PROPER COMPENSATION TECHNIQUES WILL LET THE
IMPROVED-HOWLAND AND F'LOATING-LLOAD CURRENT
SOURCES PERFORM UP T0O PAR.

TAME THOSE VERSATILE
CURRENT-SOURCE CIRCUITS

ne task op amps are often called upon to perform is to produce -
controlled-current outputs. Over the years, designers have
devised a number of circuit configurations to do the job such
as eurrent sources, current pumps, voltage-to-current con-
verters, voltage-controlled current sources (VCCS), current-
to-current converters, or current-controlled current sources
(CCCR). In every case, the idea is to develop a precise current
output emuiating an ideal current source with infinite source impedance.
But unless designers know how to properly analyze and compensate
these circuits, they may be disappointed with their results. To that end, this
article shows how to design two basic forms of current-output circuits: the
Improved Howland current pump for driving grounded loads, and the float-
ing-load configuration.
A common applieation of current sources is torque control of brush-type
de motors, such as reel motors for tape machines. Torque in these kinds of

JERRY STEELE and TTM GREEN motors is directly proportional to current. Other applications include motor-

Apex Mierotechnology Corp., control servo loops, where current drive reduces the phase lag due to motor

5980 N. Shannon Road, inductance and simplifies loop stabilization. Magnetic deflection circuits, as

Tueson, AZ 85741; (602) 690-8600. well as coil and solenoid drive applications, also typically require current
sources.

Although the original Howland current pump has been given adequate
treatment in many texts, the Improved Howland circuit is usually only
given a cursory handling. Despite this fact, most modern current-output
circuits, especially those using power op amps, have resorted to the Im-
proved Howland.

Whether it's a bridge circuit, or if a load must be
grounded, the Improved Howland is required (Fig. 1).
; The circuit can be configured for inverting or nonin-

1 verting operation and should always be considered a
M VY f omut | voltage-controlled voltage source. That's because
+n : there are too many restrictions (concerning input-resis-
tor impedance considerations ) to easily use the Im-

R3 Ll
ANA % R proved Howland with a current input.

Ra

Ry The simplified gain equation of the Improved How-
land is usually accompanied with the recommendation
to mateh R, to Ry, and R, to R,, which isn’t really cor-
rect. More knowledgeable texts recommend the ratio:

1. ACTING AS A TRUE current source, the Improved- Ri/Ry=Ry/(R+ Ry
Howland current pump achieves its high output impedance hy which is still only a better approximation. But the cir-
baotstrapping current-sense resistor R;. Frequency cuit is particularly sensitive to errors in this matching;
compensation is supplied by R, and G, the simple equation doesn’t help a designer evaluate
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feedback network R,
and R, form a “gain
bleck,” which is sup-
posed to reamplify the
signal to exactly the
same value as the
source voltage—but
at the opposite end of
R, from the source.
This bootstraps R: to
an infinite value {no
current flow).

In reality, the op
amp has a finite Ag
{open-loop gain), eaus-
ing its closed-loop gain
to be lower than pre-
dicted by R,/R,;. This
results in a lower than
expected voltage and

Vo
* Ry+Zp,

2. THE IMPROVED HOWLAND'S equivalent
circuit reveals two separate feedback paths. To determine
gain accuracy, the negative (8-) and positive (3 +)
feedback paths must each be analyzed separately. Then the

results are combined.

this sensitivity.

There are two design consider-
ations with regard to accuracy in the
Improved Howland:

1. As mentioned, there’'s a mateh-
ing requirement in the gain-setting
resistors (and as will be shown, maxi-
mum aecuracy occurs with just the
right amount of mismatch)

2. The effect of gain-resistor
matching (or again, just the right
amount of mismateh) on eircuit out-
put impedance.

Moreover, these two considerations
interact.

Looking at the basies of a current
source, consider that a true eurrent
source must have an infinite output
impedance. Any real (or imaginary
for that matter) impedance will in-
duce errors because of its shunting
effect. The Howland achieves its
high impedance by boot-
strapping the current
sense resistor R;.

