Power op amps solve
deflection-yoke
drive problems

Power op amps provide the ability to posi-
tion beams in any desived position as well
as the ability to retain a steady-state posi-
tion. Putting both the power and signal
stages in one compact package affords
space/weight savings, and the lower parts
count contvibutes to reliability.

Granger Scofield, Apex Microtechnology Corp

When compared with open-loop systems, closed-loop
power op-amp circuits offer distinct advantages in cur-
rent control for driving deflection yokes. By configu-
ring a power op amp in a conventional voltage/current
conversion circuit, you can use negative feedback to
force the coil current to stay exactly proportional to the
control voltage. The resulting higher accuracy makes
many new applications, such as E-beam lithography,
heads-up displays (which require random beam posi-
tioning), and other complex data displays, feasible.

By placing the nonlinear impedance of the deflection
yoke inside the feedback loop of a power op amp, you
can readily realize steady-state positioning, which is
difficult, if not impossible, to achieve with open-loop
circuits. In addition, using power op amps you can
easily design sweep systems with substantially im-
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Fig I-—Spet:iﬂmlly designed to drive an RCA Cody II tube, this
circuit provides high accuracy, a high slew rate, a fast settling time,
low crossover distortion, and low internal losses.

proved linearity. Finally, the op amps’ versatility helps
speed the design process and reduce development
costs. The end result is a higher-accuracy display that
uses fewer parts and has better reliability.

The vertical-deflection circuit of Fig 1 is specifically
designed to drive a high-efficiency RCA Cody II tube.



Closed-loop power op-amp circuits offer dis-
tinct advantages in curvent control when
driving deflection yokes.
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Fig 2—By using the PAIOA power op amp in place of Fig I's PA02,
you can drive a 7.8-mH/) coil at 5A p-p withoul changing timing
requirements.

The PA02 is well-suited to this application: It has very
good linearity, a high slew rate, a fast settling time, low
crossover distortion, and low internal losses—charac-
teristics that are critical for a high-resolution display.

Sense resistor Rs, which converts the yoke current to
a voltage for op-amp feedback, is the key component in
this circuit. With the feedback applied to the inverting
input, and the position-control voltage applied to the
noninverting input, the summing junction’s virtual-
ground characteristic ensures that the voltage across
Ry is equal to the input voltage. As a result, the highly
linear control of the voltage across Ry ensures accurate
beam positioning.

The value of Ry has a significant impact on the
performance of this circuit. All op-amp errors——voltage
offset, imperfect common-mode rejection, offset drift,
etc—will appear across the sense resistor. To minimize
these errors when they’re translated into current, you
must set the value of Ry as high as possible. If you
choose a very large value for R, you can, in fact, reduce
these errors to the point where they are insignificant.
Unfortunately, choosing a large value for Rg will dimin-
ish drive capability and increase circuit power dissipa-
tion because the total coil current flows through the
sense resistor.
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To optimize the value of Ry for a given application,
you must make some error-vs-efficiency tradeoffs, and
so the inductance, trangition times, and current level
will define the necessary voltage drive requirements.
The Cody II display is designed to operate at 50 or 60
Hz, with retrace times of 730 psec and coil currents of
2.25A p-p.

To change the current in an inductor, the drive
voltage (Vprive) is proportional to both current change
and inductance, but inversely proportional to transition
time:

Vorive= Ldi/dt
VDRIVE=(6-5 mH)(225A!15 mSEC)
Vorve=(6.5 mH)(2.25A4/730 uSEC)

sweep
retrace,

To determine the required supply-voltage levels, add
the supply-to-output differential rating of the power op
amp (listed on the data sheet) and the voltage dropped
across the combined values of the sense resistor plus
the coil resistance to these drive requirements:

Voror=1p {Rs+Rvy)

Vorop=1.125A(0.5+3)=3.94V
Vs=Vorive+ Vs-0+ Voror
Vs=0.98+2+3.94=6.92V sweep
Vs=20.03+2+3.94=25.9TV retrace,

You must exercise some caution when you use non-
symmetrical power supplies because, under abnormal
conditions, the inductive load has the potential to store
energy from the higher-valued supply. For example, if
the high-output voltage remains on the yoke longer
than the normal retrace time, the collapsing magnetic
field will discharge the stored energy into the lower
voltage supply via the power op amp’s inductive-kick-
back protection diodes. This collapse will generate a
voltage transient on the supply rail; the transient’s
amplitude will be a function of the stored energy and
the transient impedance of the power supply. If the
transient- and supply-voltage combination exceeds the
rail-to-rail voltage rating of the amplifier, you'll destroy
the amplifier. A zener clamp on the amplifier cutput
will minimize the possibility of this problem occurring.

