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| dedicate this story to David Herres from electriciansparadise.com
who appr eci ates creative thinking...

| nventing Circuits on the Whiteboard...

How to Compensate Resistive L osses by Series Connected
~  Negative Resistor (Reinventing Negative | mpedance Converter)

We have already known what thasic ideabehind an odd negative Internal links:
resistor is, how to make negative resistors and howegative resistor| 1 starting point: Real voltage source unloaded
actually works. How, we would like to know where wan apply these
exotic elements and what the benefits of thesaagtjgns are.

In this story, | will show to you one of the mosbpular negative
resistance application - compensating resistiveel®sThe best way tg  4.Making a negative resistor

present this technique is to show the evolutiothefinitial real voltage 5. Another problem: Long line resistance
source circuit into thénal NIC circuit. Following this approach, | will
show in eight steps how we can compensate undesisisdive losses by
using a series connected current-driven negatisisteg. Applying this | 7. Comparing the three sources by visualizing theageitdistribution
remedy, first, we will convert an imperfect real voltage sounsih 8. Negative resistance implementation: NIC

internal resistance Ri into an almost ideal drteen by using a negative
resistor, we will compensate also the power logggess a long line
having some resistance. Rinally, we will compare this technique with 10.Formal explanation (if we were bad teachers...)
the classical negative feedback compensation,dardio show what the
advantages and disadvantages of the two approackes

As usual, in order to feel how a negative residtmes this magic, we will
place ourselves in its place and begin perforntmduinctions. Actually, Color key

this is another exciting story about reinventinggative impedance| Links: this pageother my pageexternal multimedia handmade
converter(NIC). | hope you have fun.

2.Problem: Real voltage source loaded

3.Remedy: "Helping" the input voltage source

6.Remedy: Increasing the negative resistance

9. Comparison with negative feedback implementation

Text: analogiesconclusions

Cyril
top< prevstepi-2-3-4-5-6-7-8-9-nextstep>end Starting point: Real voltage source unloaded

A real voltage source has a voltage ®nd an internal resistance.
the beginning, imagine that there is no load cotew¢or, the load has
an infinite resistance e.g. a digital VOM). So,rthés no current flowing

through the circuit and there is no voltage dropose the internal inlernad resisdance
resistance Ri. As a result, the output voltager\s equal to the input
voltage W. We may conclude that actually the imperfect nedfage TSR
o RIS dhere is np current

source placed at ideal no-load conditions actsnadeal voltage source
(Vour = Vin).

An imperfect real voltage source placed at idealoadl conditions acts
as an ideal voltage source.

Indeed, it sounds strange but yet it is true: titernal resistance Ri is
not a resistance as there is no current passingghrit. In other words,
there is resistance, if there is something to tresis

In confirmation of this phenomenon, we can see anyncases of our
routine thatsomething bad is really bad, if there is an opportunity to
evince itghigher wickedness. Water analogy: the water pressure along
the capped pipe is the same no matter of the fepmsgtion (of course,
excepting the completely closed position:).

reaf '.'afé.'ags- Source !bn‘fm-;!a-otj

ov-zero vollage feved (ground)

top<prevstepl-2-3-4-5-6-7-8-9-nextstep>end Problem: Real voltage source |oaded
In nature, power sources are limited. So, if walleamething (a being, 4
device etc.) operated by a real power source, /dfffee droops.
Mechanical analogy: if we (over)load a car, it decreases its rate |of
movement.Water analogy: if we open the faucet, the water pressure
falls. Human analogy: if something (over)loads us, we droop:)

Problem. Similarly, in electronics, we usually deal withatédoads having
some finite resistanceLRSo, a current | = M(Ri + R) flows through
the circuit and a voltage dropriV= |.Ri appears across the interna
resistor Ri when we load the real input voltagerseu From another
viewpoint, the internal resistor and the load cituist a voltage divider
with ratio K = R/(Ri + R.); as a result, the output voltageu drops
(Vour = Vin - VRi). What do we do, in order to solve the problem?

Classic solution. Of course, we may connect a voltage follower befor
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the load, in order to decrease the current | (tcreiase the load
resistance). But what will we do in a case of agtnioad when the line
resistance will evince? Or, imagine that we haveaegess only to the|
one (the active) wire...

