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* One of the most important applications of power
electronics
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Linear Power Supplies
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Figure 10-1 Linear power supply: (a) schematic; (b) selection of transformer turns ratio
so that ¥, ;. > V, by a small margin.

* Very poor efficiency and large weight and size
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Switching DC Power Supply: Block

Diagram

} Isolation boundary

dc-dc conversion with isolation

7
| | |
| |
ac — dc | o—/—o ! | dc
60-Hz EM | o Rec::ﬂer (unregulated) I’_‘ —YY Rectifier l regui’aiehd_
Filter Filter | % 1 Fiter | | v,
| T N |
| i |
ransiormer

I S _

e i e— W
|

| Switch PWM £ = |

1 Baseégi?ézitt) rive Controller [ Am:)li%li’er |

l i ™ |

I HF !

| signal tr?nsformer

L | Vo ret |

7 Feedback
Figure 10-2 Schematic of a switch-mode dc power supply.
 High efficiency and small weight and size
Chapter 10 Switching 10-3

DC Power Supplies



Switching DC Power Supply: Multiple
Outputs
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Figure 10-3 Multiple outputs.

* In most applications, several dc voltages are

required, possibly electrically isolated from each other
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Transformer Analysis
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Figure 10-4 Transformer representation: (a) typical B—H loop of transformer core;
(b) two-winding transformer; (c) equivalent circuit.

* Needed to discuss high-frequency isolated supplies
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Magnetic circuits

 Toroid with ferrite core
« Amperes law

n
[ﬁHdSZZIJ
S =1 1

HI = Ni = R, R

N turns

» Magnetomotive
force F,

— Similar to voltage
source
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Analogy with circuit theory

+ Magnetic field @:BA:ﬂHA=y$A=ANi=AFm

« Magnetic conductance, permeance A:'UI_A

 Often easier to use the inverse, i.e@reluctance

Rp=— = F,=R,®
UA
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Flux and inductance

 Inductance of a winding is defined with the flux

so that 5
N

Y-_NO=Li = L=N%A=—o0
Rm

« Faraday’s law for induction
 Induced voltage tries to prevent the change in

the flux
— When resistive voltage drops are taken into account

u:Rier—\P:RiJrLﬂ
dt dt
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Equivalent circuit of transformer

* Power systems
— Power flow in the system
— Load are reduced either to primary or secondary

 Electric machines
— Ofthen quantities are reduced to stator side

— Rotor guantities are often impossible to be measured
=> analysis done in stator side

« SMPS

— Interested both on primary and secondary quantities,
reduced values are not used

— Quantities are not reduced and equivalent circuit is a
bit different
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ldeal transformer

Independent on load or frequency i

No losses
Py = Ul =Usly = N1l = Noly

Load resistor R in primary side
us  u? (U : N ’
Do =Uji,=—=2=-2=R=|2+| R=| 2| R
R R \Uz N2

Permeabillity © of the core material is infinite

— Reluctance is zero and transformer is not needing
any magnetizing current
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Direction of the magnetization (1/2)

« Winding direction is marked with a dot

« Ampere’s and Faraday’s laws:
— Voltage induced by flux changes has same the polarity of the dot
— When current flows in from the dotted side
— Fluxes are adding, i.e. currents are magnetiing in the same direction

— If other winding is open ja the current of the oth increases in the
direction of the dot, a voltage induces in the second winding tries to
cause a current cancelling the flux created by the first current

g N] 2N2 2
- o
=1

Vi V2
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Direction of the magnetization (1/2)

 Positive current below Is defined to flow
outwards from the transformer

* Rule to remember:

— From dot in and dot out

I

B

N] ZN2 2
-

Vi

-

|® <]
V2
Y

10-12



Real transformer

« Two winding toroid is used as an example
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Equivalent circuit
* Primary winding flux

N1l —Noly  Nih
“I”lle((Dm—I-CDO.l): N]_[ R +R
m

ol
2 2 2
.| N N Ny . . N> .
=l 1 + 1 —N1N2 21 '2:'1(|—m+|—al)_|—m—2'2
Rm  Rs N{ R Ny
Qm + (DGI ¢m Rm (Dm - (DGZ
.
* Magnetizing inductance o Do D) PN
1=N1 §h 2 = N2 Ip
» Leakage in primary
Rcl RGZ
N7 N
Ly = Lo1=
R R
m ol
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Primary flux and inductances

« Equivalent circuit for primary flux

V1

— ldeal transformer used _ N> .
LP]_ = |1(|_m + LGl)_ Lm N—|2
1
Lo . M
‘1 Nl N1 ZN2 g
— .- -
1
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Secondary

N1l —Noly Nl
\PZZNZ((Dm_CDaz):NZ[ R "R
m o2
2 2
N2 N2 . Nl .
+ NNy —5—ip =—ip (Lm2 + Lo2) —Lm2
o2 N5R, N>
@m + @61 @m Rm @m - @(52
Fi1=Nii Fr=Nyip

Magnetizing inductance seen
from the secondary

Leakage inductance

2 2 2

N N N

Lo = 2 = 22|—va02: :
Rm N1 o2
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Secondary flux and inductances

. N
Yo =—iy(Lmo+Ls2)- I—mZN_lll

I

Ni:N, N2
- ———
I i‘ Lo P

Ideal
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Equivalent circuit of transformer

* Previous equations for primary and secondary

are connected

— Magnetizing inductance in primary as the switch is
normally in primary too

L Ny i M . X
: Ni Ni:Np NN, N, 2 -
Vi J Ly Lo V2
Ideal Ideal
2 2 2
L I ) ) L L Nl N 2 N 2
M m Lmo = > L
Rm Rm Nl
V1 L V) 1 2
i Lo = 12 Lm2 = Lm
N3

Ideal
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Magnetizing curve

» B, saturation
» B, remanence flux density

« Depending on the converter topology, core is

magnetized

— 1) in one direction (quadrant 1)
— 2) two directions (quadrants 1 and 3)
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Transformer as part of SMPS

« Magnetization in one quadrant

— Changing previous dc-dc topologies and adding
transformer galvanically isolated version are
obtained

» Flyback (derived from buck-boost)
» Forward (derived from buck)

« Magnetization in two quadrants

— Single-phase dc-ac inverter produces high
frequency ac (square wave) and it is fed through
high frequency transformer and rectified

* Push-pull
» Half-bridge
» Full-bridge

10-20



Transformer inductances (1/2)

* L, Is magnetizing inductance seen in primary
« Should be as high as possible so that effect of in
switches small

* L, L,,, leakage inductances
— Should be small, are adding voltage stresses of
switches in hard switching
— Need to be considered when selecting switches and
dimensioning snubber circuits
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Transformer inductances (2/2)

* Flyback

« Magnetic circuit acts
— Isolation
— and as energy storage (inductance)

- L, cannot be large
— Resonant converters
— Leakage inductances can be used for ZCS/ZVS
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PWM to Regulate Output
' ; 1 ;

T, Ty
+

v,
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Sawtooth voltage Control voltage
0 t
te— Lo ——t A ot Loy A !un A -ttt g it 4 ]
Switches on:
Push-pull, half-bridge T, = T, > n T, >
: g E
Full brldge Tl' Tz Tg, T4 L Tl’ Tz Ta, T4

Figure 10-5 PWM Scheme used in de—dc converters, where the converter output is rectified to produce a dc output.