Delve into stability concerns

Because the current-control capabilities of this circuit
rely on feedback from the current/voltage-conversion
sense resistor, the inductance of the yoke will introduce
some phase shift into the feedback signal. Although the
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phase shift on a perfect inductor theoretically ap-
proaches 90°, the phase margin of an op amp is always
less than 990°, so you must add some circuitry to prevent
oscillation.

In Fig 1, the network consisting of Rp, Ry, and Cr
shifts the feedback from current mode (via Rg) to
direct-voltage mode at the higher frequencies. This
scheme hypasses the extra phase shift introduced by
the inductor. As far as component values for this
network are concerned, first of all Rr must be much
larger than Rs but must not be greater than 1 kfl
because the op amp’s input capacitance would other-
wise add phase shift. You then select Rp to properly
dampen the circuit at the unity-gain frequency. Rp's
value is usually a muitiple of Ry; a safe starting value is
2R¢. Finally, select Cr to establish the 3-dB corner
frequency at one-third the unity-gain bandwidth of the
amplifier. For the PA02’s 4.5-MHz bandwidth, Cg
should be 50 pF.

To develop an even more powerful deflection circuit,
substitute the PA10A power op amp (Fig 2). With this
op amp, you can drive a 7.8-mH/4Q coil at 5A p-p
without changing timing requirements. Calculations for
this design are

VDRIVI-;:(SA)(?.S mH/15 mSEC)'—'2.6V sweep (I)
Vorve=(5A)7.8 mH/730 nSEC)=53.43V retrace (2)

Vorop =(2.5A)0.54+40)=11.25V (3}
Ve=2.6V+8V+11.25V=21.85V sweep
V3=53.43V+8V+11.25V=T2.68V retrace.

The circuits of Fig 1 and Fig 2 each have a 730-psec
retrace-time requirement. In both cases, the op amps
easily meet this requirement because they have slew
rates and settling times that are significantly faster
than the retrace time.

To better understand the deflection application (as
well as other applications), refer to Fig 3. You can see
the output voltage waveforms the op amp must gener-
ate to develop the desired retrace current step for Fig
2. The trace preceding point A is the end of the sweep
waveform and has a relatively slow current rate of
change. The peak output voltage at point A equals the
sum of Eq 1 and Eq 3.

Retracing begins at time A, where Eq 2 dictates the
drive voltage required to achieve the retrace di/dt.
From time A to time B, the amplifier is running at its
slew-rate limit. The current in the yoke starts to track
the input voltages at time B. From time B to time C,
the op amp’s output voltage is the sum of Eq 2 and the
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Fig 3—The op amp must generate these output voltage waveforms
to develop the desired retrace current step for the circuit of Fig 2. The
trace preceding point A 18 the end of the sweep waveform.

value of instantanecus IR drops. Eq 3 indicates the
final value.

The abrupt slope change of the input waveform at
point C again puts the amplifier in a slew-rate-limit
mode until the output current is proportional to the
input voltage (Eq 1 plus IR drops). At point D, Eq 1is
satisfied, and the amplifier will maintain the required
current for the sweep portion of the waveform.

Fig 3 uses time expansion, which better illustrates
the slew-rate and voltage-swing requirements for the
amplifier. During the retrace section of the waveform,
the amplifier has to sum the drive voltage (Eq 1 and Eq
2) twice. In the Fig 2 circuit, this drive voltage amounts
to 112V. With the PA10A’s typical slew rate of 53V/psec,
the slew time is only 22.5 psec—an insignificant portion
of the total retrace time. Once you understand the
voltage-swing requirements, however, it's easy to see
that slew rate becomes important as the scan rates
increase.