Suggestion. Remember we had the same problem when we w
reinventing theransimpedance amplifieThen, we used a powerful ide
(removing a voltage by an "antivoltage"). Can welnghis trick here?
Let's try.

http://www.circuit-fantasia.com/circuit_stories/emting_circuits/ser_

real -.mf{aga source {-foadao‘,)

If we load a real voltage source having internaistance, it droops.

top<prevstep1-2-3-4-5-6-7-8-9-nextstep>end

Remedy. What can we do in real life when something (opsddby a
real power source) droops? We can just help it. tR@ purpose, we
usually use an additional power source, which "$iethe main source
by compensating only the local loss&unny analogy: if there are
clouds in the sky or the windows are dirty and we lazy enough to
clean them:), we switch on additional lamps inslieroom to "help" the
sun.

Implementation. Let's now put this powerful idea into practice.

Following it, we have to add so much voltage % Ri.l to the input
voltage W, as much as it loses across the internal resistRndor this
purpose, we can place an additional supplementattety Bi in series
to the resistor Ri and adjust its voltage so thatVVki. As a result, the
"harmful" voltage Wi and the resistance Ri disappear; the output geltz
Vour becomes again equal to the input voltage. Excellent! The
"helped" real voltage source has become an idd&gemsource with Ri
=0!

What a wonderful trick it is just add an adjustable battery in series
with the imperfect voltage source and make its voltage equal to the
voltage drop acrossthe sourceinternal resistor!

Reinventing transimpedance amplifier

Remedy: "Helping" theinput voltage source

oy

b Vg Vi =—Ri.f —
' helping' wilage

gouree

—Vg;

h

|
real voliage source

A voltage source with ¥= -Ri.l neutralizes the voltage drop: ¥ Ri.l.

top<prevstep1-2-3-4-5-6-7-8-9-nextstep>end

Problem. Only, how do we adjust the compensating voltage=VVri?
When we were reinventing th&gansimpedance amplifiewe were
observing the voltage dropxMand were keepingiMequal to it. We were
doing that by subtracting the two voltages and olisg the result - the
virtual ground in point A (i.e., we were applyingiagative feedback)

Remedy. Now, we can't apply this technique just because cap't
measure the voltage drogi\(unfortunately, the internal resistance Ri
hidden and distributed inside the source). Wellaivban we do then?
We can only measure the current flowing through dheuit. Eureka!
We have just to restore the voltage dropafter the current | and then
to measure this "copy" instead the "original"!

General idea. We can see this powerful idea in our routine wien
want to compensate some harmful but inaccessidatiy R. In these
cases, we first create a copy of the harmful gtiarifhen, we produce
two times bigger useful quantity (-2R), in ordercmmpensate both the
copy and the original quantity (R + R - 2R = 0).

Implementation. For this purpose, we need an additional curre
sensing resistor R = Ri acting as a passive cuttembltage converter
and a "helping" voltage source+.BThe "copy" resistor R converts th
flowing current | into proportional "mirror" voltagdrop % = R.I = Ri.l
= Vri, which drives the compensating voltage souree|Bhas first to
compensate the "mirror" voltage drog;\then, to add an additiona
voltage -\4. So, B:i has to act as a "doubling voltage source" prodyain
voltage W = -2Ri.l. As a result, the whole circuit will aes a current-
controlled voltage source producing a voltage. -But this is just a
negative resistdrA current-driven negative resistor -Ri "neutrallzése
series connected "positive” one Ri
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Implementation: Making a negative resistor
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Recipe: In order to compensate a "positive" resistor R, edderies a
negative resistor -R

What do you think? Can we enlarge this powerfub®i€or example,
can we create in this manner more negative compgsnannegative
capacitor (adding a voltagec)V a negative diode (adding a voltage V|
etc.? | think we can.We have just to use the rdasgeelement (a
capacitor, a diode etc.) as a "copy" element. Budtvis the use of doing
that? | don't know ye) Help me!