 Basic principle is the same as discussed in Chapter 8
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Flyback derived from buck-boost

« Galvanic isolation
— Second winding added to buck-boost inductance

id /
iq —_——
7 ‘ " > -
+ 1 — ® ®
+
v, - c == o ||R  Va | C= Vo
i
- i + _ +
= N1 ZN2
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Flyback Converter

+ T . + ° l 7 N
T évo Ny ” N> Vo
— & -
Va o Vi

(a) (b)

Figure 10-6 Flyback converter.

 Derived from buck-boost; very popular at small
power (< 50 W) power levels
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Flyback Converter

ip=0 I, iD I,
) — —_— e —_—
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Figure 10-7 Flyback converter circuit states: (a) switch on; (b) switch off.

« Switch on and off states (assuming incomplete core
demagnetization)
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Operation

e Switch is turned on

— Primary current increases but in secondary no current
because of the diode

« Switch Is turned off and primary current stops
— Induced secondary voltage tries to keep flux constant

— Secondary current flows and discharges energy
stored in the magnetic circuit => flyback

* Flyback in Finnish ” epasuoraan tehonsiirtoon
perustuva tasasahkonmuuttaja” _x ~ :
* || * | . VO HH
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Flyback waveforms

U1
A

*Switch turned of ;[, |

¢[t)=¢10}+]%1t 0<t<fy lJﬁv "

*Peak flux
§ = diond = 40 + 1810} é‘

» Switching “o .
waveforms
(assuming

incomplete core L""‘IAI"TI"M"
0 2 = ¢

demagnetization)

-

ip

Figure 10-8 Flyback converter waveforms.
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Voltage ratio

o After tun-off

— Energy stored in air gap keeps secondary current
flowing and energy is transferred

— Secondary voltage IS —U, and flux decreases
ﬂt}_é (t ton} t0n<t<Ts

* |n steady state qux change (voltage integral)
must be zero AT) = %__(T )

:dO} + ]I\//:d ton _]%(Ts_ton} — dO}
1

Vo _Ny» D
Vi N; 1-D

==
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Currents

« During on-time current increases
inld =il = O+ P2t 0<1<ty  In=la

O + LV—d fon

m

« After turn-off output voltage —U, Is reflected into
the primary and magnetizing current decreases

(t—ton)  ton <t<T
Lm

=1, —

¢ Setting il7¢ =ir{0 the same voltage equations as
In the previous page is obtained
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Voltage and current ratings

 Diode current
inld = L (2 = DL [ ALY
P Ny " Ny Ly

* Average of diode current is equal to |,
— Peak value of switch and magnetizing current

(r—ton?] ton <t<Tj

;m:?swzjﬁ; 0"_]\[1 1-Dj s Vo

N, 2L

 \oltage over switch when not conducting

Ny~ _Vy

‘/'swr:Vd_"]T2 1D
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Demagnetizing area

« At low loads magnetizing current goes to zero

before next cycle
* |t can be shown that in this area
Vo _p [ R

V, 2L f
— R = equvalent load resistance, U/,
— L,, = magnetizing inductance

« Output voltage is not only dependent on D,
equal to DCM in dc-dc converters
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Other Flyback Converter Topologies

iq

+ 1 + 1 ® H T +
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Ny : N, ° =
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3 - I — .
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i | | il | é

{b)

Figure 10-9 Other flyback topologies: (a) two-transistor flyback converter; (b) parallelled
flyback converters.

* Not commonly used
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Comparison

« Two-transistor flyback
— Transistor turned on and off simultaneously
— Voltage rating half

— No snubber needed in primary
* Energy of leakage inductances discharges through diodes

« Parallel connected
— More reliable, redundancy

— Efective switching frequency increased when 180 °
phase-shift between PWM's

— Standard modules, several parallel connections, load
sharing with current control
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Blocking oscillator or ringing
choke converter

* For low powers <
50 W, cheap, no = _— .
extra components ~_ —~

u
i i
tl T
N £
? T U RL > U,
- C1 Uce
ic
CcE
[
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Turn-on

Transistor Q, receives base current through R;
and starts to conduct

Peak value of primary current

e V. V.
L :[sw:L_iDmasz:L_f1 lon

Voltage induced over Ny tries to prevent flux
Increase and together with R, creates base
current to Q, =B =03 Vg

Ni R>
— At some point base current is not enoug%w and

transistor turns off
Switching frequency changes with load
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Forward Converter, Buck derived

Dy L L,
+ ® ° + yg —l +
é D, § Vo
Va N, Nz T -

- |
Figure 10-10 Idealized forward converter.

 Derived from Buck; idealized to assume that the
transformer is ideal (not possible in practice)
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Operation

After turn-on primary current inceases

— Secondary induced voltage tries to cancel increase In
flux => D2 blocking and D1 conducting

Voltage over inductance L vL=% Va—Vo 0<t<ty
After turn-off diode D2 conducts vi=—"4, fon <t<T
Voltage integrals

N2 ;I _ _ VO_N2
2 V-V DT=V,(1-D' T = Z0=2p
(N1 d 0 S 0( } S Vi N,
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Forward Converter: " }j -
In Practice —

* In practice magnetizing

current needs to be taken
Into account

*Demagnetizing winding N3 i

*Magnetizing energy is =

discharged to supply / "
*Switching waveforms %—é é
(assuming incomplete core
demagnetization) T~ T

0 1 1

fc)
Figure 10-11 Practical forward converter.