Imagine a Howland with
both inputs grounded. Im-

current flow in R;. Be-
cause R; is usually a
low-value resistor, it
doesn’t take much
voltage error to get a
sizable current fiow.
And the effective out-
put impedance can degrade quickly
due to finite Ay error. The following
equations, based on the Howland’s
bootstrapping of the current-sense
resistor R, predicts output imped-
ance based on A, and all resistor
values:

Zy=
R
- R Agr,
( Rs+ R4) (1 +Ag (R/By+ Rl))
_ R] + R2
“ onf RyRs

(Note that the equation for Z also
appears in parallel with the eombina-
tionof R, + R;.)

The cutput impedance appears ca-

HOWLAND SENSITIVITY
T0 RESISTOR TOLERENCES

Output current (mA)

pacitive, because the Ay, of any real-
world op amp rolls off with increas-
ing frequency as accounted for by f,,
the gain-bandwidth product of the op
amp. This capacitance can form a
tank circuit with inductive loads.
However, once the compensation
{described later) is applied, this equa-
tion for equivalent capacitance will
no longer be valid. Nor will there be
any ringing or resonance problems
with inductive loading,

Assuming matching of R, to R;,
and R, to R, + R;, the finite A,; error
predicts that with a real op amp, R,
will need to be larger than the value
predicted by a perfect match to R, +
R;. With both a positive and negative
feedback loop, this same effect is ae-
complished several ways: increasing
Ry, decreasing R,, or decreasing R,

Experience has shown that real-
world implementation and trimming
is easiest if trimpots are included in
series with either R, or Ry. Accuracy
is generally best achieved by “peg-
ging” the values of R, and R, to their
ideal, and including the trimpot in se-
ries with R,.

So far, this discussion has re-
volved around the effect of gain on
the bootstrapped equivalent value of
R;. In a real Howland cireuit, the
degradation of output impedance be-
comes a significant factor in overall
accuracy. As R, or R, is trimmed on
either side of the ideal value, thatim-
pedance can be positive or negative
{current decreases as load resistance
is reduced).

To trim the Howland circuit, pro-
gram it for a given output current.
Measure the current alternatively
into a short and the maximum resis-
tance allowed by the linear compli- .
ance of whatever amplifier is used
(in other words, whatever value of
resistance allows an output voltage
near, but below, clipping level). As
the circuit is trimmed, the current
values into these loads will
converge as the trim
moves in the proper diree-
tion—until they're identi-
cal. This is the ideal trim

pose a theoretical voltage | Load(1)

Unaltered 1% ermor Rz

orR3

source on the output. R,
and R, attenuate that ?2
source and feed it back to

103
103
102

106
13
180*

1““;'"4 point for output imped-
o ance,
103

o To helpillustrate an ana-
&8 lytical approach to gain ac-
curacy, consider the gain-

100
the noninverting input.
The op amp and negative-

‘Output exceeded dynamic range of actual circuit.

accuracy equivalent eir-
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B+
Aoy >y
(B-)-(B+)
E..
B‘ - Rl B+d - RL R3 (R4 + R3)
R, + Ry " [Rs (Ry, +R, + Ry) + Ry, (Ry +Ry)I[R; +Rs]
(where Ry, = de resistance of load)
B+M=_R3_ (assumes an inductive load is
Rs + Ry + Ry equivalent to an open eireuit
at high frequencies)
F, - FL+ R

3. WHEN PERFORMING STABILITY analysis on the improved-Howland

cireuit, the equations reveal that the positive feedback path (5 +) contsins frequency-
dependent terms. The load is considered part of the positive feedback path.

cuit (Fig. 2).

To simplify the equations, this ex-
ample is based on an inverting input.
The separate equations are shownin
the figure and can be individually
solved and combined to evaluate the
effect of varying any resistor values
and tolerances. Keep in mind that
best aceuracy coincides with maxi-
mum output impedance, as previous-
ly discussed.

It's important to evaluate the ac-
curacy of an actual breadboard cir-
cuit at several output and load val-
ues. This will reveal errors due to de-
graded output impedance, which be-
comes obvious only when the load is
varied. Whether or not trimpots will
be necessary depends on the actual
aceuracy requirements of any given
circuit.

