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Figure 1-1. Model TCFSTemperature Compensating Focuser Family
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SecTioN 1.0
INTRODUCTION

Mechanically, theOptec TCFS Temperature Compensating Focusea robust Crayford style

motorized focuser with high repeatability. The Goagt design allows for a solid friction roller
focusing system with no play and very Ilittle
applications that require exact focus such as CCD imaging or film astrophotography. A geared
stepper motor rotatetié drive shaft witheachstep of the motor equal @ movement of the
drawtubeof 2  mi c r o n s for(th@2-ifcld veBi@BCHS and TCFSi focusers. The larger
TCFS3and TCFS3i 3-inch versionfocusers offer a step resolution of 2.5 microng).000D

with total travel range of 10,000 steps einth (25.4mm).

Now available in two sizes arfdur different configurations, the TGS focuser family remains
the premier motorized Crayford focuser with remote capability designed in frobegening
With the classic TCFS 2inch and TCFS3 3inch focusers,an external hand control box
providesa pair of pushbuttongo control the direction of focus aral4-digit DRO (digital read
out) displays the current positiomhe new TCFSi and TCFS3i focuserdeature an integrated
circuit board providing all the capabilities of the classic I&B&nd TCFS3, but without the
external control box. The pudtuttons and4-digit DRO are simulated in software using the
TCF-S Control program running on any Windows PC.

The2-inch TCFS and TCFSi focusers can handle camera and instrument packages weighing up

to 10 pounds while the-Bich versionTCFS3 focuserfamily can handle instrument payload
packages up to 20 poundsn Aptionalhigh-torque motorfor the TCFS3and TCFS3i focusers

can extend the payload capacity to 25 pound®recise adjustment of the drive shifhsion
against the focus tube ensures mini mal flexur
extended.

A unique and patenteslectranic controller system monitors the telescope's tube temperature and
compensates the focus accordingBach TCFS focuser includes small temperature prolibat

is attached to the side of the telescope tube and monitors temperature with a resolutit@. of 0

For a typical SchmidCassegrain of 8 to 11 inches aperture and /10 focal ratio, the back focus
will move approximately 0.20 mm for every Celsiuschange in telescopeemperature. It is

not unusual during an observing session for the ambeemperature to change by as much as
10°C within the time span of a few hours. This change in focus due to temperature is a serious
problem for most telescope designs and requires frequdotusing during long exposures.

Even the now popular carbon fibtrbe telescopes exhibit temperature related focal skift.

typical RGB exposure sequence can last one hour making it imperative that the focus be checked
and corrected after each filter chand®iththe TCFS6s <c¢cl osed | oop temper a
systen, a properly configured TGB focuser requires no significantfezusing as the ambient
temperature drops.



A simple learning procedure is used to find the temperature coefficients specific to the user's
telescope system. The T&Fand TCFS3 systens allows for two different coefficients
(corresponding to two different-rtio configurations) to be calculated and stored in the
controllermemory. Once learned, either coefficient can be selected with a simple slide switch.
A manual mode allows the ugerset the focus manually at any time.

The digital nature of the TGE focuser familyallows opportunities for truly intefient focusing.

Using a simple serial protogoény programmer can control the focuser from any PC. Exact

focus can be foundyob opti mi zi ng a st eMahygpopulac eamera cordral 6 s d i
programs are compatible with the TSFTCFSi, TCFS3 andTCFS3 including: CCDSoft,

Maxim DL, FocusMAX, CCD Autopilot, ACP and CCD Commander.

At the end of an observing sessione thCFS focuser remembers the last temperature and
position. When the unit is turned back on for a new session, theSTé@mputes a new position

using the current tube temperature and moves to that position. Assuming no changes to the
optical configurabn, the object will snap into sharp focus.

Original TCFS Focuser with Hand Control.



SecTion 2.0

INSTALLATION

The OptecTCFS focuses can be connected to a wide variety of telescopes using two standard
circular dovetail mounts. Theich versionTCFS and TCFSi attach to a 2-4hch diameter
dovetail known as the OPTEZ400 mount. The-Bich version TCFS3 and TCFS3i version
focuses attach to a similarbut larger 3.6nch diameter dovetail knawas the OPTEG600
mount. A list of current tescope mounts can be found at the Optec website. Refer to:

http://www.optecinc.com/astronomy/opt400 adapters.htm
http://www.optecinc.com/astronomy/opt8600 adapters.htm

Detailed machining specifications for each of these dovetail mountalsabe found on the
Optec website for custom mount fabrication.

