Converter Loss Analysis

ECE 482 Lecture 3
January 20, 2015

Announcements

Finish Experiment 1: report due Tuesday, 1/27

This week: Experiment 2
— Intro to FPGA programming

Next week: Experiment 3
— Boost converter design and construction
— Open-loop, steady-state efficiency analysis

Component kits available in circuits store later this
week

— $100 per group for components for Labs 3 and after

— Plan to spend additional ~$5.00 on resistors, etc.
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Mojo v3 FPGA Development Board

84 GPIO

Microcontroller:
ATmega32U4

Handles:
* Programming FPGA

* USB Communications
* ADCreading = 8 General

Purpose LEDs

;i ® 1 Reset Button

Spartan-6 FPGA Feature Summary Spartan 6 XC6SLX9
Table 1: Spartan-6 FPGA Feature Summary by Device
Configurable Logic Blocks (CLBs) Block RAM Blacks Wemory | oo s ot | m
Device Logle [T ey cursis) | Contraller| GORITT | MR | NS | Deer
Cells" | giices@ | Flip-Flops | Distributed | S1C5™ | 18 kh(#) | Max (Kb) &'mz, PC1 Express | Transceivers | Banks [ 10
RAM (Kb)

XCoslxe | 3840 | 600 | 4800 |_J5_J & ..tz | 26 | 2 _L_ o0 ___ 0 . 0 _ & [12|]
XCESLxa : 9152 1,430 11,440 a0 16 a2 576 2 2 L] o 200 :
XCESLX16 | 14,579 | 2278 | 18224 | 136 | 22 @ | 576 2 | 2 | 0 | o0 | 4 |22

Words of Caution

* Very easy to blow pins on FPGA
— 4V maximum!
* Use resistor dividers when necessary

— Double- and Triple-check I/0 and connections
before operating device
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Basics of FPGA programming

* Microcontroller * FPGA
— Processor, ram, etc. — Application specific circuitry
— Code is instruction set; — Code is hardware design
executed sequentially language; all in parallel

Timetohigh  Time to change

Technology Performance/Cost  Time until running park fu ™

ASIC Very High Vary Long Vary Long Impossible
Custom Processar/ Madium Long Long Long g
s

FPGA Low-Medium Short Short Short

Generic Low-Medium Short Not Attainable Short

WETI_t2 D610

Figure 12: Design Choices®
http://www.xilinx.com/support/documentation/white_papers/wp213.pdf
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Figure 1: Arrangement of Slices within the CLB
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Getting Started with Mojo v3

» Resources from board developer:
— Tutorials
* https://embeddedmicro.com/tutorials/mojo
— Base Project

* https://github.com/embmicro/mojo-base-
project/archive/master.zip

* Will be coding in Xilinx ISE

* Mojo Loader used to write .bit file to on-board
RAM/Flash
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Base Project

module mojo_top(
/ 56MHz clock input

input clk,

// Input from reset button (active low)

input rst_n,

// cclk input from AVR, high when AVR is ready

input cclk,

// Outputs to the 8 onboard LEDs

output[7:0]led,

// AVR SPI connections

output spi_miso,

input spi_ss,

input spi_mosi,

input spi_sck,

// AVR ADC channel select

output [3:0] spi_channel,

// Serial connections

input avr_tx, // AVR Tx => FPGA Rx

output avr_rx, // AVR Rx => FPGA Tx
input avr_rx_busy // AVR Rx buffer full

)s
wire rst = ~rst_n; // make reset active high

// these signals should be high-z when not used
assign spi_miso = 1'bz;

assign avr_rx = 1'bz;

assign spi_channel = 4'bzzzz;

assign led = 8'b0;

endmodule
User C ints File (
ser Constraints File .UCf)
1 #Created by Constraints Editor (xc6slx9-tggl44-3) - 2012/11/05
2 NET "clk" THNM NET = clk;
3 TIMESPEC TS5 clk = PERIOD "clk" 50 MHz HIGH 50%;
4
5 1l constraints
€
7
8
8
10
11 = P134;
12 = P133;
13 = P132;
14 = P131;
15 = P127;
16 = Pl2&;
17 = Pl124;
ig = P123;
13
20
21
22
23
24 = P46;
25 = P61;
26 = P62;
27 = P65;
28
23
30
31
32
33
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User Constraints File (.ucf

