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Abstract

ABSTRACT

This thesis deals with the design and analysis of dc-dc converter with different core materials,
core shapes, voltage levels and frequencies. The losses and efficiency of the converter is
investigated. Furthermore the weight and losses of the converter are studied at different
frequencies.

Analytical results shows that losses are higher in the 900 V system as compared to the 450V
system.The analysis also shows that by increasing the operating frequency, the losses increases
but the weight of the converter is reduced. A comparison of the two voltage level systems as
proposed in the report shows that the two voltage systems behaves differently at different power
losses but it is noted that the low voltage system is more energy efficient. The result suggests that
the use of iron powder as core material reduces the weight of the converter. The result also
shows that the core shape ETD-59 has smaller core losses as compared with the EC-70 core
shape.
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List of symbols

LIST OF SYMBOLS

D Duty Ratio of Switches

D> Diode

R Resistor

L Inductor of Converter

Iy Inductor Current

Ui Input voltage of the converter
U, output voltage of the converter
fa Switching frequency of converter (Hz)
on Switch on time (s)

tof Switch off time (s)

T, Switching Time Period (1/ f,)
S Switch

I, Converter Input Current

livaa Converter Load Current

HEV Hybrid Electrical Vehicle

P, Output Power
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Introduction

1 INTRODUCTION

1.1 Background

A critical factor propelling the shift from conventional gasoline/diesel engine vehicles to electric
hybrid and fuel cell vehicles is the improvement in performance, size and cost of power
electronics circuits over the past decade, with parallel improvements in sensors and
MiCroprocessors.

Typical power electronic circuits used in hybrid electric vehicles (HEV) include inverters and
DC-DC converters. In some electrical vehicles the high voltage battery is connected directly to
the inverters, however an alternate is to have a dc/dc converter in between to maintain a fixed dc
voltage for the inverter. In this project we provide topology, design and analysis of this DC-DC
converter for hybrid electrical vehicle applications (HEV).

1.2 Purpose of work

The purpose of this project is to design and analysis of a 60KW DC-DC converter for hybrid
electric vehicle applications. This converter is able to maintain a constant DC link voltage when
it is in motoring (or Up) mode of operation and energy flows from the DC voltage link bus to the
battery when it works in generating (Down) mode of operation. The aim is to study the operation
of the DC-DC converter at different switching frequencies respectively 10 and 20 kHz and
different core materials with two different shapes for the inductor. The objective is to analyze
losses and weight at different frequencies as well as analyze the efficiency at different power
levels.
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System overview

2 SYSTEM OVERVIEW

2.1 The Hybrid Electrical Vehicle

Figure 2.1 shows the block diagram of a HEV without DC-DC converter.

DC/DC
Converter (12V
for utility)

Battery Inverter “

Internal
Generator Cumbustion
Engine

Inverter

Figure 2.1. Block diagram of a HEV without DC-DC converter.

In Figute 2.1 shows the block diagram of a HEV with a battery directly connected to the inverter
and further connected to the electric motor, and in the opposite direction power is transferred
from Load (wheel-motor) to battery throgh inverter. In the other way the power comes from the
generator to the inverter which is connected to the ICE.

Figure 2.2 shows the block diagram of a HEV without DC-DC converter.

DC/DC
Converter (12V
for utility)

Main
— DC/DC Inverter “ ‘@
Battery - Converter =

Internal
inverter ([ Generator Cumbustion
Engine

Figure 2.2. Block diagram of a HEV with DC-DC converter.




System overview

The DC-DC converter in a HEV is used to maintain a constant dc link voltage and to step up and
step down the voltage as shown in Figure 2.2.

There are many different potential HEV configurations, but in general a HEV has an electric
drive train like an EV, plus an internal combustion engine (ICE) that can charge the batteries
periodically as is shown in Figure 2.2. The internal combustion engine is most efficient for a
small range of operating conditions. This is utilized in HEV where the internal combustion
engine can be made to operate at this efficient operating point. The HEV can operate the internal
combustion engine (ICE) at its most efficient point for charging of the battery and can use the
drive train to take up all the slack under other conditions. The emissions are lower than the
combustion engine driving the car by itself and fuel economy can be significantly improved. The
usable range of Electrical vehicles can be extended by hybrid technologies. A hybrid would
allow the vehicle to operate in an urban/polluted area with only batteries and then switch to the
engine outside the urban area.

2.2 Bidirectional boost converter

There are generally two bidirectional DC-DC converters in hybrid vehicle applications. One of
them is a high-power converter that links the hybrid power train battery at a lower voltage with
the high voltage DC bus. A second low-power converter links the hybrid battery with the low
voltage auxiliary battery [1].

The operating principle of the DC-DC converter is shown in Figures 2.3.a-c.

R L ¥
w U, = U road (_)
C") U, =U, \z /Nb,

(a) Circuit topology of bidirectional converter
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B~

(b) Operating conditions for motoring mode of operation.

L M N
D\ )

(c) Operating conditions for generating mode of operation.
Figure 2.3. Operation of the bidirectional boost converter.
In Figures 2.3 b-c shows the motoring and generating mode of a typical DC-DC converteris

shown where in motoring mode the power is transfered from the battery to the load and vise
versa.

2.2.1 Generating mode

In buck operation, as shown in Figure 1(c), the power is transferred from Vi,zs to Viay. When T
is closed and 7> is open, since Vipua > Vaserys Vi = Vicaa — Viarr and the inductor current /;, builds
up. When 77 is open, the inductor current /;, continues to flow through D,. Vi =-V,.

