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The power stage has an internal current loop and a voltage feedforward loop.
STEP 1

Strategy: absorb both loops into an equivalent power stage model, by Doing Some
Algebra on the Circuit Diagram (Ch.2)

A =16.86 Rf R4 L
v; . Acv(P) . 34m 3m 1u v,

O D=0.1 . |‘||'

Rc
[ i
Di;
—l— Ac*v(P)/RL —
B A./Ry; =843 B
Since

v(P)=-Ev; + v, — E1Ryi
sph& Ihﬁo\?oltage and current mogtlfllwtlon gﬁﬂ\ﬁr&c}%f)roo nto Otrlﬁree: 3
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Since the voltage generator A.E1R¢i is proportional to the current through it, it can be

replaced by a resistance A E1R¢. Also, since the current generator A E;v;/ Ry, is proportional

to the voltage Dv; across it, it can be replaced by a (negative) resistance — DRy / A E,.

. ACE1Rf Rf R4 L
Dv; AfEZ*Vl Ac*vc 2§9m ; 3.4m 3m 1u
& FO— 5 O—T— W W——MWA—"""
C
e RL
A E 200u
\ oi(1- 52~ by 10503 2%
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= —0.237 l@ AcElRf § m
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The consequence of the current loop is that it introduces a (lossless) damping

resistance A E1R¢ in series with R¢ and Ry, to form an effective resistanccla_ R, :

*\ /i * Re
Dvi Afﬁ_Z\VI Ac*vc . 236m 1u
& : = AM—— Ny
O ‘_O+ -
ACEZ Re = (1 + ACE]. )Rf + R4 pr— 200U RL
Do 1-—77]=0157Dv; = (1+67.4)3.4m +3m 2
_DRy . = 0.236
ACEZ Rc
_ AE1R ¢ _ . 1m
=—0.237 l@ AcC/RL ?T <17/ i = Bi=1.145i
l Ry,
.
STEP 2
Normalize the element values in the filter (Ch. 5):
1 L

0)0 = ﬁ fO = 112kHZ RO = E =70.7m

Ro Ro RL

=—=0.300 =—="170.7 =——=2.83
Qe Re Qc Rc QL Ro
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The voltage transfer function H for this triple-damped RLC filter was obtained in Ch. 12:

v.0.1 3/07 http://www.RDMiddlebrook.com 6
18. Current-Programmed Switcher



l + & (&) y

H = ¢ \We Q.0Qr
| + == f L ]
@ |+ it £ s \*
s m"'LHFG;'EGL} Q. .Qr.l"‘q.c:: ](""’F)Ft_l-i* [m“
A QeQw
Bl I
= | | + QL(“"“) chQL
_1._ I 1/ Qg :
I.I_th.?L I_-l—Qt Lt T Qe _‘},}_,FH‘ (ﬁ_)"‘
|. "|" o E s i o
'5’45"- QeQu

Qc QL

=3 }}IJ Bemoso], o vl ndis &

melbubfj D{]{-maaL BH Earf'\uf:!a[aﬁ"l::h c:{—Ha resu(t
'{'W Re = o00:

| [ &
| + = (Fu)
H s \ \ | g < x
[ T (ﬁ£+ Re * E-J(.E“] L (mﬁ')
V.U.1L 35/U/[( nIIpZIIWWW.HUIVIIGGIGDFOOK.COFH {

18. Current-Programmed Switcher



For the LM3495, however, the inequality Q.Qy =70.7 * 2.83 = 200 >> 1 still holds, but the
inequality Q,Qr =0.300*2.83 = 0.848 >> 1 does not.

The result therefore becomes

R 1
H=__ L + g (%] Q.01
'+ 38 = TRkl
Q‘n@'l_ l-l—-Q* + . (_‘_{}_,rll-" __E_)L
|. -]" II o/ . i) “o
Qe Q@
1+( S )
H= 1 - 2
()0t (@)
0)0 0)0
QeQL QeHQL 1+ QeQL
where Q, |Qr = 0.300(2.83 =0.271 and 1 —= 1 0459
+ 2.18
QeQL
The Q; of the denominator quadratic is (Ch. 4)
J_
Qs = \/ Qe |Qr ) =0.400, Q; =-7.964B
axbo.aa/(om Q.0 )wo, fitts: RS R DRI oAbt 2
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The power stage control-to-output voltage gain is v, /v.|y,—o=A-H where A, =16.86.

