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United States Patent [ [11] 4,318,166
The original converter was documented by A.H. Weinberg in Bloom _ | 5] Mar. 2, 1982
1974. Below is an excerpt from A High-Power, High-Frequency,
Dc-to Dc Converter for Space applications, PESC 1992 This is the improved Weinberg converter structure
* Breadboard efficiency between 95 to 97% at patented by Ed Bloom in 1982: 4'318'166

Alan H. Weinberg
Weinberg Electronics Innovations Limited, UK

from 500W to 1KW output power. \ )
* Continuous output current with small current 3 5
ripple. P .
* A Boost Regulator without the right half-plane
zero effect giving a high bandwidth response. [
* Low switching losses (typically 1% at a
switching frequency of 350kHz.).
* Conductance control produces typical first
order*refgg;zgeba ndwidth VOIfﬂgE regu!afion l‘()()p Alan Weinberg now retired, spent 23 years working as a senior power electronics engineer at the European Space Agency.
During this period, he invented many new concepts in power electronics, the most important being conductance control
(IOKHZ, with 800 phase margin) giw'ng supert'ar voltage regulation and the sequential switching shunt regulator (S3R) for the control of solar cell arrays. He is also perhaps

transiem response and ]’educed oufpu[ﬁ[[ering_ better known for the Weinberg converter. Ch risto p h e Basso - Augu St 2024 - Rev O- 1



https://ieeexplore.ieee.org/author/37301266100
https://ieeexplore.ieee.org/document/254756
https://ieeexplore.ieee.org/document/254756
https://patentimages.storage.googleapis.com/ea/33/3f/a5f43a6fbfe144/US4318166.pdf
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This is a fixed-frequency voltage-mode-controlled Weinberg converter \ m R2 03{01 IC=0 D{RRipper) R}
delivering 5V 10 A from a 15-V source. Enable the fixed load for ac ‘ ) . ||—|£:l|—i I+—|| o1
analysis and disable the PWL source (right-click after selection) to [ R6 c5 (3}
see the transient response. Check Simulator>Edit Netlist (after preprocess) DRV2 OpléfMP
to see the calculated component values. — 0
48.2% -

- Christophe Basso - Transfer Functions of Switching Converters - B \

v D R11

— (Vref) {Rlower}

SIMPLIS simulation model for a 5-V/10-A Weinberg
converter supplied from a 15-V source. Turns ratio for
push-pull and flyback transformers are identical at 700m.
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N\ y 4 \ A \ y 4 \ A \ y 4 \ y 4 \ y 4 \ y 4
AN 4 AV 4 AN 4 N\ /Z y 4 AN 4 ANV 4 AN 4
)" 4 A\ 4 )" 4 A\ 4 )" 4 )" 4 )" 4 \v 4 7
10.20 10.22 10.24 10.26 10.28 10.30
time/ms

20us/div

SIMPLIS operating point for a 15-V input source and 50-W/5-V output. Notice the almost dc output current (30 mA peak-to-peak for I _,)



The Weinbe rg I The Wineberg converter

converter can be | y s b3
A three-day course on a circuit-oriented approach to the . Oops:)
analysis and design of PWM dc-to-dc converters using modeled with the
the model of the PWM switch PWM SWi tCh
model introduced ¥
by Dr. Vatché |
Vorpérian in 1986. i l _ R
| had the privilege T
to attend his e
A course in 2004 in | R R
Vatché Vorpérian TOUlOUSE WhllSt L(l;%{‘”j)z / \ EC;EJ
: with onsemi. The :
Sl e ey distributed
material did
include an

average schematic
of the Weinberg
converter as
patented by Ed.
Bloom but no '
transfer function |
derivation was
included.

This is the averaged model
l of the Weinberg converter.



During the on-time:
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l You have the current
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I sk D3 ¢ L Tip reflected inductance
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s =5

S
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N

(from Goran Stojcic’s thesis — see on the following slides)
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parameters

Vin=15

L1=100u
Nfly=700m
Npush=700m
Lf=L1*Npush”2
Vg=Vin*Npush
N1=(1/Npush)*Nfly
D=0.48

VFB=960m

X1

5.04V

<Vout

V +
{Vgg} (

10

PWMCCMVM Lf
L
a o—=o C _ r\{r\fr}"\m
480mV d ZS
PWM switch VM _|P
<Z( x3
%) RATIO = N1
GAN 520 | \
K=0.5 G_VVWT’—
Y ' Ve Ve W _]
=7

9

S,

R1
30m

13

| c5
~ 680U

1

Averaged model with the PWM switch in CCM. The operating point
confirms the SIMPLIS simulation which includes various drops linked to
diodes forward voltages in particular.