Figure 21. TCFES Focuser System Comguits.

With a suitable telescope mount in hand, securely fasten the mount to the telescope either by
screwing it onto the telescope or bolting the mount in place as required. Be sure the telescope
adapter is tightly fastened to avoid flexure at the cameeyepiece. Next, to attach the focuser

to telescope mount back out three #8 setscrews (six #10 setscrews for HE3)r@&eund the


http://www.optecinc.com/astronomy/optec-2400_adapters.htm
http://www.optecinc.com/astronomy/optec-3600_adapters.htm

base of the focuser so that the focuser can slip onto the circular dovetail of the telescope adapter.
After rotating tle TCFS to the proper position, carefully tighten each setscrews evenly making
sure no gap is visible between the focuser base and the telescope addptarsnug tighten

each setscrew to draw the focuser tightly. Again, the more secure the foctisehisda the less
chance of flexure at the camerd little care will also ensure the focuser drawtube remains
centered along the optical axis.

Note that if the IFW filter wheelroMAXfilter is used, the filter selectaran be placed between

the telesope and focuser. This configuration has the advantage of moving the center of gravity
forward. However, with very large chip CCD cameras, vignetting due to the 50mm filters may
occur. Contact Optec for suggestions and advice regarding your exact @idigu

Next, peel the paper backing off thieermalfoampadand use it to secure the temperature probe

to the middle of the telescope tube. Place the temperature probe between the telescope tube and
the foam square. The standard probe length is Ztesthat should accommodate Schmidt
Cassegrain telescopes from 8 to 12 inches in aperture. Any special length up to 6 feet can be
ordered from OptecRefer to Optec stock no. 17560 for replacement or custom length probes.
Replacement foam pads are aablé for a nominal cost.

Note that the temperature coefficient of aluminum is much higher than carbon fiber. However,
carbon fiber will still contribute significantly more than any other component in the telescope
assembly. The TGB temperature probmonitors the temperature change over time and works
best if measuring the temperatwkthe telescope tube. However, if using a dew heater it is
always best to keep the temperature probe away from direct contact with the heater. Choose a
location on tle telescope tube that represents the average temperature and within reach of the
focuser body. Remember that it is the temperature differential and not the absolute temperature
that the TCFS focusre is most concerned with.

Once properly attached toetltelescope tube, connébe opposite end of the temperature probe,

the 6-pin DIN plug to the socket on the side of the motor housing. An improperly connected
temperature probe may result in an ER=1 conditiom.hi s sock&atppablidd@t so
temperature probe can be removed when using the Remote In/Out Keypad (see appendix F).

The power supply for the TCE focusers is regulated at 12 VDC and 1.0 amp. Use only this
type to power the TGS or TCFS3. The older MAXfilter controller used a 20Canpower
supply that will overheat when used with the T€Focuser. When turning the power off the
TCFS / TCES3 hand controller, use the slide switch first. If the power connector is pulled or
power is somehow interrupted to the unit, the currentipasand temperature will not be stored.
When the unit is powered up again, the user will have to find a new focus manually.

Plug the 2.5mm x 5.5mm power plug into the hand control socket or directly into the power
socket on the integrated circuit boarficthe TCFSi or TCFS3i. While the hand control box has

an ON/OFF power switch, the TEF will be powered on immediately when plugged in and
begin the homing sequence.



Figure 22. Items Included with TGB focuser.
Focuser body, hand controllelemperature probe, adhesive thermal foam,
international switching power supply and U.S. wall plug, and ball driver.

Next, for the TCFS and TCFS3 focusers a @htrol Cable with 8pin RJ45modular connector
on one end and a@n subD connector on thether is used to connect the control box. Lengths
of cable 6, 12, 25 and 50 feet long are available from Optee. TCFSi and TCFS3i do not
require a Control Cable. Howevehjg is the same cibused with the MAXfilter andFW filter
selectorsand ca be interchanged. Accidentally switching controlleem the TCF and the
MAXfilter or IFW will notcause any damage to either unit.