Assume ideal components and a constant V, , the inductor current over one cycle in steady state
operation will remain the same, e.g.
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tlon tlon+tloff

_[ (Vb’allery =V perim )l = _[ (Ve Lim )
0

tlon

V o= tlon v

o Battery
T

=DV,

attery

where D is the duty ratio defined as the percentage of on-time of switch T

Parameters for loss calculation:

2.1

(2.2)

Figure 2 shows the typical signals in the step down (buck) converter. Input parameters for the
calculation: Input voltage (Uj,=Vpay), output voltage (U,=Vipaa), output power (Po), inductor

value (L), switching frequency (fm).
The output current of the converter is

The output current ripple is

1-D
y =0=DU,
Lf,,
Ui
u, U, _
gﬁt _______ (::;__\; ______________ .
____________________________ -
'Uo ________
i in &
DT, Ter -

Figure 2.4. Inductor voltage, current, diode and capacitor current signals in generating mode.

(2.3)

2.4)

2.5)
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In Figure 2.4 shows the typical signals of inductor voltage, inductor current, capacitor current,
diode current input and output voltages.

The parameters needed for the loss calculation can be determined as

AN
Icon :Io -—
2 (2.6)
I .=1 +N”
coff o 2 (27)
Icav:DIo
2.8)
1w = DI,
2.9)
IDavz(l_D)Io
(2.10)
1 2Drmx=(1_D)] 20
@2.11)

2.2.2 Motoring mode

In this operation, the power is transferred from Vpuery to Vpe Link. When 7> is closed and 77 is
open, the output voltage capacitor and inductor form a direct path through switch 7, as shown in
Figure 1 (a &d). Therefore Vi =-Vpuuery, and the inductor current /; builds up. When 7; is open,
the inductor current continues to flow through D; to V,, therefore Vi, = Ve rink —VBatery-

Assume ideal components and a constant V, the inductor current over one cycle in steady state
will remain the same, e.g.

t2on t2on+t20ff

.([(VDCLink )dt = Iz_[n(vgunm = VoL )dt (2.12)
1

Vot = 1-D V satery (2.13)

where D is the duty ratio defend as the percentage of the on-time of switch 7>
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(2.14)

Parameters for loss calculation:

Figure 2.5 shows the typical signals in the step up (boost) converter. Input parameters for the
calculation: Input voltage (Uin=Vb), output voltage (Uo=Vd), output power (Po), inductor value

(L), switching frequency ( fm).

b, i A
L'lln .
\Ilr'l : _____ ;:"_/;-\\N\ \\\ n
._,‘i"_‘/_i ________ E‘; ﬁ/_”:i_______l\.._"-_
l‘"in_un ________
i A
DT, T -

Figure 2.5. Inductor voltage, current, diode and capacitor current signals in motoring mode.

The input current is

_£5,

"u, (2.15)

where the duty cycle in continuous conduction mode is found to be

U
D=1-"i

U, (2.16)

The input current ripple is

_ DU,
" Ly 2.17)



System overview

The parameters needed for the loss calculation can be determined as

Al
Icon =Iin - -
(2.18)

Icoﬁ" :Iin + -

(2.19)
Icaszln

(2.20)
Izcrms = (1 _D)Im

(2.21)
IDavz(l_D)Iin

(2.22)
IzDrm_y:(l_D)Izin

(2.23)
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Semiconddutor loss calculation of the converter

3 SEMICONDUCTOR LOSS CALCULATION OF THE CONVERTER

3.1 IGBT and Diode Losses

The IGBT and diode power losses as well as the power losses in any semiconductor component
can be divided in three groups:

a) Conduction losses ( Ponguction )
b) Switching losses (p,)
¢) Blocking leakage losses usually neglected

Therefore

semicondutor = = conduction + T sw
3.1.1 Conduction Losses

3.1.1 (a) IGBT conduction losses

The IGBT conduction losses can be calculated using an IGBT voltage drop behavior
approximation with a series connection of a DC voltage source representing the IGBT on state
zero current collector emitter voltage and collector on state resistance ( r. ) [2] as

Ueyic) =theg +Tclc 3.1)

The important parameters can be read directly from the IGBT datasheet. The 4, , and values

can be read from the diagram. The instantaneous value of the IGBT conduction losses are
. . 2
P ) =u ()i () =tomic ) +1.07c(2) (3.2)

The average IGBT current valueis 7, and value of IGBT currentis 7 . Then the average
power losses can then be expressed as

1 Tsw 1 Tsy ) )

Pal®)=—— [ ptydr= — [emicO)+rcic Odt=ucp ], +71,,,

SW 0 SW 0 3-3)

11
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3.1.1 (b) Diode conduction losses

The same approximation can be used for the anti-parallel diode as is used for IGBT, giving

up(iy) =y, +1p0,

(3.4)
The instantaneous value of the diode conduction losses is
. . 2
P(0)=uy, )i, (t) =t i (1) +1,0 p(2) (3.5)
If the average diode currentis 7, and the rms diode currentis 7, . the average diode
conduction losses across the switching period(7,, =1/ fm) are
1 Tsw 1 Tsw
Pep(®) == | pe)dt=—— [ (upe () + 1 0Ot =101, + 1] pons
st 0 Ytsw 0 (3.6)

The value of 4, and 4, , can be read from the datasheet as following. The ,. and r, values

CEO
can also be calculated from the datasheet by taking the slope of the desired line of characteristics
as shown in Figure 3.1.

20A V4
(/ //
25A V__ =20V r. ]
— . s pd Wi |~
= 15
E 204 121\"\ /‘ /
= b A | T
S 15a o ~ r f"r'y‘
= Cpo SLae
S 10A e e |
SA
oA o

Vice, COLLECTOR-EMITTER VOLTAGE

Figure 6. Typical output characteristic
(T; = 175°C)

Reading the ucegop and re¢ (re =AU/ AlL) from the data-sheet diagram

Figure 3.1. Shows how to read the initial voltage and resistance values from the graph of a transistor.

From Figure 3.1 can be seen that how to read the values of 4, and r_ .

0

12
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30A

|
T,=25"C =
175~C —
=
= =20A -
o
[ ="
=
L& ]
=
Al
= D
="
& 10A
= / AU
~4
oA 4
oW 1V T

Upo
Vi, FORWARD VOLTAGE
Figure 27. Typical diode forward current as
a function of forward voltage

ro=AU /Al

Reading the upg and rp (rg =AURS Alp) from the data-sheet diagram
Figure 3.2 Shows how to read the initial voltage and resistance values from the graph of a diode.

