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Filter inductor, cont.
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+ Loss dominated by dc copper
loss

+ Flux density chosen simply to
avoid saturation

+ Air gap is employed

+ Could use core materials + =
having high saturation flux &,
density (and relatively high
core loss), even though
converter switching frequency nitr) () @ e
is high

Chapter 14 Inductor Design

14.1 Filter inductor design constraints
14.2 A step-by-step design procedure

14.3 Multiple-winding magnetics design using the
K, method

14.4 Examples
14.5 Summary of key points




14.1 Filter inductor design constraints

Objective:
L Design inductor having a given inductance L,

o which carries worst-case current I, without saturating,
4

R and which has a given winding resistance R, or, equivalently,
exhibits a worst-case copper loss of
2
P(‘t.‘ = IP'JH.!' R

Example: filter inductor in CCM buck converter
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Solve magnetic circuit:
ni=@( R+,

Usually #. < R, and hence
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14.2 A step-by-step procedure

The following quantities are specified, using the units noted:

Wire resistivity p (Q-cm)}—

Peak winding current . < (A) Ko me *hod
Inductance L (H) d

Winding resistance R (Q)

Winding fill factor K,

Core maximum flux density B, (T)

The core dimensions are expressed in cm:

Core cross-sectional area A, (cm?)

Core window area w, (cm?)

Mean length per turn MLT (cm)

The use of centimeters rather than meters requires that appropriate
factors be added to the design equations.
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Calculation of ac flux density s zf o
and core loss

Solve for AB: ’l/
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Chapter 15 Transformer Design

Some more advanced design issues, not considered in previous

chapter:
n] A,

» Inclusion of core loss <
ellie i i ;
ir(1)

Selection of operating _flux (D) : 0
density to optimize total loss V(D)

*  Multiple winding design: as in AN—
the coupled-inductor case, R,

allocate the available window
area among several windings

A transformer design S QAMPUIC(‘
procedure N onL' [ et

- How switching frequency Saturafion ‘4
affects transformer size k5 w d‘kﬂd-




15.1 Transformer Design:
Basic Constraints

Core loss
P,=K (AB)FA. L,

Typical value of  for ferrite materials: 2.6 or 2.7

AB is the peak value of the ac component of B(1), i.e., the peak ac flux
density

So increasing AB causes core loss to increase rapidly

This is the first constraint

Total core loss: manufacturer’s data
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Ferrite core i -
material

Empirical equation, at a
fixed frequency:
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Flux density

Constraint #2

Flux density B(?) is related to the @

applied winding voltage according
to Faraday’s Law. Denote the volt-
seconds applied to the primary
winding during the positive portion
of vi(nasi:

A, =f2 v ()t

P—
This causes the flux to change from
its negative peak to its positive peak.
From Faraday’s law, the peak value
of the ac component of flux density is

NV ~—.

area h,

Po$
aycle

To attain a given flux density,
the primary turns should be
chosen according to

— )"I
T 2ABA,

ny

Copper loss

Constraint #3

+ Allocate window area between windings in optimum manner, as

described in previous section
- Total copper loss is then equal to

_ p(MLT)nI;,

P =7 WAKu

Eliminate n,, using result of previous slide:

p PNl | (MLT) (;]2
= 4K, W,AZ |[\AB

Note that copper loss decreases rapidly as AB is increased




Total power loss
4. Py=P,+P,

There is a value of AB

me Power
that minimizes the total loss
power loss

Prm = P/L + F’('u

P, =K ,(AB) PAL,

Optimum AB
—
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Total loss

Substitute optimum AB into expressions for P, and P,. The total loss is:
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2

pALLL, (MLT)
4K, w,A?