RL
500m
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From Active-Clamp PWM Converters: Design-Oriented Analysis and Small-

Signal Characterization, MSEE thesis from Goran Stojcic:

Vo L and

V, ND+KD'"

- V, K

vin - vo (N - K)
Vi, =15V Vout =5V Vp=2v
Nﬂy =07 NpUSh =07 Lm = 1OOMH
2
Lt = LyyNpysh~ = 49-uH Vyp 1= 9.86843V
I-:=1A Nq = ‘Nfy, =1
T 1 fl
Npush Y
Npush‘Vout

D10=

Npush Vout = NftyVout + Nty NpushVin

D; = 47.619%

D Npush'Vout
1 =
Npush Vout = NftyVout + Nty NpushVin
Ng,, N 2 V;
1 fly” Vi
Hy = —- y push _Tin =525
V

2
P (Npush + Dy-Ny - Dl'Npush)

Vout =

Rioad =05Q  rc:=003Q
Coyut = 680uF
Ig = 10.8542A

= 47.61905-%

Dy- NfIy ' Npush Vin

Npush = D1:Nfy + D1:Npysh

20-log(Hg) = 1440319 dB

dD

This is the dc gain including the PWM

modulator with a 2-V peak sawtooth (V).

SIMPLIS gives 14.2 dB

/ s /
Ls i 0
1[ Dt
. Ls 'g; | ® DZ A1
1:N A T
fly le — K1
Lp® .
2 0,
N:1 ot
1:NIoush
B dv,, (D)


https://vtechworks.lib.vt.edu/server/api/core/bitstreams/dc7ce47a-c7b8-4c3c-8902-d25d819622bc/content
https://vtechworks.lib.vt.edu/server/api/core/bitstreams/dc7ce47a-c7b8-4c3c-8902-d25d819622bc/content

parameters

Vin=15

L1=100u
Nfly=700m
Npush=700m
Lf=L1*Npush”2
Vg=Vin*Npush
N1=(1/Npush)*Nfly
D0=0.48

B2

Voltage Y
a V(a,p)*V(d)M(DO) Ve . {U} out
T (M 10.5v 5.04V | T PN T [5.04v
~ 2\ 5.04V
o o o4 V(LLV(D0
Current l N E:\lljré%nt l@ Voltage <> (11,p)*V(DO)
IVe)*V(d) (Vey*V(DO) -
5 I(VB) N1} § o
[10.5V | B5 Vo
Current +<>
* RL
Vg §
{Va} D . 500m
[5.04V |
1 i g = 680
S o | s+ u
*\1 *\3 Voltage
V(out,p)*{N1
) ac=1 O po (out.p) Nt}

This is the small-signal version of the Weinberg converter operated in
voltage-mode control. The dc operating point is still present, | can freeze
the static coefficients and zero the input source to keep ac contributors

only.

Vout



parameters

Vin=15

L1=100u
Nfly=700m
Npush=700m
Lf=L1*Npush”2
Vg=Vin*Npush
N1=(1/Npush)*Nfly
D0=0.48

Ic=10.08

Vap=10.5

B4

Lf

out

Voltage Ve
+ {Lf} N~
() () AAAA Vout
N N\
V(10,p)*{DO0}
Y
N «—
R1
I(V5)*{N1} § 30m
B3 B5
Current

C t V5
O urren O RL

I(Vc)*{D0} + 500m

Bl 13
0 Current d DO " 1 C5

+ ] B2 {lc}*V(d) T T B6 + T 680u
( Voltage 1 *\a Voltage <>

{Vap}*V(d){DO} V(out,p)*{N1

) ac=1 {DO} (out,p){N1}

It is the final ac small-signal equivalent circuit of the Weinberg converter. The current in the c terminal as
well as the ap voltages were determined via a simulated bias point analysis. Next step is to redraw the
circuit with a zeroed stimulus for determining poles. Once this is done, a NDI will help obtain the zeroes
of the transfer function.



=0fora

zeroed stimulus v
Lf out

out

Q
—
Q.

: - Open-circuited for —C
ot V | a zeroed stimulus + out
: a /\: e

- O 24 V (out, p)-N, O

: 0 E | Shorted-circuited for

a zeroed stimulus —
node 10 is grounded.

For the control-to-output transfer function, we are going to turn
the stimulus off — d is zeroed — and we can further simplify the
circuitry for determining the terms b, and b,.



