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Introduction
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* The concept of impedance matching has been 335 REN 32 "' ARE WANIED 4h 2308 PNt Al
addressed in prior publications. 2416 Di%e_ruould you 1ike 1o cha ncea 1o onecha:ine outrut 3
+ Ex- MIL-HDBK-241 issued in 1983 3138 88 -ooais comronen e 0% LU S oy
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Erickson, Maksimovic :::: E:Eh;ﬁ?"“““::“ ': " 2850 EISP EEE:;M You will alzo
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* This presentation builds on these foundations R sl tiemter of refnus o eose BiF TSI e e ore
to enUharcle u:\del;lsl’c\jncrl]mdg of thesgdtjplcs. 0 - 20 ‘ﬂm\ﬂ‘ - HFH*;EHH“:JFWT* R D0 - Gty - Lty )
* Useful tools an ethods are provided. thus
* Less complex Math. 0, = 20 Togyq VU1 + (R/RIDWUELE)T ¢ (RYRDZ 11 - €/l - Lyl wph )
* Demonstrates value of using SPICE. Q; = 20 log,; 2.05 « 6.3 a8

end at the second slege,

* Real life Test scenarios are discussed.
0, = 20 logy Vi, = -0.7 08
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Why are we concerned
with Impedance zs(f)
Matching? oS vy

Whenever two ‘Boxes’ are connected,
the source impedance, and the load

impedance should be evaluated. z,(f) =a(f) * zs(f)

For the circuit shown, nodal analysis

. . vy _ _a(f)
produces the gain function mialrrve

As a approaches -1, vy goes to infinity.

Since Power Supplies have negative
input impedance within the control loop
band, |z;| > zg must be maintained. e—

A 10 db Margin is recommended. -
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Do Power Supplies have
a Negative Input
Impedance?

Given an input voltage with a sinusoidal
component vy, (t) = asin(wt) + Vpe

For an ideal power supply, the input Power will
not vary with input voltage. The current can be

. P
represented as i, (t) = ——2L— for
a smﬁwt)+ Vpc

frequencies within the control loop range. This
offset inverted sine function produces a
fundamental with even harmonics, however for
small signal analysis, 98% of the waveform is a
first harmonic 180° sine function, as shown.

Therefore, the power supply represents a
significant negative impedance for small signal
analysis.

fr = 100Hzw = 27 - fr

P
a=1V  Vpe = 28V P = 100W Inc = — = 3.571A
Vpe

V() = a-sin(w- 0+ Voo i) =
'In

Vin(t) o (1) = 1(t)

VNomm () =

Vpe Ipc
Error ve(t) = Vo (1) + iNom (1) -
0.04
0.02
om® g ]
- .- Mathcad
wve(t) Document

—0.02 '-‘

—0.04
0 5><10_3 0.01 0.015 0.02

t
The normalized voltage is a pure sine, when added to the
normalized current a small error is produced.



Power Train SPICE Model

* Inputs are V3 (input voltage) and
D (Duty Cycle).

PARAMETERS:
 The Transmission line adds
LOut = 4.4u
delay due to PWM. Vin = 28
_ F_Sw = 300k
« Output is Vo. N_Prim = 4
N_Sec =8
 Loadis R211. Phase = 2 - 5 B
R_Load = 0.192 fﬁ
« Notice the use of Parameters V6 1 L @ 1V
GAIN = {(N_Sec/N_Prim)*Phase} :I_(‘ 0.01Vac 0.25 —
" © @ 1R214 TD = {1/F_Swj— Ovde -
OVac L _:_0 zo=1 "0
ovde ILS =
pp— 0
{Vin}—E_ D -0
R212 L207
NV GAIN =E; g . Vo
! 1u {LOut} J
VF_RTN |_ ” ] o 1
0 ILS <}— P [ | @ = c216 R21
® ¢ - = 11904 (R_Load}
GAIN = {N_Sec/N_Prim}
§ R210 r GAIN = 1 | | |
=0 =0
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to Vo

Power Train Sweep, Duty Cycle

Using Parameters, Load is Swept from 0.2 to 0.8 ohms

18

BHz

3.4

KHz

eeeeeeeee
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Closing the VM Loop

This Full process will be condensed, as this falls outside the focus of this material.