For PC serial communications the TSFand TCFS3 focuser hand control provides i

RJ12 socket to be used with atflserial Reverse cable. Likewise, the T&8Fand TCFS3i
focusers provide a-pin RJ12 socket directly on the circuit board cover on the focuser motor
housing. These sockets are wired identically so that any Reverse cable used with-®@TCF
TCFS3 @n also be used with the TE+ or TCFS3i. Users wishing to fabricate their own
serial communications cables should refer to Appendix A for the wiring diagram and socket
pinouts.



Optecds i mpl e meommunitatioo utilizésa simpede wiring scheme similar

to the original Meade LX200 PC communication cable. RX, TX, and Ground are made available

at the RJ12 six pin socket on the hand control box of theF@Rd TCFS3 or on the circuit

board mounted directly on the motor housing fa& FCFSi and TCFS3i. The connecting
serial cable is referred to as a AReverseo ca
cable are on opposite sides of the cable (unlike an ordinary telephone cord).

Figure 23. Close up of Reverse Kla Plugsi note each end is wired identically.

Traditionally, the Reverse cable is usethva Serial Port Convertestock no. 17695whichhas

a female RJ12 socket for the opposite end of the cable and is prewired for direct connection to a
computer B9 serial port. Refer to Appendix A for the standard wiring layotihe idea with

this wiring design ighat the end user can easily pull a flaive cable through observatory
conduit and use telephone crimpers to connect each end. Only the Sdri@bReerter and
possibly a USBo-Serial converter need be purchased. For {tt&8erial converters, use only

the FTDI chipset brand. Problems may exist with the TCF Control software when using a
Keyspan or other brand devic®ptec offers our stock n@7690 USBto-Serial converter which

is guaranteed to work with any of our products.

Figure 2-4. USBto-Serial Converters using the FTDI Chipset
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Because serial ports are no longer standard on all personal computers, Optec has developed a
single Seial / USB cable with the USBo-Serial converter integrated into the cable. This cable
provides the RJ12 six wire plug on one end and a flat USB connector on the other. Consult to
the Optec website or prices list for available lengths and prices. Refestock no. 19671
through 19674

Figure 25. Serial / USB cablé direct RJ12 plug to USB converter.

With either the complete Serial / USB cable or any of the FTDI chipset-to&®Brial
converters, the active COM port number is assigned bwihdows operating system. Detailed
instructions for determining which COM port was assigned in Windows XP can be found here:
http://www.optecinc.com/usb_converter.htm

Contact Optec with any questi® or concerns regarding installation of any of the -BCF
focusers or with cabling questions or advice.


http://www.optecinc.com/usb_converter.htm

SecTioN 3.0
THEORY OF OPERATION

3.1 CRAYFORD STYLE FOCUSER

The TCFS focuser uses a classical Crayford design withireck2 ID drawtube Similary, the
TCFS3 has a-#1ch ID drawtube. The drawtube is supported within a sturdy cylindbgr four

ball bearing rollers and ateel drive shaft mounted 120° apart. With a force of 100 to 200
pounds, the drive shaft pushes the drawtube against theehailhd rollers, which eliminates all
lateral play. Rotating the drive shaft moves the drawthimgh a total distance of Giéch for

the TCFS and 1.6@nch for the TCFS3 The drive shaftor the TCFSis supported by bearings
and is made from 303 @tdess steel ground to thenfshed diameter of 0.249rch. Because of

the extra loadcapacity, the TCfS3 uses a hardened high speed steel shaft of QiBdi97
diameter.

The stepper motor with a 50:1 gearhead has a O-itBF5diameter drive shaft tahich a 25
tooth spur gear is attached. The main drive stfafte TCFS is attached to a 9toth (quality
10) drive gearln a similar fashion, the drive shaft of the T-SB is attached to a 120 tooth gear.
Thus, the total gear reduction from steppetanto drive shaft is 192:fbr the TCFS and 240:1
for the TCFS3 Each step from the rar moves the drawtube 0.0000B&h for the TCFS
and, because of the larger drive shaft, 0.60@h for the TCFS3 Total backlash of all the gears
gives an apprdamate longitudinal play of 0.001%nch (18 geps) as measured with endicator.
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MAIN BODY on3B44 DRIVE Sl 0.250, CIRCUMFERENCE: 0.785
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0187210, 0.50L ) .
EDS - 47-10 NORDEX MOTOR GEARHEAD RATIO: S0:1
""""" STEPS PER REV. OF MOTOR: 48
STEPS PER REV. OF DRIVE SHAFT: 4B X S50 X 384 = 9216
[==~— PN3834
BALL BEARING TOTAL TRAVEL DISTANCE: 0.600
01878, 050D 0.156W
— oo} —  MCMASTER 57155k55 STEPS PER TOTAL TRAVEL: 0.600/0.7854) X 9216 = 7040
/;NBBJJ TRAVEL PER STEP: 0.000085
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DA FRARING Jasw TRAVEL TIME AT 200 STEPS/SEC 352 SEC.
MCMASTER S71S5KS7 R .
o ; i
Vs &y Ho
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501 GEARHEAD e SR a7sa MOTOR COVER 2° FOCUSER TUBE
303 STEEL
PN 3823 LAS-F3-25, NORDEX |
MOTOR HOUSING