To show the effects of resistor
mismatch and variation in loading, a
high-accuracy power op amp, PA07,
was set up with 10-kQ2, 0.1% resistors
in all loeations except for the cur-
rent-sense resistor, which was 1.0 (2,

1.0%. An input signal of 100 mV was
applied and the current outputs were
measured for 0-, 12-, and 100- loads
(see the table). The second and third
columns of the table reflect results
of a 1% error for one resis-

feedback response versus the ampli-
fier's Ay response, Figure 3 depicts
the Howland as a gain block with
positive and negative feedback paths
that sum to one net feedback. Obvi-
ously, the feedback mustbe negative
{or within about 40° of negative) to be
stable. The alpha pathis disregarded
for stability analysis because the
concern isn’t.with input signals, but
rather with feedback response (al-
though this assumes low driving im-
pedance from the source).

Rate-of-closure techniques re-
quire caleulating 8, or attenuation,
for each feedback path and plotting
the response on the Aq;, graph as 1/
B.For the Howland, 8—should be cal-
culated first because it's the sim-
plest feedback path and will have no
frequency-dependent terms.

To calculate 8+, theload should be
considered as part of the positive
feedback path. Since inductive loads
are the only ones to give stability
problems, we’ll only consider that
case. Calculate separately, as shown
in Figure 3, the 8+ for de (indue-
tance simplified to a short in series
with inductor resistance), f+ for
high frequency (inductor open), and
the frequency breakpoint.

At any given frequency, calculate
the resultant feedback factor (8-) -
{(8+); then take the inverse and con-
vert to decibels. On the amplifier’s
Ay graph, mark the points indieat-
ing the dc gain, the breakpoint, and
the high-frequency gain (Fig. 4). The

tor. The error was simulated
by putting a 100-02 resistor

r Repion of increasing phase shift
$mall signal response

in series with it. Because R, 120

and R, had identical effects,

100
the result is shown togeth-

er. The same holds true for »

60
&

R4 aﬂd Rl‘
The results indicate that

even a 1% error in resistor

AN

Open loop gain, Ag {d8)

values can be devastating to n

<

accuracy in the Improved 0
Howland circuit. Note that 20

the current appeared to be 1
accurate into a short in all
cases, and errors only ap-

De gain

0] 100 1k 10k 01M 1M 10M
y  |Frequency, F (Hz)
Ly Breakpoint High-frequency gain-w—

Response of uncompensated circuit

peared as loading was var-

ied.

The Improved Howland
cireuit can also be analyzed
using Bode plots and exam-

ining the rate-of-closure of
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4. PLOTTING THE INVERSE of the
feedback factor [1/(8-) - (8 +)] on the amplifier’s
Ag graph gives the designer information about
three important points: the circnit's de gain,
breakpoint, and high-frequency gain.
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de gain increases at the breakpoint
by 20 dB/decade until it intersects
the high frequency gain.

The region where the two respons-
es are cloging together must be com-
pensated. In general, if the region is
kept to within one frequency decade,
phase shift will be within reasonable
margins. Plotted graphically, the
compensating response should give
a flat feedback response approxi-
mately 20 dB higher than the de gain.
The response should have a corner
frequency equal to or lower than the
frequency at which the initial feed-
back breaks upward (Fig. 5). Basical-
Iy, two feedback paths are plotted.
The path corresponding to the low-
est gain will be the dominant path.

Compensate the cireuit with a se-
ries R-C combination across the in-
ductive load to ground, as shown in
Figure 1. This puts a stop in the re-
sponse of the positive feedback. The
resistor R;, which is calculated ac-
cording to the equation shown in Fig-
ure 5, determines and flattens the ul-
timate high frequency gain. Once R,
is determined, use the desired break
frequency of the alternate feedback
path to calculate the required C; val-
ue (Fig. 5, again).

As mentioned earlier, current-out-
put configurations are often used in
magnetic deflection. These applica-
tions have strict requirements on the
bandwidth and speed of the circuits
used. The resultant bandwidth of
any current-output circunit can be de-
termined by the finalized rate-of-clo-
sure graph. At the point where the
main feedback intersects the com-
pensation feedback, the circuit be-
gins to lose control of the load’s cur-

rent. In the case of
Figure 5, the graph

Small signal response

predicts a bandwidth 120

of approximately 500 100

~

Hz.

Rate - of - closure 8

methods will also re-
veal that once proper-

TN

ly compensated, nei- .