. .. . : . Vo _
* The Nominal DC Gain is simply the Nominal Vo / Nominal DC Gp¢ = s
1101
* Nodal analysis can be used to calculate the Plant Gain as a function of frequency
EIE'I_.E'EEI.C'G-FE']‘_ —E--Tm
I{P{s} = Gpc - : : -
O P L LI 1+5 B ‘R - Co+ —=° 1+R
1=IHIEEE - Phase EEIJ l L Tesr Phase | -
* This yields results consistent with SPICE
50 =T
40 _“dﬁf’/\\ 100 ‘\\\
20-tog{ [EL (i 20| }jg W arg(Hy() -EW-f}}-l—f:} 0 N \ A{
o 0 T, — 100 N
< L] |
10 100 1x10° 1x10* 1x10° 1x10' 10 100 1x10° 1x10° 1x10°
f f
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Closing the VM Loop

(continued)

* A pole and 2 zeros will be used to compensate the Loop.

* The zeros will be placed slightly before and after the resonant frequency.
* Be sure to include Load Capacitance in the bulk Output Capacitance. ESR can also be added.

e Zeros are installed at 1500 and 5000Hz in this case. Integrator is set to yield a 10kHz crossover.

Compensator Complete Loop
20 40
I L1 Rﬁ“‘"‘“ﬁ-ﬂh T
/ { j__:l;rf_Tm\l ™ H'“‘-n-.._x‘ fd---'"'ff ) 20 M
20%og| [Heomp\ 4 .l = 2010g| |Hp op(F)| ) oy
L ] _'_F_F,,-"""_ 1] -
— 10 - i -0 T
100 1107 tx10* 1x10° 100 1x10° 1x10* 1x10°
f f
100
i (" 2w E Ty 180 _,_,,-—~~"'"_F#_ BEnes LT
Mg'-‘HCDmp"e /';'T 0 P_.d_._.__,__ﬂf'-"" - 100 \ [ I
_ N P e, o f \ T 1 “‘"‘*—-—..ﬂhh—
- 100F ﬂ_Hme(f}}-T 0 »
3 s . — 100
100 1=10 1=10 110

f © 2024 VITO DERASMO 100 1x10° 110" 1x10°



Closing the VM Loop

(continued)

 The Compensator is added to the SPICE Model

V7 “out
N R5 GAIN = 1000
Voo e AN\ — E4 331 GAIN = 1000
Y 9.5k N |5 AN/ =
Ovac v R7 e 10K
ovde 2.5k E p N e
| f gL Lo
c7 -0
= 4 Rs cé
0 :LTSn L——AMN i}
17.8k 5.96n . \
* The SPICE Model Validates the Math Model. B s o B T

* SPICE can now be used to generate an input impedance plot for the VM converter.

* On the power train schematic (Slide 5), an AC sweep on V6 produces the impedance plot.
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Impedance Match Criteria

« Characterizing the input impedance of the
converter becomes important when we add our
EMI filter to the design.

« The Middlebrook Criterion request 10 db margin
between the source and load impedances.

« This has proven a difficult target to hit when
considering all operating conditions.

INPUT IMPEDANCE

FREQUENCY

4

Excerpt from MIL-HDBK-241

A Voltage Mode Controller is shown
© 2024 VITO DERASMO 10



Voltage Mode Impedance

Match

 An EMI Filter is added to the Front End.

 The Resonance of the filter is carefully selected to be higher than the Resonance of the output filter.

* This maintains Margin between the input and output impedance.