Pu=|AL,K fg](ﬁz 7) 5

Rearrange as follows:
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Left side: terms depend on core

Right side: terms depend on
geometry

specifications of the application
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The core geometrical(constant K,

=

. .(2(571)#3) -(E %
Define -K,Rﬁ;: W/E/E;Lig-)e(lfﬁ) (ﬁ) (ﬂ 2)+(|3)(ﬁ 2)

m

Design procedure: select a core that satisfies

or2r2 k)

tol™" fp
4K11(P!or) ([ﬁ * Z]IB)

Appendix D lists the values of Ky onmmon ferrite cores

K, is similar to the K, geometrical constant used in Chapter 14:

* K, is used when B, is specified

max

* Ky is used when AB is to be chosen to minimize total loss

15.2 Step-by-step
transformer design procedure

The following quantities are specified, using the units noted:

Wire effective resistivity P (Q-cm)
Total rms winding current, refto pri [, (A)
Desired turns ratios ny/n,, nyiny, ete.

Applied pri volt-sec A (V-sec)
Allowed total power dissipation P, (W)
Winding fill factor K,

Core loss exponent B

Core loss coefficient K, (W/em3TP)

Other quantities and their dimensions:

Core cross-sectional area A, (cm?)
Core window area W, (cm?)
Mean length per turn MLT (cm)
Magnetic path length l, (cm)
Wire areas 7, W (cm?)

Peak ac flux density AB (T)
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Effect of switching frequency on transformer size

for this P-material

4226
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Cuk converter example
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25 kHz 50 kHz 100 kHz 200 kHz 250 kHz 400 kHz 500 kHz 1000 kHz
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-~V
« As switching frequency is « As switching frequency is
increased from 25 kHz to increased from 400 kHz to
250 kHz, core size is 1 MHz, core size
dramatically reduced increases
24 Chapter 15: Transformer design

Fundamentals of Power Electronics

Application of

ECE481 Theory




Example: Low-Power AC Adapters

: f Goals:
e * Produce regulated DC Voltage from
-~ g universal input (85 to 276 Vrms, 47-63 Hz)
* Maintain high power factor / Low EMI
Apple “Ultracompact USB Power * High efficiency to allow small size
Adapter”

Design Constraints:

¢ Single converter needs power
stage which can operate over
wide input voltage range

* ForV,=+5V (USB output) need
very large step-down capability L
(M =0.018) Figure 1.  Single-Stage AC-DC Converter

¢ Isolation may be necessary for
safety

F 3

Fairchild Semi, “Design Guideline of Single-Stage Flyback AC-DC Converter Using
EAN7530 for |FD ighting”

Flyback Implementation

h 4~

¢ Flyback selected as a simple,
low part-count topology

¢ Used almost exclusively in
Ac-to-LVDC applications at

PFC

Controller

power levels less than 100W Rin EANTS3D

¢ DCM may be used for o o ([ ]
reduced diode RR and | srotsn [+
increased f, -

e Pulsating input current
requires filtering

e If unity power factor is
obtained, significant output

r pple resu ItS Fairchild Semi, “Design Guideline of Single-Stage Flyback AC-DC Converter Using
EAN7530for |FD lighting—————




Practical Issue: Ringing in Flyback

Vi v v
/ ¥ I‘ A
e g
—Vin
i Iin - VIR
ViR
r_ ; * Practical transformer implementation
—- e 5 has nonzero leakage inductance
=4 — ¢ When MOSFET switches off, it
interrupts leakage current
_ 0 ¢ Inductor energy dumped into MOSFET
DL At St output capacitance
contucine @ L 3 * Lossy, high EMI, Potentially can over-
' voltage MOSFET Q,

Snubber Design

* Goalis to provide a path for leakage current to circulate
S e
Faw * (% "\,5 S .
2

4
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Snubber Design

e Goalis to provide a path for leakage current to circulate
Ly
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Fig. 1 Simplified circuit diagram of {a} RCD-clamp, (b) NMOS
active-clamp, and (¢) PMOS aclive-clamp flyback

adaplericharger L Huber and M Jovanovic, “Evaluation of Flyback Topologies for Notebook

