 10Q, 47uF, 100V and 10kHz, respectively. Fromthis the inductance requirements can be
found. Using Eq (1):

1-0.7)2%10
- (107710
2%10000

(5)

L > 0.000045 = 45pH

To ensure CCM, L= 100uH was chosen.
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Figure 3 - Schematic of buck-boost converter in MATLAB
A summary of the circuitvalues are:

Vi, =100V L= 100uH C=47uF R=10Q
f,= 10kHz T = 100ps 6=70%



Simulation Results
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Figure 4 - (a) Load Current, (b) Diode Current, (c) Switching Current, (d) Switching Voltage

Simulation Analysis

The simulationresulted in an output voltage of 240V. This meant that the circuitis working correctly
as a boost converter. Fromthe simulationresults, in each graph, the time period forone cycle was
100ps. Fig4(c) showsthe current across the switch. The currentincreased for 70us and then wentto
zeroas it was switched off. The time period of the current being zero was around 30us. When the
switchwasturnedon, the currentwentup to 38A and then gradually increased to 102A. The
opposite of this can be seenin Fig 4(b) which shows the currentthroughthe diode. Forthe time
periodtoy, the diodeis notlettingany currentflow asit isreverse biased. When the switchis turned
off, the diode forward biased and the currentincre ases from 38A to 103A.



Figure 4(a) is a combination of Fig4(b) and Fig 4(c) as itis the current seen flowing through the load.
As thisis continuous mode, there is always current flowing through the load and the current never
reacheszero. For 70us, the currentincreases and then forthe remaining 30us when the switchis
turned off, the current begins to decrease.

Fig4(d) shows the voltage across the switch during the time periods. When the switchison, thereis
not voltage across the switch. When the switch is turned off, the voltage increases to 330V. This
value isexpectedasthe voltage seen across the switchis asum of the supply voltage E;(100V) and
the outputvoltage v, (230V).

Isolation

The above DC/DC converteris cheap and simple to use however in high voltage situations; it
provides little protection to the load. In high voltage applications, the converter can be electrically
isolated to ensure that high input voltage willnot damage the load. Anotherissue with non-isolated
DC/DC convertersis that the efficiency of the converter decreasesifit hasto step up or down big
voltagesto small voltages e.g. 500V to 4V. Isolated converters are able to do thisand can support
multiple outputs. Isolated converters also have low Electromagnetic Interference(EMI) which
contributestoits efficiency and ability to function (Luo and Ye, 2003). All three converters can be
modified to become isolated converters and by designing the circuitin MATLAB, the outputvoltage
and current waveforms can be analysed.

Flyback Converter (Isolated Buck-Boost Converter)

The flyback converteris based on the buck-boost converter. Itis mainly usedin low power
applications and has a greater efficiency than the boost converter. Fig 5 shows the topology of the
flyback converter. The inductor windingis splitintotwo creatinganisolated topology. The two
windings willbe separate but closely spaced together, making this a bifilarinductor coil. This two
windinginductor functionisseenasa transformerthereforeitisalsoknownasa flyback
transformer. The flyback transformer however will onlyhave current flowingin eitherthe primary
winding orthe secondary winding (Scloclcchi, 2016). There cannot be current flowing through both
windings simultaneously. The switching functionis carried out by switch Sand the diode D. The
windings willhave aturns ratio meaningthatthe current going through themwill be diff erent. As
this converteris based onthe buck-boost converter, there will be anegative voltage output. To
ensure a positive voltage at the output, the polarities of the winding can be reversed.
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Figure 5 - (a)Topology of a Flyback Converter, (b) Current flow when switch S is on, (c) Current flow when switch S is off

Operation

To look at the operation of the flyback converter, the polarities of the windings have been reversed
to ensure a positive output voltage. The windings willbe modelled as anideal transformer and the
inductanceis represented by an inductor connected in parallel to the transformer. This inductor Ly,
will have the same currents and voltage flowing through it as the primary inductor winding. Thisis

showninFig6.
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Figure 6 - Topology of a flyback converter with reversed polarity and magnetising inductance represented

When the switchis turned on, energyis stored in the magnetisinginductor. During this period
known as Ty, the diode will be reverse biased. At this point current will flow as shownin Figd (b).
The voltage seenat Ly, will be equivalenttothe inputvoltage therefore:

v, = E; (6)
The current at the Ly, will be equivalent to the source current:

L= (7)
The current seen atthe capacitorwill be equivalentto the negative current of the load so:

Vo

ic= 8
¢ Rroap (&
Assuming CCM and small ripple approximation (Erickson, 2013), the circuitcan be represented by its

DC components which give the above equations as:

UL = El (9)
I = ii (10)
. Vo

= — 11
te RroAD (11)

Whenthe switchis turned off, this energy is transferred to the secondary inductor winding at a ratio
of 1: n and goesto the load and output capacitor. As the switchis off, the input current will be OA.
The magnetising current will flow through the transformerandinto the secondary winding. The
voltage seen at the magnetisinginductoristhe same as the output voltage but multiplied by the
turns ratio:

- _"
v, = = (12)
The current of the capacitor will be the difference between the secondary winding current and the
currentacross the load:

i Vo

ic=—-— (13)

n  Rpoap
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These can be represented by its DCcomponents which helps simplify these equations:

v, = —2 (14)
N
e = n  Rroap (15)

When the switch is on again, there is current flowingin the primary winding, and in the loop of the
load and capacitor as the capacitor discharged energy intothe load. This process can be seenin Fig4
(Suntio, 2009).