Once you understand voltage-swing re-
guirements, 1t’s obvious that slew rate be-
" COMES IMPOVIANE AS SCAN YALES INCYEASE.

In both Fig 1 and Fig 2, having the nonlinear
inductive element inside the op-amp feedback loop
improves acceuracy levels. In addition, the op amp’s high
gain and the use of negative feedback improves
linearity.

Heads-up displays require swift transitions between
any two points on the screen. The waveforms in Fig 4a
illustrate the yoke's input-drive-voltage and current
requirements for achieving a single full-scale step in
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Fig 4—Heads-up displays demand swift trunsilions between any
two points on the screen. The waveforms in a illustrate what the
circuit in b must generate o satisfy the yoke's input-voltage and
current-drive requirements.
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beam position for Fig 4b’s circuit. The 3V levels sustain
the steady-state current through the coil resistance and
sense resistors; the 29V level corresponds to the peak
output voltage required for a position change.

You can use slew-rate and settling-time figures from
the amplifier's data sheet to determine what percent-
age of the total transition time will be required for
slewing and settling. As a starting point, it’s reasonable
to allow 50% of the total transition time.

The circuit in Fig 4b is designed to make a maximum
transition in 4 psec when delivering 2A to the 13-pH
coil. Although the fundamentals of Fig 4b’s circuit are
identical to those of the previous two circeuit examples,
the high speed involved does introduce some differ-
ences. To achieve rapid transitions, you must optimize
amplifier slew rates, something you can accomplish
quite easily with the PA09, a video power op amp with
external phase compensation. Nonetheless, you'll have
to examine the poles and zeros in the feedback loop
because reactive feedback elements force the amplifier
to operate over a very wide gain range—very high gain
during transitions, but unity gain at steady state.

The network of Cy, Rp, and Rr sets high-frequency
gain at approximately 100. At this gain, you can phase-
compensate the amplifier and still maintain fast slew
rates. Next, you must plot the feedback zero of the
yoke-inductance and sense-resistor combination (Fig
5a). Then, you draw in the high-frequency feedback
level of the RC network (which is approximately 40 dB)
and select Cr to produce 2 pole approximately one
decade below the intersection point. Fig 5b shows the
PA09's open-loop Bode plot as well as modifications due
to feedback effects—that is, a slope increase below 500
kHz and a shallow slope at the unity-gain crossing point
to ensure stability.

With 50% of the total transition time set aside for
slewing and settling, 2 psec remains to change the yoke
current with full voltage applied to the coil. You can
calculate voltage requirements as follows:

V=L di/dt
V=(13 p HY(4A/2 uSEC)=26V
Voror =(2A)0.5+1)=3V
Vorive=26V+3V =29V
Vs=29V+8V=37V.

You also have to calculate the value of the phase-
compensation capacitor per the requirements of the
PA09. The amplifier's data sheet recommends compo-
nent values as a function of circuit gain (Ro/R¢). With
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In the video frequency range, even a few
inches of wire can raise the interconnection
impedance and limit the output slew rate.

the recommended compensation capacitor, the PA09’s
data sheet indicates that amplifier slew rate will be
400V/psec. For a 58V swing, this slew rate equates to a
voltage slewing time of 145 nsec. Adding the settling
time (1.2 psec to 0.01%), the total is comfortably below
the 50% allotment of 2 psec.

Of course, you can modify component values during
circuit testing to improve performance. In this particu-
lar case, the value of Rp had a considerable effect on
circuit damping, which is predictable because Rp affects
the corner frequency where the roll-off slope flattens
near the unity-gain point. The value of Cr, on the other
hand, wasn’t particularly critical. Nevertheless, a 2-pF
compensation capacitor, as opposed to the 5-pF value
recommended on the data sheet, helped increase the
slew rate without significantly affecting stability.

Some circuit-layout tips will help

Because of the PA09’s high speed, you must take
certain precautions to avoid any degradation in circuit
stability and accuracy. To help prevent unwanted feed-
back, for example, use single-point grounding for the
entire network or use a solid ground plane.

