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ABSTRACT

To photograph three-dimensional fluid flow,a laser scanning
device capable of scanning through 60 peints per second is
required. A General Scanning G—300PD galvanometer-type
scanner,operated under closed-loop control,can achieve the
necessary speed of response. The desired scan points are to
be pre-programmed as a series of DC voltage inputs,using a
step function generator built up of analog and digital elements.
The closed-loop controller to be used is the A-603 amplifier,
also designed by General Scanning. The complete scanner system
will consist of the step function generator,used as a reference
signal,and the control circuit,which will drive the scanner.

Thesis Supervisors C. Forbes Dewey, Jr.
Title: Professor of Mechanical Engineering
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I. INTRCUUCTIOUN

A techni.ue for obtaining photographic images of turbulent
flow is available. A stream of water carrying flourescent dye
flows through a transparent tube in the {ield oi & television
camera. A longitudinal section of the flow is illuminated by
pulsed laser light spread out parallel to the flow direction
by a beam spreader. The dye within this iliuminated region
fluoresces,producing an image of the flow pattern in that
particular plane.

With a staticnary optical path between the laser anc the
tube,only one plane in the flow can be imaged. But by moving
the beam to points at different levels,a three~dimensional
image of the flow pattern can be constructed. If it were
possible to scan quickly enough,transient behavior in three
dimensions could be seen. The basic idea is shown in Figure 1.

In the stationary,non-scanning,system currently used, the
pulse laser strobes at 60 Hz. Theretfore,a scanning laser
system must move the beam to its next programmed position at
sixtieth of a second intervals. This requires a fairly fast
Scanner,

There are several types of laser scanners available but the
galvanometer type was used in this design. Essentially,such
a scanner is a galvanometer that rotates a mirror instead of
an instrument indicator needle. The changing angle between the

stationary incident beam (from the laser) and the rotating



mirror changes the direction of the reflected beam which is
sent to the target. See Figure 2. The problem becomes one

of obtaining the desired dynamic response of 8 ,the angle

of mirror deflection,so as to have the laser besm at the proper

place when the pulse occurs.

IT. CUNTRCL STRATEGY

There are two methods for obtaining the desired scan pattern.
Une is the flying scan,where the beam is never stationary in
space but moves in a continuous motion which passes through
the desired scan points at the proper time,i.e. when the laser
strobes. Figure 3 shows the developmenti of a flying scan
pattern. The scanner operates in an open—loop control con-
figuration (Figure 4),which appears to be a simple design in
having few elements in the block digram. There is of course no
feedback transducer required in this design. 8y carefully
talloring the scanner output waveform,it may be possible to
get acceptably fast times point-to-point with a low power input,
However, there are offsetting disadvantages to this scheme.

For every new scan pattern,a new input waveform must be
synthesized and this may be difficult to do. The open-—loop
control system requires some kind of filter or compensator

in the forward signal path if the input waveform has Fourier
components outside the scanner's own characteristic bandwidth.

Finally,and mos%t important,open—loop conirol is susceptible



to variations with time of the galvanometer's dynamic char-
acteristics, The most noticeable variation is due to magnetic
hysteresis induced in the rotating core of the galvanometer (1),

The second approach to system design involves a closed-
loop feedback control circuit following step inputs,each of
which is a pre-set DC voltage corresponding to the desired
value of @ at the steady state. (Ihe steady-state values of
6 and the input voltage are related by the steaay-state trans-
fer function characteristic of the complete system.) Figure
5 outlines this method of control. The control system may
need compensation in the forward path,in the feedback path,or
in both; more than one variable may be required for feedback.
These elements are shown in Figure 6. The feedback system is
optimized for fast reponse and tries to drive the scanner as
quickly as possible to each new position in the programmed
series of desired scan points,

There are several advantages to this approach. The input sig-
nal is straightforward to generazte 3 each desired scan point
corresponds to one DC voltage. The effects of hysteresis and
other unpredictable disturbing and modifying inputs are re-
duced by feedback.