From Figure 3.2 seen that how to read the values of 4, and r, .

DO

3.1.2 Switching losses

The switching losses in the IGBT and the diode are the product of the switching energies and the

switching frequency fsM

Pst = (EonM +EoﬂM)fsw (37)
Bp=E, p+Em (3.8)

where the energy during on and off period can be written as

— A‘/ln Iin
onM — “refon T, 5
VrefIref (39)
offM refoff ‘/reflref (3.10)

where V,ef and [ ref are taken from datasheet of IGBT and AV, and I, are the output voltage and

current respectively.

Erefon and E,efoﬁccan be calculated from the following typical switching losses of the

IGBTaccording to Figure 3.3.
13
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Typ- switching losses
E =71 (f~) , inductive load , TJ- = 125°C
par.: Vg =600V, Vge==x 15V, Rg =4.7 O

100

mwws Eor

o /
b /
: e

]

20 ///

20 7

O 100 200 300 A 500

Figure 3.3. Shows how to read the energy values from the graph of a transistor.

Figure 3.3 show how to read the values of energiesE,,, and E ;, can be read from a given

datasheet at respective current level.

The turn on energy in the diode consists mostly of the reverse recovery energy (E,p

1

EonD =ZerUDrr (311)

Where U,
from the datasheet of the IGBT.

is the voltage across the diode during reverse recovery. The ¢, and U, are taken

Total losses

F =Fq+F,

swT

= uCEOIcav + rCIZC'mS + (EUnT + EﬂffT)‘fSW (3.12)

2
By = Fep+ B, p =l po, Pl prmst B, o, (3.13)

14
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4 BATTERY

4.1 The hybrid vehicle battery

A hybrid vehicle battery is like any other battery except that it is always rechargeable and have
power to propel a large heavy vehicle.

Hybrid vehicle batteries have two electrodes like other batteries (which collect or emit electric
charge) which are lying in a ion rich solution called the electrolyte. The electrodes are separated
from a thin polymer film called a separator which prevents them from touching [3].

A battery is actually a battery pack consisting of many individuals cells. A mobile phone battery
is a single cell and a laptop battery consists of multiple cells working together.

4.2 Battery technology

The battery technology which is becoming most popular in hybrid electrical vehicles is the Li-
ion (lithium-ion battery) technology.

4.3 Characteristics of Li-ion batteries

The battery voltage varies according to the kind of battery selected. For the DC/DC converter,
the voltages used are between 300V and 400V. The peak power is selected to 60kW.

Small lithium ion batteries are widely used in notebook computers, mobile phones, cameras and
other electronic equipment owing to their high energy density. Lithium cobalt oxide is used for
anode in these small batteries but it is not used due to the high price of cobalt in large batteries
used in vehicles. Lithium manganese oxide is used instead which is much cheaper. Manganese-
based Li-ion batteries also have the following important characteristics for application to
vehicles.

e Their charging/discharging efficiency and energy efficiency is high.

* A high single-cell voltage (three times that of Ni-MH batteries and twice that of lead-cid
Batteries) which means less number of cells in the battery.

e The state of charge (SOC) can be sensed easily, so charging durations can be managed
and driving ranges can be accurately predicted.

15
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4.4 Charge

During discharging, lithium ions Li* carry the current from the negative to the positive electrode,
through the non aqueous electrolyte and separator diaphragm [4].

During charging, an external electrical power source (the charging circuit) applies a higher
voltage (but of the same polarity) than that produced by the battery, forcing the electrical current
to pass in the reverse direction. The lithium ions then migrate from the positive to the negative
electrode, where they become embedded in the porous electrode material in a process known as
intercalation.

4.5 HEV Batteries

High output performance is a key component for HEV batteries. Large amount of regenerative
breaking power make input (charging) performance equally important for truck, buses or other
heavy duty HEVs. The specific energy, specific power, specific recharge power and battery
capacity must be carefully established to match the output required by the motor, the
regenerative breaking performance and hybrid system configuration (series or parallel) [5].

16



Design

5 DESIGN
Inductors are not commercially available readymade for these power levels and it has to be
designed for this particular application. In, this chapter, an inductor is designed [6].

5.1 Design of the inductor

Parameters:
The average current of the Inductor

P

Il N
AV, (5.1)

AVG =

The ripple current can be calculated as

I -1 .
Q [ — max min
2 (5.2)

where maximum and minimum currents can be calculated as

0.21 0.21
I :I+— and min:I—T

where switching frequency = f (Hz)

Inductance of the indutor = L (uH)

Zinduct0r= ( 5. 3)
¥
¥ N
NI=—=""
R (5.5

Core material, shape and size

Effective area in square meters is = Ae

Effective length in meters is = le

Mass in grams = m

17
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Volume in cubic meters = V,
Relative permeability of the material = &,

Scaling factor = S

Permeability constant = £,

Current density = J (A/mm2)

Reluctance for the iron part

)
R e

fo =
M M A,
where air gap for coil = la,-,
Reluctance for the air gap

lair

LA,

air

The required number of turns
N =+/LR
Total reluctance must be

R = Rfe +Rair

The total flux in the core can be calculated as

_M
R

>

The total flux density in the core can be calculated as
B=—
A

Conductor size can be calculated as

18
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(5.7)

(5.8)

(5.9)

(5.10)
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Change in flux density

ag=NAL
RA

e

The iron losses

P, =1, V,

fe % factor

B ) )
where ~ P¢% and loss factor is obtained from datasheet.

Copper resistance

Winding length
I =NIL,

where turn length can be found from datasheet.

Copper losses

P =R 1°

cu cu’ in
Total inductor losses

P,.=P.+P,

total —

5.2 Design of Capacitors

Input capacitor ( C Input):

The CIn

pur Can be calculated by the following formula

19
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(5.15)

(5.16)

(5.17)
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C _ AILT;'W
Input — 8A‘/0 (519)

where AV,is peak-to-peak voltage ripple of the buck converter output (1 to 2 % of the output
voltage).

