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Connecting a speaker
to an amplifier isn’t
Jjust a matter of linking
a piece of wire. There
are reactances,
impedances and phase
to consider - all
conspiring to upset
stability. Ivor Brown
shows how to avoid
trouble.

(WY amplifier

—and speaker

n audio systems, there is usually more than

just a length of cable between the power

amplifier circuit and the loudspeaker; addi-
tional components are there because the
amplifier designer has no control over the load
that the amplifier will have to feed. They are
intended to isolate load variations from the
amplifier circuit so that it operates as intended
for all reasonable loads.

Usually, a series resistor-capacitor network
is across the amplifier’s output terminals and
an inductor of a few microhenries goes
between the output of the circuit and the live
speaker terminal, The RC network provides an
effective low-impedance load at high fre-
quencies where, for example, an electromag-

netic loudspeaker will have an impedance
much larger than its nominal value. The
inductor removes the effects of significant
capacitive loads on the amplifier, such as may
be encountered with long leads. The amplifier
‘looks into” the inductor, whose impedance
rises with frequency and buffers the capaci-
tance loading at these frequencies. Tt sounds
very simple, but analysis reveals that the cir-
cuit’s operation is rather complex.

Why are amplifiers sensitive to reactive
loads? Most employ some negative feedback
to linearise their behaviour, the stability of the
feedback loop being all-important. To ensure
adequate stability margins for a multi-stage
amplifier with a resistive load is difficult

enough, but to do it for unspecified reactive
loads is virtually impossible. An inductive
load may cause the open-loop gain of the
amplifier to rise at high frequencies and pre-
vent satisfactory stability margins being
obtained. A capacitive load will introduce
additional phase lag into the forward gain path
and this may also lead to unsatisfactory sta-
bility margins.

Negative feedback has had a bad press over

‘the last few years, some designers making a

feature of using as little as possible. There is
nothing wrong with the technique in itself, but
its use without appreciating and avoiding its
limitations can — and does — cause problems!.
Most importantly, open-loop bandwidth of the



amplifier must cover the whole audio fre-
quency range. Outside these frequencies the
gain must be rolled-off in a controlled manner
to ensure satisfactory gain and phase stability
margins; behaviour made difficult to achieve
by unspecified reactive loads. Since most
designs employ de-coupled feedback loops,
serious stability problems are normally con-
fined to high frequencies above 10kHz,
extending to around 1MHz23,

Series inductor

To start, assume a load consisting of a resis-
tive loudspeaker plus some shunt capacitance,
Inductor L, shunt capacitance € and the load
resistor R form the damped resonant circuit of
Fig. 1. In practice, the capacitance is mainly
due to the speaker cable, but a well designed
amplifier should be stable with appreciably
larger values than those expected from this
source, This implies that the design has good
stability margins and component tolerances
between samples are unlikely to be a problem.
Also, although having an amplifier remote
from the spealker is not a good idea, it may be
operated in this way and must not be unstable
- even with very long cables.

Equations in the diagram describe the
impedance of the network. When the imagi-
nary parts in the numerator and denominator
of the right hand impedance expression are
equal, it is resistive. The equation for the zero-
phase frequency, zpf, shows it is real only for
capacitance above a minimum value (Cpyi)i
with Ciip In cireuit, zpf tends to zero, the sig-
nificance of zpl being thal, below it, the
impedance of the network is capacitive and, in
spite of the inductor, will capacitively load the
system. Above it, the impedance is inductive
with leading phase.

Figure 2 is zpf shown plotted against capac-
itance for two values of inductor and a 8Q
resistor; also shown is the frequency calculat-
ed from the LC product. With large values of

capacitance, circuit Q is high and the two fre- |

quencies are virtually identical. As the capac-
itance is reduced towards the minimum value,
Q 15 lowered and zpt differs appreciably from
the LC frequency. The larger inductor lowers
the zpf for a given value of €' and hence the
frequency range where the amplifier experi-
ences capacitive loading.

With a larger load resistor, Cy,, 15 lower and
the curves are shifted upwards and to the lefi.
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Fig. 1. I’mp(-?dance and frequency for zero phase of the deceptively simple circuit with series L,
cable capacitance and resistive speaker load. Above and below zero-phase frequency,
impedance is inductive and capacitive respectively,

10MHz ~ Full lines are zero phase frequency
Dotted lines are LC resonant frequency
Resistor = 8.9 ohns
Inductors as bhelow
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Fig. 2. Zero-phase frequency against C, with L of TuH and 5uH and an 80 resistor in the

circuit of Fig. 1.
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“MNegative feedback has
had ¢ bad press over
the last few years, some
designers making a
feature of using as fittle
as possible. There is
nothing wrong with the
technigue in itself, but
ifs use without
appreciating and
avoiding ifs limitations
can - and does - cause
problems.”

The zpf curve follows the LC line to lower val-
ues of €' and reaches higher frequencies, as
expected because cireuit Q) is increased. Before
proceeding, the series RC network must be
added across the input, 10Q and 100nF being
typical values. In the introduction I suggested
that its purpose was to prevent the inductive
speaker presenting a high impedance load at
high frequencies, but now a physical induc-
tance is connected to the amplifier output.