Current-to-voltage passive conveltAnalog electronics 2004Class 2
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top<prevstep1-2-3-4-5-6-7-8-9-nextstep>end

Compensating the internal "positive" resistance byi an external
negative resistor -Ri we have managed to assemblalraost ideal
voltage source with &t = Vin.

| Real voltage sour ce + negative resistor = ideal voltage source |

Another problem. Only, a new problem arises when the load sta
away, the wire is thin (it has significant resistepand a big current |
flows through the line. This situation is similar the discussed above +
the perfect voltage source that we have createdrantihe resistancelR
constitute a real voltage source again. As a resuiew harmful voltage
drop W = I.R appears across the line resistancea®l the output
voltage \bur drops again (Mt = Vin - Vr).

What do we do, in order to solve the new problenzd/ib&, we have to
connect in series another negative resistor haeisigtance M:)?

Another problem: Long lineresistance

ov

-— —Vﬁ = —‘p’gé —

p— Vs _'_"_VR:VP" =2+

neaadive resistor -B

v REeRL
.

I: Ve -

real vol{age source

G

top<prevstep1-2-3-4-5-6-7-8-9-nextstep>end

Remedy. Well, | see that you have already guesséd course, we may
just increase the negative resistance -R -(Ri % IR order to

compensate both the internal resistance Ri andiriberesistance R

LEt's do it!

As a result, the doubling voltage source Begins producing higher
"helping" voltage ¥ = -2(Ri + R).I. A portion of this voltage
compensates the voltage drop across the "copystoedR; the rest part
compensates the voltage drops across the intezsmtance Ri and the
line resistance RAs a result, the output voltage becomes againléqua
the input voltage .

Note, that the previous ideal voltage source witlindernal resistance Ri
= 0 "lifts" its output voltage with the value,\th order to overcome the
line resistance RSo, it acts as a voltage source with a negatiternal
resistance -RThe load is supplied by a new ideal voltage sewvith R
=0!

Conclusion. A negative resistor with resistance -R neutralRegart of
the whole series connected "positive" resistaBig. what happens, if
we go too far trying to compensate the whole of 'thesitive" circuit

Remedy: Increasing the negative resistance

ov

= =Vo=-{Ve; +Vpe)
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resistance (including the load )Ry increasing the "copy" resistance to R).

the value R = Ri + R+ R? A suggestion: is there any feedback here?
yes, what kind is it?

A negative resistor -(Ri + Rneutralizes the "positive" resistance (Ri

+

top<prevstep1-2-3-4-5-6-7-8-9-nextstep>end

Comparing the three sour ces by visualizing the voltage distribution

We have already investigated three kinds of volsmerces: a real voltage source with "positivegiinal resistancesiep 3, an ideal voltage source
with zero internal resistancetép 3 and an odd voltage source with negative intemesistancestep §. Don't you think that it would be interesting t

compare their behaviors by investigating the saietevarying load? Well, let's do it.

Making things mor e attractive. So far, we were visualizing the "external” voltaged voltage drops across the leads of the compo(@e couldn't
"peep" inside the elements). Now, we have the wi@s Ohm, two century ago) opportunity to "fe@k tocal voltages along the line and then
build the voltage distribution (voltage diagranm).this attractive presentation, each local voltdigi is represented by a local bar with correspandi

height. For simplicity, we will draw the envelopEtbe voltage diagram.

"Inventing" voltage diagram (animate®pltage diagram (animatedReproducing the Ohm's experiment

to

Well, let's begin with the worst case: a real vggtaource with internal
resistance Ri drives a load through a long lind wéisistance R

In the beginning, set the load resistancetd high or just disconnect
the load. As we have expected, the output voltageniost equal to the
input voltage (sestep J.

Now, begin decreasing the load resistanceARcurrent | flows through
the loop. The internal voltage drogi\increases and the real voltage
source droops. In addition, the voltage drapaéross the line increases;
the local voltages along the line decrease gragérain left to right. As
a result, the output voltage goes down consideralalyr = Vin - Vri -
VR

A voltage sour ce with " positive" internal resistance

posilive indernal resislance

Rt

L 7a ——

T B Lowg £ime
7 I W distrifution
B e — — |
i o g — — )
Voo 2L Ve e Y o ———
il ,I'rzzonma. Vi Ve

o §

> wellage source wilh ‘porilive R

After, let's investigate the better situation: deal voltage source with
zero internal resistance drives the load through ling line with
resistance R

Now, there isn't voltage drop inside the voltagerse. So, when we
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A voltage sour ce with zero internal resistance
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decrease the load resistancedRly the voltage drop &Wacross the line
increases. As above, the local voltages alongitieedecrease gradually
from left to right. But now, only the right end tiie voltage diagram
moves vertically; the left end is fixed ai\fevel. As a result, the outpu
voltage decreases moderatelyguV= Vin - Vri.

