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ABSTRACT

A complete profile of automatic acceleration for an analytic _ultrg—
centrifuge is established with an electronic speed-control system. Motor
current is controlled by a Sola (resonant transformer) resonant current source
during acceleration and when the rotor reaches full speed the Sola saturates,
forming a constant-voltage regulator. As full speed is approached, 2 closed-
loop system is introduced which compares the freéuency of a fnagnetic -gear-
| tooth counter to a refe‘rence circuit and then applies the error as voltage
increments to the drive motor. | :

To evaluate performance, a computer pro.gram was developed to
compare manuai control wifh the automatéd system, Results indicate greater
accuracy in the automated system for the integrated wzdt during the accelera-
tion phase of ultracentrifuge op.e_ration,‘ and extremely stable and accurate

control of final speed (to within 10 ppm or less),
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INTRODUCTION
The conventional analytic ultracentrifuge requires maﬁy manual
operations which limit its ability to reproduce the runs accurately. In ap-.

plications to the human lipoprotein spectra, for e'xvample, ~stability during

 the entire run is particularly important because such macromolecules have

molecular weights extending from 105 to 101:1 units. . Substantial flotation -

-of these higher molecular weight lipoproteins occurs during the 5 to 6 min-

utes of acceleration to full speed (52 640 rpm). Therefore, the first schlieren'

photographs must be taken during the early part of the run, one while the
rotor is still accelerating, one when the rotor reaches full speed, and sev-
{

eral during a run lasting 64 minutes at full speed.

Some electronic devices were added to make the sy‘stem more auto-

matic and stable., Faster control of speed was effected by adding the Spinco

speed control rnodification;2 the modification itself was changed to improve

control, and circuits were added to program a éycle of acceleration and

photography. .

MANUAL ACCELERATION .
We-dsed a Spinco model E ultracentrifuge in this sfudy. The standard
model of thi-s céntfifuge utilizes a synchronoué -gear reference’.' 3 Reproducible
acceleration depénds on the ?nanu'al zipplié‘ation_ of a constant m;t:tor current

(indicated on an ammeter) while the back emf is changing. ‘ Consistent manual

“application is difficult, hOWéver, because the ope’rato‘r must sifnultaneously

adjust the current:and watch for cell leaks and vacuum loss.
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AUTOMATIC ACCELERATION

We have achieved automatic acceleration of a sfandard model E
- centrifuge by equipping it with the Spinco electronic speed control modifica-.
tion'2 and By adding circuits which program a cycle of acceleration and photo-
_ graphy. ‘The only manual act necessary for such a modified system is pushing
‘a button to start it, (See ‘Fig. 1.) Initially, motor current is raised.from 0
lto ’14A in exactly 0.50 minute by a motor-driven Powerstat (variable auto-
transfdrme r} and maintained with a Sola (resonant transformer) at the current
shown in Fig. 2 until the full-speed loop comes into range. ‘At that time the
motor current drops sharpiy, and the voltage applied to the motor and silicon
control rectifiers (SCR) in series is regulated to the appro?riate value shown
at the top of the curves. The final motor current is determined by the torque
requiréd to spin the rotor at full s.peéd in a vacuum of approximately 10—3 torr,

Motor current is controlled by the Spinco amplifier and SCR circuit
of the électronic—speedacontrol modification, We did not use the dc tachom-
eter generator (supplied with the modlflcatlon) for speed control, because
'1ts transfer characteristics (1nclud1ng drifts) are 1nadequate for precision
. speed céntrol; none’chelevss,b we did use it to provide overspeed protection,
Sfability- and precis;ion at fﬁll operating rotor speed are made possible by a
special _%esonan;c ci;cuit that sﬁpplies the reference for a givvenv speed.' |
- SPEED PARAMETER RELATIONSHIPS -~

Rotor Speed to Sensor Freq'uency

Flux llnkages between the steel monitor gear and the permanent—
magnet tooth—counter coil (Model 30410-A, Electro Products Laboratorles
Chicago 48, 111.) are related to rpm by the number of gear teeth and the step-

up ratio between drive motor and rotor shaft. Eighteen teeth divided by the
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5-1/3 gear ratio provide 3-3/8 pulses per revolution of the rotor, Therefore,

to match 2 52 640 rpm speed, the output of the monitor coil was 2961 Hz

{cycles per second).

Counting Period to Presentation Accuracy

An automatic presentation and record of rotor speed during the entire

period of the run, including acceleration, was provided by a preset counter

{Model 52441, Hewlett Packard, Palo Alto, Calif.) and recorded wivth a
compvatible'digivtal recorder (Model 562A, Hewlett Packard, Palo Alto, Calif.).
With such an arrangement, continuous visual presentation of rotor speed is
available in 4 or 5 digits (Fig. 4), corresponding to counting periods of 1.939

or 19.39 seconds, respectively,

Maximum Loop Gain to Rotor Inertia

Approximately 5 minutes are required to bring a standard two-cell
Analytical -D type rotor up-to-speed, whereas 40 minutes are required for

it to coast down to a speed of e"1 times 52 640 rpm, These periods show

~ the frictional torque to be about one -eighth acceleration torque, and therefore,