Insertion of numbers gives

1+ s/2x
A H =17.77dB 792kH= >
1+ 1 ( s/2x )+( s/2x )
0.400\ 16.5kHz 16.5kHz

Simulation
40.0|

- 17.77d8 7B : 16.5kHz, 9.80dB

O* A-H(0) 3

i 16.5kHz
40.0|

792kHz
-80.0|
-120
v.0.1 307 100 htte://www.RDMidgjlghpook.com 1Meg 1001

18. Current-Programmed Switcher



STEP 3
Error Amplifier R2
P 9 § 10k
[ _ P P
1l
-1~ 10n
10 3 G1 + 1
R3 R9 750u R1
15k 1. C4 <72 - 10k
= 100 _l
] I &

The flat gain that sets the loop gain crossover occurs when C; is short, and C4 open,
so take this gain as reference (Ch. 3). The two poles are obviously well separated, so the gain
can be written by inspection as

1
A=A
em( 1 +1)(1+SC4R3)

SCl R3
where

Ay = LGle, =0.563 = —5.0dB

Rl +R2

With substitution of numbers,

1

’\L/\.O.T §}‘%f%B ( 10.6kHz + 1)(1 4 s/mpp:/)www.RDMiddIebrook.com 10
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- A, Simulation
100 |
60.0
10.6kHz 1.06MHz
20.0
-20.0 ~5.0dB
60.0
1 100 10k 1Meg 100t
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STEP 4
The loop gain T is:

1 + s/2x
T=A,A.H=1277dB 792kHz 5
10.6kHz 1 s/2x s/2x s/2rx
( slar T 1) [1 *+0.400 ( 16.5kHz) + (16.5kHz) ](1 + 1.06MHz)
Simulation
80.0|
i 16.5kHz
40.0 1.06 MHz
O 7 \ )
i 10.6kHz
-40.0|
i crossover f,=28kHz
-80.0|
1 100 10k 1Meg 100N
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Since three poles close together determine the crossover frequency f,, there is no point
in trying to predict its value. Instead, the simulation shows it to be f, = 28kHz.
From the predicted corner frequencies of T, ﬁ can then be calculated as:

1 28
ﬁ= —90° + tan" ! 28 180° + tan~ ! 04165 7 |+ tan 1 28 tan~ ! 28
10.6 1 _(28) 792 1060
16.
=—-90°+70° — (180° — 66°) + 2° — 2°
=—-134°
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This agrees with the simulation:

60.0 T
Simulation
0|
-60.0| /T
-
-120|
0 i ﬁ= —134°
- dm = 46°
-180 | —
1 100 10k 1Meg 100t
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STEP 5: Closed-loop gain G
_ R] + Rz

The closed-loop gain G = G,,.D where G, == 2 =6.024B is the ideal closed-loop
1

gain, and D = is the discrepancy factor (Ch. 10).

1+T
Since D is a unique function of T, D can be evaluated at the loop gain crossover

frequency in terms of the phase margin ¢),.

In polar form,

1
1+

1

—j£T
1+ e
T|

T =|T|e/“T, |D|=

T ‘ _
1+T *
If the phase margin is gy, then — ZT = (7 - ¢y ) at the crossover frequency where
'T|=1. Substitute in |D|:

DI, - 1 ‘: 1 ‘: 1 ‘: 1
fe 1+ /(@=om)| [14e7/PM| 1-(cospp—jsingy) \/(1—cosm)2+sin2¢M
1 1
\/z(l—cosm) B Zsin(pg[

In the LM3495, G, =2=6.02dB and @) = 46° at the crossover frequency f. = 28kHz. Hence,

ID| =1.28 = 2.10dB. These results are in agreement with the simulation using the
o307 http://mww.RDMiddlebrook.com 15
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20.0
: - 2.10dB
0 7 G, =6.02dB
fo =28kHz
-20.0
closed-loop gain G
-40.0
60.0
1 100 10k 1Meg 0 1001
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Model for simulation using the Intusoft ICAP/4 GFT Template.

18. Current-Programmed Switcher

(No input filter)
. Rf R4 L
i O.l*V(i) 16.86 V(P) 3.4m 3m 1u VO
T . VWA
+ + C
=T~ 200u RL
+ | 2
C) Vi . |—| |1 !
=0 Rc
L@ +E2 + g1 | 1m
0.1V + 0 4
L 84.3v(P) L
GFTve o Ro
T + o—T P 10k
xgft @EI Vo Uo . . 13
GFTve [ O/ c1
— — = 10
vy, Y ly ‘@ I); X|I= y n "
VX _/
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Vy VX ~3 R9 50U a1
* - 72me ui
§1.5k 1ca ; ) T 10k
W -1 100
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Output voltage response to a 1v step in reference voltage

3.50
5 17.5u, 2.48 volts
2.50
1.50
500m
500m
10.0u 30.0u 50.0u 70.0u 90.0u
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STEP 6: Check for nonidealities
The ICAP/4 simulation also delivers the null loop gain T, :

100

100 |

300 |

200

1
\\\‘ | | \\\\\\‘

1 10

100

1k 10K 100k 1Meg 10Meg 100M

Since T,, >>1 at all frequencies of interest, the nonidealities are negligible.

v.0.1 3/07
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STEP 7: Output Impedance

As seen in Ch. 7, for a ladder network such as

C L1 O vO = Hel
Z,
e o
1(—{—) —_— Z2 -
Z; Z,
O O
the output impedance is
Z,=71H
Here,
—MN——FT"TTT—

oow(e) Teo( =R arr,

Z1 =R, —[1+ ° } gg—j

e o/Qe I
Q 1)

and H is already known, so

v.0.1 3/07 http://www.RDMiddlebrook.com
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(1 * @ 7Qe )(1 N chwo )

ZO ) (Re HRL) 1 1 s 1 S 2
v glala) o (a)
1+ 0.0, =™ t .0
-20.01
' R, |Rp =108m = —19.3dB \
-30.0|
- Simulation f,'=16.5kHz
-40.0
500 fo!Q, =37kHz Q.f, =792kHz
] 1m = —60dB
-60.0}
1 100 10k 1Meg 100N
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Closed loop output impedance Z

ZO
1+T

Zyf =

Since T is already known, 1+ T and can be found by the methods of Ch. 6.