Note that the ideal voltage source "looks" onlyeafits own output
voltage; it is not "interested" in keeping the aglt across the loack\=
Vin.
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Now, let's scrutinize the most interesting situatia voltage source with
negative internal resistance: @Rives the load through the long line wit
resistance R

Wow! What does the voltage source do when we dserd¢he load
resistance R Look, it raises the left end of the voltage déegrso much
that the right end stays fixed atvMevel! The voltage source does th
magic by increasing its voltage with the value Vso much as it losses
along the long line. As a result, the output vadtagmains equal to the
input voltage: Mur = Vin + Vri - VR = Vin.

It is wonderful trick, isn't it?

) _p-negadive ind {
/.’&; 235 T ——— wtlage disirifulion
SR —— e =
S |/J__ N S e— = == — = g
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A voltage sour ce with negative internal resistance

ernal .resisdamce”

L

%Uefﬂ.ruge source wilh r!eqq-!'of'ﬂ-?—li_}(' =8y

Finally, don't you think that it is interesting feeep inside the voltage
source with negative resistance? Let's do it then!

The "copy" resistor R converts the flowing curréribto proportional
"mirror" voltage drop ¥ = R.l, which drives the compensating voltag
source B (an amplifier with K = 2). As a result, the doulgjivoltage
source B produces an additional "helping" voltagei B -2.R.I. A
portion of this voltage compensates the voltage droross the "copy"
resistor R; the rest part compensates the voltagpsdacross the ling
resistance R As a result, the voltage source with negativeerimal
resistance raises its output voltage so that the \mltage V stays equal
to the input voltage (Mt = V).

D

Peeping inside the voltage sour ce with negative inter nal resistance

—negative inlernal pesistance -RE

__\,'DE lage zitsér-igstzé 7]

Al + Vg

Vi Vo = UL/
Lo

[:=

e

>Cyeblage source wild negalive R;

-Rg

top<prevstep1-2-3-4-5-6-7-8-9-nextstep>end

Building the circuit

It's time to assemble a real practical circuit withgative resistance
which compensates the resistive losses inside traiitc Let's for
example realize an op-amp version of an ideal geltsource with zero
internal resistance by following the basic eleétricircuit Step 4. Here
is the building "scenario”.

First, we have to connect in series with the "originaférnal resistor Ri
a "copy" element producing a "mirror" voltage drép. Of course, it
will be a "positive" resistor with the same resigta R = Ri.

Then, we have to include in series with the "copy" s&si R a "helping"
voltage source. For this purpose, we may use thpubwpart of a
properly supplied op-amp OA. For clarity, the citds "flying"; it has an
internal ground, which is the middle point of thitspower supply.

Finally, we have to make the op-amp produce two timesehightput

voltage \ba than the "mirror" voltage droprR/= Vri across the "copy"
resistor R. The op-amp will do this "magic", if weake it compare 1/2
of its output voltage % with the "mirror" voltage drop ¥= Vri across

the "copy" resistor R. Aha, a voltage divider cetisg of two equal
resistors R and connected between the output a@dhdim-inverting

intput will work fine!

Negative resistance implementation: NIC

£
|'. . +
"‘lln’_"'_ DQI.
GV\\- = .c‘fl eV
i _yrr-s-a‘f w*’f’.+'_cc:5:-;- source Srlerrat o
grownsl

In an NIC, the op-amp acts just as a small battery, which adds so
much voltage asit loses acrosstheresistor Ri.