N

Open loop gain, Agy (dB)

ther the floating-load 20
configuration (dis- 0

N

cussed later) or the

Improved Howland 20 h
circuit hold any advan-
tage over each other.
However, the floating-
load type can be run at
lower effective gain
(down to unity) with
some bandwidth im-

R =

Compensation braak fraquency set by Gy

0] 100 1k 10k
Frequancy, F {Hz)

LIN 1M 1M

A
Compensation gain set by Ry

Graphically plotting comypensation response

B+
(R +Ry)
R; 3T

provement, Wide
bandwidth will be easi-
er to achieve as the

S wer) g,

load inductance is re-
duced and current-
sense resistor values
are raised.
Ultimately, any
high-speed current
source with inductive Gy
loading will have to be
empirically trimmed

Ry Rg

where Boomp = 1/desired hgh-frequency gain

B+ = (B-)— {Beomp’
1

2Ry F

to achieve the best
transient response.
The compensation
techniques discussed
here will ensure a sta-
ble starting point.
From there, it will be
found that raising Ry's value will im-
prove transient performance. Capac-
itor C; will have relatively little ef-
fect once it's raised above the mini-
mum value necessary for stability.

5. THE COMPENSATING response for the
Improved-Howland circuit should exhibit a flat feedback
response approximately 20 dB higher than the circuit’s de
gain, Also, the compensating response should have a
corner frequency equal to or lower than initial feedback’s
breakpoint.

When using either cireuit at wide
bandwidths, don't fail to consider the
inductive characteristics of the cur-
rent-sense resistor. These resistors
often have low values and will dissi-

Rz Rs
21k 10k
s AA ANA
Ay +28Y
in :
fz-*"il:'v\/\ro—d-
— 3.66k
= 'R —
A A
Ry
2.1k

Smal signal response

100
8 \ //
=0 \C\\ <
g. M) \A—>< Ry
EIICE=IZ2AN
£ <
0 N
N
-20
1 10 100 1k 10k 100k 1M

Frequency, F (Hz)

: 6. DRIVEN FROM A SINGLE power supply, two Improved-Howland circuits in a bridge configuration supply bidirectional drive for

a torque motor.
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pate some power. Inductance in
these resistors will actually enhance
stability, but will also trade off good
dynamic performance.

A PracricAL HOWLAND

To illustrate a practical realization
of the improved Howland cireuit, ob-
serve the following example. A
torque-motor driver must supply a
+2-A output from a £2.5-V input
(Fig. ). The load is a torque motor
with an inductance of 100 mH and a
de resistance of 6.5 €. A bridge cir-
cuit is chosen to provide bidirectional
drive using a single power supply.

The first and most subjective
(these are the moments that sepa-
rate analog engineers from all oth-
ers) stepin the design is selecting the
desired value of the current-sense re-
sistor (R;). The object here is to opti-
mize the trade-off between the
greater losses incurred with a larger
resistor, and the better bandwidth
and aceuracy that would be
achieved. This low-voltage applica-

Load

AN '\/l;v\/—ﬂ
‘ ‘
R Ri R Rs
(a} Basic noninvert ) ) (b) Noninvert gain ) (c} Inverling )

with gain (c).

tion favors minimizing the value of
R;, therefore 0.3 O ig selected. The
ratio of the feedback to the input re-
sistors is then selected to provide the

proper transfer function.
To analyze stability and arrive at
proper compensation values, de gain
is calculated per the

LTk g0
§ Compensation feedhack

methods and equa-
tions shown in Figure
3. This results in an

Small signal respanse

|
|
L 50 H equivalent de gain (1/
| et | Batde) of 23dB. Also,
L Vand the inductive load
| pamstc | causes a break fre-
|H’°1‘g'a“°° quency of approxi-
' mately 1 kHz. The
-~ compensation resistor
Ry is selected for a
high frequency gain
Ry 0.5 20 dB greater than the

de gain, or 43 dB. Be-
cause this is a bridge
with twice the effec-
tive voltage swing

aeross Ry, it's value is
doubled to 68 1. C; is

selected with R, for a

corner frequency of 1

kHz.