Generally,a feedback control system will require more power
for a given output level than would an open-loop system (2).
Another way of looking at this problem is to realize that

speeding up the scanner's step response will require increased



power because the acceleration of the moving shaft will be
greater, 5o the inpul power needed to run the cleosed-loop
system will be greater than that required to run the flying
scan system. Another disadvantage of using feedback control
is the increased complexity due to the adcition of detecting
and processing circuitry for obtaining variables to be fed back.,
In spite of these two disadvantages,a feedback control system
ir more versatile and dependable than any open-loop system and
thus is recommended for this design. The scanner specified
is the General Scanning G —300PD,which incorporates a built-
in capecitive position transducer. Theta is therefore available
for feedback with this device. (The transducer is exmcited by
a RF voltage from an oscillator,which is also built into the
scanner. Thus,the transducer can put out a signal for a
steady-state condition,as well as for motion of the gal~
vanometer shaft.) Tne G—300PD,carrying a 26x26 mm mirror,
has been tested by the manufacturers under closed=-loop control
and has achieved a response time of less than 5 milliseconds to
a fifteen degree step input (3) Output range of the scanner
is twenty-five degrees shaft rotation,which gives fifty degrees
of opticzl scanning.
Three developments are necessary for the completion of this
programmable scanning system. First,a model of the scanner as
a dynamic system in itself is needed for use in control system

design. This requires accurate knowledge of the scanner's
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dynamic characteristics. Second,a programmable source of step
input signals must be designed and tested. Finally,a scanner
control circuit,optimized tor fast reponse,is required. These

three topics are discussed further in the next sections.

III. MODEL OF THE SCANNER

This model ot a galvanometer is based on that presented in
Shearer,liurphy and Kicharason's fext (4). The model consists
of a number of discrete ideal linear elements. Its linear
graph is presented in Figure 7. Although a galvanometer is a
turrent-to-torgue transformer,the model input is a voltage
Vs,as it is most convenient to use voltage levels as signals in
the control system. There are three energy storage elements
present: the coil inductance Ljthe inertia of the rotating
shaft and mirror,Jjand the elastic spring K. Corresponding
state variables are;l]l,the current througli the coil;the ro-
tational velocity of the shatt,l j;and the torque Ty in the
spring. The transducer constant n is defined by Shearer et al,
as: n=o- =T,

but this report uses General Scamming's definition:

The mechanical damping in the system is assumeua to be neg~
ligibly small.

The system equations in standard matrix form become:
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I, "1n/u -n/u o | ig 1/£T

(Ean. 1) St |a, n/3 0 -1/d| lwy [+] 0| Vs

Tk 0 K 0 1 0
In transfer function form the scanner becomes;

(Eqn.2) g n

=

Ve LJs’ + RJ52 + (KL+n%)s + RK

General Scanning provides numerical values for the system
parameters seen as constant coefficients in the equations
above (5). These are presented below along with the same
values expressed in a system of mutually compatible electrical
units baseu on the “"practical" (volts-coulombs-joules) system

of units.

n = 1.4x10° Q%%%;EE = 1% volt-sec
; = 106 dyne-cm . coul-volt
(E¢gn.3) K = 10 ] = L1 i
k = 10 ohm
J = 7.02 gm-cm = 7.02x10—? coul-volt-sec2
2
- volt-sec
L = .02 Henry = .02 ol

Substitution into Equation 2 gives a numerical expression for
the transfer functions

é b

(Eqn.4) Vs 1.4x107%87 + 7,02x1076s% + 2.16x10 %5 + 1
The characteristic eguation of the model scarner isi

1wt (\7
Jalw

(Eqn.5) 0 = 83 + 501.4 2 + 1.542x10% ¢ 4 o,

LIS

1
(s + 46,9)( 2 + 4544 8 + 1.52x10% )
=(s + 46.9)(8+227.2~jl212)(8+227.2+31212)
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Because the first :nd zero-order terms are very much larger
than the second and third ,time response should be similar to
that of a first-order system.