Circuit operation

When we apply a positive input voltages\d current ik begins flowing
through the circuit in directionivV> Ri > R > op-amp output >RAs a
result, a voltage dropRappears across the lower resistor R and the |
Rv.. If the op-amp is slow enough, it does not reddhe first moment.
Its output voltageYs remains zero (toward the internal ground) and
positive voltage ¥ = (R + R)/(Ri + R + R) appears (toward the
external ground) at the inverting input. The op-amptes" that and
reacts: it begins decreasing its output voltagesioyking the currentnl
and continously comparing the voltage drops actiosswo resistors R
connected between the output and the two inputs.
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The op-amp stops when it manages to zero the ‘eoltdifference
between its inputs (0.5% - Vri = 0).At this moment, the output voltag
is exactly as much as neededA¥ 2\k). The voltage is connected in
one and the same direction (n W, - Voa +) with the input voltage V,
pado that the two voltages are added.

Question. Maybe, you have noted that there are two feedba
a(negative and positive) in this odd circuit. What ybu think? Can this
connection cause a problem with the stability?

Answer. The positive feedback returns a voltage ¥ R/(R + R) =
0.5Voa to the non-inverting input; the negative feedbaekirns higher

voltage \() = (Ri + R)/(Ri + R + R) to the inverting input. As a result,

the negative feedback dominates; the circuit islsta
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top<prevstep1-2-3-4-5-6-7-8-9-nextstep>end

But we have already solved the same problem (cosapiwy resistive
losses) when we were reinventing the famous ciafudttransimpedance
amplified Then, what is the difference between the twouwis®? What
circuit is better?

Transmpedance amplifier. The op-amp of a transimpedance amplifi
compares its output voltagdirectly with the "original" voltage drop
across the "harmful" resistance. In this way, it s@mpensateexactly
the resistance even when it varies (e.g., becausenperature or length
variations). Only, for this purpose the op-amp reech additional
voltage sense wire, in order to "observe" the airground in point A by
its inverting input. Unfortunately, in many cases {n our case above)
this point is just inaccessible!

A transimpedance amplifier consumes power onlyrafPVkil.

Negative resstor. The op-amp of an NIC compares its output voltag

Comparison with the negative feedback implementation

/

ov =0
inbernal R4 | e
. . groune \ 3 | =
,1.—-"_5?:&“.’1_ vaﬁéage sensa 0A
/ A Ri—\ ' y i
/ '—:}\/IV\J‘ =% \-l' =
I."' 1"'i?-i[. s +
] =W
| Vo, | Vin e ""rn-l7l"rn B.
\ - Vin / zero’resisdor
\ 1= . /firansimpedance amp?ifier,) N
PR o i i .’ A
T — exdernal ,..‘l_
e 4 ground

with a "mirror" voltage drop across a "copy" resigte instead with the
"original" resistance (it "supposes” that the tvesistances are equal).
But what happens, if the "original" resistance @s?i The op-amp will be
misled and an error will appear. Only, a negatiesistor has an
advantage - it has only two terminals; so, it neaulg two wires (it is a
1-port amplifier).

An NIC consumes two time more powemiP= 2Vk.l = 2Pra) than a

transimpedance amplifier since it has to compensatevoltage drops
Vri.

Wi
read voldage source

A transimpedance amplifier is another circuit, whican compensate
resistive losses by means of negative feedbacks Iprecise and
economical circuit; only, it needs an additionatage sense wire.

top<prevstep1-2-3-4-5-6-7-8-9-10- next step >end

Warning: this is only a humor! Don't you think that all these
explanations, analogies, voltage bars and diagremnsent loops etc. are
unnecessary? Instead, especially if we are teachers who dike'tto
waste our time in explaining circuit phenomenattments (I know such
teachers), we can just say, "Connect in seriesthétpositive resistor R
a negative resistor -R, in order to get zero rasst (R - R = 0)."

How simple and clear it sounds! How convenientléaturers it is! But
how nonundestandable for students it is! Eveneifback up this formal
speculation with all kinds of formulas, it will rexim nonunderstandable
because the basic idea of the phenomenon is hidden!

| hope you don't do that! If you think so, | wilekglad to get in touch
with you.

Cyril
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Formal explanation (if we only were bad teachers...)

ircuits> series resistive losses compensation

Last updated April 7, 2007
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