Designing a Flyback Converter

Fig 7 shows the waveforms that can be seenfora flyback converter. Equations to find the values of
the components can be found usingthe volt-second balance principle and the capacitor charge
balance principle. The volt-second balance principle is used for the inductor which says that overone

cycle, the average voltage across that inductoris zero. Similarly, the capacitor charge balance
principle states that the average current overone cycle fora capacitoris zero.

Using Volt-second balance, the voltage acrossthe

b .
: Ve inductorisa sum of boththe areas underthe square
wave. During Toy, the voltage seen atthe inductoris
y equivalenttothe inputvoltage therefore:
—Vin
V = V- T 16
i b — ViR LoN= V¥s fON (16)
- During Tor the voltage across the inductor is equivalent
to the outputvoltage divided by the turns ratio, therefore
R e the area underthe graph is:
fy 3 Vo
! Viorr= 7" (T — Ton) (17)
So the total voltage seen across the inductor over one
0 cycle is the sum of both these voltages, which must
DL R S ! equate to zero. (Dekker, 2004)
r.urj:hr:..'.u.l,s_-E ! !
devices: } oy oy VL = VLON + VLOFF =0 (18)

Figure 7 - Voltage and Current waveforms
This equation then gives us the voltage ratio as:
~=".q (19)

Usingthe Capacitor charge balance, the magnetising current can be foundto be:

— 4 .
~ (1-D)R n

(20)
Where D is the duty cycle of the circuit. (Dekker, 2004)

Leakage Inductance
When designing aflyback converter, consideration must be taken into account forthe leakage
inductance of the transformer. Thisis seen onthe primary side and can reduce the efficiency of the

11



circuit. Leakage inductances can cause voltage overshoots which means that higher voltage rated
powerswitcheswillbe needed whichincrease costs. To ensure that thisleakage isata minimum, a
snubbercan be added to the circuit. The snubber circuit effectively clamps the voltage and current

across the switch along with limiting the rate of voltage rise and rate of current rise (V L and George,
2014).

Selecting Inductances

The selected values of inductance are crucial to ensure that the converter operatesin continuous
mode. The calculation of inductances must also take into consideration the maximum secondary
ripple currentand to ensure the right half plane (RHP) zero (Scloclcchi, 2016) is as high as possible.
RHP isan undesirable feature of the flyback converter which only occursin continuous mode. It
resultsinthe crossoverfrequency beingalowervalue by decreasing the conduction of the diode
which can affectthe dynamicresponse of the circuit. (V L and George, 2014)

The secondary conductance can be calculated by using the following equation:

(vo+Vvdsw)-(1-D)
Lspe = ———L—— (21)

Alsgc'fs
Where Vd;, isthe forward drop voltage of the diode, f,isthe switching frequency, Al isthe
allowed secondary ripple current (usually set to 30-50% of rms output current):

lo_ max
—=—=t— 22
(1-Dmax) (22)
The equivalent primary inductance isfound by:

Alggc =

L,=Lg-n? (23)

The RHP effect oftenresultsinthe maximum crossover frequency being a quarter of the RHP
frequency. The worst case of the RHP frequency must be determined and this can be done so by
using:

_ Vo (1-D)?

FRHPZ - 5

Io ' D-2mLg (24)

The values of primary and secondary inductance can be chosen to ensure that RHP is minimised. (VL
and George, 2014)

Simulation
A simple simulation was made to show how the flyback converter can work like a buck-boost

converterevenwith anairgap. The schematicis shownin Fig8. The circuit was connectedtoa
voltage measurementto display the voltage output of the circuit.
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Figure 8 - Flyback Converter Diagram in MATLAB

The values forinput voltage, capacitance, resistance, switching frequency and duty ratio were kept
the same. The turns ratio was made to be 5. The output voltage was then around 500V. The output
was a constantvoltage which shows that the flyback converterworks effectively producinga
constant step up voltage.

Conclusion

DC/DC converters are cheap and simple to make and design therefore they are widely usedin
applicationsthatrequire compact devices. The buck-boost converteris mainly used wherethe
characteristics of both the buck and boost are required. This can be applications that need some
form of powerregulation orvoltage regulation. As the buck-boost converter can step up and step
down a voltage, it can control the voltage output of a device. A common application for buck-boost
convertersis battery regulation. When a battery has full charge, the particular device may not need
its full voltage capacity thereforethe converter can step down the voltage beforeitisinputtedinto
the device. Asthe battery beginstolose its charge overits lifetime, the converter can then begin to
stepup itsvoltage to meetthe devices requirements.

The flyback converteris able toincrease the efficiency of abuck-boost converter with afew simple
modifications. The flyback converteris apopulardevice due toits simplicity and ability to provide
more than one output with the use of a busbar. The flyback converter only requires one switch
compared to otherisolated converters and does not require aninductor filter. However, in many
casesan inductorfilter will be embedded into the circuit to reduce voltage ripples. The flybackis
prone to high voltage and currentripples however these can be filtered out by adding more
components. The extra components however increase the cost and complexity of the circuit.
Designers will often make atrade-off between these when choosing the flyback converterin
applications. This trade-off often leads to the flyback converter being used in low power applications
rather than high power.

Overall the flyback converteris an effective SMPS which can achieve high efficiency and reliability
through correct design. This makesita widely used device inthe industry forlow power
applications.
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