LINEAR CIRCUIT
TRANSFER FUNCTIONS

CHRISTOPHE P. BASSO

IEEE PRESS WILEY

Linear Circuits
Transfer Functions —
Christophe Basso,
Wiley, 2016

The Fast Track to Determining
Transfer Functions of Linear Circuits
THE STUDENT GUIDE

CHRISTOPHE BRSSO,

The Fast Track to
Determining Transfer
Functions — Christophe
Basso, Faraday Press, 2023

P V(p) Dy AC L, out
§ +O < -
©)
2 St
. I5 A ;Rload
D i 13
o ©T + T COUt
V(out, p)-N, O

We can now apply the fast analytical circuits techniques or FACTs
by determining the resistance R driving the inductance L; and the
output capacitor C,.


https://www.amazon.com/Linear-Circuit-Transfer-Functions-Introduction/dp/1119236371/ref=pd_sim_d_sccl_2_3/144-4814804-1903431?pd_rd_w=XB7M4&content-id=amzn1.sym.fc475966-e837-48fc-9ed0-f4ca6ae9337b&pf_rd_p=fc475966-e837-48fc-9ed0-f4ca6ae9337b&pf_rd_r=076RSY3JWKEFGGX59WZV&pd_rd_wg=wTvd7&pd_rd_r=157168a4-b6ff-4714-b9c0-7f9f895baa96&pd_rd_i=1119236371&psc=1
https://www.amazon.com/Linear-Circuit-Transfer-Functions-Introduction/dp/1119236371/ref=pd_sim_d_sccl_2_3/144-4814804-1903431?pd_rd_w=XB7M4&content-id=amzn1.sym.fc475966-e837-48fc-9ed0-f4ca6ae9337b&pf_rd_p=fc475966-e837-48fc-9ed0-f4ca6ae9337b&pf_rd_r=076RSY3JWKEFGGX59WZV&pd_rd_wg=wTvd7&pd_rd_r=157168a4-b6ff-4714-b9c0-7f9f895baa96&pd_rd_i=1119236371&psc=1
https://www.amazon.com/Determining-Transfer-Functions-Linear-Circuits/dp/1960405195/ref=sr_1_15?qid=1702411707&refinements=p_27%3AChristophe+Basso&s=books&sr=1-15&text=Christophe+Basso
https://www.amazon.com/Determining-Transfer-Functions-Linear-Circuits/dp/1960405195/ref=sr_1_15?qid=1702411707&refinements=p_27%3AChristophe+Basso&s=books&sr=1-15&text=Christophe+Basso
https://www.amazon.com/Determining-Transfer-Functions-Linear-Circuits/dp/1960405195/ref=sr_1_15?qid=1702411707&refinements=p_27%3AChristophe+Basso&s=books&sr=1-15&text=Christophe+Basso

b V(p) . DO |-|- IT |T out
N O > O » O—> N
+
Lf VT

V(out,p)-N, O oC..

Determination of the time constant involving inductance L. In this mode, C_, is
set into its dc state while the test generator I; is applied across L;’s connecting
terminals.

Vi =V =V, (1- D)

V(out) = Rigad (IT — Nyig + is)

V(out) :V(out) N, _V(p) N,
I—f N12
T, = >
Rload (DONl o Do +1)



Sanity check with SPICE making sure the derivation is:

B2 il
p Ve 1 out
parameters y 1S
V(p)*{D0}
L1=100u <=
Nfly=550m R1
(V5)*{NL
Npush=700m Sl 30m
Lf=L1*Npush”"2 Current ()vs
N1=(1/Npush)*Nfly .\ §RL
D0=0.47619 03 - >
@T Current 14 p— ot
I(Vc)*{D0} Rtaul Bs 680U
Voltage

V(out,p)*{N1}

Voltage

V(out,c)
E ADy-Ny — Dy + 1) Lo-Ny ™

load =171 1 il |
o = 0.653061 Ty = = 75.03123 ps

-
e

Ny

Rigad D1 Ny — Dy + 17

Vout



p (¢) I, out
\\ /_\ \\
- N
AN L,

Determination of the time constant involving capacitor C_ . In this mode, L; is
set into its dc state while the test generator I, is applied across C,,’s
connecting terminals.



) DO v out

=

The final resistance will be r in series with some terms. We can remove rg,
determine the intermediate resistance in this mode and then add r; to form
the final time constant. It appears that the intermediate resistance is 0 ohm.