Chapter 10 Switching DC Power Supplies



Forward, waveforms

A
* During turn-on
vi=Vg 0<t<in V1<Vd S—
e e DTS>< iy - =
* And magnetizing N
current o
increaseslinearly ‘/
» When switched off P
i, =—iy,and it — —
discharges I\
magnetic energy S T T
| | | CNp .
N1|1+ N3I3 = N2|2 =0 — I3 =—1
N3
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Demagnetization

During demagnetization primary voltage

Ul =——=Uy ton <t <ty +tn

Demagnetization time t., can be calculated from voltage
Integral over L,

Ugton —ﬁudtm _o=m _Nsp
N3 Ts Nl

Time to demagnetize is (1 — D)T, and therefore

maximum duty cycle

N 1
1-Dmax = —"Dmax = Dmax =
N T 1+ N3/Ny

Often N; = N, because of bifilar winding, then D, = 0,5
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Forward Converter: Other Possible Topologies

(b)

Figure 10-12 Other topologies of forward converter: (a) two-switch
forward converter; (b) parallelled forward converters.

« Two-switch Forward converter is very commonly used
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Comparison

« Two-transistor foward
— Voltage rating half
— At turn-off magnetizing energy flows through diodes
— No demagnetizing winding needed

« Parallel connected
— Same advantages as in flyback
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Push-Pull Inverter

* Derived from é . - % %
Buck Ve |
(2*Forward)

Y
"
%,
——UAAA

1
Square-wave _ |
ac produced in
primary

-Leakage
Inductances
become a
problem

0

Figure 10-13 Push—pull converter.
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Voltages

D1 conducts as T1 conducts \
— Voltage over output inductor UL =N—iUd -U,  O<t<ty,
During A no switch conducting, current of L is

split equally between secondaries
During second half-cycle T2 conducts

u. =-U, t0n<t<t0n+A:?S
Voltage integral
N2 UO _ N2 DTS _ N2 DTS
N_lud ‘UOJDTS =UoA Uy Ny DTg+A N; DTg+Tg/2-DTg
~Jo_oNapy  g_p<os
Us Np
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Half-Bridge Converter

™~ VY +
+ (oo D, e L v
N 2 T -
Vd Ul N
®
N.
Y - ?2 £

5
-
\
o
Lo
K
[
&

(]

(b)

Figure 10-14 Half-bridge dc—dc converter.

* Derived from Buck

Chapter 10 Switching DC Power Supplies 10-46



Voltages

 During turn-on
J uLzﬁu—d—U0 0<t<ty,

« When no switch conducts

u. =-U, t0n<t<t0n+A:?S
« Voltage integral
N, Uq Up 1N, DTy 1N, DT,
N, 2 o DTs =UsA Uy 2Ny DTg+A 2 Ny DT +T¢/2- DT,

:>U°:N2D 0<D<0,5
Ug Np
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Full-Bridge Converter
s A#

v, 4 v N; gI.VZ ;,' T T I_/
N e
UL 2 Ud U O<t<t0n L - — ﬁ D,
N1 Jr % &
- l——J‘ I-—J fa)
U, N ‘
-0 _922p 0<D<0,5
Ug Ny
o I [ i i .

Figure 10-15 Full-bridge converter.

« Used at higher power levels (> 0.5 kW)
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Full bridge vs. Half

Ratio of windings in Full Bridge (FB) and Half-

bridge (HB)
B
N1 Jhg N1 Jrg

If output current is assumed ideal and

magnetizing current zero
(Tsw)pg =2(Tsw)pp

FB should be used in high power applications

Chapter 10 Switching DC Power Supplies
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Current-Source Converter

Tt—¢ O
® ° +
. Nl N2 a— Vo
ld
# _
—t Y YN T\ A —
<+ Ld ® ®
N Np
Va T
P
/Tl /Tz
P —t

Figure 10-16 Current source converter (D > 0.5).

« More rugged (no shoot-through) but both switches
must not be open simultaneously
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Operation

Push-Pull with added input inductor

— Current sourced

When both switches are conduction current In
Inductor increases

— Energy is stored and when only one switch conducts
energy is transferred to secondary

Equivalentto boost u, N, 1

Ug N;p 2(1-D)
Power/weigth ratio lower than in voltage sourced
converters

D>0,5
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Compensation of nonsymmetric voltage

« Topologies with two quadrant magnetization

— Positive and negative voltage pulses in primary must
be equal

— Otherwise every cycle increases voltage integral and
transformed flux => so called flux walking

— Transformer saturates

* One solution is to add a series capacitor

— Removes dc-component from supply
 Position is same as in resonant converter but here C is larger

— ESR, equivalent series resistance must be small as
all current flows through it
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Series dc capacitor

« Capacitor C3 added in series with primary
« D5 and D6 to discharge leakage inductances

@ /J L U L
i L | L
‘DITDz E- JL{) bs D'L -
Rj T C o] / |_| 1 1
.. it [
230V I I L
R C .
115& l " 3V2 l I ”
| R2t= C2 0, Ty
vy Tos | {> 4
D3 -Ll_ 1;2
()
\T/
10-53
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Waveforms

 Unsymmetry e.q. Q: -
. Gate drivin
due to different s —
delays in gate, -
Q1 slower
Voltage V1
e a) voltage

without capacitor
* b) capacitor

removes dc

component

Primary voltage V2

DC voltage over C3

A1= Az
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Resonance?

Capacitor and output inductance, resonance

frequency 5
1 [ Nlj
,Jossa Lp=|—| L

fo =
" 2nLRC N,

LR output inductance in primary
Capacitor charging should be linear

Resonance frequency must be low enough
when compared to f.

Suitable value e.q. 0,25 f,
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Example

* E.q. f, = 20 kHz, output inductance 20 mH and
turns ration 10

C= 1 ~ 0,5 uF
2nf2 (N7 /N, )* L
« Capacitor’s dc-component has an effect on
primary voltage
— Positive cycle, it is removed
— Negative cycle, it is added (or vice versa)

— If capacitor is too small dc component is "too” large
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Linear charging

« Capacitor voltage is

I | T
Uc=—dt=—-=2D
C C C 2 max
— | Is average of primary current

* And it needs to be small enough when
compared to supply voltage, 10-20 %
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Example, cont.

Continuing the previous example

Supply voltage 320 V4.

Average primary current in worst case 2,3 A
Maximum duty cycle 80 %

Capacitor voltage

-1 Tp 23 08\ _ary

C 2 0.5-10°° 2.20.10°

Chapter 10 Switching DC Power Supplies
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Size of capacitor

* It can be concluded that 92 V is too high when
compared to input 320/2 = 160

— Deteriates SMPS operation especially at lower limit of

iInput
 E.q.1f 30 V is upper limit
c-—Is Dipax = 23_ 08 153 uF
Uc 2 30 2.20-10°

— In principle 30 V capacitor is enough but using e.q.
200V component is safer

— At higher power current rating of the capacitor
becomes a problem
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Ferrite Core Material

CORE LOSS vs. FLUX DENSITY

10°

10?

10!

HYSTERESIS CURVE "

10!

107

\N
CORE LOSS {mW/cm?®)

10.)