To establish the accuracy of the model and that of ihe nu-
merical values for the system coefficients,both frequency and
time response tests are used.

The transient (time response) tests started with an ACCESS II
(6) simulation of the responsge of the scanner model to a 1 volt
step input. Results taken from & computer-generated plot of
the state variables versus time are shown in Figure 8. As
expected from examination of Equation 4,the response looks
very similar to that of a first-order system with time constant
T equal to .02 seconds. Steady-state values of the state
variables and of € are;

I (stezdy~state) = .1 amp

Tk (steady-state) = 1.14—x105 dyne-cm
{Egqn.6)

w(steady-state) 0 rads/sec.
O (steady-state) = ,14 rad
Higher-order effects are seen to disappear from the rgsponse
curves after one time constant,an effect due to the dominance of
the first-order factor in the characteristic eguation.
Further trangient response tests on the scanner required
some mesng of displaying § against a time scale. Frof. Devey

suggested the use of a rotating mirror system as shown in Fige

ure 9, Turning at 20 rpm,the mirror "drawd a horizontal time
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axis with laser light from a hon-pulsed laser. As the scanner
deflects in response to an input.the time history of 8 is
displayed against a screen as in a plot of @versus time,

Also used in this experiment are a step input source
{(described in the next section) and a power amplifier . with
unity volt-ge gain. A KEPCO ABC 30-.3 power supply running in
the voltage programmed mode was used as an amplifier. Frequency
response tesits on this power supply reveazl a roll-off fre-
guency of only 20 KEz.,indicative of a first-order system with
a time constant of about .008 seconds, This is just about cne-
third the time constant expected for the scanner itself,so the
KEFCQO power supply is really too slow to pass "sharp" step in-
puts to the scanner. A faster DC amplifier should have been
used for this step response test,but one waus not available.

Photographs of the response trace were not taken. Visual
examination of the path of the laser beam across the screen
determined the time to reach steady state after a 1 volt step
input to be about .12 seconds., This corresponds to the response
of a first-order system,of time constant equal to .03-.04
seconds. The increase in time constant over that predicted by
the characteristic equation — .02 seconds =mnay.he due mostly
to the effect of the slow power amplifier on overall system
transfer function.

The frequency reponse of the G -300PD was also examined. The

system transfer function ean be re-written in the form;
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é _ ) __K
(Eqn.7) Vs~ (Jw) = oD ij+(L§_)jw £ 1]
W n 1/

where § is a damping ratio and W, is a natural frequency.

From the numerical transfer function developed from the
manufacturer's data,the roll-off frequency for the first-order
term is expected to occur at 46,9 rads/sec(7.4 Hz.). The roll-
off for the second-order term is expected at w), equal to 1233
rads/sec (196 Hz.). § ,the damping ratio,can be calculateéd to be
«185 . K,the steady-state gain,is .14 rads/velt. Figure 10
shows the predicted frequency response for this iransfer function
as a Bode plot of gain versus frequency.

Figure 11 shows the observed gain response with changimg fre-
quency. (Phase measurements require use of a signal processing
circuit for the capacitive position tranducer. This circuit has
not been built as of this writing. ) The experimentally deter=-
mined values for the coefficient terms in Equation 7 can be

found from this Bode plot to be i

K=¢11
-1
T = (37.7 rads/sec) = = ,026 sec
{Eqn.8)
w, = 785 rads/sec = 125 Hz.
§ =3
This makes the experimentally determined value ¢f the transier

function 1
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(Ean.9) 2 - =7 '1% n
) Vs (026jw) [Hiw =1y
J [(-%%—5) +(7.64x10" ) jw + ]ZI

It may prove desirable to use this experimentally determined
transfer function in control system design,instead of the
physical parameters given by the manufacturer's literature.

(Equation 3)

IV, STEP FUNCTION GENHRATOR

As discussed in Section II,the desited values of & are to be
programmed as a series of DC voltage levels. The change from
one level to the next is to be triggered by the flash of light
from a pulse laser. This change must occur sufficiently quickly
to look like & step input to the control system. The step func-
tion generator designed to meet these requirements is a com-
bined analog and digital circuit,shown in Figures 12 and 13.