PN_3824
GEAR COVER

r
E
i
z
‘e

PN3B42 PN3843

GROUND SHAFT GROUND SHAFT
0.1872D, 2.25L 0.24597D, 2.75L

303 STEEL 303 STEEL
AAS-A3-11, NORDEX AAS-A4-15, NORDEX

Figure 31. TCFS CrossSectional View with Part Descriptions.
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The motor and drive gears are protected in a motor housing with covers to eliminate any possible
damag to the gear teeth. Drive shaft and stepper motor are all mounted in one machined part to
make sure of the proper gear alignment and maintain rigidity with all loads. The rear of the
motor housing has a 0.1875 diameter ground stainless steel shaforhatts it to the main

body and also allows a small amount of rotati@uring assembly, the motor housing pivots on

this shaft. On theoppositeside of the housing, two #panner head cagtrews press the unit

with drive shaft against the drawtube hvitonsiderable force.The TCFS3 focuser uses three
tensioning spanner head cap screws for even greater force against the drawtube.

Studies have shown that a properly tensioh€&S focuser will exhibit minimal flexure at the
image plane. Tests wittompeting focusemodels show that TCB is consistefy more rigid
andexhibits less flexure perpendicular to the optical axis at distances out to 6 inches.

A lightweight 6061 aluminum alloy is used for all machined parts with the exception of the
drawtube. Because of its higher demand for strength and rigidity, the dreofitiie=TCFS is

made froman aluminum alloywhich has almost twice the strength of 606Additionally, the
drawtube is anodized with a iltyainde @asemdthez e d
TCFS3, the drawtube is made from 7075 alloy which has the most strength of all the common
aluminum alloysAll aluminum parts are black anodized for maximum corrosion protection.

SeeFigure 31 for sectional views and part detions of the focuser assembly.

3.2 FOcus CONTROLLER

The heart of the controller is the PIC programmable CMOS microcontroller made by Microchip.
This device has 22 I/0O pins, 8K of program memory, 192 bytes of RAM and operates at 8 MHz.
Using CMOS échnology, this device uses very little power and can operate within the industrial
temperature range specification -@5°C to +80°C. All programming was done in basic and
compiled using PIC Basic Pro InyicroEngineering Labsof Colorado Springs.

SeeFigure 32 for a function diagram view of the TEE controller.

The input power source is from a switching DC power unit rated at 12 VDCateduind 1.0
amp maximum output current. Normally, the FEHF CFS3uses only 23350 milliampswhen
operating. Athree terminal regulator produces +5 VDC for use by the PIC microcontroller,
EEPROM, DRO display and stepper motor controller chips. Using a variety of protection
devices, the input power port is well protected from voltage surges, reverse voltageltétme v
(brownout) and other circuit busting conditionidistorically, areplaceable 5x20 mm fuse rated
at 0.5 ampdas beemused for final input protection. This fuse will blow if the input voltage is
reversed which could only happen if the user incafes a custom power source such as an
automotive battery.With the more receriRev4 and Rev 5 control boards and with the I&F
control boarda 0.5amp polyswitch fuse that i®settablds used in place of the discrete fuse
Theseboards have been inse with 3 control boxes made after March 2006.



Power is supplied to the TEF controller circuits through an SPDT relay of which the coil is
energized by both one pole of the power switch and one of the microcontroller output ports.
Thus, when powessiswitched off, the microcontroller will sense this condition and will keep the
relay coil energized until the shutdown procedure is completed. The shutdown procedure
consists mainly of writing the current temperature and position to the EEPROM chify whic
takes about 0.3 seconds.