/
/’/’ 10"
4

B (GAUSS)
N
N
g
o

10°%

10°¢

-5 0 5 15 2 25 3 6 9 12 18
H (OERSTEDS)

(a)

Figure 10-17 3C8 ferrite characteristic curves: (a) B—H loop; (b) core loss curves. (Courtesy of Ferroxcube Division of Amperex

Electronic Corporation.)

« Several materials to choose from based on applications
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Units

« Often non-standard units are used with magnetic
circuits
* |n Sl-system

— 1gauss=0,1 mT =0,1-103 Vs/m?

— 1 Orstedt = (1/47)-103 A/m
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Core Utllization In Various Converter

Topologies
vy vy
Vd [r— . Vd r—
0 -t 0 >t
e ton——— Lot ——™ I N pam— 7| —
(-Va (-Va
AB AB
(AB)max | \F—5),,
0 - 0 \ -}
) —
fa) .
- H—

{b)

Figure 10-18 Core excitation: (@) forward converter, D = 0.5; (b) full-bridge converter,
D = 0.5.

« At high switching frequencies, core losses limit

excursion of flux density

Chapter 10 Switching 10-62
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Maximum flux density

* When N; = Nj ABray = Y kun D=0,5
4N1 A T

— A, = Area of the cross section of transformer

* In Forward converter magnetization in one

uadrant B.-B
9 ABax < m2 r

« Half- and Full-bridge, magnetization in two

guadrants
ABpmax < Bm
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Flux density (1/2)

 High saturation flux density B,
— => high AB,,,
— smaller cross section and transformer

« Small switching frequency
— B, limits AB_.,
— Increasing switching frequency reduces transformer
size
— However at high frequencies B, must be reduced to

reduce losses or it is necessary to use better ferrite
material with lower losses
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Flux density (2/2)

* One guadrant magnetization
— Remanence must be small
— In practice air gap is used

« Two quadrant magnetization

— Air gap prevents saturation at start up and transients

— Unsymmetry of primary voltage in steady state needs
to be removed
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Flyback

« Magnetic circuit is used as energy storage
— It has to have an air gap
— Stores energy
— Prevents saturation
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Transformer losses (1/2)

* General equation for core losses

K b
co:;e — kf a (AB)
m

— AB = maximum flux swing during f.
— Constants k, a, b depend on core material

P, = Rycl?ys, Rgye = F-R4. = winding ac resistance

« Copper losses are due to winding resistance
* F, accounts for temperature and eddy currents
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Transformer losses (2/2)

* [t follows that
— Pcore increases as core size and AB increase
— Pw reduces as core size and AB increase

* Previous changes are opposite

* When designing a transformer
— Target Is to minimize losses when output power P,
IS given
— It can be shown that optimum case is when winding
and core loss densities are equal
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Transformer dimension for
different topologies

* Next pages, summary of transformer
dimensioning, output power
— Reference is /Pressman, 1998 pages. 277-294/
* In the following equations
— Filling factor of winding is assumed to be 0,4

— When calculating primary quantities efficiency is
assumed to be 0,8
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Quantities

 In the equations of following page units are

B, .x = flux density in Gauss
« A, = COre areain cm?
Ay = winding area in cm?

D.a = INverse of current density when area is expressed in

circular mills

m

D _ Area of wire in circular mills
cma~

IrRMS

circular mill = area of a circle when diameter is 1 mm.

circular mill = 5,07-10'6 :cm2
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Topologies

Forward P, = 0,0005B5x fAcore Aw
Dema
PUSh-pU” P, = 0,001Bmax TAcore Aw
Dema
Half-bridge  p - :9014Bmax Pcore Aw
Dcma

Full-bridge, same as half-bridge

Output power increases from the same core as
topology Is changed toward bridge converters

— At the same time more power semiconductor
devices are needed
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Summary V,

http://www.ferroxcube.co
m/

Data Handbook Soft 10
Ferrites and Accessories

MBW413

fly

back

converiers

flyback &
forward
converters

/

forward & push-pull converters

4

P

Fd

converters

forward

10
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Content

Linearisation of the converter and modulation
PWM-modulator

Optimizing the controller

Voltage feed forward

Current control
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Control to Regulate Voltage Output

Compensated
error amplifier
———————— v,
g [
| & | !
- 1) Power stage | .
| \ s| PWM d Includin, >
- - g the I U
| / i Controller Output Filter °
| Vo, ret |
R J
fa)
T (s) = =)
Ve (s}
- 1
| d ” |
T @) = =2 T, = 222 |
| b= =
T, (s) I v, (s d (s) l
% raf(s) =0 Compensated| U (s) d(s) | Power Stage | -~
o ref — Error N Cop¥wlll + i U, (s)
_ | Amplfier | | ntrofler Output Filter |
Lo _
(b)

Figure 10-19 Voltage regulation: {a) feedback control system; (b) linearized feedback

control system.

* Linearized representation of the feedback control

system
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Methods

 Middlebrook, Cuk

— state-space averaging
— Linear model in some operating point

 \Vorperian
— average PWM switch

— Newer method and used often, a bit easier

— Only the non-linear part is averaged, i.e. switch and
diode
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State-space averaging

R. D. Middlebrook , S. Cuk A; A General Unified
Approach to modelling Switching-Converter
Power Stages, IEEE PESC 1976

« State-Space Averaging, SSA
« Target Is transfer function

Pt

i ('9)/‘5{0 (9)
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Step 1

« State variables are x (matrix)
— Current of inductance
— Capactor voltage
— E.g. in Cuk more variables are needed

* Also losses of components taken into account
« Two set of equations, on and off

State equations and output voltage

)'c=A1x+Blud dTg Ug =C1X dTS
x=Ayx+Buy, (1-d)T, Up =Cox  (1-d)T;

10-78



STEP 2 Averaging

* Previous eguations
x=Ax+Bu,; dI,
Xx=Ayx+Buy; (1-d)T,
U =Cix  dTq

Up =Cox  (1-d)T;

are time averaged

x=| Aid+ 4y (1-d) |x+| Bid + By (1-d) |uy
u, = Cd+C,(1-d) |x
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STEP 3 Linearisation, ac-component in

variables

T~

x=X+x u, =U,+1, d=D+d
« Supply voltage is assumed constant
- Inserted in the averaged equations and further X =0

X=AX+BU;+AX+[ (4 —A)) X +(B-By)Uy |d

Terms containing multiplications of two ac components, small and neglected

A= AD+ Ay (1-D)
B =B,D+B,(1-D)
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Steady state solution