Figure 12 shows the analog output section of the circuit.
Only one of the three variable inputs (0,1,and 2) is fed into
the summing op~-amp at any one time. Each input voltage Vinp
is set by a pot (250 chm) operating between +5V and ground.

The fixed =15V input to the op-amp provides a bias so pos=-
itive output voltages can be produced. As Vi, goes from +5V
to zero.Vout goes from its maximum negative value (-4.8V) to
its maximum positive value (+4.6V).

The three variable inputs are each enabled in turn through

a connection to an open-collector TTL output,labeled * 0C" in
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Figure 12. Open~collector TTL conducts to ground at logical

low (state 0),and does not conduct at all at logical high

(state 1). Unlike regular TTL,the ocutput does not pull up
torwards +5V at the state 1. If only one of the three 0C points
in Figure 12 is high,énly the input signal Vi, controlled by
that particulaf 0C output will be seen by the op-amp's inverting
input. Thus,by putting the OC points high sequentially and one
at a time,the op-amp's output will be a series of dilferent

DC levels,each corresponding to one of the inpu: signals Vin,

The rest of the signal generator is designed to control the
state of the three 0C points. It consists of a positive-logic
digital system triggered by either a mechanical switch or a
flash of laser light on a photodiode. The NC 1458 type 741
op-amp on the left of Figure 13 produces a positive output
when the photodiode is exposed to light and begins conducting.
The 100 kilohm pot in the feedback path adjusts the op-amp
circuits sensitivity (ratio of output voltage to light intensity)
and the Zener diode limits the output voltage to 4.6V,which is
within the TTL high range.

B; through By are a 74132 quad Schmitt trigger NAND gate,
Gates By and Bz are in set-reset configuration and serve to de-
bounce the signal from the mechanical SET-RiSET switch. By
cleans up and inverts the op-amp output,so as the op-amp output
rises past the threshold voltage of By,the gates output goes

from high %o low. B3 sends a low state signal to the sequence
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counter (3 and C2) when 1)the SET-RESET switch is in set
position and the photodiode goes frem illuminated to dark,or
2)the laser is off and the SET-RESET switch is cycled from
set to reset and back., Note that the counter will advance on
the end of the pulse of light from the laser.

The low state signal from B3 goes to the clock inputs of
Cy and Cpywhich are the two halves of a dual JK flip-flop(74107)
that have been connected together to form a modulo 3 counter.
This counter has three states:

-~

Counter state Ql state g2 state

0 low Tow
1 high low
P low high

After counting 0-1-2,the counter returns to 0 on the next
clock trigger.

Gates Dy through D), make up a 7409 gquad open-collector AND
gate. when the counter is in state 0,with Qi and Q2 low,Dj
goes high and connects the programmed input Vin 0 to the
summing op-amp in the analdg output section. Counter states
1 and 2 cause Dy and Dy to go high,respectively. Only one of
these three gates is at logical high at any one time,the other
two staying low. This insures sequential output of the pre-
programmed voltages used as input to the scanner controller.
These open-collector gates also drive LED indicators that show
the counter state. (Dy is needed to decode the 0 state and turn

on LED 0.)
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The step function generator has been built and tested. Out-
put range is +4V to -4V, Slewing time from OV to 4V is &

microseconds; that from +4V to -4V is 12 microseccnds,

V. CONTROL SYSTEM

The time response tests reveal that the scanner needs a
closed loop controller to speed up its response. With a rise
time of about .12 seconds,the scanner is limited to only 8
steps/second in open loop operation. Considerable increase in
speed of response is necessary to meet the reguirement for
60 steps/second operation.

