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Many varieties of variable damping-factor control have appeared in commercial high-fidelity
amplifiers during the recent past. This paper discusses and categorizes the different forms, intro-
ducing an analysis of a general nature that is applicable to all present configurations. General
equations are developed for the design of any type of circuit utilizing current-voltage feedback
control of amplifier source impedance, whether it be fixed, semi-variable, or continuously variable.
A new improved type of variable damping control characterized by a broad range of adjustment

and simplicity of circuitry is described.

iNCE THE introduction of the variable damping control

in March 1954, a great amount of interest has been
chown both in the effects of damping on loudspeakers and
in methods of controlling power-amplifier source resistance
to obtain variable damping. The effects of damping on the
loudspeaker have been treated elsewhere.? The contention
that some form of variable control is desirable is indicated
by the fact that the majority of the quality power ampli-
fiers now on the market incorporate this feature. The vari-
ous control circuits take the form of several configurations.
A4escribed in terms of function, they are:
“ 4, Switch activated with selectable but fixed positions
such as 4-2, 20, 2.

B. Continuously variable, covering a range from the
normal damping factor of the amplifier down to some lower
po-itive value such as +20 to +0.1.

¢. Continuously variable, covering a range from the
normal amplifier damping factor up to a higher positive
or even a negative value (beyond infinity the values be-
come negative) such as +20 to infinity or to -2,

D. Continuously variable, covering a range from below
to above the normal amplifier damping factor, such as
=01 to -L5.

The expression “normal damping factor” is used here to
denote the inherent damping factor of the amplifier prior to
addition of current feedback. All variable damping controls
in use at present operate on the principle of introducing a
feedback voltage that is proportional to the current passing
through the amplifier load; this voltage is mixed in con-
trolled proportions with the overall negative voltage-pro-
portional feedback voltage.
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The relationship between source impedance and damping

factor may be stated as follows:

=2 (1)

DF :

where Z, is the amplifier source impedance, Z; is the load

impedance, and DF is the amplifier damping factor. As is

evident from eq. I, an amplifier DF range of from 0.1 to

—1.5 {related to a 16-ohm load) is equivalent to a source
resistance range of from +160 ohms to ~10.7 ohms.

The example given above pertains to the D-type of con-
trol circuit which provides for introduction of controlled
amounts of either negative current feedback or positive
current feedback. Type A does this also but is not con-
tinuously variable. Type B utilizes only negative current
feedback while type C makes use only of positive current
feedback. This paper treats only the two variations of
the type D configuration, inasmuch as such an analysis is
applicable to each of the other three types merely by re-
striction.

TWO POSSIBLE SYSTEMS

Let us examine the mechanism upon which the two sys-
tems of each of the aforementioned configurations are based.
This can be clearly envisioned if we look at the method
used to measure source resistance (or regulation). The
source resistance of any circuit may be defined in ferms
of the variation in output voltage between loaded and no-
load conditions.

_ zl (Eo_Ec)
E.

Z, (2)

where E, is the output voltage with no load and E, is the
output voltage under load.
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It may be seen by inspecting eq, 2 that we may choose
whether we wish to keep either E, constant or E, constant
as source impedance, Z,, is varied. In a system designed
to keep E, constant, the damping control wiil have no effect
on the output voltage under a condition of no load but will
produce a variation in output voltage when the load is
connected. In a system designed to maintain E, constant,
the damping control will produce a variation in output
voltage with no load but will have no effect on the output
voltage with load connected.

E,-CONSTANT SYSTEM

The E,-constant system can be used to advantage if a
filter is employed in the current feedback circuit to restrict
the gain variation and damping control to frequencies below
roughly 300 cps. It is in this region that damping is most
needed and most effective with the average loudspeaker.
The gain variation can be utilized advantageously to equal-
ize for low-frequency attenuation resulting from speaker
overdamping or for low-frequency accentuation produced
in an underdamped speaker. This system is shown in Fig, 1.
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Fi6. 1. Equivalent cireuit of F,-constant system for gain analy-
sis,

CIRCUIT ANALYSIS

Figure 1 shows the equivalent circuit of an amplifier
driving load Z;. In the load return, a bridge circuit com-
posed of Ry, Ry, and Ry has been inserted to sample a
voltage that is proportional to the current through the load.
When the slider of potentiometer R; is in position I, the
current feedback is negative and adds to the negative voltage
feedback. In position Z the current feedback is positive and
subtracts from the negative voltage feedback. Position 3
balances the bridge and there is zero current feedback.