In steady state derivatives and ac-components
are zero AX +BUg4 =0

From the averaged equation remains
X=AX+[ (A —A) X +(B - By)Uy |d
Similarly, output voltage is
u,=U, +il,=CX+Cx+(C;—-Cy)Xd C=CD+C,(1-D)
Steady state output voltage is i1, = Cx+(C; - C,) Xd
U, =CX
Steady state voltage ratio Yo _ _ca-lp

Uyg
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Step 4 Laplace transformation

Laplace of x=A%+[(4—4))X+(B-B,)Uy |d
SX ()= A%(5)+[ (4~ A) X +(B, =B, ) Uy |d (s)

X(s)= [S'I—A]_l[(/ll ~ Ay )X +(By—By)Uy |d (s)

 Output voltage equation i, =Cx+(C;—-C,)Xd

Laplace transformed and inserted => transfer
function is

T, (s)= o ($) _ CsT—A] " [(A - 42 ) X +(By— By ) Uy |+(C—C2) X

d(s)
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Forward Converter: An Example

- o+ AN
L e L , +
§ +%c R Vo Vd=8V
x2 C - vV, =5V
Va _‘I‘ r, = 20mQ
L =5gH

/ r, =10mQ
— I C = 2,000 uF
(a) R =200 mQ

f, = 200 kHz
Bt (x; - C%2) 1 (x; — C%p)
7YY\ m 7YY
+ ry, L + r, L
re + T, +
v Rgvo V,=0 RZ Y

(b) fc}

Figure 10-20 Forward converter: (@) circuit; (b) switch on; (c) switch off.

* The switch and the diode are assumed to be ideal
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Switch conducts

—Ud + Lll + I'TX +R (Il — Ci’z ) =()

—xy —Crexs +R(x—Ciy ) =0 & x5 =

 In matrix form

RII — 1”2

__ Riec+ Ry +rery —R
L(R+1c) L(R+r1c)
) R -1
 C(R+r¢) C(R+1c0)
= Ayx+ By,

Chapter 10 Switching DC Power Supplies

C(RH‘C)

S N =

U,
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Switch not conducting

* Only difference isthat U; =0

« Matrixes are then
Ap=FA Ja By=0
« Output voltage in both cases

. R
u, = R(x; —Cxy ) —_—C
R + F"C
R?"C R X1
_R-l'?"C R+F‘C_ X9

R

X1 —+ X9

R+ o

= C-l.?{' = Cz.?{‘

Chapter 10 Switching DC Power Supplies
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Transfer function

« After some steps

u, (s 7-C
T, (5) _ ?( ) U, 11+ ralé l
LC 52+s[ +FC+?L)+
RC L LC

d(s)
« Characteristic polynomial

2 2 B 1 1 +rc+r|_
S™ +2Lw,S + g “o=Jlc - RC 2a)L
0
o ($) , s
T (S)zuf =U, Yo ST O, 1
P d(s) W, s* +2§a)05+a)§ oF :rC—C
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Forward Converter:Transfer Function

30

(wp = 1|o“)

20

10

d(s)| in dB

20 Logyg |ve(s)d(s)

0

|
|
|
!
|
|
|
|
|
[
|
]
|
|
I
|
|
|
|

(o = 5 x 10%

t
—40 dB/decade

|
i
|
: —20 dB/decade
I
|
|
I
|
1

I |

10*

« Example
considered earlier |,

-60

Phase angle of v(s)/d(s) in degrees

-80

10° 108

« (log scale) —»

(w, = 5 x 109
|

ol i
120t :
-140 Il 1 _J
103 10* 10° 10°
w (log scale) —=
Figure 10-21 (a) Gain plot of the forward converter in Fig. 10-20a.

(b) Phase plot of the forward converter in Fig. 10-20a.
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Flyback Converter: Transfer Function Plots

RHP zero

(wo = 785.6)

(01 = 104 (u,p = 4.44 x 109

50— | | |
! |
40 I ! l
| |
| | |
30 | ! [
| |
|
o 2 } (~40 dBidecade) |
©
£ 101 : I |
5 I | I
2 ofF | ! |
‘3 ! | |
S 10 { I i
n | I
-20 | ! :
| |
o ]
-40 ] 1 [ |
102 10° 10* 10° 108
« (log scale) —
RHP zero
(wo = 785.6) (we1 = 10% (w2 = 4.44 x 10%
201 | | |
| ' {
0
| |
|
g~ | ! TP
b | | |
g ! !
£ -60} : :
2 _sok | !
; .
g —100—
3 | |
1201 : :
~140} | |
~160 ! !
| 1 |
—-180 11 | ] ]
102 10° 10* 10° 108
w
(log scale)—™
Figure 10-22 (a) Gain plot for a flyback converter. (b) Phase

plot for a flyback converter.

=Uy /(D)
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Rigth half plane zero

* Flyback has zero in right half plane
— This is seen in the phase of the transfer function

* |n steady state duty cycle is increased
— Time (1 — d)T, is reduced

— Time dT, increases and output capacitor is
discharged longer

— Immediately after the increase of d output voltage
decreases and it doesn’t increase

* In steady state increase of d increases also
output voltage
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Linearizing the PWM Block

vt

d (0 Fundamental
4 component

1 [

I I s <IN D e Y
[0

i
{

{b)
Figure 10-23 Pulse-width modulator.

 The transfer function is essentially a constant with
zero phase shift
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Gain of the PWM IC

d
4
100
® gl
s
2
5 6o
]
g 40
a
20+
S Figure 10-24 Pulse-width modulator
> U, (volts) .
0 1 2 3 4 5 transfer function.

* It is slope of the characteristic
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Typical Gain and Phase Plots of the Open-
Loop Transfer Function

Gain = 20 log|Toz, (jw)) Phase ¢q, in degrees
@) 4 4

(—180°)

| Figure 10-25 Gain and phase

w
(log scale) margins.

 Definitions of the crossover frequency, phase and
gain margins
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A General Amplifier for Error Compensation

=

Z;
>
" —

v, =V, + 7,
the

(converter output +

inlFig. 8-19a)

Control voltage v, = V, + v,

Vo, ref

Figure 10-26 A general compensated error amplifier.

« Can be implemented using a single op-amp

Chapter 10 Switching
DC Power Supplies
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Type-2 Error Amplifier

Gain
(dB) c
; 2
} Gain 1
A
—20 dB/decade R c
2 1
— 20 dB/decade +—AAA H" %
Gel-——— \( (v, is the
0 | ] - converter output)
e e 9 va—'\N\f—‘l—' -
Plzse (log scale) Ry v
A +
O°- Phase
Boost Vo.ret
- ° [ ! i —
%0 @ T o - (5)
—
Vg, = wr (log scale)
fa)

Figure 10-27 Error amplifier.
« Shows phase boost at the crossover frequency
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Coefficents of the controller

« Simple and often in SMPS used method is so called K-factor

 H. Dean Venable; The K-Factor: A New Mathematical Tool for
Stability Analysis and Synthesis, Proceedings of Powercon
10, March 22-24, 1983.

