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Introduction to Power Processing
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Possibly control dc voltage, ac current
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A simple dc-dc converter example
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Input source: 100V
Qutput load: 50V, 10A, 500W
How can this converter be realized?

Dissipative realization

Resistive voltage divider
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Dissipative realization

Series pass regulator: transistor operates in
active region
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The switch changes the dc voltage level
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£ ‘ D = switch duty cycle -
V,=DV, 0<D=1
0 o .
» T, = switching period
«— DT, ——>i+~(1-D)T, > t
po:gilctsg 1 3 1 f, = switching frequency

=1/T,

DC component of v (z) = average value:
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Addition of low pass filter

Addition of (ideally lossless) L-C low-pass filter, for
removal of switching harmonics:
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P, small
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+  Choose filter cutoff frequency £, much smaller than switching
frequency f,

*  This circuit is known as the “buck converter”




Addition of control system
for regulation of output voltage
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Switching converter
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Output voltage of a
A+l -l- +  yi® switching converter

depends on duty cycle

v (D (_) y _|_ () d, input voltage v,, and

load current i,,.
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Switching converter

'Objective: maintain constant v(t) f(v i d)

output voltage v(5) = V, in spite V(D) o

of disturbances in v (1) and E— v(£)
im(t)_ iload ( l‘) Disturbances .
Typical variation in v,(1): 100Hz

or 120Hz ripple, produced by~ d(®) »{ | Controt input

rectifier circuit.

Load current variations: a significant step-change in load current, such
as from 50% to 100% of rated value, may be applied.

A typical output voltage regulation specification: 5V + 0.1V.

Circuit elements are constructed to some specified tolerance. In high
volume. manufacturing of converters, all output voltages must meet
specifications.

The dc regulator apphcatlon

RO R 2 AT SR

So we cannot expect to set the duty cycle to a single value, and obtain
a given constant output voltage under all conditions.

Negative feedback: build a circuit that automatically adjusts the duty
cycle as necessary, to obtain the specified output voltage with high
accuracy, regardless of disturbances or component tolerances.




Negative feedback:
a switching regulator system
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Regulator system small-signal block diagram
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Pulse-width
Compensator modulator
VA5 V() ?.45) i (s
ot G(s) » © LI G ©_ .,
Reference M __1Duty eycle Out_pu{ voltage
input variation variation
Converter power stage
His)9
(5)9(s) HG) |«
Sensor
gain

Solution of block diagram

Manipulate block diagram to solve for 7(s). Result is

P=7 Gcha‘ / VM + 7 GVS _ i‘ Zau:
SV TIHG.G ./ Vy T fT+HG.G, Vy T+ HG.G,l Vy

which is of the form

~

V=1,

G :
:1: + ]'3 Ve /4 ous

1 -
H1+T YeT+T ‘lewaTy

with T(s) = H(s) G.(s) G,As) / V), = "loop gain"

LLoop gain T(s) = products of the gains around the negative
feedback ioop.




Feedback reduces the transfer functions
from disturbances to the output
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QOriginal (open-loop) line-to-output transfer function:

P(s)
V.(s)

G, =

Tz
With addition of negative feedback, the line-to-output transfer func’non
becomes:

P(s)

_ G®
7,(5)

1‘:‘,,4:0 - 1 + T(S)

Froad=0

Feedback reduces the line-to-output transfer function by a factor of |

1
1+1(s)

If 7(s) is large in magnitude, then the line-to-output transfer functlon
becomes small.

Closed-loop output impedance

R T T o T———

Original (open-loop) output impedance:
P(s)

lzoad(s)

our(s) -

==0
With addition of negative feedback, the output impedance becomes:

P(s)
)

— _Zo$)
o - 1+ T(S)

Prep=
Py=0

Feedback reduces the output impedance by a factor of

1
1+7T(s)

If 7(s) is large in magnitude, then the output impedance is greatly
reduced in magnitude.