GAIN ANALYSIS

The gain, 4, of a feedback amplifier is defined by

.4
1-AA

where A4 is the gain with no feedback and X is the feedba
factor. Let the following assumption be made:

Ri+R:>>R,
R; 3 R» >> RI
Rf = Rﬂ + sz

B =_.£_

Ri+ R:

The voltage distribution about the loop can be expressed -
AE=I(R,+ Z,+ Ry) («

The voltage, E, applied to the input of the amplifier is tt
sum of the signal e, and feedback Ej, voltages,

E=e¢+E!b (5

When the slider of R is in position 3, no current feedbaci
is introduced. The total feedback voltage Ej, is

En=1Z8 113
and Eﬂ. = -AE.M (7

where A3 is the feedback factor in position 3. Combining eqs
4,6, and 7,

(

.z
Ry, + 2+ Ry

When the slider of R; is in position 1, negative current feed-
back is introduced. The total feedback voltage is

Ep=1{Z8 4+ Rn(1-8)] %)
Ejp=-AEn (10)

where A; is the feedback factor in position 1. Combining
eqs. 4, 9, and 10,

A3 (8

and

_ZB+Rn(1-p)
R, + 2+ Ry

When the slider of Rj is in position 2, positive current feed-
back is introduced. The total feedback voltage is

Ep=1I1{(Z,+ R)B-Rp{1-8)) (12)
Eﬂ; = —AEJ\Q (13)

where Az is the feedback factor in position 2. Combining
eqs. 4, 12, and 13 :

A= (11)

and

-
3

_(Zi+ R)B-Rp(1-) .

Ry+ Zi+ R, 3
By substituting A;, Az, and A; in general gain eq. 3, the
gain A’ of the amplifier may be determined for each case;
It can be seen from inspecting eqs. 1 and 2 that for a DF

Ag =
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of from +2 to -2, the loaded output voltage variation

¢
e db as the slider of R3 is moved from

will be 3:1, or 9.5
position 1 10 position 2.

SOURCE IMPEDANCE ANALYSIS

Ficure 2 shows the same equivalent circuit as in Fig. 1,
with the exception that the signal input terminals have been
.horted and a current generator has been substituted for
the load. The assumptions are the same as for the gain
analysis. The voltage developed across the current gen-
erator will be

E.=1IR,—- AE + IR, (1)

wWith the slider of Rs in positien 3, no current feedback is

introduced. The voltage E applied to the amplifier input
terminals i3
E=Ep (16)
Combining egs. 15 and 16 and solving for E, /I,
zo= Rt R (17)
1+ A8

With the slider of R; in position 1, negative current feedback
i~ imtroduced. The voltage applied to the amplifier input is

E:EJ.B—I'RH (18)
Combining egs. 15 and 18 and solving for Ey/f,
R R;+ AR
Z, = ¢+ R+ ARp (19)

14 48
With the slider of Ry in position 2, positive current feedback
i~ introduced. The voltage applied to the input terminals is

E= (IR,- AE)8 + IR,» (20)
Combining egs. 15 and 20 and solving for Ei/7

Rg

-AE
Yol

i

-—

Tii. 2. Equivalent circuit of E,-constant system for source-im-
Predanee analysis,

A (R,8 4+ Rys)
1+ 48

E,-CONSTANT SYSTEM

This system is capable of a greater range of control than
the E,-constant system which has been described. Another
obvious advantage over the E,-constant system lies in its
ability to permit a constant amount of negative feedback
to be maintained around the amplifier regardless of the
setting of the damping control. Hence, amplifier distortion
is not a function of control adjustment. The circuit con-
figuration is shown in Fig. 3.

Zo=Ry+ Ry~ (21)

CIRCUIT ANALYS!S

It can be seen from Fig. 3 that the bridge is arranged so
that the arm of potentiometer R; can sample at one end of
its travel, position 1, a negative feedback voltage that is
1009 proportional to load current. At the other end of
its travel, position 2, the arm samples combined negative
voltage-proportional and positive current-proportional feed-
back voltages. If the value of current feedback resistor, Ry,
is selected to introduce the amount of negative feedback re-
quired by the amplifier design, and if the difference between
the negative voltage feedback introduced by the voltage
divider consisting of resistors R, and R. and the positive
current feedback introduced by resistor R;» is made to have
a net negative phasing and is equal in amplitude to the
voltage developed across resistor Ry, the gain, A°, of the
loaded amplifier will then remain independent of the position
of the arm of potentiometer Rj.