« Select w, s and with K-factor

@
_ Dcross _
W7 = Wp = K®¢ross

K
« It can be shown the the required phase Boost give K as

K = tan (45O + BOOStj
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Boost and phase margin

* Phase margin PM =180° + ¢ + ¢,

— ¢c is phase of controllerT, at @,

— #1 is sum of phases of power stage T, and modulator
Tm

* Required phase boost is

PM =180° + ¢ + ¢, =180° + ¢, —90° + Boost
= Boost = PM — ¢ —90°

 PM is normally selected to be 45° - 60°,
— =>Boost => K
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Gain

« Amplifier gain is selected so that the open loop
gain of T, (G,G,) at cross over frequency Is one

G (@ = wgross ) = . = 1 B 1
c cross Gy (a) _ a)CfOSS) ‘Tl (a) = Weross )‘ ‘Tp (a) = Wcross )Tm (60 = Wcross )‘

- Thisgives g -+ 1

KRiComeross &1

* Resistor R, can be selected freely and other
components are

Cp=— A
KR1®&¢ross

K
Clzcz(Kz—l) R, =
C10¢r0ss
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Phase boost

« With the previous controller structure phase can
be boosted only 90 degrees

« E.g. flyback has zero in rigth half plane

— Controller with two zeros and poles can boost the
phase 180 degrees
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Voltage Feed-Forward

AV A y
1 |

| ‘ i
/ | | | | |
| : l P
b ! | |
0 T T ] -t
| I ||
I | ||
| | [ | |
| | |
On | Off On | Off On |
| I L t
e D' Ty
«— DT, —> D'<D
———— T, ——

Figure 10-28 Voltage feed-forward: effect on duty ratio.

* Makes converter more immune for input voltage variations, duty cycle
is changed immediately

» Overcompensation should be avoided
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Voltage versus Current Mode Control

+V,

d
L v,
. N 7Y\ "
Output Dt
voltage . .
reference T
- Control |
Error~~_Voitage v ]
Amplifier, Z>={Compa-| Drive _L_
! rator Circuitry

AAA  sawtoon =

waveform

{a)

+Vy

Output .
voltage
reference °
Control
1 Error voltage v, { Comparator Drive
Amplifier, ‘ and 1 Circui
_ p . Latch Circuitry

Measured current

(b)

Figure 10-29 PWM duty ratio versus current-mode control: (@) PWM duty ratio control;
(b) current-mode control.

« Regulating the output voltage is the objective in both

modes of control

Chapter 10 Switching DC Power Supplies 10-
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Various Types of Current Mode Control

 Constant frequency, peak-
current mode control is used
most frequently

Control voltage v,

\ I %AIL/Z
N7 N\

| 2oty | AlpL/2 €
"— on
|
Smtch Switch \ Switch
turns turns turns
on off on
{a)

Control voltage v,

Constant “off"’ time

{b)

Control voitage v,

\ A

|

|
|.
| }

I ton nl

k—’k—— oﬂ—>k—’i<—t -—"

|
|
|
|
|

TS TJ
Clock \Clock Clock

Constant period between clock pulses

fc)

Figure 10-30 Three types of current-mode control: (a) tolerance band
control; (b) constant-off-time control; (c) constant frequency with turn-
on at clock time.
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Peak Current Mode Control

i
A Control voltage v,
Slope
compensation
voltage
Average I; in both cases
ee . 7 NS
[ .
[ |
L
' R
L~ I ™~
| I
| I
= ' '
1 l l 2
o T
e D2 ’4 )-l 10 8
- D,

Figure 10-31 Slope compensation in current-mode control (D, is smaller for a
higher input voltage with a constant V).

 Slope compensation is needed

Chapter 10 Switching DC Power Supplies
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Instability In current control

« E.g. noise in measurement and current is
according to the dashed line, slope still mz1

* The disturbance Alo Increases after every cycle
when duty cycle is larger than 0,5

A Control voltage is constant

X

vV

------- ||||||||l--9--%-:[-ﬁ||||||||uu--r ---uu|||||||}--------------l--?----}--------I-:E---|||||||||uu--rE -

DTs DTs
-

103



Change In current

« Current increase with slope m, and decrease

with slope m,. In steady state
Mo B D D

m D 1-D

« Based on the previous figure
Alo =(D— Dl)Tsml

Aly = (D’—Di)Tsz =(1-D -1+ Dy )Tm, = —(D D, )Tsmz

« After first pulse Allz__Alo:_ﬁAlo



Geometric series

« With recursion, after the n:th pulse

* If duty cycle D is larger than 0,5
— Geometric series where constant is larger than one

— => disturbance is amplified as shown in the figure =>
unstable
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Slope compensation

* Instabllity Is removed if vc is not constant

« Compensating voltage used in vc or added in
the measured current

I, ohjausjinnite v, \
—m
Al mi 72 VL
' Al ,
..... "”'9"1"Z§'“""'""§""""'"9"1"2?§"""""'5 -
DT, DT, °

» Slope compensation guarantees stability
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Disturbance with slope compensation

|t can be shown that after n:n cycles

n
M-> —M
My +M

 When m Is selected properly disturbance
decreases even if D larger than 0,5

» Fastest response when m = m.,.

10-
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Optimal compensation

Disturbance is removes already after the first
cycle f

I

Al mi

Al; =0 AL =0 ,

P

Is usefull even If duty cycle is less than0,5

Optimal slope changes with operating point,
normally slope kept constant

10-
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A Typical PWM Control IC

BLOCK DIAGRAM

+ 5Y
- REFERENCE ————’ Vi
vm 3 REGULATOR i
Power to
0scC. (:) Internal @ Ca
Circuitry FUP ’,
R (O— CLOCK IT FLop @ &

0SC.
Cr
RAMP |
’ s
COMP, — (13 ¢
COMP. - S JLATCH -)

v iNpuT (D— (14) €
N.I. INPUT @200: K @ SHUTOOWN
cL @ sense (D 10K
cL - sense (5)— = —E__. ® oo
. |
M any Safety CO ntro Pulse Width Modulator
. . . Transfer Function
functions are built in o 7
® Ok /
s | BEE | o A
5 % /- &
o I &
4 &/
‘é‘ 20 / |
3 .
/ one output conducts
: |
[} 1 2 3 4 5

PWM INPUT VOLTAGE (PIN 9) — (V)

Figure 10-32 Pulse-width modulator UC1524A: (a) block diagram; (b) transfer
function. (Courtesy of Unitrode Integrated Circuits Corp.)
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Digitalization

Digitalization has several levels, often can be understood as digital control
— Digital power, also the inner control loop should be digital

Motor drives, UPS and high power supplies have already been for long

totally digital

— Inlow power supplies still inner loop is most often analog and microcontroller is used for
interfacing

Digital Control Advantages:
— Flexibility, Ease of upgrade, Man to Machine Interface (MMI)

— Sophisticated control techniques

» possibility to change control laws, switching frequency and improve efficiency and/or
dynamics

— Reduced number of components, Unsensitivity to components’ ageing
Digital Control Disadvantages:

— Design complexity, Cost, Dynamic performance (sampling frequency,
guantization...)