28VDC_IN_ L1 L2 /\ /
[o) Py MO, YN, Py >VE }f / U

% roye o VAR,
V3 /
— C3 21

Viny == —
T = c2 = ca 600u RL1 e
T— 290 R1 ]
66u 88u {R_Damp} 800k ]

L3 L4 IC =28
VL- [o) MY, MY, >VF_RTN \u\_/u

|_

: . /N
PARAMETERS: 7\

LOut=4.4u N
Vin = 28 I
E_Spngl _3040k 1“gzpa(\|(u§;‘)/—[(uﬁ))3nv'|zpn(u(u6;—)/](u§)) ““““““““““ 1.08KHz :P.::ull: HHHHHHHHHHHHH 188KHz ~ 300KHz
N Sec=8

Phase = 2
R_Load = 0.192
R _Damp =1
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Voltage Mode Impedance

Match — Need For Margin

* Using Parameters, the input voltage is swept from 18V to 38V

* Margin helps to Maintain Stability
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Average Modeling for a Current

Mode Controller

The commanded Current from the controller is ip , The resulting average current is i;

1

. . 4 d
ip = i, + =% AT ,where AT = = x
L 2 Fow

Solving for d yields...
2Fqy L

vy

d=(ip— i) *

<D

This is a fairly simple equation, except for one problem... The inductor
<-D/2 voltage varies and requires SPICE to perform real-time division. There is no
such function in SPICE, so we must introduce a method.

L AN —

© 2024 VITO DERASMO 13



Emulating Division in SPICE

N_(Num) GAIN = 1000
E3 Following the schematic, we can write an expression

OUT]

Q = 1000 * (N — (Q * D)
We can now expand the equation

Q = 1000N — 1000Q * D
Gather the Q terms

D_(Den) O Q(1+ 1000D) = 1000N
Solve for Q
1000N
~ 1+ 1000D

We can see that Q is a pretty good representation of
division, as long as 1000D is much greater than 1.

Credit to George C Gallios who introduced this method
© 2024 VITO DERASMO 14



CMC Duty Cycle Generator

V7
35

{2*F_Sw*LOut}

ouT

Vs
Vo

0.1Vac

Implementing

ILS
.y 2Eswl
v D =(ip— i)+

vy,

0Vdc Ip

GAIN =1000

E3

* ip represents the Commanded

1.000
ouT

05 Current.
N "5 * ;s isthe measured inductor
O
0 —‘ current.

* Vg — Vg isthe inductor voltage
during the charge time.

UT_ —1mD
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CMC Plant AC Sweep

» Low frequency gain is flat. This is the
Commanded current times the load resistor

~. « Dominant pole at 750 Hz. This is where the
~ . output capacitor becomes dominant over the
— load resistor.

/

« Second pole at 125kHz, this is approximately %2
the switching frequency where the current
AN mode control process breaks down.

uuuuuuuuuuuuuuuuuuuuuuuuuuu

B —— ~ 7 "« Goal for this example is to design a control loop
to a target crossover frequency of 10 kHz.

* At 10 KHz, the plant gain is -31.5 db and the
phase is -90°.

© 2024 VITO DERASMO 16



CMC Controller

75 * Voltage sense has a gain of 2.5:12 or -13.6db
ooy Ef:zm ST el o - o - Current sense has a gain of 20 or 26db.
i FEEL = Es@; =@ = « Previous Page, Plantis -31.5 db at the 10 kHz
I T = " oan =20 desired crossover (Unity Gain)
—0 R8 ”CG —
S ° * GComplokHZ — _( Gy+Ges + GPlant_lOkHz)
o Geomprorn, = —(—13.6db + 26db — 31.5db) =
N — “ 191db=9.02X
VVVVVVVVV * Reomp = GComplokHZ *0.707 * Rpp
,,,,,, —
___________________________________________ * Reomp = 9.02 % 0.707 10k = 63.7k
........................................... 1
e | \\ * Ceomp = S5 Reomp
e s B ) B
Ccomp = Zriiokazeank 250 pF

mmmmmmmmmmmmmmm
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Current Mode Input Impedance

plot.

By changing the insertion point to the input, an input
impedance plot can be taken.

Input voltage and Current are measured.