AC/DC Adapter/Charger Applications

Apple Power Adapter Implementation

Example:
¢ 5 Watt AC-to-5V adapter

K Shirriff, “Apple iPhone charger teardown: quality in a tiny expensive package”




Apple Circuit Primary

Aux
power Mgruf R-C Bridge Startup
components shield  snubber R-C Cableto  power
snubber

secondary resistors

Bridge
diode Mise
Filter control
inductor components
Fusible
Transformer
resistor
resanance
capacitor

Electrolytic Clamp Switching

filter capacitors diode, transistar
transistar,

Current sense

resistors

capacitor

and diode,

Apple Circuit Secondary

Isalation

B Tantalum
distance

m usl
Silicone .
protocol filter

resistors  capacitors

insulation

Cable to

Isolation
boundary

Over-temp
thermistar

Regulation
components

Filter capacitor




Apple Adapter Schematic
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Example Waveforms

PF=0.957

(a) at 110 Vac Input (b) at 220 Vi Input
Figure 12. Switching Voltage and Current

L Huber and M Jovanovic, “Evaluation of Flyback Topologies for Notebook AC/DC Adapter/Charger Applications




Design Constraints:

Example 2: VRM Design

Goals:

* Produce tightly regulated 0.8-1.4 V output
voltage from 12 V +5%/-8%

* Maintain very strict regulation

< 10mV ripple (pk-to-pk) £

< 50mV deviation at full load

current stepe—

120 A/nsoutput current slew

rate

150 A peak output current

Regulation down to 500mA

Voltage variation in 6.25 mV
°.20 1M

—

StepS Intel, “VRM and EVRD Design Guidelines”, Sep@;

Traditional Approach: High-Current Buck

Converter
— o v
v 3/ v * Buck is simplest topology
To¥ ‘e P M"“ which can meet required
= = ’. step-down
o * Multiple devices in parallel
w) LT =" 1= E-P used to reduce (dominant)
: Ja3 I 54 Ja& o F’ >~ conduction losses
o Jl e Large inductor needed to
/ L I reduce ripple

e Large output cap needed for
ripple; transient hold-up

Fig. 1.6. A single-phase buck converter for a Pentium I1I processor.

¢ Switching frequency increased to reduce ripple; still well-below processor
speed

K Yao, “High-Frequency and High-Performance VRM Design for the Next Generations of Processors”, 2004
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Fig. 1.7. A multiphase buck converter for a Pentium IIT processor.

K Yao, “High-Frequency and High-Performance VRM Design for the Next
Generations of Processors”, 2004

Today’s Approach: Multiphase Buck

—

Multiphase to distribute the large
output current

Interleaving to cancel current ripple
and to improve transient response
12V-input voltage bus to reduce the
input bus conduction loss
Multiphase controller with switching
frequency @
Commonly, 300KHz to 500KHz </
switching frequency to achieve
reasonable efficiency with 30V
vertical trench MOSFETs

Several electrolytic bulk capacitors in
parallel to limit the transient voltage
spikes; ceramics in parallel for HF

7 -Phase Interleaving

Figure 4. Cancellation of inductor ripple current with D = 25%

) ST
4 \
2 Phase1 [ Phase 2

o 17
Figure 2. Node waveforms of phases 1 and 2
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Figure 3. Normalized capacitor ripple current as a function

uty cycle
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T, “Benefits of a multiphase buck converter”, 2012




2-phase VRM Operating Waveforms

Figure 9. Output voltage ripple Figure 10. Transient response: 20 ps with 10-A load

step (undershoot/overshoot ~ 27 mV)

Vi =12V, Vgyr=12Vat 40 A

N

TI, “Benefits of a multiphase buck converter”, 2012

Commercial Motherboard VRMs




Issues:

¢ Small duty cycles (D~ 1412) cause poor device utilization
* Large size due to many phases despite high switching frequency

.’nited by holdup times (large signal); further increase in f, not beneficial
* "Noneven sle tes:

_12_V0ut Al __Vout

P Xu, J Wei, and F Lee, “Multiphase Coupled-Buck Converter—A

Fig. 9. Multiphase tapped-inductor buck converter with an additional active
. ing et for each o . Novel High Efficient 12 V Voltage Regulator Module”

Further Topics In Power Electronics




Input Filter Design
‘l’ 16,1 %

— Hi{x)- “a 30 dB
2048
Input Converter X
; filter .Zr,(:-') Z‘{:.'.)' v 048

04dB 4

. - 1048
4 3}‘?/;
Controller
100 Hz 1kHz TR
f

- Filter can seriously degrade converter control system behavior

+ Use extra element theorem to derive conditions which ensure that converter
dynamics are not affected by input filter

« Must design input filter having adequate damping

Damped Input Filters

Design criteria derived via Extra Two-section damped input filter
Element theorem: design:
30 dBO ' P R, nyl, [ R nL
12 [ I___ 0652 29 puH 19%  156uH
Pa | Zy 1l Fav.v.u VY — 7,7, -
20 dBQ ,—m\ AT S—
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Current Programmed Control

Buck converter

3 « Chapter 12

ift) if(1)
Cgulame vee T
T o + Avery popular method for
Vi) r W) Com SR controlling PWM converters
- - Transistor turns off when its
<1 . .
Measwre N current i(t) is equal to the
current §° . .
Clock control input i (¢
= ] P
LR, N = Simpler dynamics, more
. robust compensator
(%) Rf :;;:::frmnr Larch L ::’","‘ et
Contrt Current-programmed controller S Soien
v current
ifn)
~ompensator v(t)
0 T, T, t
Transistor | i i
srarus: | on i off i
Conventional output voltage controller Clock turns Comparator turns
Comparison of control-to-output Averaged switch model used in
transfer functions PSPICE simulations

contiol cusrant 1

] . N_,f,‘ Wl \wr mj
10 Hz 100 Hz iz 10KHz 100 Ktz g[*] &[] &[*
f




Digital Control of SMPS

L1 buck _discrete_design =

Fle EGU View Smuistion Format Took Help

D& e i e I T ] & RET®

¢ Digital Control can improve

noise immunity, element

Closed-loop digitally-contralled synchronous buck switching converter model variatio n, si Ze/cost
CoPEC 2005

Sel paramaters by unning
Buck_design_sstup.m
{oryour own decign setup file) Input volage

¢ Advanced tuning algorithms can
be included to change

r Diettal PWM 1 ve | compensator dynamically or
I s + sli “’ l:l over lifetime
DPWM Guantzer P it »| ¢ Can model power stage without

adgwrn limits

]

D averaging assumptions

¢ Need to include sampling,
delay, saturation, and
quantization effects

Constant

Compensalor
. et

Fleady 115% ode4S

Resonant and Soft-Switching Topologies
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Switch network Resonant tank network — Switch network ~ Low-pass  de
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Resonant Converters: Frequency Modulation

Series resonantde-dc converter example

1

0.9

0.8

ro=02

———
T 0.35

s

T o=02

* Complex!
+Small ripple
pproximation
is id

Need new
approaches:

= Sinusoidal
approximation

+ State plane
analysis

Converters with Significant ZVS Interval
—F\\




Power Electronics Courses at UTK

Junior . Senior , Graduate
1
|
ECE 325 . | ECE523 ECE 623
Electric Energy System Power Electronics || Power Electronics and Advanced Power
Components X Drives Electronics and Drive
I
1 | ‘
: “/ : El ECE 625
| ECE 482 i , " S
| NP Alternative Energy Utility Applications ®f
|| Power Electronic Circuits |, S .
H [ ources Power Electronics
1 I
| 1 /
: : SN
: : ECE 581 ) ECE 626
1 1| ( High Frequency Power ) Solid State Power
1 | . v .
i i ElECtFOTCS/ Semiconductors
| |
1 1
1 1

N —

Thank you for a Great Semester
Good Luck with Finals!