10-
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Digital Control in Power

Electronics
« Typical organization of a digital current controller

+VD-C‘
N I transduced
L R
.AIV\E'V\_l_'\/\;\I Signal
. + Cond o
Io
e OF ﬁ’
_VDC -
Digital control | [1] 1|
PWM Algorithm |77 7] -
" AD Conversion
Ideal sampler
M 11 r DSP ( P Q }
Dis
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Analog vs. Digital Pulse Width
Modulatio

Clock » Binary Counter |———— Timer Interrupt

& n bits

—=| Binary Comparator —————————  Match Interrupt

. q’—-\‘/ n bits
TR Ve

L  Duty-Cycle

mit}) .
Vyolt)
!l T. ' v < I i Vaealt) SN c 1 T |
: P COMPARATOR | _ j e
\’cii:;[TJH [ - P [ | 1
DRIVER : P ; i
! ' - ! - Timer interrupt request
\‘-t'n;:“) i—E - —
Poarg Piot . Programmed duty-cycle
Vot & % ; :_____ +Vpe
_] —- Timer count
I— — —-——1— Vi i ;
LT t
Analog implementation of a PWM modulator. Analog Simplified organization of a digital PWM. At the beginning of the
comparator determines the state of the switches by counting period, the gate signal is set to high and goes low at the
comparing the carrier signal c(t) and the modulating match condition occurrence, i.e., any time the binary counter value
signal m(t) is equal to the programmed duty-cycle. Binary counter triggers an

interrupt request for the microprocessor at the beginning of each
modulation period.
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Sampling delay

Because of the sample and hold effect, the response of the modulator to
any disturbance, e.g. to one requiring a rapid change in the programmed
duty-cycle value, can take place only during the modulation period
following the one where the disturbance actually takes place
Double update or multi-sampling are ways to reduce the delay

Multi-sampling presents some limitations as well

— need for proper filtering of the switching noise

— need for non conventional hardware
— generation of dead bands

X

y
17| S —— A
L 1 T~
o g 0.8 r""
O
oo 06
[ i : 0.4 3
Ry — ' T A m(t)
001}—%— | ILSB | 0.2 ’%L 5 o
oo 0 7
STor 1 203 4] x z2 ?
] 3 : i | 0.4 “T 'F
eq, b1
: | | -0.6 o 7
BT I e e s G 08
AN AN N Y
\l w w \l 0 01 02 03 04 05 06 07 08 09 1
X
A1208B LNLNCUNCUN N [s]

Quantization error eq Sample and hold delay effect

ZOH
Ts:‘N

c(t), m(t)

CrK

mg(t)
Vaolt)

c(t)

Vao(t)

Multi-sampled PWM

<) m(t)
my(t)
— >
Tsampte t
t
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Synchronized sampling and

switching processes

Sampling takes place always at the
beginning (or in the middle) of the
modulation period, the average current
value is automatically obtained and this
IS what we want to control

— If the sampling frequency is lower than the

switching one, an aliased, low frequency Vde“'
component appears on the reconstructed signal V-

Shannon’s theorem conditions will
always be violated

— The typically recommended high ratio between
sampling frequency and sampled signal
bandwidth will “never” be possible in power
electronics

o

5
%

- S

Reconstructed
signals

: ___ Sampled signal

(load current)

Instantaneous
load voltage

Synchronized
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Limit Cycle Oscillations, LCO

» The desired set-point for the control variable d is not anyone of its
possible values => system oscillates with period TLCO
« Converter output current

— Is proportional to the integral of the inverter average output voltage,
that is in turn, proportional to the duty-cycle

— Commutations between the two states are determined by the current
controller, that reacts to the current error build-up by changing the

duty-cycle d ‘ x
— Integrator in current control _ | . + o
reduces the effect of LCO .| . + ___________________________________________________
020 + ”””””” J , ”””””””” 1 ]
o1zl 7
00§1 0 oi 1;00 d, T
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(Model) Predictive or dead beat
current control

« At any given control iteration, we want to find
the average inverter output voltage, that can
make the average inductor current to reach its
reference by the end of the modulation period
— Requires detailed model of the system
— Fast responses

« Hot topic in control theory and in power
electronics control

10-
116



(Model) Predictive or dead beat
current control

i g ; Inverter gain  Load admittance ;
Hloger()4_ - &ik) b T :
i a Dead beat control mk) | ‘ s L P I 3
i algorithm, Eq. (3.24) i ; IVnc 5 l+s—2 i rbi
i H 1 5 | | b
i E Current transducer i
; 13 (k i |
| ORI DO - L
E2(k) Es &2)Ts 1
E )S— : Gre -
e L LR RRRI Voltage transducer (a) (b)
Microcontroller or DSP
Lg 1
_ . Ay h)
mk+1)=—m (k) + — =—————[Ioger (k) — I5(k)]
Ts 2-Gnu Vpe

+2 ES (k).

2-Gre Vpc

(3.24)
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Custom designed digital control
chips

Software programmable devices, like microcontrollers or digital signal

processors are the most commonly adopted approach to digital control in
power electronics

BUT flexibility is costly especially if perfomance requirements are high

Custom designed digital control chips

— Optimize the cost of the controller, tailoring the hardware to the exact
functionality it is called to provide

— Maximizing the performance level of a given power converter topology, by
compressing computation times to the minimum and pushing switching
frequency, small-signal control bandwidth and large-signal speed of response as
high as possible.