HAND CONTROLLER FOCUSER MOUNTED

EXTERNAL = — — — — o o ON TELESCOPE
12 vDC/058 | |
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Figure 32. TCRSTCFS3Focuser Function Diagram.

An Analog Devices TMPO04 serial digital output thermometer is used in the temperature probe.
The modulated signal from this device is processed by the PIC microcararudleeduced to a
Centigrade scale with 0.1°C resolution. This digital device can operate over an extreme
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temperature range and, being digital, produces a very stable output which is unaffected by cable
length and common noise sources.

The DRO uses a pmium Hewlett Packard CMOS 5x7 matrix LED display showing four
characters with a height of 0.15 inch. The selection of this device over a lower cost LCD unit is
primarily based on performance. This unit can operate dow#0f€ and the LED dot matrix
display is far more visible in low light conditions compared to a LCD device. In addition, the
face of the display is protected by a piece of 4fh thick red acrylic lens, which also
enhances contrast.

Beginning in 2010, the fifth generation controlabd, Rev5, allows three brightness settings for
the LEDOGs and DRO display or the indicators
made to allow all light sources to be eliminated from the control system. In a similar way, the
LED indicator on theside of the TCFSi focusers can be set for any of three brightness levels or
turned off altogether. High, medium, low and OFF brightness levels are software selectable
using the latest TCF Control program (version 1.40 and above).

When the drawtube Bamoved all the way IN focus toward the telescope, a zero (0) reading is
shown on the DRO display. Movement of the drawtube in the opposite direction or OUT focus
will stop at position 7000, which translates to a tatael distance of 0.60 inches fdret 2inch

TCFS and TCFSi. The larger, 3nch TCFS3 and TCFS3i focusers each allow full travel out

to position 9999 for 1.00 inch travel of the drawtube.

An integrated BiMOS unipolar driver chip is used to operate the stepper motor. This device is
rated to operate within the industrial temperature rang@fC to +85°C and can output a
maximum current of 1.5 Amps far exceeding the needs of the motor. This integrated circuit is
fully protected against inductive transients. In addition, thermaégtion circuitry will disable

the outputs when the chip temperature is excessive. This could happen if the output cable is
shorted because of damage or wear.

3.3 SERIAL COMPUTER CONTROL

All models of the TCFS focuser family include aerial interfae for external control by any
computer or controller caple of serial communications. A +5 volt power multichannel RS232
driver/receiver provides a UART interfadeom the PIC controller to an external control
computer. The external interface is throaghRJ12 &in socket on the hand control box of the
TCFS/TCFS3 or a similar socket on the side of the integrated housing of theSTOEFS3i
control box. Refer toAppendix A for pin connections ar8ection 5.0 for list and description

of the currat serial commands.
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Section 4.0

OPERATING PROCEDURES

Refer toFigure 41 for a view of the hand controller front panel. Tables #rough 46 below

explain the six most typical procedures of the TRFCFS3  Switch settings, functions, and
errors are described.

»TCF «

Temperature Compensating

Focuser
Power LED

Mode Slide Switch

Learn Slide Switch

Program Pushbutton

OUT LED

QOUT Pushbutton

'OPTEC, Inc.

WAV G it (el
pai

Figure 41. TCFSandTCFS3Hand Control Layout.
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START-UP (MANUAL MODE)

SWITCH SETTINGS:
Mode switch is in MANUAL position
Learn switch is in RUN position

FUNCTION:
At the start, the focuser will move allehwvay IN focus to position 0 (HOME). The DRO w
alternately display the letters TCFS and version number. In addition, both LEDs abd
IN/OUT pushbuttons will be lighted. When at home, the controller will read the last pg
before it was shutden from the EEPROM. The focuser will then go to that position at &
of 200 steps/sec.

ERRORS:
If the last position read exceeds 79999 TCFS3), the maximum travel length, the T€3-
controller will go to the mid position or 358000 TCFS3). This could only occur if the
EEPROM chip has been replaced or is defective.

Table 41. StartUp (Manual Mode).

START-UP (AUTO MODE)

SWITCH-SETTINGS:
Mode switch is in AUTQA or AUTO-B position
Learn switch is in RUN position

FUNCTION:
At the start, the focuser will move all the way IN focus to position 0 (HOME). The DRC
alternately display the letters TCFS and the version number. In addition, both LEDs
the IN/OUT pushbuttons will be lighted. When at home, the controllérread the las
position and the last temperature before it was shutdown from the EEPROM. The
will then go to that position taking into account the difference between last temperatu
current temperature.