1+T

80.0

40.0

- Simulation

0

-40.0

-80.0
v.0.1 407 100 nhttp://mww.RDMiddiEH€o0k.com 1Meg GJZQOP
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80.0 Simulation

40.0

1+T

open loop Z,,

-40.0

: closed loop Z ¢
-80.0|

v.0.1 307 100 nttp:/mww.RDMiddIEook.com 1Meg 2OON
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Simulation

1.40|

10 amp load current step

(Re |Rp)AIL =108m * 10amp = 1.08V

1.00

600m

200m

open loop

-200m

closed loop

100u

v.0.1 3/07

300u

500u

700u 900u
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STEP 8: Line-to output TF

Model so far: Re L
*\ 71 *
v; i AfEZ Vi Ac*vc i2 36m 1u

OO
Dvi + + C
Do, (1 Ak j = 200u F;L

AE, § Rc
. . Im
_ 1=1.14
> | |=-0-257 1©AC*VC/RL ?T’B >t

Di;
I @ > & > ﬁ
Since v, =0, the voltage and current modulation generators are zero:
. Re L
AcE2*vi
v; ij Dv; ¥ giem W

. O ria\/\/\,_rwv\ .
Dv; + C
( ; Dv; (1 A;fz) T 200u F\;'—

<>+ § _DRy = 0.157Dv;
Acka § Rc
1@Di,- = -0.237 ?Iﬁi — 1.145i 1m
J__ & & L g 1
w0307 http://www.RDMiddlebrook.com oe
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. .. A E
The power stage line-to-output voltage gain is v, /v; ‘vc=0=Dvi (1 - CTZJ H =0.157DHv;

Insertion of numbers gives

1+ s/2x
v, 10|y —o =—42.85dB 792kHz -
¢ 1+ 1(5/2ﬂ)+( S/Zﬂ')
0.400\16.5kHz 16.5kHz
of
Simulation
400} !
- _42.85dB 8dB
80.0|
120}
i 792kHz
160 |
v.0.1 3/07 10 100 http://www.RDMiddighkook.com 0ok 1Meg 10Meg 26.00N
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STEP 9: Line input impedance TF Z;

Same model as for the line-to-output TF: _ Re L
. ACE2*vi 236 1u
Vi i Dvi o~ AN
. L V P>
Do + 3 AE, Jc AL
Do; | 1-——+= 200u
+ DR D 2
() _ L =0.157Dv;
Zi =) ACEZ Zil o Zi2 o ReC
1@ | =-0.237 ?[Bi =1.145i § 1m
Dli
L T ) - L
Z; = 12 _DR; Zjll 5 where Zq = _1 Zi» in which
D" AcEaf1- ez Y1-pt

Z;> = input impedance of the filter, which is already known.

Since £>1, the result can be written

Zip
7 (e
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STEP 9: Line input impedance TF Z;

Same model as for the line-to-output TF: _ Re L
' . AcE2*vi 236m 1u
Uj 1; D'Ui. "'m 1 .
Dog + ~ i AE c
7 = 12 DRy, Zi2 Duv; (1 - ‘13)2) =T 200u F;'-
+ D A E2 1 A EZ .
O (5-1)(1-"7) _DRy = 0.157Dv;
Zi =) ACEZ Zil =>> Zi2 = ReC
B |=-0237 i =1.145i § 1m
Dli

_l_ ® ® ® ﬁ

Since Z;5(0)= R, + Ry =0.236+ 0.2 = 0.436,

Z;(0)= —% 0.237H 0436 =-100[0.237|19] = -100[0.234] = —23.4 = 27.384B
0.1 (1.146 - 1)0.157

Since Z;5(0) =,

Z;(0) = —0—[0 237 |o0] = -100[0.237] = —23.7 = 27.494B

Conclusion: the current-programming loop makes the filter input impedance look high,
andvthe Giegative) line input impedpnaeis comivdtedobly dbve term due to the line feedforgeard.
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Input impedance Z; by the ICAP/4 GFT Template:

v.0.1 3/07

. Rf R4 L
N o1rviy Lo8VP) g 3m 1u
11
+
Z;=» i
A
0.1%(V2) " l?
— 84.3*(P)
- i GFThe i
T + o—1T
_ xgft
@Tn Vo Uo GFThe | |
I "0 1
=Y iy Ix X |=
vy /
—‘G > ',VX
- Ez
R6 Vy VX R5
1k + 1k
W
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240
180t
120

60.0|

v.0.1 3/07

- 180° /Zi

:

: Zil
- 27.40dB 27.50dB
1 100 10k 1Meg 1001
The result is in agreement with that predicted by the modified model.
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