#Created by Constraints Editor (xc6slx9-tqggl44-3) - 20
NET "clk"™ THM NET clk;
TIMESPEC T5_clk = PERICD "c

50 MHz

50%;

constraints
NET "

1
2

3

4

5 # Pla
6

7 NET
9

= P70;

io

11 P134;
12 P133;
13 Pl32;

198

20 NET i" LOC = P44;

21 HNET = P45;

22 HNET P48;

23 HNET P43;

24 HNET " LOC = P46;
25 HNET " LoC = Pel;
26 HNET " LeC P&2;
27 HNET " LQC = P65;
28

23 HNET tx" LOC = P55;

30 NET " LeC P39;

31 NET k v" LOC = P3%9;

32

33

A Simple PWM

* Note: separate example given in Mojo tutorials on
website

Vi V(D)
Sawtooth v (1)
Vian(D) L
wave
generator
Comparator
0
1
(1)
Analog L
input PWM
I waveform
v(1)
0 drT, 2T,
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Digital Implementation

Verilog Code

“define MAX_MOD VALUE 198 // Modulator # of periods -1
define MOD_SIZE 8 // Modulator Length, must be large enough to store MAX MOD ¥
“define MSB_MOD ('MOD SIZE - 1)
module modulator(
input [ MSB _MOD:0] dutyeycle,
input rst,
input clk,
cutput DEWM,
output dsample
Vi
reg ["MSB _MOD:0] duty Mod: Modulator Duty
reg dsample;
reg ["MSB MOD:0] mod value;
always @ (posedge clk or posedge rst)
Modulator implementation
begin
if (zst == 1)
mod_value <= 0;
else
begin
mod_value <= (mod value > ‘MAX MOD_VALUE) ? 0 : mod value+l: t/loop modulator
dsample <= (mod value == "MEX MOD VALUE): dut
end
end

assign DEWM = mod_value < duty Mod;

always @ (negedge dsample)

//duty = sampled at end of modulator p
begin
duty Mod[ MSB_MOD:0] <= dutycycle;
end
endmodule

n overflow
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Converter Loss Modeling

Analytical Loss Modeling

* High efficiency approximation is acceptable for hand
calculations, as long as it is justified
* Solve ideal waveforms of lossless converter, then

calculate losses
* Argue which losses need to be included, and which

may be neglected




= Boost Converter Loss Analysis

Vbus

L
DT, T,
"baf:= vgsjt
DT, T,

* Begin by solving important waveforms throughout
converter assuming lossless operation

= Power Stage Losses

Conduction

Losses | {1 Ro W+ e "V
° ce * Rd

Fringing
Proximity

Frequency- * Cos « Current ||+ C, + skinEffect | « Dielectric
Dependent e Overlap tailing * Reverse- Core Loss Losses

Losses « p Recovery
]

MOSFETS IGBTs Diodes Inductor Capacitors
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Conduction Loss Modeling

19

MOSFET Equivalent Circuit

+ +
—
+ ——
v
+—| Vs I C /-__ ds
v ds
& i don

* Considering only power stage losses (gate drive
neglected)

* MOSFET operated as power switch
* Intrinsic body diode behaviors considered using
normal diode analysis
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MOSFET On Resistance

5 Typ. output characteristics 6 Typ. drain-source on resistance 9 Drain-source on-state resistance
1o=f(Vps); T=25 °C Rosen=f(/o); Tj=25 °C Rosen=(T}); [5=100 A; Vs=10 V
parameter: Vs paramef ter: Vs
400 12
———"]
10 /
320
45V
8 /
240 — 51
B T = g
B S e
o [ H $ e
= z 2
160 (rds ) on : 3 o
55V e | 6v—i "
10V ] é
80 3
2
[ [ [
50 100 150 60 20 20 60 100 140 180
Vos V] Io[A] 7,101

* On resistance extracted from datasheet waveforms
* Significantly dependent on V; amplitude, temperature

Boost Converter RMS Currents

—I5

id\.’
n 7 LN
| E =: Vbus

——
Vit wep—

* MOSFET conduction losses due to (r,),, depend given
as

_ 2
Pcond,FET = Idi,rms (rds)on

1/19/2015
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MOSFET Conduction Losses