ERRORS:
If the last position readxceeds 70009999 TCFS3), the maximum travel length, the TC
controller will go to the migposition or 35005000 TCFS3). This could only occur if thg
EEPROM chip has been replaced or is defective. If the new position computed using
temperatire and current temperature difference is greater than (B®¥® TCFS3) or less
than 0, the focuser will move to those limits and stop. In addition, the LEDs abo
IN/OUT pushbuttons will flash 4 times.

Table 42. StartUp (Auto Mode).
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MANUAL FOCUSOPERATION

SWITCH SETTINGS:
Mode switch is in MANUAL position
Learn switch is in RUN position

FUNCTION:
The drawtube is moved in toward the direction of the telescope when the IN pushbt
depressed and out toward the camera when the Qidfibptton is depressed. The L
above the pushbutton will light up when the associated button is depressed. The
position is displayed on the DRO. The rate of focus travel is dependent on the dura
pushbuttons are depressed. A tappinghef pushbuttons will move the drawtube 1 o
steps, about 0.000@B8.0001 TCFS3)to 0.00016 inches. Holding the pushbuttons down
change the step rate from 6.6 steps/second to a maximum of 200 steps/second. TH
change is not linear but geetric.

ERRORS:
The travel limits of 0 and 700®999 TCFS3)cannot be exceeded. The focuser will sto
those limits and only travel in the opposite direction is permitted.

Table 43. Manual Focus Operation.
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AUTO FOCUSOPERATION

SWITCH SETTINGS:

Mode switch is in AUTGA or AUTO-B position
Learn switch is in RUN position

FUNCTION:

Normally, focus is obtained in the MANUAL focus mode. Once achieved, the modg
switch is moved to either AUT@ or AUTO-B depending on the user's timal
configuration. At that instant, the current position and temperature is read and stored
0.5 seconds a new temperature is read from the probe and a new position is c(
dependent on any temperature change. The focus is moved to thabsition by one stej
or 0.00008inch (0.000%inch TCFS3) This loop is repeated every 0.5 seconds.
calculations are based on the initial temperature and position so that there is no accu
error. The LED above either the IN or OUT pushbuttalenending on which direction
selected, will flash momentarily indicating the drawtube has moved one step. While
auto mode, pressing either the IN or OUT pushbuttons will have no effect.

ERRORS:

The travel limits of 0 and 700®999 TCFS3)cannot be exceeded. The focuser will sto
those limits and the LED above the IN or OUT pushbutton, depending on direction tra
will flash at a rate of 2 times per second. The user must return the mode to MANUA
move the focuser to a more ¢ position before proceeding with auto focus again.
course the telescope's main focusing mechanism will have to be utilized to achieve thi
focus change.

Table 44. Auto Focus Operation.
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LEARN OPERATION

SWITCH SETTINGS:

Mode switt is in AUTO-A or AUTO-B position
Learn switch is in the LEARN position

FUNCTION:
It is suggested that the LEARN procedure be done with a high powered eyepiece focused on the
planet. This will allow accurate position to be obtained. As of Au@005, no camera control softwg
will do an automatic LEARN procedure. This must still be done manually.

Step 1.

Step 2.

Step 3.

At the start of the LEARN operation the word SET is displayed on the DRO. Usir
IN/OUT pushbuttons, focus as in the MANUAL mode. d®rexact focus is obtained wi
either eyepiece or CCD camera, press the PROGRAM pushbutton to store initial posit
temperature. After a slight @sl, the temperature differenB8 between initial temperatur
and current temperature is displayedtosm DRO.

The TCF can now be used as in the MANUAL mode for keeping the object in 1
However, because of software overhead during this operation there may be a sligh
from pressing either the IN or OUT pushbuttons and movementeofoituser drawtube
During movement the current position is displayed on the DRO for a brief time bu
returns to display the temperature difference between initial and current temperatur
recommended that a temperature difference of at E&3tbe dserved before proceedir
with completing the LEARN operation. The DRO will only display a temperature differ
up to 9°C but can use larger values internally. However, there will only be a slight in
in precision by using values largdran 9°C. Typically for a 5°C temperature changg
SchmidtCassegrain telespe will show approximately a 45ep change in focus.