VT :V(out)
V(out) - V(out) N, _V(p) N,
. _V(out) - NlV(out)
Vi) =
Nl
Vie) ~Vio Po =Viou)
. V(out)
Vi) =
1- D,
V(out) _ (out) B NlV(out)
1-D, N,
>V =V =0V
Z-2 = rCCout



Verification of the resistance value with a bias point:

parameters

L1=100u
Nfly=550m
Npush=700m
Lf=L1*Npush”2
N1=(1/Npush)*Nfly
D0=0.47619

B2

p Voltage Ve out
-~ + T  Jov
O—220 o v
+
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b
R1
05y S 5o
Current V5 30.0mVv
@ +<> ] RL
500m

B3

Current ” Ill

I(Vc)*{D0} RtauC B6 *
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V(13)
2

Lf Nl

b =7,+7, =
) b-nen-

load

+1.C

out

(DN, — D, +1)°



The inductor is placed
in its hi-frequency state

p Vi) Do I =0 | out

Now that we have determined b, by summing all time constants, we can
determine b, by identifying the time constant when the inductor is placed
in its high-frequency state. Again, r is temporarily removed and will be
added to this intermediate result.



N. -1 There is no current going to
P 1 75 out )
- — ~ the p node and there is no
©) current flowing out of the
voltage source:
A I V(out) Nl _V(p) Nl :V(out)
I5A A T RIoad -
O V(p) = Nyl R e
o) + T@ ]VT V(p) = NylsRye
v (OUt’ p)' N, () \V/
I, = NN I, =0
I\IlRINF
V.
ga— \s\+ I, = R ! _ms
- load
With this last time constant, we can now express the term b, and the denominator D(S): >

S LNy Cou (7 +Re) 4
:TT - ou + oal
2 o Rload(DONl_DO +1)2 e o

- RIoad
|
D(s)=1+bs+b,s* =1+5(z7, +7,)+5°0,7, !
L. N2 L. N,? ‘
D(s)=1+s 1 ~+1.Cpy |+5° 1 = Cou (e + Riga )
Riad (Do N, — D, +l) Riad (Do N, — D, "‘1) Ty = Cout (I‘C + R|oad )



1 (DN, — D, +1)" ™
W, = > Q= 2
LN, C (r + R ) =R 7 +1cCou
R|Oad (DO Nl _ Do +1)2 out \'C load R|oad (Do N1 . D0 +1)
If we neglect the ESR contribution, re << R},.4:
" N(Nl—l)DO +1 1 O~ Rload(Nl_l) D,+1 |C,
’ Nl Lfcout Nl Lf



parameters

Vin=15
L1=100u
Nfly=700m
Npush=700m

Lf=L1*Npush”2

Vg=Vin*Npush

N1=(1/Npush)*Nfly ,

D0=0.48
[c=10.08
Vap=10.5

The determination of the zeroes requires a null double injection or NDI. The generalized

response

i

Vout

B4 Lt
Voltage LVe w out
N M ANAA D
= U
V(10,p)*{D0}
p N
N < I I
R1
I(V){N1} : § o |
B3 B5 l I
@TCurrent Current ()VSI 1S RL
I(VE)D0} ST < soom
B1 | 13 |
" TCurrent d DO w1 LO |
B2 {IcyV(d) 5 ~ B6 + : 680u
Voltage + + Voltage () L. !
{Vap}*V(d)/{D0} , 6, Vi V3 V(out,p)*{N1} T ==
stimulus AC=1 {DO}
stimulus

approach can also be used if the NDI is complicated. However, by inspection, we can already
identify the zero brought by the ESR and the output capacitor:

1
“r.C

out



Before we proceed, we can check the presence of a second zero linked to the inductance. We can simulate the NDI

with 3 different configurations: Ng =N

Ng,=N

parameters

Vin=15

L1=100u
Nfly=700m
Npush=700m
Lf=L1*Npush”2
Vg=Vin*Npush
N1=(1/Npush)*Nfly
D0=0.48

Ic=10.08
Vap=10.5

N, <N

/“\*

push
Zero is at infinite value
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voltage 55y 4 Ve 525V
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o, O o/
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\J E
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5255V |
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push

RHP zero!

parameters

Vin=15
L1=100u
Nfly=600m
Npush=700m

Lf=L1*Npush”2

Vg=Vin*Npush
N1=(1/Npush)*Nfly
D0=0.48

1c=10.08
Vap=10.5

DO
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1

7 73E-024V
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+

u 3

() V5

|1

Vout
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parameters

Vin=15

L1=100u
Nfly=800m
Npush=700m
Lf=L1*Npush”2
Vg=Vin*Npush
N1=(1/Npush)*Nfly
D0=0.48

1c=10.08
Vap=10.5

push
LHP zero

r\‘

Hand see if there is a zero:
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e vy
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G1
1le23