Pulsating waveform with linear ripple. Fig. A.6:

rms =IJD \ 1—%\%} (A 6)
O, it
T A 1
0
Fig. A6 0 DT, I, ¢
* RMS values of commonly observed waveforms
appendix from Power Book
Diode Loss Model
30 /:}
I g 20 / 4
oy i
& 7
g 0 frd
s 5 VAWAR|
g JAVEE
/7
o ’
* Example loss model T
includes resistance and i
/ 1
forward voltage drop J =
extracted from datasheet oo
LI

V, INSTANTANEQUS VOLTAGE (VOLTS)
Figure 1. Typical Forward Voltage

1/19/2015
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IGBT Loss Model

Figure 1. Typical Output Characteristics
160 :
Tc=25°C 20§v/ 18V, |

120 / / i
1/

Collector Current, Ig [A]

80 1
E e
/7 | Vg = 8V
5 40 /A
chond = Ic,rms rce + I/celc,avg 74 /
e
0
0.0 1.5 3.0 4.5 6.0

Collector-Emitter Voltage, Vce [V]

Semiconductor Switch Conduction Loss

MOSFET Diode

* Equivalent circuit of MOSFET with external antiparallel
diode has two, non-ideal diodes

* Diodes, even when matched, will not share current
equally, but v, = v, must remain true

* Silicon rectifier diodes are minority carrier devices
* Concentration of minority carriers depends heavily on
temperature

1/19/2015
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12 Forward characteristics of reverse diode 100

1e=f(V sp)

parameter: T}

10°

Diode Paralleling

e [A]

g 20 /
: /LY
£ /
g 70 7
g javavs
- [
£ I
% " n:nsvcl / //wo";/ 25°C

07 / /

05 //

/]
0.3
SR AN

0.5 1 1.5 2 02 03 04 05 0.6 07 08 09 10
Vo V] v, INSTANTANEQUS VOLTAGE (VOLTS)
Figure 1. Typical Forward Voltage

1112

y i(f)

DC Inductor Resistance

DC Resistance given by
lp
p A,
At room temp, p =1.724:10° Q-cm
At 100°C, p = 2.3-10°Q-cm

Rpc =

Losses due to DC current:

_ 2
Pcu,DC - IL,rms RDC

1/19/2015
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Inductor Conduction Losses

DC plus linear ripple. Fig. A.2:

rms=1I \.;' 1 +%(%J: (A2)
i)
4 A

f

Fig. A.2 0 T, t

* Conduction losses dependent on RMS current through
inductor

Skin Effect in Copper Wire

(a) (& Current
density

Wire ____~

Eddy
currents

Eddy
currents

()

* Current profile at high frequency is exponential
function of distance from center with characteristic
length 6

1/19/2015
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= Skin Depth

Wire diameter

01 — #20AWG
Penetration =
depth &, em =
= -
R 7og - = #30 AWG
I 25?C ‘Q‘:_\ é
—i— -
0.01 — #40 AWG
0.001 I
10kHz 100 kHz 1 MHz
Frequency

Fig. 13.23 Penetration depth 8, as a function of frequency f, for copper wire.

or

AC Resistance

Ayerr = mry,? — 1 (r,

lp
Awerr

Roye=p

— 5)2

1/19/2015

16



1/19/2015

(@
Core M M
Proximity Effect
. * In foil conductor closely spaced
L
~ with h >> §, flux between layers
3 generates additional current
according to Lentz’s law.
——— _ 2
Primary winding Pl - IL,rms Rac
© , ® 2 39 e Power loss in layer 2:
oltled é? _ 2 2
i ;‘S?_f —g%m PZ - IL,rms Rac"'(ZIL,rms) Rac
Current
a‘ensn‘_} y j j P2 = 5P1
T
2 & &+ Needs modification for non-foil
~J ~ ~
o conductors
Primary winding

Capacitor Loss Model

* Operation well below resonance
All loss mechanisms in a capacitor are
generally lumped into an empirical loss
model
Equivalent Series Resistance (ESR) is
- highly frequency dependent
Datasheets may give effective impedance
at a frequency, or loss factor:
T
8—5—9
D = tan(§)

m
=
A%

[ ]