At any time up to this point the LEARN operation can be aborted and the old values |
moving the LEARN Bde switch back to the RUN position. After an adequate temper
change is observed, press the PROGRAM pushbutton and keep it depressed until t
DONE is displayed on the DRO. At this time, the new temperature coefficient fq
selected AUT@A or AUTO-B is stored in the EEPROM. The LEARN slide switch m
now be moved to the RUN mode before the unit will operate.

ERRORS:

A temperature difference greater than 16°C during the LEARN operation may caust
range errors to occur with unpredibte results. Keep the temperature difference to less
9°C.

Table 45. Learn Operation.
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SHUTDOWN

SWITCH SETTINGS:
Mode switch in any position
Learn switch in RUN position

FUNCTION:
When the power switch is placed in the OFF positibere is a momentary delay as 1
internal PIC microcontroller writes the current position and temperature to the EEP
Once done, the unit will shut down.

ERRORS:
The current position and temperature will not be written to the EEPROM if therps
interrupted or shut down by means other than the ON/OFF power switch. However,
values will remain intact.

Table 46. Shutdown Procedure.
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Section 5.0

PC SOFTWARE CONTROL

There are now two models of the TCF focus$ethe older and oubf production TCF
temperature compensating focuser andeer andmproved TCFS serial version which uses
a RS232 protocol to communicate with an external computer.

5.1 TTL LeVEL CONTROL FOR TCF AND TCF-S(THIS FEATURE IS OBSOLETE IN NEW UNITS )

With the older TCF and the newer TEF; the IN and OUT pushbuttons can be operated
remotely through the-fin modular interface connector.

This modeof operation uses pins 2, 4 and 5 of thpi® modular jack on the TCF or TEF
controller (See AppendiA to locate the piny These pins emulate the IN/OUT pushbuttons so

that logic 1 on pin 2 would, in a sense, depress the OUT pushbutton for as long as the port is held
high and a logic 1 on pin 5 would depress the IN pushbutiin 4 is common

All input signals require TTL voltage levels (0 to +5 volts) and have an input impedance of
approximately 1Kv. Debounce circuitry is not needed since it is built into the software that
controls these portsThe ports are normally held low through a 100K s&si so that an open

port condition will not result in erratic behavioFhe parallel port from any PC computer should
have no trouble providing these leveldn addition, pins 2 and 5 are protected against
overvoltage and reverse voltage conditions iittommon limits

5.2 ADVANCED TTL CoONTROL FOR THE TCF

The second mode for the older TCF is designed for advanced programmers only. The mode has
been jumper disabled on the T<GFto allow for the serial interface. The user should contact
Optec if his mode of control is desired with a model FTSKnowing that the serial interface

will be disabled. This mode of computer controlled focusing uses pin 3 of tha 6nodular
connector to send position change information to the TCF facu®&s 2 ands are used to
determine which direction to move.ike pins 2 and 5, pin 3 requires TTL level signals and is
protected against overvoltage and reverse voltage conditions within common limits.

The method of control is as follows:
1. Initial conditions: pin, 3 and 5 are at logic O.
2. Pin 3 (PC) is brought high.

3. Pin 2 (or 5) OUT (or IN) direction pin is brought high.
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4. Delay at least 15 ms but not more than 3 secotida delay longer than 3 seconds is
incurred before going to step 5, the device will tiowe and the OUT LED will flash 10
times before returning to the main routine.

5. Toggle pin 3 (high- low - high) with the duration of the pulse divided by 5u seconds
equal to the number of steps to be moved

6. The TCF focuser will move to the new positianl00 steps/second.

7. Bring pins 2, 3 and 5 to a logic 0 before the TCF focuser completes its movedutat
that each focus step change will require 10 msec to complete.

8. Do not initiate another focus command until the TCF focuser has completed the firs
movement Note that the total time to wait would be the total number of steps to move
times 10 ms.

Pulses up to 0.328 seconds are acceptable but these would exceed the travel limits of the TCF
focuser It is suggested that pulse widths not exceed @&donds, which would move the
focuser through 200 stepSince there is no position feedback to the PC computer, it is up to the
programmer to allow initial position information to be keyed into the program

5.3 TCF-SITCF-S3 - RS-232SERIAL COMMUNIC ATIONS

Opte® s Mo d-Sland TCFE3 provides an R&32 serial communications option for the
temperature compensating focuser. The hand controller of theSTICH~S3 includes builtin

circuitry with aRS-232 driver allowing the user to communicate wilie focuser from any
external PC. Using simple ASCII commands this focuser can be moved in or out, set into either
of the automatic modes, or queried for position and temperature. There is even an advanced
ASIl eepo mode al | owi rcuserintb bw powee operdtian remoétedyc eThet h e
focuser can then be restarted remotely at a later time.