GAIN ANALYSIS

The assumptions made in the analysis of the E,-constant
system are also applicable to the analyses which follow.
Equations 4 and 5 also apply.

Pure negative current feedback is introduced when the
slider of R is in position 1. The total feedback voltage is

Efb — IR]] (22)
and Ep =-4EN (23)
where Ay is the feedback factor in position 1. Combining
eqs. 4, 22, and 23,
R
M=—— (24)
R, +Z;+ Ry

Combined negative voltage and positive current feedback
is introduced when the slider of R; is in position 2. The total
feedback voltage is

En=1I1(Zi+ R;)B—IRp (25)



12 JOURNAL OF THE AUDIO ENGINEERING SOCIETY

Rq 1
E J
" AE 2\
L
E; Ry
@, .1, :@
— e
Eli d Ry
< Rz
n
Rfz R4t

Fi6. 3. Equivalent circuit of E,-constant system for gain analy-
sis.

and Efb = —AEa\z (26)
where Ap is the feedback factor in position 2. Combining
egs. 4, 25, and 26,
Z -R
2=_( 1+ Rp)B~ Ry 21)

R+ Z,+ Ry

The values for A; and A; given by eqs. 24 and 27 may be
substituted in general gain eq. 3 for determination of gain,
A, of the amplifier.

To make the gain, A’, remain constant as the slider of R;
is moved from position 1 to position 2, make

Al = Az (28)
Combining eqs. 24 and 27, we see that
Rpn=(Zi+ Ry)B- Ry (29)
or = -——-——Rn o+ Rre (30)
Z,+ R,
This can be stated in final form giving all parameters as
Re= Ry (Rflz+ Ry2) G1)
i

Inspection of eqs. 2 and 3 will indicate that the change in
output voltage throughout control rotation under no ioad
will be the same for an equivalent DF range as that for the
loaded E,-constant system, or 9.5 db for a range covering
+2 to -2.

SOURCE IMPEDANCE ANALYSIS

Figure 4 shows the equivalent circuit of Fig, 3 with signal
input terminals shorted and a current generator substituted
for the load. The assumptions are the same as in the gain
analysis. The voltage developed across the current generator
is given by eq. 15:

Ey=IR,- AE + IR, (15

The slider of Ry is set at position 1 to introduce pur
negative current feedback. The voltage, E, fed back t
the input, is

E=— —IRn (32
Combining eq. 32 with eq. 15 and solving for E,/I,
Z,1 = R, + Rﬂ + ARJ-]_ (33

When the slider of Ry is set at position 2, the cormbiner
negative voltage-proportional and positive current-propo:
tional voltages that are fed back can be expressed as_

E= (IR,- AE)B + IRy (38)
Combining egs. 34 and 15 and finding E,/I,
A(RB+R
Zo=R,+ R, - 2 LB+ Rn) (35)
1+ 48

which is, as may be expected, the same expression obtainec
for the source impedance of the E,-constant system with the
slider of R, in this position.

CONCLUSIONS

The foregoing presentation, in the author’s view, indi
cates that the E -constant system is superior to the E,-con
stant system on the following points:

1. System distortion remains constant and is independen:

of damping control adjustment.

2. With load connected the output-voltage level does not
vary with damping control setting.

3. The range of source-resistance control is greater for
the same values of the parameters Ry and Ryy. This i
an important consideration inasmuch as a finite frac-
tion of the amplifier power output is dissipated in the
current feedback resistors.

L) R;,
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Fia. 4, Equivalent circuit of E,-constant system for source-im-
pedance analysis,
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The only possible objection to the E.-constant system as
compared with the E,-constant system is that the former
peovides no means to equalize for speaker response. How-
ever, such equalization must of necessity be a compromise
if a single fixed network is employed. It has been found
‘rom experience that, in general, any such equalization that
is required may be readily introduced by use of the bass
tone control. More precise equalization, such as is obtain-
able with an insertion device having a variable inflection

frequency, may be desirable in some cases; however, such a
need is dependent on the characteristics of the loudspeaker
system.
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