- Feedback causes the transfer function from the
* reference input to the output to be insensitive to
variations in the gains in the forward path of the loop
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Closed-loop transfer function from 7, to %) is:

ON 1 T()
P A8} |9,=0 ~H () 1+7(s)

:load &

If the loop gain is large in magnitude, i.e., || || >> 1, then (1+7) = T and
T/(14T) = T/T = 1. The transfer function then becomes

W) 1
P48 " H(s)
which is independent of-;the gains in the forward path of the loop.

This result applies equally well to dc values:

V -1 _TO 1

Ve HO) T+T(0) " H(0)

Regulator design
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Typical specifications:

« Effect of load current variations on output voltage regulation
This is a limit on the maximum allowable output impedance

|

|

|

|

+ Effect of ihput voltage variations on the output voltage
regulation

This Iimits'the maximum allowable line-to-output transfer
function

- » Transient response time
This requires a sufficiently high crossover frequency
» Overshoot and ringing
An adequate phase margin must be obtained

The regulator design probiem: add compensator network G (s) to
modify T(s) such that all specifications are met.




Lead (PD) compensator
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Lead compensator: maximum phase lead
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Lead compensator design

i —————— i e T R

- To optimally obtain a compensator phase lead of 0 at frequency £,, the
pole and zero frequencies should be chosen as fol!_ows:

T

If it is desired that the magnitude
of the compensator gain at f. be

tGel

unity, then G _, should be chosen

as : } —
f f
Go=4/ %
« 5
Example: lead compensation
60dB T
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I e LT
20ap | ompensated gain
0dB
-204B | |
R Compensated phase asymptotes
-40dB 0 ' e i 0
LT |
Original phase asymptotes + 907 -
‘:m -180°
-270°




Design example
1P —— s o R T RS L P LA SR SR GRS e
L
50 uH |
dv i +
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28V N X 500 pF=T= 3Q v
Sensor
— H(s) gain
f.=100kHz ,
Transistor Error
gate driver signal
5 Pulse-width| V. Ve 4 Hy
modulator = Gs)
Vy,=4V  Compensator v
ref
5V
Quiescent operating point
SRR e T L IR R T e A O T R S N SR
Input voltage V, =28V
Output - V=15V,1,,=5A,R= 3Q
Quiescent duty cycle D=15/28=0.536
Reference voltage V=3V

Quiescent value of control voltage V, =DV, =2.14V
Gain H(s) H=V /V=5/15=1/3




Small-signal model
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Open-loop control-to-output transfer function G_4(s)
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Open-loop line-to-output transfer function
~and output impedance

QB R e sce  E

1
G (s)=D—r>L
¢ 1+s~§‘—3+s2LC

—same poles as control-to-output transfer function
standard form:

1
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Output impedance:

Z,()=R] % NsL=— 3L

1+ s—f‘? + s2LC
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Uncompensated loop gain (with G, = 1)
40dB -
I 7.1 . _ 471,
2048 + H Tu ” Tuu 233 =74 dB ! QO =925=195dB
0dB ﬁ)\\
1 kHz
With G_=1, the R . — 40 dB/docade
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f,=18kHz, ¢ =5°
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Lead compensator design
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- Obtain a crossover frequency of 5 kHz, with phase margin of 52°

* T, has phase of approximately — 180" at 5 kHz, hence lead (PD)
compensator is needed to increase phase margin.

+ Lead compensator should have phase of + 52° at 5 kHz
* T, has magnitude of - 20.6 dB at 5 kHz

* Lead compensator gain should have magnitude of + 20.6 dB at 5 kHz

+ Lead compensator pole and zero frequencies should be

_ / 1—sin(52°) _
Jf.=(5kHz) Tm(SZ_“) = 1.7kHz

J> = (5kHz)

1 + sin (52°)

Tosin (529) = M4-5kHz
1 %
e £ =37 =>11.3dB
T\ 1 = _

’ 2
Compensator dc gain should be G.o= (%)




—20dB 7 5,10 10f, T 90°

z
£,10 e
—40 4B 0 e cnen I
LG,
90"
1_180°
1Hz 10 Hz 100Hz 1 kHz 10kHz 100 kHz
f
Loop gain, with lead compensator
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