Figure 3 shows the circuit as so far
described and two simulated responses of its
input impedance for shunt capacitances of
200nF and 2uF, showing the lower zpf and
the larger maximum phase lag occurring at a
lower frequency for the larger C. The input
RC network increases the maximum phase lag
slightly but, more importantly, reduces the
magnifude at higher frequencies. Without the
network, the phase would tend towards +90°.

Connecting a load of 80 and 2.2pF in par-
allel is a common test to assess stability mar-
gins. It will almost certainly cause a square-
wave oulput to ring severely on the transitions,
but the ringing should die away quickly, indi-
cating that the amplifier has adequate margins.
Most of the ringing may be due to the trans-
mission characteristic of the LCR circuit with
the wavelorm at the inpul side of the inductor
looking much better. In this case the additional
phase lag al relatively low [requencies is not
causing a problem.

However, with an appreciably lower capac-
itor, more representative of cable capacitance,
things may not be so good. Maximum phase
lag is less, but it occurs at higher frequencics;
active devices in the amplifier are also causing
appreciable lags and the circuit may not be
able to tolerate the additional loading.

When looking at the loading impedance, one
must consider both magnitude and phase. A
large magnitude with phase tending to —90°
represents a small capacitor which may have
little effect. A small magnitude with a smaller
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lag approaches 45° over the range 100kHz-
TOOkHz.

Inductive speaker impedance is again caus-
ing a problem and second series RC network
must be added to ground from the load side of
the inductor. Considering the other impedances
in the circuit and the likely low output
impedance of the amplifier, values of 10€2 and
500nF form a negligible shunt across the
speaker at audio frequencies, and largely over-
come the problem. Figure 5 is the complete
circuit and simulated input-impedance plots
for three shunt capacitor values, two the same
as in Fig. 4; the reduced magnitude variation,
on a () to 10} scale, and the smaller lag angles
are clearly shown. Responses for the larger
capacitors are not very different from those
shown in Fig. 3.

Investigation of the five-component isolation
circuit with the loudspeaker model replaced by
a 82 resistor gives responses that are also not
very different from those in Fig. 3. There is
only a small phase lag for capacitors less than
Ciin- With larger values, the magnitude and
phase at the maximum-phase-lag frequency
are within 20% and 10° respectively, although

~ this condition does occur at a slightly lower

frequency. To make the lest more stringent, a
larger load resistor could be used to increase
the lag angle somewhat.

A point that needs watching is the dissipa-
tion in the 1082 resistor of the second RC net-
work. A sinusoidal output of 100W at 1kHz
into a 802 load will give less than 100mW in
the 10€2 resistor but, at 10kHz, the power
increases to about 8W. Under normal use with
music signals, this will present no problem,
but if" high-frequency, high-power testing is
attempted, a suitably rated resistor must be
uscd. Similar considerations apply to the first
RC network, but the smaller capacitor reduces
the 10kHz dissipation to less than half a watt.

Conclusions

High-frequency impedance of real loud-
speakers makes the three-component load iso-
lation circuit with shunt CR and series L per-
form relatively ineffectively.

Connecting a second CR nelwork in series
across the output terminals to the speaker
largely compensates for the speaker
impedance, the resulting five-component iso-
lation circuit presenting a more casily driven
load to the amplifier. When loaded by a loud-
speaker, it performs in a similar manner to the
three-component circuit with a resistive load.
Provided a range of capacitors are used with
the five-component circuit, testing with a load
resistor and capacitor in parallel is meaningful,
It provides a loading not too far removed from
what may be encountered in practice.

This article is intended as a general discus-
sion of the effects of loading on amplifiers.
Computer analysis and simulation cannot be
performed in general terms, so component val-
ues have had to be introduced to illustrate the
points discussed. I do not suggest that they are
suitable for general application and it is left for
designers to evaluate the component values
most suited to their particular amplifier. H

References

1. 1] A Brown. Feedback and fets in audio power
amplifiers. Electronics and Wireless World, vol.
95, No 1636, February 1989,

2. Savant, Roden and Carpenter. Electronic

AUDIO

Design, Circuits and Systems.
Benjamin/Cummings 1991,

3. Schilling and Belove. Electronic Circuifs,
Discrete and Integrated, 3rd ed. MeGraw-Hill
1989,

B el

100n

500n

10 10

50, 200n

250

Circuit; CAPACITOR = 58 NF
18-

0
;
H
i
or2p 4
:
H
H
)

Graph of (Vi-U8)/I8

= 9g°

> Phase
s i tl i Eadn T e g

1.182E3

- —9g0

-ige°

Circuit: CAPACITOR = 288 HF

Hag

Frequency (Hz) 18

Graph of (VUil-U@)sI8

— 1887

. ope

HPhase

8 8.913E4

- -9g0

-188°

2 T T

Circuit: CAPACITOR = 2 UF

18

Mag

IFr‘lleql:lel;cgl {Hz) ; 18

Graph of (U1-UB)>- I8

- Ja°

-Phase
- a°

-99.52°
. —gge

-188*

8 2.985E4

IFr;qtlael:lclul (Hz) - 18

Fig. 5. Second RC after the L solves the problem and this is the complete circuit.
Magnitude scales on graphs are back lo 100.
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