________________________________________________________________ Spice performs the % math in the post-processor

tool.

| | | .. For this example, there is a 1 ohm impedance at 180°
phase shift.

eeeeeeeeeeeeeeeeeeeeeeeeeeee

Frequency
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Input Filter Match

Typical EMI Filter matched with Ideal Source

10db Target Margin is Achieved

L1 L2
o YY), YN, Py >VF
28VDC_IN 0-1u 0.1u
— IC =
1
LM
28Vde— c2 — C3 c4 00u
T f— f— RL1
66U 88U
g2u 800K
R1 7
{R_Damp} /
L3 L4 72
o e e) AN, >VF_RTN / \n
DC_IN_RTN 0.1u 0.1u /
e AN

nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn
O DB(U(U6 =+, UF_RTN)/-I(U6)) 0 DB(U(U6:-,UF_RTN)/1(U6))

eeeeeeeee
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Impedance of LISN Circuit

LL1 R10

P AAAA—W_‘D 28VDC_IN
50u 1lu

| | Ne |

— CL1

8u T
_ k RLISN1 0-25u \J
. ~ 0.1%mc, .
TN +>Vb § : }b
5

CL2 V7

RLISN2 Ovde

0

............ . */ — - LL2

s - - - MO VL-
o >oa ‘ 50u ‘ >\
PUCU7:-,DE_IH_RTH)/—1(R18)) . DB(U(U7:-,DE_IH_RTH)/-1(R18)} V
PARAMETERS:

-~ CL3 -— CL4
8u
Lout = 4.4u
R2 RLISN3 0.25u Vin = 28
F_Sw = 300k
5 R_Damp = 0.5
10004 RLISN4 —Damp

N_Prim =4

. Odb Oth at 159kHZ 50 N_Sec =7
» Breakpoint at 147 kHz toai-

Kl

N R_Load = 0.192

© 2024 VITO DERASMO 20



Impedance Match with LISN Added to Input

e *
—
/
/’*/
— LISN Impedance
e .
= Shown in Green for
" L K Reference
- . A
= I\
— [ F )
- Nl A
o \ 1 [
L \l[

nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn

rrrrrrrrr

Margin is reduced from 10db to less than 3db
A New Low Frequency Resonance is Introduced.

The LISN Impedance has become the Dominant Limiting Design Factor.
Must Re-Select the Dampening Network to Account for the LISN

© 2024 VITO DERASMO 21



Impedance Match with Updated Dampener

nnnnn

eeeeeeeee

e *
—
/
/’x/
/
e LISN Impedance
. Shown in Green for
— ——
= — N Reference

=~ [N

I <N\

= A/ N

L— \\[ ~

nnnnnn

Target LF Resonance to occur where LISN is 15db Lower than the converter. 300Hz.
e This allows for some level of Q Factor.
Calculate Dampening Resistor to Provide 10db Margin. R, = —10dbQ * 0.707 = 0.22Q

Calculate Dampening Cap to Resonate at 300Hz. Cp =

10 db Margin is restored.

1 _ L — 2400uF

© 2024 VITO DERASMO
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Power Supply Input Impedance With EMI Filter

Power Supply w EMI Filter, ZIn - 300W

’ * Input Impedance Measurements Are Taken
on a Similar Power Supply with a 350W
Load.

 The Dominant Breakpoint is a Result of the
Dampening Network.

Phase (deg)

1 ERaa'~ I e

: * We must now Match this to our power
' ' source.
-30 //——/\__/—

Frequency (Hz)

© 2024 VITO DERASMO 23



Power Source Impedance is a Concern

Many 0-60V Sources Have Acceptable Output Impedance for their expected Load

Range.

Wide Range Sources Designed for Transient Testing Need to be Evaluated.

bQl)

5250VA Wide Range Transient Source

00000

© 2024 VITO DERASMO

The Graph shows the Measured Impedance
of a 5.25KW Transient source.

It will have difficulty Powering a 750W+
Power Supply.

Crosses 0db() at 5kHz
Violates 10db Margin at 1.5kHz

Wide Range Sources are also designed for
High Voltage Transients. Manufacturers
are reluctant to install low impedance
components.

24



Working with Wide Range Sources

* When Using Low Range Mode — Add a High Capacitance to the Output

5250VA Wide Range Transient Source - w/2200uF

40 180

» * Impedance is Dramatically Reduced.

 Dominated by the added Capacitor for most
of the range.

g /‘\ wyﬂ"' * Resonance Occurring at 600Hz.