Fortunately,a circuit for clcsed loop control and power
amplification is available from General Scanning as the A-603
type amplifier. This circuit consists of several op-amps
(308's and 741's) and a transistorized power amplifier. The
output signal from the capacitive position transducer is
processed by one op-amp circuit,while the time derivative of
this signal is synthesized by another. This means that 8 and
W ; are both fed back to the reference point in the loop,because
WJ is simply the derivative of 8. as Tk is related toaby
a constant K,this circuit is seen to inveolve feedback of two
of the three state variables:®; and Tx. The input signal rarge
is +10V to =10V with an input impedance of 60 kilohms. A DC
power supply of + 12V to + 15V capable of supplying 1.2 amps

is required. The steady-state signal coefficient,or transfer
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function,is approximately .16V/degree .

The circuit diagram for the A4-603 is available from General
Scanning. The same controller,completely assembled with DC
power supply,is available in the CCX~100 series,also available
from General 3canning.

As mentioned earlier,the manufacturers have used this
controller to speed up the response of the scanner to the
point where response time is less tnan 5 milliseconds for a
15 degree step input. This implies a capability for scanning

at rates of 200 steps/second.

VI, RECOMMiNDATIONS FUR FURTHEK DESIGN

To complete the scanuning system,the closed-loop controller
designed by General Scanning (the A-603) must be built. The
output voltage range of the step function generator should be
sufficient to obtain the full + 12.5 degree range of scanner
shaft rotation. Once the controller is built,the extent of
time response improvement of the controlled scanner can be
determined,using the rotating mirror arrangement described in
Section III for testing.

If more than three scanning points in the cycle are required
a medium~scale integration (MSI) type of digital counter should
be used., 3uch chips as the 7490 (modulo 10) or the 7493 (modulo
16) can be operated so as to count repeatedly any number of steps

up to their modulo number.
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ARFENDIX + OPERATION OF THE STEP FUNCTION GZNERATOR (Figure 14)

1. Connect power supplies (see Figure 14 for diagram) i
a) +5V supply s red to +5V,black to ground.
b) +15V supply s red to +15V,yellow to ground,black to

-15V.

2, Turn on the power supclies. Cycle the SEI-KESET switch
a couple of times. One and only one LEL indicator should
be on now.

3. Test the counter by cycling the SET-RESET switch a few
more itimes and watching the seyuence 8f 1lit LEDs.

b, Hooking up an oscilloscope to the signal output anc
adjusting the vertical sensitivity to 2V/cm,adjust
the three pots in turn to program the desired series of
signal voltage levels. Ensure that the LED corresponding
to the pot being adjusted is on,indicating that the
voltage being adjusted is controlling the generator output.

5. Use the SET~RESET switch to run through a cycle (0-1-2)
to confirm that the desired output sequence has been
achleved,

6. Adjust the photodiode sensitivity to give reliable trig-
gering of the counter in response to a pulse of laser light.
The SET-RESET switch must be in set position for the laser

to trigger the counter.
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Figure 7 i _ Linear graph of a galvanometer,based on Referexfce (4).
The mechanical damping B is assumed to be negligibly small.
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g x .1, rads/sec

TK X 10—6, dynes-cm 9) radians

Figure 8 s ACCESS 11 -generated plot of the response of system de-
scribed by Eqn. 1 ,with a 1 volt step input. Note that Tk and @are
related by a constant(K= 106 dyne-cm/radian}),so they share a
reponse curve.
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ror to the screen. A step voltage input to the scanner is triggered by
the photodiode at the edge of the screen.
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Figure 10 1 Gain vs. frequency curve for the transfer function of
Eqn.7,the predicted transfer function for the G-300PD scanner based
on manufacturer's data.
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Figure 11 i1 Observed gain vs.
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frequency response for the G-300PD scanner.
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Figure 12 1 Analog output section of the step function generator. V

are programmed voltage levels, The logical state of the points labei?ed
"0C" controls which Vi, is enabled to send its signal to the summing
point. ,
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Figure 13 s+ The digital section of the step function generator. The circuit
connects with that part shown in Fig. 12 at points labelled "0OC state __"
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Controls for the step function generator.
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