Compensation For the best possi-

fosthack ble accuracy, the float-

< [esponse

Inductor/ ing-load  current-

sense-resisior gsource topology has

120

_m

2 g

FE AN

: N

Fa ‘N

E 7

s N
20 A

response far fewer components

1 18 100 1k

Fraquency, F (Hz)

10k 0.1H 1M 10M

to affect accuracy and
no matching require-
ments. The aceuracy is

floating-load current source. The ratio of R;/R, is chosen to
yield a gain 20 dB greater than the cireuit’s de gain.

l 8. A SERIES combination of R, and G, compensate the

66

directly related to the
tolerance of the cur-
rent-sense resistor

LECTRUONIEC
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different ways: & basic noninverting circuit (a), noninverting with gain (b), and inverting

I 7. THE FLOATING-LOAD current-source topology can be configured three

along with any op-amp errors. A
CCCS can be realized with an invert-
ing version of the floating-load cur-
rent source.

With the basic floating-load cur-
rent-source topology, the op amp
simply forees the drop across resis-
tor R, to equal the applied input volt-
age (Fig. 7a). This results in the sim-
ple transfer function of V,./R,.

One variation on this circuit is the
noninverting configuration with
gain (Fig. 7b). Another alternative
involves the inverting configuration
(Fig. 7¢}. In the inverting case, rais-
ing gain is implicit, and the circuit
has a noise gain of 2. Furthermore,
accuracy is reduced due to the cir-
cuit’s lower loop gain. The extra com-
ponents needed also affect aceuracy.
However, the input resistor can be
eliminated from the inverting con-
figuration if the circuit is driven
from a true current source.

While accuracy requirements and
analysis are readily apparent for the
floating-load current source, stabil-
ity considerations require more ef-
fort. Resistive loads present no prob-
lems and probably won't require
compensation. As with the Improved
Howland, however, inductive loads
aggravate stability problems.

The feedback analysis of the float-
ing-load current source is simpler be-
cause the only feedback paths will be
to the amplifier's inverting input.
Thus, applying rate-of-closure tech-
niques is a straightforward process.

In an example circuit (F%g. §), the
1/8 response of the simple inductor

D ESIGN




and sense-resistor feedback will
hereafter be referred to as the main
feedback path, or feedback 1. Plotted
on the amplifier Ay, graph, the re-
sponse looks identical to the How-
land circuit described earlier—with
excessive phase shift.

To compensate the floating-load
current source, add a compensation
feedback path consisting of Ry and
C;. Use an additional resistor, Ry, to
supply a ground-leg impedance for
the compensation-feedback path. Se-
lect R; to be a low value typically be-
tween 100 0 and 1 k.

Then, choose R4 so that the ratio
Ry/R; provides a gain 20 dB greater
than the circuit's de, or low-frequen-
cy gain. In addition, select C; based
on the value of R, for a corner fre-
quency less than or equal to the cor-
ner frequency of the main feedback
_ path. When plotting the effect of
multiple feedback paths, as shownin
Figure 8, the path withalower1/8in
decibels will be the dominant feed-
back path.

As in the case of the Howland cir-
cuit, these values will make it possi-
ble to construct a stable breadboard.
But if maximum performance is de-
manded, such as in a high-speed de-
flection application, some tweaking
will be necessary to obtain the fast-
est transitions. In general, raising
R4, and to a lesser extent, decreasing
C;, will improve transient perfor-
mance. The ultimate limit is the point
where the circuit begins to ring and
eventually breaks into oscillation.

As with any current-output circuit
operating into an inductive load, the
fastest current transition is a func-
tion of V = L, X (di/dt). This relation-
ship defines the current slew rate of
the circuit and is unrelated to, and
generally slower than, the amplifi-
er's voltage slew rate. The impor-
tance of this parameter is that de-
signers often encounter ringing
problems on fast transitions that
can’t be controlled by compensation.
Usually, it's because they're apply-
ing a step-function input signal
that's beyond the circuit’s (not the
amplifier’s) ahility to keep up. Keep-
ing input transitions within the cur-
rent-slew limitations of the circuit is
essential in extracting the cleanest,
fastest transitions.