Output capacitor (C )

The COMW, can be calculated by the following formula

COutput: AV (5 20)

o

where AV, is peak-to-peak voltage ripple of the boost converter output (1 to 2 % of the output
voltage).

20
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6 CASE SET UP
6.1 Base design

Converter parameters
P=60 kW

Vinpu=300-400 V
Voutput:450 Vv
£=20 kHz

6.1.1 Boost/Motoring mode

The duty cycle is found as follows
AV,
D=1-———=0.333
1%

The input current of the converter is

P
I, =——=2004

and the maximum and minimum current can be calculated as follows

in

I.=1,+—"=2204

in

=1804

and the ripple current can be found as

AT = Lo = Lo ;Imin =204

The average and rms currents of the IGBT and diode can be calculated as

The average current for IGBT is

21
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I, =DI, =674

6.5)
and the rms current is
1, =ADI, =116 4 66)
The average current for diode is
I,, =1-D), =1344 67)
and rms current is
IDrmA = (I_D)Iin =164 A
(6.8)

Conduction losses

If the average IGBT current value is I c«av and the rms value of IGBT current is I crms S

calculated above, then the average losses can be expressed as

PCT(t) = uCEOIcav -l_rCIcrms2 =120W

(6.9)
UCE . ..
The values of Uz and 7 (1. = ) from the typical output characteristics
C
I. = f(U,;) taken from the IGBT data sheet. [7]
the conduction losses of a diode can be calculated as
PCD(t) ZMDOIDav+rD12DrmS =145W
(6.10)

The value of U, can be read from the datasheet and r;,, values can also be calculated from the
datasheet by taking the slope of the desired line of characteristics.

Switching losses

The switching losses of the IGBT can be calculated using the EonT and E,,ﬁq as

22
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AV. I
p = E, =1 = 0,00437
ref Iref (61 1)
E, =E,,, Yolu _ 000737
V.l
ref =~ ref (612)

where V,ef and 1 rr are taken from datasheet of IGBT and V and lare the output voltage and

current respectively.

I-?va:(EonT-i_Eoﬁ‘T)]Csw =234W

(6.13)
when the switching frequency at 20 kHz.
So the total IGBT losses are
B=P +P  =354W
T Conductlo;ti_ SwW (614)
The diode switching losses are
Pst: E;nD+E;ﬁ‘Z))-f;w =93 W (6.15)
where g can be calculated as
A‘/m Iin
E,p=Epy =0.0047J
ref L ref (6.16)
and the switch off losses in the diode are usually (EOﬂDzO)neglected, then the total diode losses
are
PD :PC'onductior-tl_BS'W =238W (6.17)
So the total semiconductor losses are
Bgemicondm :B” +])D =59W (6.18)
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Case set up

Design of the inductor for EC-70 core

Inductor average current /,,, (A) | 200

Current ripple Al (A) 20
Switching frequency f (kHz) 20
Inductance L (uH) 250

Air gap length [, (mm) 10

air

Table 6.1. Ferrite EC-70

Reference EC-70

Volume of the core (mm3 ) 40100

Effective length of the core (mm) | 144

Effective area of the core (mm?) 279

Minimum are of the core (mm3) 311

Mass of the core (g) 268

Bsat (T) 05

1
|
225 !
|
|

_.T._._._._

J

H
—

71 .7 max

| 445412 —_—

: -] 164404 = :
¥ _

ST T4

Figure 6.1. EC-70 core half, all dimensions in mm.

The above Figure 6.1 shows the EC-70 core half with all dimensions are in mm.

The winding area and the turn length is taken from datasheet is as

Winding area is = 4—25 =233 mm’
Turn length [w: 97 mm
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Case set up

We have to scale the core according to our converter requirements so we will use a scale factor

Scaling factor S, =3.49

So with scaling factor the parameters of the core will be

A = 3398 mm’
le = 5025 mm
m = 11.39 kg

V., = 1704592 mm’
Winding Area Ay, = 2831 mm’
Turn length Lw:339.57mm

1, =125x10"°

Coil for 20A ripple current

Reluctance of iron part

1
R, =—— 1516810 AT/ Wb

()ﬂr e
Air gap length [, = 10mm

Reluctance of air gap

_ a5 3540%10° ATIWE
M, A,

air

The total reluctance of the core is

R =R, +R,, =3.8710<10° AT/ Wb

Number of turns

N =~/ LR = 32turns

25
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Case set up

Total flux
o= N, = 0.0016 Wb
R (6.23)
Flux density
B= 2 =047T
A, (6.24)
. Iin 2
Conductor size = = 66.67mm
3 (6.25)
The required conductor area= A, = NA_, , = 2133mm”’
(6.26)
A,
Fill factor = Aw"d =0.73
wd (627)
The flux density ripple can be calculated as
AB = N—AI =0.04T
RA,
(6.28)
Inductor losses
The iron losses are
Pfe = lfacere = 120W
(6.29)

where the ‘lossfactor’ [lgcior is taken from the iron powder material graph at different
frequencies [8].