Some leading integrated circuit manufacturers are nowadays offering
application specific digital control chips, designed and optimized for
particular DC-DC converter topologies and applications

10-
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Example: Distributed Energy Source
(DER) / Energy Storage (ES)

Subsystem Functionality Scope Target
PWM Local
PLL Local
Current loop Local FPGA
Inverter Fault detection Local
P ]OOp Local Electronic Power Processor
Q loop Local/Distributed . ™
Grid voltage control Local /Distributed RT GPP | DER/ES Interface Grid Interface o
Grid characterization Local /Distributed DER/ES | DC-DC DC-AC | e
Global optimization Distributed i i
PWM Local + | o + o
DC/DC Input V/I control Local FPGA eP I Voc |
Source/storage optimization | Local/Remote RT GPP l = ~ i
Y | P !
‘alue : : : '
Feature Parameter Value PV Genemt_y ! |
1 A Y |
Processor Model Powe.rP C P FPGA 1|
Processor Speed 400 MHz ! t Thofrererel| oo fteteTaom e t i
. ) DER supervision | |
Memor Nonvolatile 512MB Battery b GPP with RTOS I
! System 256 MB : 5 !
Model Xilinx Spartan-6 LX45 ‘ N N — d
FPGA o : '
# Slices 6822 Micro-grid communication bus
# DSP48s 58
Network Network interface | IEEE 802.3 Ethernet
RS-232, RS-485

Communication | Port

CAN, USB

16 AL 12-bit, £10V, 100kHz

Peripherals Sles 14 ch., 500 kHz gate drivers )
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Example: STLUX family from ST
Microelectronics

Especially designed for lighting applications

SMED (state machine event driven) technology which allows the device to
pilot six independently configurable PWM clocks with a maximum resolution
of 1.3 ns
— autonomous state machine, which is programmed to react to both external and internal
events and may evolve without any software intervention
Each SMED is configured via the STLUX internal microcontroller

A set of dedicated peripherals complete the STLUX:
— 4 analog comparators with configurable references and 50 ns max. propagation delay
— ltis ideal to implement zero current detection algorithms or detect current peaks
— 10-bit ADC with configurable op amp and 8-channel sequencer
— DALLI: hardware interface that provides full IEC 60929 and IEC 62386 slave interface
— 96 MHz PLL for high output signal resolution
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Example: STLUX

" life.augmented

STLUX

Digital controllers for lighting and power conversion applications
with up to 6 programmable PWM generators, 96 MHz PLL, DALI
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Features

Up to 6 programmable PWM generators
(SMEDs - “State Machine Event Driven”)

— 10 ns event detection and reaction

HSE

LSI— 153 kHz
HSI—16 Mhz

PLL(96 Mhz)

"""" | 4x Analog
E]J comparator [

Events

6 SMED - power conversion core

Digital inputs

\ Up to
4 N | epwm

T L ) I
N 51\:}‘ ffffffff ( 52 )/
~ —

,.| OPAMP H ADC H

—-| Comm. *

CPU

DALI

Supervisor core

— Max.1.3 ns PWM resolution

— Single, coupled and two coupled
operational modes

— Up to 3 internal/external events per SMED

DALI (digital addressable lighting interface)

— Interrupt driven hardware encoder

— Bus frequency: 1.2, 2.4 or 4.8 kHz

— IEC 60929 and IEC 62386 compliant plus
24-bit frame extension

— Configurable noise rejection filter

— Reverse polarity on Tx/Rx lines

4 analog comparators

— 4 internal 4-bit references

— 1 external reference

— Less than 50 ns propagation time

— Continuous comparison cycle

ADCs (up to 8 channels)

— 10-bit precision, with operational amplifier
to extend resolution to 12-bit equivalent

— Sequencer functionality

— Input impedance: 1 MQ
— Configurable gain value: x1 and x4

« Integrated microcontroller

— Advanced STM8® core with Harvard
architecture and 3-stage pipeline

— Max. fgpy: 16 MHz
— Multiple low power modes

Datasheet - production data

Memories
— Flash and E2PROM with read while write
(RWW) and error correction code (ECC)

— Program memory: 32 Kbytes Flash; data
retention 15 years at 85 °C after 10 kcycles
at25°C

— Data memory: 1 Kbyte true data EZPROM;
data retention:15 years at 85 °C after 100
keycles at 85 °C

— RAM: 2 Kbytes

Clock management

— Internal 96 MHz PLL

— Low power oscillator circuit for external
crystal resonator or direct clock input

— Internal, user-trimmable 16 MHz RC and
low power 153.6 kHz RC oscillators

— Clock security system with clock monitor

Basic peripherals

— System and auxiliary timers

— IWDG/WWDG watchdog, AWU, ITC

110

— GPIO with highly robust design, immune
against current injection

— Fast digital input DIGIN, with configurable
pull-up
Communication interfaces

— UART asynchronous with SW flow control
and boot loader support

— I2C master/slave fast-slow speed rate
Operating temperature: -40 °C up to 105 °C

Table 1. Device summary

Part number Package
STLUX385A, STLUX383A TSSOP38

STLUX325A VFQFPN32

STLUX285A TSSOP28
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Example: 100 W LED street lighting

application using STLUX385A

« The application consists of a PFC regulator followed by a

zero voltage switching (ZVS) LC resonant stage

« LED current is adjusted using a primary side regulation

(PSR) control technique

AC input EMI ﬁétEf PEC ZNVS LED
5 an > > >
rectification y J— {LC + HB) §
Z
W
m
5 o]
W g
DC/DC m
alx. g A
T ] .l,
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0-10 V interf 01
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. T PLM,PC
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Current Limiting

Vo Vo
i }
Io. rated
g jimit
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Tioldback
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Figure 10-33 Current limiting: (@) constant current limiting;
(b) foldback current hmiting.
« Two options are shown

Chapter 10 Switching DC Power Supplies

10-
124



. Power
Rectifier Converter  transformer

Implementing % [|—=- W T

Electrical =i

Isolation in the ?‘5

Feedback Loop i .o,
!

i
-~

L J
Bias
supply
(a)
« Two ways are shown .
Rectifier . Converter trang::r;er —
+
ac %
T I | | T T
Driver
Circuit
|
PWM
Controller
. =1 Reference
Isolation | | and
_L_ Error Amp.
(b)

Figure 10-34 Electrical isolation in the feedback loop: (a) secondary-side control;
(b) primary-side control.
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Implementing Electrical Isolation in the
Feedback Loop

R.F. Transformer Coupled Feedback

o
PRIMARY ™
POWER ANO

Figure 10-35 Isolated feedback generator UC1901. (Courtesy of Unitrode Integrated Circuits Corp.)

A dedicated IC for this application is available

Chapter 10 Switching 10-
DC Power Supplies 126



Input Filter

Switch-mode
dc
Power supply
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Input filter

Figure 10-36 Input filter.

* Needed to comply with the EMI and harmonic limits

Chapter 10 Switching
DC Power Supplies
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ESR of the Output Capacitor

iz, I,
e NN >—
L
ESR = rcg R 2
g(load) Vo
o
:r Figure 10-37 ESR in the output capacitor.

* ESR often dictates the peak-peak voltage ripple
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