To ensure adequate decoupling at high frequencies,
bypass each power supply with a tantalum capacitor of
at least 10 pF and parallel it with a 0.47-wF ceramic

capacitor. You should connect the ceramic capacitors
directly between each of the two amplifier supply pins
and the ground plane, and you should locate the tanta-
lum capacitors as close to the amplifier as possible.

Use short input leads to minimize trace capacitance at
the input pins. Input impedance of 50002 max, combined
with the PA09’s input capacitance of approximately 6
pF, will maintain low phase shift and promote stability
and accuracy.

You should also keep the output leads as short as
possible. In the video frequency range, even a few
inches of wire can have significant inductance, which
will raise the interconnection impedance and limit the
output slew rate. In addition, the skin effect increases
the resistance of heavy-gauge wires at high frequen-
cies. To minimize losses, it’s best to use multistrand
Litz wire to carry large video currents.

Finally, you must connect the amplifier case to an ac
ground (signal common) even though it’s isolated. In
the video frequency range, the case can act as an
antenna and cause errors or even oscillation.

The circuit in Fig 6 drives the deflection yoke of a
precision X-Y display from a =15V supply. This trans-
impedance bridge is the only configuration that can
provide the necessary high voltage drive from such
supply levels. The circuit allows you to double the
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Fig 5—You must examine the poles and zeroes in the feedback loop closely to achieve rapid transitions. First plot the feedback zero of the
yoke inductance and sense resistor, and then draw in the high-frequency feedback level of the RC network (a). A look at the PA09’s open-loop
Bode plot (b) shows the modifications due to feedback effects.



With a transimpedance-bridge configura-
tion, you don’t have to use separate supplies
for CRT deflection.

amplifier's rated output voltage capability and thus
eliminate the need to use separate power supplies for
CRT deflection.

In Fig 6, sense resistor Rz combines with IC, to
implement a differential voltage-controlled current
source. IC; functions as an inverter to provide an equal,
opposite-phase voltage drive to the load. The feedback
path of Rix through Rip performs the single-ended-to-
differential conversion by making the output voltage a
common-mode signal for IC,. In this manner, the ampli-
fier's common-mode rejection and the resistive-divider
ratios maintain the transimpedance function (differen-
tial feedback from Ry only).

Because R,;x/R;p and R,/R;p must divide the output
voltage equally for both amplifier inputs, you'll have to
use a matched or precision resistor network. In addition
to initial matching, the network’s temperature-tracking
ratios are also critical, The series RC network, in
parallel with the inductive load, reduces the load’s
phase shift at high frequencies and effectively elimi-
nates the possibility of oscillation,

For a display with a 0.3-mH yoke inductance, a
+3.75A full-scale current requirement, and 0.4{2 de coil
resistance, the maximum transition time between any

two points is 100 psee. The caleulations similar to those
required for the previous examples are

V =Ldi/dt
V =(3 mHX7.5A/100 uSEC)=22.5V
Voror =3.75A(0.5+0.4)=3.375V
VDRIVE =22.5V+3.376V=25.875V.

Each ampiifier in the bridge provides one-half the
required drive level: approximately 13V. The PA02 is
well-suited to this application because of its high 20V/
psec slew rate and its ability to drive the load close to
the supply rail. During the beam transition time, the
average output voltage swing of the circuit will be
greater than 26V.

Because of the inductive load, the current flow will
change direction only after the transition is 50% com-
plete. This restriction allows both amplifiers ta swing to

. their no-load saturation levels (less than 1V from the

supply rail) for this time period. In addition, IR drops
during this time period generate voltages that add to
the amplifier drive. During the second half of the
transition, the current direction changes and the ampli-
fier output swing decreases. Even at 75% completion,
however, each amplifier will still swing in excess of 13V
because the current magnitude hasn't reached the 2A
level. EDN
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Fig 6—The transimpedance bridge is the only configuration that
can satisfy a deflection yoke's high-voltage drive requirements froma

=15V supply.
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Article Interest Quotient (Circle One)
High 479 Medium 480 Low 481
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