Winding length lw = NLW =10.88m
(6.30)

Copper resistance
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Case set up

!
R, = p—==0.0028 O

Copper losses

P, =1wR, =37TW

Total inductor losses

P

inductor

=P, + P, =496W

Filter losses

P.. =AI°R=32W

Total converter losses

P

loss

=P,

Smiconductre inductor

Efficiency of the converter at full load

=L P g5 189
P

+ P, + P, =1090W

27
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Case set up

6.1.2 Buck/Generating mode
Converter parameters:

P = 60kW

Vv =450V

input

Vv =300V

output
fsw =20 kHz
The duty cycle is found as follows

The duty cycle is

— AVO

D = 0.666

in
The output current is
1, =150A
The ripple current can be found as
Al =15A
The value of inductance will be as follows

7= (1-D)AV,
Al X f

=340 uH
Conduction losses

The average current of IGBT can be found as

I, =DI,=100A

The rms value of current for IGBT is as

I oms =~DI, =1224
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Case set up

The average value of diode can be found as

1, =(1-D)I,=50A

(6.41)
The rms value of current for diode can be found as
1, =+JA-D)I =874
(6.42)
The conduction losses for IGBT are as follows
PCT (t) = uCE Olcav + rCIcrms ’ = 162 W
(6.43)
And conducation losses for diode are
PCD (t) = uDOIDav + rDlzDrms =52W
(6.44)
UCE .
The values of _,, and r. (7. = ) are taken from the typ. output characteristics
C
I. = f(U_,;) of IGBT data sheet [7].
Switching losses
The EonT and E;ﬂ'[ can be calculated as follows
AV. I,
EonT = Ere on ——= 00043 J
V”f I’ef (6.45)
and
AV. I
Ep = E,pp —2=0.0073J
: R VAR
ref = ref (6.46)

where V,ef and [ rer are taken from datasheet of IGBT and V' and /are the output voltage and

current respectively. The switching losses can be calculated as follows
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Case set up

Py =(Eyy +E, ;) f, =233.34W

(6.47)
The diode switching losses are
PSWD = (EonD + EoﬂD )f = 94W
(6.48)
where g can be calculated as
AV. I
E, ,= EEmef —2=0.0047J
rer L ey (6.49)

and the switch off losses in the diode are normally (EOﬁDzO) when the frequency 20 kHz.
So the total IGBT losses are

PT = PConduction + PSW = 396W
(6.50)
And the total diode losses are
PD = PCunduction + PSW = 144W
(6.51)
So the total semiconductor losses are
I-)Semicondutor = PT + PD = 540W
(6.52)
Capacitance calculation and filter losses
AV, =0.02V, = 6V
The value of capacitance is
Vad-D
Vof o (6.53)
So the filter losses are
P.. =AI°R=1.8W
(6.54)
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Case set up

Design of the inductor for EC- 70 core

Inductor average current I AVG = 150A

Current ripple is Al =15A
Frequency f,, = 20 kHz

Inductance L= 340 uH

Core material, shape and size
of the air gap l,;,=10mm. The respective results were obtained.

The winding area and turn of length is taken from datasheet is as

Winding area is = % =233 mm’

Turn length L, = 97 .3mm

We have to scale the core according to our converter requirements the available form of the core
is too small for the converter.

Scaling factor § , = 3.3
So with scaling factor the parameters of the core will be

The effective area for the core is A, = 3038 .31mm ?
The effective length for the core is [ e = 475.2mm
Mass of core m = 9.6311 kg

The effective volume is V, =1.4411x10° mn2’
Winding Area A, = 2531 mm*

Turn length L,=321 mm

1, =125x10°°
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Case set up

Coil for 15A ripple current

Reluctance of iron part

e

R, = 1 =1.60x10° AT /Wb
ﬂoﬂr e (655)

Air gap length [, =10 mm

Reluctance of air gap

l.
R =—9 —2633x10°AT/Wb
H,A, (6.56)

The total reluctance can be written as

R =R, +R,, =42372x10°AT/Wb

(6.57)
The required number of turns
N =~ LR =26turns
(6.58)
The total flux
NI,
o =—=0.0009Whb
R (6.59)
The total flux density
B = 2 =0.291T
A, (6.60)
Iin 2
Conductor size = ES = 50 mm
(6.61)
The required winding area
A, =NA,_,6 =1300mm’
(6.62)

32



Case set up

A
Fill factor =—<2< =0.35

vd

The flux density ripple
AB = g—AI =0.029T
A, (6.63)

Inductor losses

The iron losses can be calculated as

Pfe = lfacere = 87W
(6.64)
where the lossfactor lg,r is taken from the iron powder graph [8].
Winding length
[, =NL =83m 6.65)
Copper resistance of the coil can be calculated as
lW
R, = p—==0.00900
C (6.66)
Copper losses of the coil can be calculated as
P, =1%R, =204W
(6.67)
The total inductor losses can be calculated as
})inductor = Pfe + Pcu = 290W
(6.68)
Filter losses can be calculated as
P.. =AI°R=1.8W
(6.69)
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Case set up

Total converter losses

PTotal - PSmiconductore + [)inductor + PFilter = 83 1W
(6.70)
Efficiency of the converter
P - P
n=—t——"=98.61%
b 6.71)

34



Conclusion

7 ANALYSIS
In this chapter the results and plots for different voltage levels and two different core materials
with two different core shapes will be presented.

7.1 Mode of Operation

® Motoring Operation
® Generating Operation

7.2 Core material

e Ferrite
® [ron powder (somaloy)

7.3 Core shape

e EC70/3C81
e ETD-59/3C90

7.4Voltage level

e 350-400-450
e 700-800-900

7.5 Switching frequency

e S5SkHz
e 10kHz
e 20kHz
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Conclusion

Case 1.1: Ferrite material, (EC-70) for (450V System)

Motoring mode (Boost operation) when B=0.3 T, Lair=10 mm at 10 & 20 kHz:
In Figure 7.1 shows the switching and conduction losses of IGBT, diode, inductor losses and the
efficiency plots at different loadings on different switching frequencies.