525V |
12 out
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%
|
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-6.74E-024V Vout
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P
©,
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B3 BS 5.TAE02A
Current V5 1
Current
o EEY | Q R Zerois
BL : positive
[ Current 3 50 [ereeoav | Les
) {lc}V(d) B6 *CD 680u Rzero
Volta e + Voltage 779V ]
{Vap}Vv(d)/{D0} Vi V(out,p)*{N1}
0.5 *B7
. Voltage
V(c,out)/1(V4)
1

7.79 Q

The position of the second zero depends on the
transformers turns ratios:

Nﬂy

Ng, <N

pus

pus

nthere is no zero (pushed to infinity)
nthere is one zero in the right half plane

Ng,>N,usn there is one zero in the left half plane



8 @ 9 L
0 V(lO,fp\);D0 I, %] | b Vi =0V | :iS(Nl_]_)
\_J - O > O—>
LV Vi, +Vigo) Do =V, Dy +V; =0
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N, -y N, -1g
@T D, l; A I55 A § » V(P) -
I:\)Ioad V ——V D
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0
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Ny <Npush Ny >Nyush Ny =Nyush
Vo [(Ng = 1)-Dq + 1 T(N. - 1)- (N« — 1).
ap{ (N 101+ 1] =-6.79167Q2 Vep[(Ny ~ 1)1 + 1 — 7.79167Q Vap[ (N1 - 2)01 + 1] — 729167 x 10°Q
Ie(Ny - 1) I:(Ng - 1) I(Ng - 1)

Final transfer function of the Weinberg converter operated in voltage-mode control:

(1+SJ(1+S]
@, @, N. N 2/
H (S)= Ho 1 22 HO :\j- fly " “push Vin 2
1+ > +(S] p[(Nfly_Npush)D+Npush]
oQ \ @,
o =& o _ Vi [(N, 1) Dy +1]
l rCCout i Ich (Nl_l)
L. N,°
— 2 Cout (rC + Rload )
_ 1 _ I:Qload (DO Nl_ DO +1)
0, = Q =

Lf Nl2
(DN, — D, +1)°

+1.C

out
load

Lf |\|12
C..(r.+R
\/Rload (DO Nl B DO +l)2 out ( C load ) R
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We can stabilize the converter with the automated macro and a type 3 compensator:
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Control-to-output transfer function. Extract

magnitude and phase at a 4-kHz crossover
frequency.

The type 3 compensator places zeroes at 800 and
600 Hz then adjusts the pole to boost the phase for

a 60° phase margin.
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This is the transient response for a step load of
5to 10 Ain 1 ps. In lack of RHP zero for the
same turns ratio between the flyback and
push-pull transformers, it becomes possible to
extend the crossover frequency in boost
mode. The SIMPLIS Weinberg converter is
included in my 130+ ready-made templates
available here.


http://powersimtof.com/Downloads/Book/Christophe%20Basso%20SIMPLIS%20Collection.pdf

| also built a current-mode version with similar characteristics as in VM. The response is of first order this time in
the low-frequency area:
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This is a fixed-frequency current-mode-controlled Weinberg converter R3 cs
delivering 5 V 10 A from a 24-V source. Enable the fixed load for ac u4
analysis and disable the PWL source (right-click after selection) to OPSIMP ‘
see the transient response. Check Simulator>Edit Netlist (after preprocess) FB /
to see the calculated component values. B
gt us Duty ratio \
- Christophe Basso - Transfer Functions of Switching Converters - : = IN_| puty Cycle
\
Bij N = M [l
ower,
DRV2 _I— {Vrefy —

Slope compensation

MAR Sn={({(Vin-Vout/Mpush]Lm)*Ri}
MNAR Sramp={1/Ts}

NAR Q=1 ; selectQ

VAR mc={((0.318/Q)+0.5)/(1-0)}
NAR Se={(mc-1)*5n}

NAR kr={5e/Sramp}
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Control-to-output transfer function in CM. Extract
magnitude and phase at a 2-kHz crossover
frequency.
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The type 2 compensator places 1 zero and one pole
to boost the phase for a 60° phase margin at 2 kHz.
This loop gain confirms our goal is obtained.



TRANSFER FUNGTIONS ™
HITCHING CONVERTERS
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Transfer functions of switching converters

If you want to learn how to derive transfer functions of
switching converters, my 2021 book on the subject starts
smoothly with an introduction to small-signal modeling
and then goes in all possible details to unveil many transfer
functions from the basic switching cells to the more
complicated higher-order isolated structures. The table of
content is here.


http://powersimtof.com/Downloads/Book/TOC%20smallsignal.pdf
https://stairwaypress.com/product/transfer-functions-of-switching-converters/
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