Re(Z)

17
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Capacitor ESR Extraction

Rated
Impedance ripple

WV| Cap | Case size | (Qmax/100kHz)| current
(mA

Part No.
(Vao)| (uF) | oDXL(mm), e
20C | -10C |100kHz)
68| 5x11_[14 5.6 125 |EKZE101ECI6R8MET1D
15 | 6.3X11__| 057 | 23 205 |EKZE101EOC150MF11D
27 8x11.5] 036 | 1.4 355 | EKZE101E00270MHB5D
39 8X15 | 025 | 1.0 450 |EKZE101EOO390MH15D
47 | 10x125] 017 | 0.66 480 | EKZE101EOT470MJC5S
56 8X20

0.19 | 0.76 | 565 |EKZE101ECO560MH20D
68 | 10x16 [ 0.1 | 0.47 | 600 |EKZE101ECII680MI16S
82 10X20 0.084 0.34 800 |EKZE101ECJ820MJ20S - B

1 inati b oo 0, °
700 [125x16 [ 0.1 | 034 | 750 |EKZE101ECI10IMKI6S Dissipation Factor: 1% Max. (25 °C, 1kHz)
120 | _10x25 | 0.069 | 0.28 | 900 |EKZE101ECIC121MJI25S

150 [12.5X20 0.062 | 0.18 1,100 |EKZE101EOD151MK20S
220 |12.5X25 0.047 | 0.14 1,250 |EKZE101EOD221MK258
100| 220 16X20 0.048 | 0.15 1,350 |EKZE101E0O221ML20S
270 |12.5X30 0.042 | 0.13 1,500 |EKZE101E00271MK30S

Dissipation Factor | Rated voltage (Va) | 6.3V | 10V | 16V | 25V | 35V | 50V | 63V | 80V [100V]
tano) tano (Max) [022]019]0.16] 014 0.12] 0,10 0.09] 0.09 ] 0.08 ]
When nominal capacitance exceeds 1,000pF, add 0.02 to the value above for each 1,000pF increase. (at 20°C, 120Hz)

Switching Loss Modeling

36

18



Gate Charge Loss

9 Typ. gate charge
V 65=f(Q gate): 10=5.2 A pulsed
parameter: Vpp

10
L Y 4

120V

¥ 4
/ 400V
6

Vas V]

0 5 10 15 20

Qe InC] Pg = Qchcfs

M, —
" Overlap Loss =
gs
— 50—
M, —| e
t 9 Typ. gate charge |
V s=f(Q gae); 15=5.2 A pulsed
parameter: Vpp _T_
VdsZ

10

= 1 t
Poverla =5 ]LV g ’ |20{
72 T, 7 /’ 4oy

t 6

Ves V]
@

/ '/

[} 5 10 15
Qgate [nC]

20

1/19/2015
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MOSFET Parasitic Capacitances

source - . L
s p-n°junction is
reverse-biased

:D 1/ m '/ { (- . off-state voltage
=

P 4

region

depletion region

drain +

n J appears across n-

Lump Switched Node Capacitance

0, E LDZ '

L
N /T
Vot e &I E IDI %Cﬂm ]

Vbus

* Consider a single equivalent capacitor at
switched node which combines energy storage
due to all four semiconductor devices

1/19/2015
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Device Output Capacitances

11 Typ. capacitances

MUR810G, MUR815G, MUR820G, MUR840G, MUF
SUR8820G, SUR8840G

1000
I 7
——
500 Ty=25°CI [
[y _—
=N
w ™~
8 200 Sl
4 TS,
= 100
) a
S
&)
9
20
10
10 20 50 10 20 50 100

Vg, REVERSE VOLTAGE (V)
Figure 19. Typical Capacitance

C=f(Vps); Ves=0 V: f=1 MHz

10°

C [pF]

20

40
Vos [V]

60

80

Diode Reverse Recovery

)

* Diodes will turn on

/N

during dead time
intervals

it)

* Significant reverse

\

3

recovery possible on
both body diode

and external diode

(2)

3)

=

“4)

area
-0,

(5)

(6)