IGBT Losses for Boost Operation When B=0.3 T,Lair=10 mm DIODE Losses for Boost Operation When B=0.3 T,Lair=10 mm
400 ‘ ‘ ‘ ‘ 250 ‘ ‘ ‘ T
—swat 10 kiiz | ——sw at 10 kHz : !
_CondatIOkHZ 200__Condﬂt10kHZ e D_
o O00H ——Total gt LOKHZ |+ o o ||—Totalat 10kHz o
E O swat20 iz o B O swat20 kHz i :
] 0 cond at 20 kHz i g §£1500 @ condat20ldz A
w L w
S0 O Totalat 20Kz |- e P// s O Total at 20kFfz
5 5 100+
S 4
=] =}
& 100 A
S0p-
0 0 -W_”’fw':'mm ﬁsz'-'*‘“"’""' I i |
0 10 20 30 40 50 60
Output Power [kW] Qutput Power [kW]
Inductor losses during Boost Operation When B=0.3 T,Lair=10 mm Efficiency during Boost Operation When B=0.3 T,Lair=10 mm
230 T T T T T 99.2 T T T T T
——core at 10 kHz :

— 9r 5
200H copperat10kHz| & ¢ . e —
E %Totﬂ at 10 kHz gl J

=, 0 core at 20 kHz s
W 150 o S =l L 3 Gl
% = ’CfOIt):iertaztozgézHZ pobs —— Efficiency at 10 kifz
- e § 984 : .| —Efficiency af 20 kHz ||
g 100} ~ 2% / _
H b /
2 982t i : 1
500 { :
gt .:\.’ £ 2
0 L | L L L “J L | L L I
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Output Power [KW] Qutput Power [kW]

Figure 7.1. IGBT, diode, inductor losses and efficiency plots at different frequencies.

As can be seen from Figure 7.1, the switching losses are higher at 20 kHz in both the
semiconductor devices, in an inductor the copper and core losses are higher at 10 kHz switching
frequency and the efficiency varies from 98.8 to 98.88%.

In Figure 7.2, shows the total losses and weight of the converter at different switching
frequencies.
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Conclusion

Losses vs Weight of the converter B=0.3 T at Air gap length=10 mm

800 |

Power Losses [W]
~
=
—

800 L

= | 05565
= feight

[
[ )
=

Switching Frequency [kiz]

Figure 7.2.Total losses vs. weight of the converter at different frequencies.

As can be seen from Figure 7.2, the total losses of the converter varies from 730 W to 710 W at
different switching frequencies and the total weight of the converter varies from 49 kg to more
than 300 kg, as can be seen that the cross point of the graph is at around 12.5 kHz switching
frequency, where the loss curve cuts the weight.
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Conclusion

Generating mode (Buck operation) when B=0.3 T, Lair=10 mm at 10 & 20 kHz:
Figure 7.3 shows the switching, condution losses of IGBT, diode , inductor and efficiency at
different loading of the converter.

IGBT Losses for Buck Operation B=0.3 T,Lair=10 mm DIODE Losses for Buck Operation B=0.3 T,Lair=10 mm

500 140
—sw at 10 kHz sw at 10 kHz
J00|| = cond at 10 kiz i o | 1207 e condl at 10 KHz |17 g i ]
= Total at 10 kHz | U =100 Total at 10 kHz ]
E 0 swat20 kHz E. 0 swat 20 kHz o a
é 3001 @ cond at 20 KHz g 80H @ condat20kHz o Lo .
S O Totalat20kHz = 2 O Total at 20 KHz \
T 200 " 4 o
Eq B
o =)
& i — [
100 b e e G LI EIE -
0 H H
45 50 55 60
Output Power [kW] Output Power [KW]
Inductor losses during Buck Operation B=0.3 T,Lair=10 mm Efficiency during Buck Operation B=0.3 T,Lair=10 mm
200 - T 992 : - -
—coreat 10kHz | L -
copper at 10 kHz 0.1l e 1
— 150 f ——Inductor at 10 kHz - e - 8| ’ e
£ O core at 20 KHz = s
2 = g9t st 1
£ || o copperat20kiz P
S 1005 3 Inductor at 20 kHz 4 g |
= |-
g g - a 98.9
z ° e a E E
f SOl E .
—_— 8L R - —— Efficiency at 10 kHz
f a o a o ol — Efficiency at 20 kHz
0 i L 5 98.7 -
45 50 55 60 45 50 55 60
Output Power [KW] Qutput Power [KW]

Figure 7.3. IGBT, diode, inductor losses and efficiency plots at different frequencies.

As can be seen from Figure 7.3 that the IGBT conduction losses are increasing as increase in
load of the converter where as in diode conduction losses are decreasing as increasing load,
during generating mode the total inductor losses are decreasing on both switching frequencies,
the total efficiency varies from 99 to 99.2 %.

Figure 7.4 shows the variation between total losses of the converter and the weight of the
converter according to the switching frequencies.
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Conclusion

Losses vs Weight of the converter B=0.3 T at Air gap length=10 mm

650 I I 200
= 055es
= \\eight
o =1
i 550 —1100 -gu
)
: B
=
&
500 —50
450 ‘ ‘
5 10 15 28

Switching Frequency [kHz]

Figure 7.4. Total losses vs. weight of the converter at different frequencies.

As can be seen from Figure 7.4 that the total losses and weight of the converter is smaller
compare to the motoring mode of operation.

Again, in Figures 7.5 to 7.33 the same pattern can be observed with slight changes at different
load conditions, core materials, core shapes and voltages with different switching frequencies.
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Case 1.2: Ferrite material, (ETD-59) for (450V System)

Motoring mode (Boost operation) when B=0.3 T, Lair=10 mm at 10 & 20 kHz:

IGBT Losses for Boost Operation When B=0.3 T,Lair=10 mm

DIODE Losses for Boost Operation When B=0.3 T,Lair=10 mm
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sw at 10 kHz sw at 10 kKHz
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5 5 100 5
B B
133 ] 5
A4 100+ 4 A
501 el
0 - I I I I 0 1 I I I I
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Inductor losses during Boost Operation When B=0.3 T,Lair=10 mm Efficiency during Boost Operation When B=0.3 T,Lair=10 mm
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Figure 7.5. IGBT,

700

diode, inductor losses and efficiency plots at different frequencies.