Testing “intelligent” mains circuit

[ 70

breakers calls for

an accurate cur-

[y

rentsource. These Line’

High-currenl ag power line

breakers are mi-
Croprocessor-
based devices that
sense the very-
high current

L0000

Cusrent iransfarmer

Current fransiormer input

Y_Y

| | Line breaker relay

l

found in aec mains
systems. Sensing
is accomplished
with a current

)é; Shunt l

transformer that
scales the current
down to a maxi-
mum  dynamic

Processor power “ Relay

swilth —|.— supply capacitor
¥ processing
1041 current sense and decision
virguitry

Gurrent

range of 20 A. Be-

cause the sensed
current 1s from a

current trans-
former rather
than the ac mains,

the compliance source circuit.
voltage is less

than that of an ac line, and is typical-
ly less than 40 V.

These breakers—and remember
they’'re complex mieroprocessor-
based electronic systems—derive
their power from the current trans-
former output (¥ig. 9). When the out-
put from the current transformer is
adequate enough to develep a com-
pliance voltage of at least 10 V, the
breaker’s input circuit uses that volt-
age to charge the processor power-
supply capacitor and then close the
shunt switch for current measure-
ment. Whenever the processor pow-
er drops too low, the shunt switch is
reopened long enough to recharge

9. AN “INTELLIGENT” MAINS circuit breaker derives

its power from the output of a current transformer. For testing
purposes, the transformer is replaced with an accurate current-

the power supply. The hreakers act
on the sensed current, via process-
ing, to decide whether or not to open
the line breaker relay.

The behavior of the breaker’s pow-
er derivation circuitry causesit toact
like a 1.8-9) resistive load, with pulse
interruptions into a rectifier-capaci-
tor system. Luckily, the inductive
components of this load are negligi-
ble, simplifying stability consider-
ations. But current accuracy is very
important, which is why the floating-
load configuration is used.

These breakers are tested by driv-
ing them with precise, controlled
amounts of current. This is aceom-

0V

Voltage ouput

=y

470 pF

v {phase compensation)

Current transformer
input

AgL
(current limit)
“fnielligant” breaker

5

Gurrent output

Rs
0.47 () curreni sense

practical realization of the floating-load current source, With the components shawn, the

I 10. THIS TEST CIRCUIT tor an “intelligent” mains circuit breaker illustrates a

cirenit delivers a 20-A peak output current with & 40-V peak compliance voltage.
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plished by replacing the current
transformer with a current-output
amplifier circuit. The amplifier cir-
cuit must be capable of 20-A peak
outputs and 40-V peak compliance
voltage. Because the breaker input
can float, it’s possible to use the
floating-load configuration and easi-
ly achieve the required high accura-

ELECTTRUONTIC

cy (Fig. 10). To attain the required
compliance voltage with room to
spare, the amplifier must be able to
operate on £50-V supplies. The cur-
rent requirement is addressed with
the proper amplifier choice. In this
example, the PAQ5 can supply up to
30 A from a thermally protected, cur-
rent-limited, MOSFET output stage.

OCTOBER 15,1992

The amplifier can thus withstand
load faults of any type, including
complete shorts.

No compensation circuit is shown,
nor needed. The reason is that the
breakers simply don't have enough
inductance to cause any stability
problems. It's interesting to note
that scope waveforms of the amplifi-
er’s voltage output show a sine wave
with spikes. These spikes are caused
by the breaker’s internal power-deri-
vation circuitry and its effect on out-
put voltage compliance. But the
waveform viewed across the 0.47-02
current-sense resistor, which repre-
sents the actual current output, is a
clean spike-free sine wave, This is in-
dicative of accurate current forcing
by the amplifier.

When actually working with, and
taking measurements on, any cur-
rent source, remember that the in-
tent of the transfer funetion is cur-
rent to voltage conversion. Examin-
ing an amplifier'’s output terminal
with a scope only reveals incidental
voltage behavior.

For example, when driving a
brush-type de motor, the commuta-
tion spikes are greatly exaggerated
by the high, effective output imped-
ance (certainly requiring proper fly-
back-diode protection).

Looking at the Howland circuit’s
current output requires a differen-
tial-input secope connected across the
current-sense resistor. Another al-
ternative is using a scope with a cur-
rent probe.

Another example involves saw-

tooth-scan deflection amplifiers. In
this case, the amplifier’s voltage out-
put is an unsymmetrical square
wave, while the current waveform is
a faithful sawtooth.O]
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