Eon,rr = ((IL - AZL )trr + er )I/bus

1/19/2015
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IGBT Switching
S l=
_”i L ko T, o]

. P

W17

i

Test circuit

T T 0% I, i
IGET)

vl 10% /e 3 ) 10% J, p
¥eg
A

(inductive switching) %Nﬁ
- = L ~ >
Fa(ott h f i

22



Datasheet Reporting of IGBT Switching Loss

Switching Characteristics

td(on) Turn-On Delay Time - 9 ns
t, Rise Time Vec =200V, Ic =20 A, - 33 ns
- Rg=5Q Vge=15V,
taiom Turn-Off Delay Time Resistive Load, T¢ = 25°C - 32 ns
t Fall Time = 202 ns
taion) Turn-On Delay Time - 9 ns
t Rise Time Vec =200V, Ic =20 A, - 37 ns
- Re=5Q,Vge=15V,
taiom) Turn-Off Delay Time Resistive Load, T¢ = 125°C - 33 ns
t Fall Time = 332 ns
Figure 15. Switching Loss vs. Gate Resistance Figure 16. Switching Loss vs. Collector Current
5000 20000
Common Emitter 10000 f; Common Emitter \—‘—l—|
Ve =200V, Vg =15V Veg =15V, Ry =50
1.=20A Te=25C —
_ 1000f 1225 — = 1000 |f T, =125°C.... 39
2 3 o
2 T =125°Cenc £ = e
o S
_g" z 100 |
£ 100 s &
;,E, _____ =° a 10
O e
10 1
10 20 30 40 50 10 20 30 40 50
Gate Resistance, Rg [] Collector Current, Ic [A]
* Governed by Steinmetz 10
. s e Ay
Equation:
i
t

PV = Kfef;‘a(AB)ﬁ [mW/Cm3] 0 DT, T

* Parameters Kfe, a,and f Mnor -1 oop—
fliter inauctor
extracted from
manufacturer data

H H
i 1/ 0 c
« ABo Ai; — small losses //{
with small ripple et oxbiation

Pfe = B Acly [mW]

1/19/2015
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or

Steinmetz Parameter Extraction

104

= T=100°C

Py
(KW/m?)

103

Fig.6  Specific power loss as a function of peak
flux density with frequency as a parameter.

MBW097
800
3C90
Py -
(ewim®) (kl: )| (¢ BT)
1Z)[ (m
600 100 |200
-
400
200 (100
200
t\ 100 | 100
25 |[200
0
0 40 80 T (QC) 120
Fig.7  Specific power loss for several
frequency/flux density combinations
as a function of temperature.

or

Ferroxcube Curve Fit Parameters

Power losses in our ferrites have been measured as a
function of frequency (f in Hz), peak flux density (B in
T) and temperature (T in °C). Core loss density can be
approximated @) by the following formula :

Peore = Crm- f* B Y. (ctgmct) T+t T2)  [3]

=Cp, Cr f5 By  mwWiem?

Table 1: Fit parameters to calculate the power loss density

1/19/2015
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N

* More complex empirical loss models exist, and
remain valid for non-sinusoidal waveforms

* NSE/iGSE:

b (8B *‘k_w]
NEE 2 Tu

dt

Van den Bossche, A.; Valchev, V.C.; Georgiev, G.B.; , "Measurement and loss model of ferrites with non-sinusoidal waveforms," Power Electronics Specialists Conference,

[
dB

SE/iGSE

250
200
Py
(kWim')

150
100
50
]

3
MSE
‘VNSE-
]
a2 ds
I S S A o O -
05 08 07 08 08 1

2004. PESC 04. 2004 IEEE 35th Annual , vol.6, no., pp. 4814- 4818 Vol.6, 20-25 June 2004 doi: 10.1109/PESC.2004.1354851

D

Z

——
=

Inductor Design

1/19/2015
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= Magnetics Losses

Magnetic Device
Losses

Copper Loss Core Loss

DC Copper Loss AC Copper Loss Eddy Current

Proximity Fringing

S A Effect Flux

High Frequency Losses

= Minimization of Losses

* For given core, number of turns can be used to index
possible designs, with air gap solved after (and limited)
to get correct inductance