Losses vs Weight of the converter B=0.3 T at Air gap length=10 mm
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Figure 7.6. Total losses vs. weight of the converter at different frequencies.
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Conclusion

Generating mode (Buck operation) when B=0.3 T, Lair=10 mm at 10 & 20 kHz:

IGBT Losses for Buck Operation B=0.3T,Lair=10 mm DIODE Losses for Buck Operation B=0.3T,Lair=10 mm
300 T 140 T
sw at 10 kHz sw at 10 kKHz
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Figure 7.7. IGBT, diode, inductor losses and efficiency plots at different frequencies.

Losses vs Weight of the converter B=0.3 T at Air gap length=10 mm
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Figure 7.8. Total losses vs. weight of the converter at different frequencies.
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Case 1.3: Ferrite material, (EC-70) for (900V System)

Motoring mode (Boost operation) when B=0.3 T, Lair=10 mm at 10 & 20 kHz:

IGBT Losses for Boost Operation When B=0.3 T,Lair=10 mm

DIODE Losses for Boost Operation When B=0.3 T,Lair=10 mm
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Figure 7.9. IGBT, diode, inductor losses and efficiency plots at different frequencies.
Losses vs Weight of the converter B=0.3 T at Air gap length=10 mm
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Figure 7.10. Total losses vs. weight of the converter at different frequencies.
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Generating mode (Buck operation) when B=0.3 T, Lair=10 mm at 10 & 20 kHz:

Figure 7.11.

Power Losses [W]

IGBT Losses for Buck Operation B=0.3 T,Lair=10 mm

DIODE Losses for Buck Operation B=0.3 T,Lair=10 mm
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Figure 7.12. Total losses vs. weight of the converter at different frequencies.
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Case 1.4: Ferrite material, (ETD-59) for (900V System)

Motoring mode (Boost operation) when B=0.3 T, Lair=10 mm at 10 & 20 kHz:

IGBT Losses for Boost Operation When B=0.3 T,Lair=10 mm

DIODE Losses for Boost Operation When B=0.3 T,Lair=10 mm
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Figure 7.13. IGBT, diode, inductor losses and efficiency plots at different frequencies.
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Figure 7.14. Total losses vs. weight of the converter at different frequencies.
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Generating mode (Buck operation) when B=0.3 T, Lair=10 mm at 10 & 20 kHz:

IGBT Losses for Buck Operation B=0.3 T,Lair=10 mm DIODE Losses for Buck Operation B=0.3 T,Lair=10 mm
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Figure 7.15. IGBT, diode, inductor losses and efficiency plots at different frequencies.

Losses vs Weight of the converter B=0.3 T at Air gap length=10 mm
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Figure 7.16. Total losses vs. weight of the converter at different frequencies.
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Conclusion

Case 2.1: Iron powder material, (EC-70) for (450V System)

Motoring mode (Boost operation) when B=0.5 T, Lair=10 mm at 10 & 20 kHz:

IGBT Losses for Boost Operation When B=0.5 T, Lair=10 mm DIODE Losses for Boost Operation When B=0.5 T,Lair=10 mm
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Figure 7.17. IGBT, diode, inductor losses and efficiency plots at different frequencies.

Losses vs Weight of the converter B=0.5 T at Air gap length=10 mm
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Figure 7.18. Total losses vs. weight of the converter at different frequencies.
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Generating mode (Buck operation) when B=0.5 T, Lair=10 mm at 10 & 20 kHz:

IGBT Losses for Buck Operation B=0.5 T,Lair=10 mm

DIODE Losses for Buck Operation B=0.5 T,Lair=10 mm
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Figure 7.19. IGBT, diode, inductor losses and efficiency plots at different frequencies.
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Figure 7.20. Total losses vs. weight of the converter at different frequencies.
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Case 2.2: Iron powder material, (ETD-59) for (450V System)

Motoring mode (Boost operation) when B=0.5 T, Lair=10 mm at 10 & 20 kHz:

IGBT Losses for Boost Operation When B=0.5 T,Lair=10 mm DIODE Losses for Boost Operation When B=0.5 T,Lair=10 mm
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Figure 7.21. IGBT, diode, inductor losses and efficiency plots at different frequencies.

Losses vs Weight of the converter B=0.5 T at Air gap length=10 mm
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Figure 7.22. Total losses vs. weight of the converter at different frequencies.
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IGBT Losses for Buck Operation B=0.5 T,Lair=10 mm

Generating mode (Buck operation) when B=0.5 T, Lair=10 mm at 10 & 20 kHz:

DIODE Losses for Buck Operation B=0.5 T,Lait=10 mm
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Figure 7.23. IGBT, diode, inductor losses and efficiency plots at different frequencies.

Losses vs Weight of the converter B=0.5 T at Air gap length=10 mm
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Figure 7.24. Total losses vs. weight of the converter at different frequencies.
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Case 2.3: Iron powder material, (EC-70) for (900V System)

Motoring mode (Boost operation) when B=0.5 T, Lair=10 mm at 10 & 20 kHz:

IGBT Losses for Boost Operation When B=0.5 T, Lair=10 mm DIODE Losses for Boost Operation When B=0.5 T,Lair=10 mm
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Figure 7.25. IGBT, diode, inductor losses and efficiency plots at different frequencies.

Losses vs Weight of the converter B=0.5 T at Air gap length=10 mm
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Figure 7.26. Total losses vs. weight of the converter at different frequencies.
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Generating mode (Buck operation) when B=0.5 T, Lair=10 mm at 10 & 20 kHz:

Figure 7.27.
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IGBT Losses for Buck Operation B=0.5 T,Lair=10 mm

DIODE Losses for Buck Operation B=0.5 T,Lair=10 mm
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Figure 7.28. Total losses vs. weight of the converter at different frequencies.
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Case 2.4: Iron powder material, (ETD-59) for (900V System)

Motoring mode (Boost operation) when B=0.5 T, Lair=10 mm at 10 & 20 kHz:

IGBT Losses for Boost Operation When B=0.5 T, Lair=10 mm DIODE Losses for Boost Operation When B=0.5 T,Lair=10 mm
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Figure 7.29. IGBT, diode, inductor losses and efficiency plots at different frequencies.