20 90

(dbQ)

== |mpedance

Phase (deg)

= Phase

d Output Imped:
(=]
(=]

=
2 -10
o

-45

-30 -135

)

-40 -180
100 1000 10000
Frequency (Hz)
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Effect on Performance

* Adding this Capacitor does not come without a cost
* |t interferes with the basic function of the Transient Generator.

e 5250VA Transient Generator 5A load No * 5250VA Transient Generator 5A load with 2200uF

Capacitor Capacitor.
. * Edges are Slowed
* Approximately 2V Overshoot and undershoot
i ”pp e y Teldronix ¢ (Overshoot dramaticallv increases
i w mm] [Muﬂn] File Utility Help Tektronix
I I c Measure
. - lr 4 ! S
@ —
Meas 1 G v s:c Table
60 v 'I‘_“::' m)
Horizontal Zoom Scale: (@) 200ms/div | (% ) © =)  (50x zoom) Zoom Position: () 24.956 % | ( x_‘ Mm_l-. i | . L1800 V J
(73 591y | Horizontal Zoom Scale: () 2.00 ms/div C+ ) [ (50x zoom) i Zoom Position: () 24.956 % X Mm—::.
T 300V I L asav
4_ T 300 V|
T 200V ! +
bi . 1 200V
B oov|” i :
! 1 100V
W SAC P S S S SR S 1
Y 0.00 v &) s 1 000V
00V !
-0.0V
-200 V
4 I 200 V
! 300 V o
10.0 V/div l:‘ugmr::f: fi gg 2499 ::hunm | [ ] — T T J (7 ‘Forizontal | [Trigger [0 [Acquisition | [ -
a Sho500 M/s | | PF Re eject single: 171 &7 10.0 V/div [ 5 ] 5 “ o | ape WOmsidiv | 242V High Res -
200 MHz | | RL:5 Mpts | ] L] Bus SR:5.00 MS/s | HF Reject Single: 1/1
200 MHz | | ) . |RL:5Mpts | )&

© 2024 VITO DERASMO 26



Minimize Over-Shoot

* Impedance Match Acceptable.
 Compromise by adding series RC instead of pure Capacitor. .p. P .
* Eliminates Overshoot and improves Slew Rate.

* Reduces Load on the source.
e Reduces Source impedance for Downstream Power Supply * Limits Peak Load
* Dampening Resistor Must be Robust — Desing for Ip
 5250VA Transient Generator w/2200u and 0.3Q Dampener being Continuous.
= — = ‘ ¥ | q r% N 5250VA Wide Range Transient Séurce N
a0 W ll“" l;:::s ]
M:;s'l o 20 | 135
Horizontal Zoom Scale: (@ 200msidiv )  © % ) [ = )  (50x zoom) Zoom Position: () 24956 % ) C X LII
: E n‘:av |
7\ 30‘0:— g /—\“M
V SRC + + ' — — + + + _ + + + — R — R R R 000V E:_;;, °1 v g :Lr::j:ante
T o [ . |
_gﬁuMHz {7r7ﬂr ;IE;:;!FI:IIS!. HF Reject Single: 111 | ol ! - . - - = . ! -
Frequency (Hz)
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A Word of Caution for Dampeners

* Make sure Dampeners are properly sized.
* This applies for Internal Dampeners and Dampeners that are part of a test setup.

* The Change in energy level in the dampening capacitor will be dissipated in the dampening resistor

for every transient.
* Conducted susceptibility testing will add stress to dampening components.

© 2024 VITO DERASMO 28



Review — Topics that were covered.

* Power Supplies Present a Negative Input Impedance.

* Impedance Matching Needs to be Considered.

* An Average Model for Voltage Mode for SPICE has been provided.
* Areal time SPICE division Emulator was presented.

* A method for Emulating Average Duty cycle for current mode controller was
presented.

* ‘Middlebrook Criterion’” from MIL-HDBK-241 was referenced.

* LISN Impedance Identified as a Major Design Consideration.

* Impedance of Transient Power Sources need to be Evaluated.

* Expect to Add Dampening Networks to High Impedance Power Sources.
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