* A minimum sum of the two
exists and can be solved for —— Totalloss

—— Core Loss
= Copper Loss

Power Loss [mW]

Number of Turns

1/19/2015
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Matlab Example

Pioss "]

= = r w =
T T T T

Modified Core Loss Outputs

4
= 3
-
= A /
ncreasing Core Volume
1
0 | | | | | | 1
20 40 60 80 100 120 140
B [mT]
250
200
L 1501
100

AB [mT]

Soxkfg_
= ‘ ‘ ;

1/19/2015
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Spreadsheet Design

E5 - J | =B6*B5/B4/B11710~

A T 5 ¢ b £ * Use of spreadsheet

21 Design Params e ticinted Values permits simple iteration of
4 Bmax 0.25 Ig 9.58E-04 .

[ fimex 55 n [Eesem] design

6 L 2.00E-04 Aw 0.004098636

Elho 17205 Fo MWE e Can easily change core,

9

10 Cote Goomety switching frequency, loss

12 \Wa 2.84E-01 .

LT 36900 constraints, etc.

14

K, and K ;. Methods

* Two closed-form methods to solve for the optimal
inductor design under certain constraints/assumptions

* Neither method considers losses other than DC copper
and (possibly) steinmetz core loss

* Both methods particularly well suited to
spreadsheet/iterative design procedures

I I

Losses DC Copper DC Copper,
(specified) SE Core Loss
(optimized)
Saturation Specified Checked After
B ox Specified Optimized

1/19/2015
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Kg Method

* Method useful for filter inductors where AB is small

* Core loss is not included, but may be significant
particularly if large ripple is present

* Copper loss is specified through a set target resistance

* The desired B,,,, is given as a constraint

* Method does not check feasibility of design; must
ensure that air gap is not extremely large or wire size
excessively small

» Simple first-cut design technique; useful for
determining approximate core size required

* Step-by-step design procedure included on website

272 A
> sz L™ 105 (em®) [\
g \ \
BmaxRKu h . ‘X
kY \‘ \“
The following quantities are specified, using the units ! \‘\ \
Wire resistivity P (Q-cm) 2 “ ‘\
Peak winding current I (A) ( = MOLImax 104 “\l
Inductance L (H) 2= 52 (m) W
‘Winding resistance R () BmaxAz: ‘\‘l
Winding fill factor K, 1
Core maximum flux density B (T) ! il
The core dimensions are expressed in cm:
Core cross-sectional area A, (cm?) _ LI max 104
Core window area W, (cm?) n= B A
Mean length per turn MLT (cm) max® = c
i
w i
Ay <s—"4 (cm? i
n i
F]
I
ol
F
________________________________ Ko
E LY /
1 L)
i _ pn (MLT) /
R= (€2) /
1 A 4
: w =d
1
e e o o o e e e

1/19/2015

29



K, Method

* Method useful for cases when core loss and copper

loss are expected to be significant

» Saturation is not included in the method, rather it

must be checked afterward

* Enforces a design where the sum of core and copper is

minimized

K,z Procedure

The following quantities are specified, using the units noted:

Wire effective resistivity P

Total rms winding current, refto pri [,

Desired turns ratios ny/n,, nyf/n,, etc.
Applied pri volt-sec A

Allowed total power dissipation P,

Winding fill factor K,

Core loss exponent B

Core loss coefficient K,

Other quantities and their dimensions:

Core cross-sectional area A,
Core window area w,
Mean length per turn MLT
Magnetic path length ¢,
Wire areas A
Peak ac flux density AB

(R2-cm)
(A)

(V-sec)
(W)

(W/cm3TP)

(cm?)
(cm?)
(cm)
(cm)
(cm?)

(M

1/19/2015
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por212, K A
gfe = ! 10° 5

> 44[(” (P,(,,) ((3 + 2)/3) \\‘ ' \

\
\
\
2,2 (512) ‘\
AB = 108 p}\‘llmt (MLT) 1 \“
[}
i
[l

2Kll WAAzém BKfe

K, Method: Summary

Method enforces an operating AB in which core and
copper losses are minimized

Only takes into account losses from standard
Steinmetz equation; not correct unless waveforms are
sinusoidal

Does not consider high frequency losses

Step-by-step design procedure included on website

1/19/2015
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