Losses vs Weight of the converter B=0.5 T at Air gap length=10 mm
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Figure 7.30. Total losses vs. weight of the converter at different frequencies.
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Generating mode (Buck operation) when B=0.5 T, Lair=10 mm at 10 & 20 kHz:

IGBT Losses for Buck Operation B=0.5 T,Lair=10 mm DIODE Losses for Buck Operation B=0.5 T,Lair=10 mm
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Figure 7.31. IGBT, diode, inductor losses and efficiency plots at different frequencies.
Losses vs Weight of the converter B=0.5 T at Air gap length=10 mm
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Figure 7.33. Total losses vs. weight of the converter at different frequencies.
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Conclusion

In Table 7.1 and 7.2 the results of motoring mode and generating mode are presented at 450 V.

Table 7.1. Summary of results for motoring operation at 450 V.

Losses Weight Inductance No. of Flux Efficiency 77 | Fill factor
Core shape and turns density (%)
materials (W) (kg) L (uH) (%)
N B (T)

Switching frequency (kHz)

10 20 10 20 10 20 | 10 20 10

Ferrite EC-70 500 | 250 | 13 12 | 03

Ferrite ETD-59 587 690 | 94.77 | 32.50 | 500 | 250 | 12 12 | 03

Iron powder EC-70 500 | 250 | 36 32 | 05

Iron powder ETD-59 750 820 | 22.74 | 16.09 | 500 | 250 | 43 27 0.5

Table 7.1. Summary of results for generatin operation at 450 V.

Core shape and

materials
Losses Weight Inductance | No. of turns | Flux density Efficiency 77 Fill
B factor
(W) (kg) L (uH) N (%) (%)
(T

Frequency (kHz)

10 20 10 20 10 20 10 20 10 20 10 20 10 | 20

Ferrite EC-70 491 619 75.27 | 26.75 | 700 | 300 18 17 0.3 03 99.18 98.97

Ferrite ETD-59 | 476 613 50.18 | 18.81 | 700 | 300 17 16 03 | 03 99.21 98.98

Iron

powderEC-70 612 710 16.51 | 9.63 | 700 | 399 47 38 0.5 0.5 98.99 98.83

Iron

powderETD-59 600 700 19.53 | 13.44 | 700 | 300 41 32 0.5 0.5 99.01 98.84 | 75| 75
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Conclusion

The summary of results from both motoring and generating mode of operation taking into
account at 450 V system and show the losses, weight, inductance, number of turns peak flux
density, efficiency, fill factor with different core material, core shapes, at different switching

frequencies.

And , the red and orange marked in Table 7.1 show how the losses, weight and efficiency varies

according to different parameters.

In Table 7.3 and 7.4 the results of motoring mode and generating mode are presented at 900 V.

Table 7.3. Summary of results for motoring operation at 900 V.

Core shape and materials

Ferrite EC-70

Ferrite ETD-59

Iron powderEC-70

Iron powderETD-59

Losses Weight Inductance L | No. of | Fluxdensity | Efficiency 77 Fill
turns factor
(W) (kg) (uH) B (T) (%) (%)
Frequency (kHz)

10 20 10 20 10 20 (10| 20 10 20
705 911 BRI CRCy 2000 | 1000 | 26 | 25 | 0.3 0.3
656 | 894 83.26 | 29.50 | 2000 | 1000 |25 | 25 | 0.3 0.3
840 2000 | 1000 | 71| 63 | 0.5 0.5
805 | 831 73.93 | 27.43 | 2000 | 1000 | 68 | 53 | 0.5 0.5
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Table 7.4. Summary of results for generating operation at 900 V.

Losses Weight Inductance L No. of | Flux density | Efficiency 7] Fill
Core shape and materials (W) (kg) (uH) turns N B (T) (%) f?;(;r
Frequency (kHz)
10 20 10 20 10 20 10| 20 10 20 10 20 10 | 20
Ferrite EC-70 570 | 830 | 73.93 | 24.43 | 2700 | 1300 | 35 | 34 0.3 0.3 | 99.05 | 98.63
Ferrite ETD-59 559 | 825 | 51.61 | 18.18 | 2700 | 1300 | 34 | 34 0.3 0.3 | 99.07 | 98.64
Iron powder EC-70 691 | 906 | 16.51 | 9.63 | 2700 | 1300 | 92 | 75 0.5 0.5 | 98.86 | 98.51 | 63 | 74
Iron powder ETD-59 680 | 912 | 19.68 | 13.55 | 2700 | 1300 | 82 | 64 0.5 0.5 | 98.88 | 98.70 | 75 | 75

Again the same pattern can be observed: The 900 V system has higher losses, weight and lower

efficiency.

And, the gray marked coulmns in Table 7.1, 7.2, 7.3 and 7.4 shows the fill factor of winding i.e,
not feasible for any practical design. The idea here is to show the difference, if the same air gap
length maintained in both core materials.
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Conclusion

8 CONCLUSION

In this thesis, DC-DC converter is investigated with different core materials, core shapes,
different voltage levels (450 and 900V) and at two different frequencies (10 and 20 kHz) for a
EV/BEV/HEV.

The efficiency of the converter is higher for a ferrite material when the ETD-59 core
shape is used as compared with EC-70 core shape is used for both voltage levels.

The weight of the converter with ferrite material is lower for the ETD-59 core shape for
both voltage systems.

The 450 V system is better than 900 V system with ferrite core material.

The efficiency of the converter is higher for iron powder material when the ETD-59 core
shape is used as compared EC-70 core shape for both voltage levels.

The weight of the converter with ferrite material is lower for the EC-70 core shape for
both voltage systems.

The 450 V system is better than the 900 V system with iron powder core material.

For lower airgap lengths the fill factor is not feasible with ferrite core material.

Hence the design of DC-DC converter with the EC-70 core shape, iron powder material, 450 V
system at 20 kHz is better.

The future work is to implement the converter in Matlab Simulink and more over, to validate

with the practical design.
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