the closed—loop. response is dominated by the inertia of the rotor, In general,
one can expect the closed—looi) system to be stable for loop gains as high as
the ratio of the rotor-time constant to the system-response time, Tests
show this maximum stable loop gain to be a‘pproximately‘-s 000, which is more

than adequate for our present application,

Speed Stability to Reference Stability

A double series resonant circuit in the frequency comparator pro-
vided a '"Z'" curve transfer characteristic, because the conventional "S"

curve circuit had an ambiguous output for large errors, Figure 3 shows the
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block diagram of the inductance-capacitance reference and comparator,
With this arrangement, no external power is required for sensing speed or
for generating the error signal, Although speed errors are reduced to
several hundred parts per million (ppm) by sensing frequency, preliminary
tests indicate the rotor can be locked in-phase with a crystal-controlled
oscillator, Thus, a stability of approximately 2 ppm has been repeatedly
‘demonstrated by superimposing a phase detector '"S" curve on the output of
the frequency comparator. This latter modification may prove to be a most
practical solution for ultraprecisev control of rotor speeds.

The rotor runs several hundred rpm faster than the final speed as
the Spinco modified speed control comes into range. Figure 4 compares the
profile of ac_celera.tic;n of the Spinco electronic-speed-control loop with that
of our modified systerﬁ. A Zener diode was added in a minor loop to keep
the amplifier in range, and prevent overshoot when the sy'sfem shifted from

a motor-current control to.closed-loop control.

- Ulrtrrailc'gntrrifugatirqnito Acceleration Period

In order to accurately determine the area wzt under the speed-time
curveé we wrote a éomputer program in FORTRAN IV, A best—fif curve of
the form wz =a + bt + (:'c'2 was calculated for every set of vthree points adja-
cent along the time axis, .For éach time interval, the 'i'egression curves
calculaited with the interval boundaries used as points were integrated with
.re specf to t, and were evaluated over th‘e interyal; then the mean Vélue was
taken. The sum Q.f thes_é increme_nts was taken to "be’ the area under the
curve during the a.,cceleratiio_n phasé. Th:e acceleration pe;'iod could then be

2

expressed as simply f05.70 wzdt/w up-to-speed (UTS) minutes of equivalent

full -speed ultracenti‘ifugat_ibil.
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RESULTS

Table I pfe sents a comparison between 3,70 and 5.70 minutes of both
manual and autom_atic acceleration, at wh’ic/h tifne tﬂe first and second
~schlieren picture.'s, respectively, are taken, - At'5.70 minutes of manual
acceleration, the -ultracentrifﬁge a.pp_roxirriated full speed if ;i con's‘tan’c current
of 14,5A was applied to fhe drive motor, For automatic écceleration, a
more consistent value of both the fg wz\dt and the rotor speed was reached
after 3.70 and 5.70 minutes, further, the standard devi_ation of both these
parametei‘s is srﬁaller during automatic accele.rati_on than during manual
operations, although this is significant only for rpm att = 5,70 minutes -
{p < 0.05, statistical F tesf:). |

Figure 5 shows the profile of rofor speed for manual control, An
overshoot of sev‘eral pércenf occurs at thé region betweén constant accelera-
tion and constant _s?eed, whereas the éurve‘ of spéed for the closed loop sys-
tem shown in Fig. 4 shows a smooth transition followea by speed regulation

accurate to 410 ppm.
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Table I. Comparison of manual and.automatic acceleration and speed control.

Run rpm at 3.70 min [3.702

N dt/f UTS dt {min)  TPm™ at 5.70 min J‘(f'?owzdt/wZUTs dt (mnin)
Manual Automatic Manual Automé.tic Manual Automatic lManua'l Automatic

1 33135 ’33 900 0.4513 0.4616 51 954 52 100 1.7849 1.8688
2 33167 33896 1 0.4498  0.4591 ‘51995 - 52219 1.7878  1.8796
3 33 064 34190 0.4475 0.4627 51861 52305 1.7723 1.9037:
4 33362 33902 0.4562  0.4579 52042 52 149 1.8035 . 1.8761
5 33130 34056 1 0.4485 0.4619 51778 52205 1.7805 1.8890
6 32879 34067 0.4442 0.4634 51524 52 155 1.7529 1.8864
7 33123 33971 | 0.4494 . 0.4568 51977 52 172 1.7806 1.8822
8 - 34063 0.4579 -- 52296 -- 1.8956
Mean 33123 34006 0.4496 © 0.4602 51876 52200 1.7804  1.8852
SD £132 0 x99 - +0.0034 +166 67 ib.oma £0.0104

+0.0024

‘A9 28691-THDL
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FIGURE LEGENDS
1. Block diagrdm of automatic speed control (above) including rpm

profile parameters (below).

2. Sola voltage-current-output characteristics as a function of input
voltage.
3. Block diagram of L.-C reference comparator (above); error signal

characteristics (below).

g. 4. Comparison of acceleration to full speed of Spinco electronic-speed-

control loop (Spinco data) with that of our modified system (clamp data)

preventing overshoot,

. 5. A graph of speed vs time for manual speed control having a syn-

chronous gear reference.

£
N
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BLOCK DIAGRAM OF AUTOMATIC SPEED CONTROL
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Fig, 1
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. .
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Fig. 3
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ACCELERATION PROFILE
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Fig. 5
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