Optec supplies a windows based control program for complete operation of th&TTCHFS3
This program is described in Appendixand available for denload at www.optecinc.com.

5.3.1 CONNECTING THE TCF-S/ITCF-S310 THE PC

For the physical wiring connection between the PC and the S,GPptec recommends our PC
serial port converter (stk. #17695) and anlRJreverse cable. Optec offers a numberehes
cables in lengths from-fi to 50-ft. Custom cables can also be ordered. The reverse cable is
wired pin 1 to pin 1, pin 2 to pin 2, etc. A smire flat cable with RJL2 connectors on each end
works well up to at least 120 ft. (Refer to Appendix Aviaring details.)

The RS232 implementation used with the T<{Hs a simple 3ine interface using RX, TX, and
GND. (Refer to Appendix A for wiring data.)
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5.3.2 COMMUNICATIONS PROTOCOL

The remote PC communication program should be set fok-ba@d rate with 8 data bits, 1 stop

bit, and no parity (8N1). The TEHTCFS3is preset for these values and will not respond to

other settings. Be sure to set the baud rate to 19.2K BAUD before attempting
communication_with the TCF-S. Tables 51 through 511 below describe in detail the
commands used to control and communicate with the -FCEF-S3 To establish
communications a Focuser Manual Mode (FMMODE) command must be sent along the serial
line to the focuser. This command should consist dfe ASCI | seri al stri
(without the quotes). If a partial command string is received, theSOEFS3 controller will

timeout after only a few milliseconds and may not parse the entire command string properly.
The controller program may timebbetween characters when sent one at a time. PROCOMM

can be used successfully in the chat or host mode where the string command is not sent until a
CRI/LF is typed. Once the FMMODE command has been received and accepted by-the TCF
STCFS3 areturn chr act er of Ato (foll owed by a CR/
communications program. None of the other commands will work before the FMMODE
command has properly initialized the serial connection.

Once the serial connection is active, there are camdmavailable to center the focuser, move it

in or out any number of steps, read the current focuser position and temperature, or to set the
focuser into either the A or B automatic modes. Note that serial communications will only occur

if the hand controslide switch is in the Manual position. The Learn slide switch must be in the
Run position. Each command is described separately in the tables below.

The FAMODE and FBMODE commands simulate the Adtand AuteB modes using the

same temperature coefiient values stored in the TCF hand controller memory. While in either

of these automatic modes, all serial input is ignored except for the FMMODE, which returns the
communications, program to manual operation. The LEARN operation for deriving theB\ and
mode temperature coefficients is not implemented into the serial routines and must be performed
manually as describe in Section 4.0 (Table 4.5) above.

For the truly remote observatory a specialdovo wer A S| eepd mode i s avai
commandwill drop the TCFS/TCFS3into a hibernation mode that simply checks for a wake

up command (FWAKUP) along the serial line. The remote user can restart the focuser as long as
the TCF hand controller has not lost power. See Tablésand 511 below.

When the communications session is complete, the Focuser Free Command (FFMODE) will
terminate the serial connection. See Tabld Helow.
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5.3.3 TCF-SITCF-S3COMMANDS

LF = line feed, CR = carriage return, n = number from 0O ta 9,any character

Command Return

FMMODE

(Focuser Manual Mode)

AOLF CR

Function:

This command initializes the serial connection between the PC and the TCF
S'TCRS3 FMMODE causes the TEETCFKS3program to enter into the main
serial loop which checks for additiahninputs along the RI2 connector. A
successful return from this commaritil( L F) is@edRuired before the TEF
SITCFS3will accept any other user commands. FMMODE also allows the
to exit the serial AUT@A and AUTOB mode loops. (See warning)

Warning:

The FMMODE command may need to be executed more than once to succe
exit the serial AUTO loops. The user will see the return character for FMMO
after the serial AUTO loop has been successfully exited.

Table 51. Focuser Manual lde Command.

Command Return
FAMODE AP=0 nnnn L
(Focuser Auto-A Mode) AT=0 Nnn.nNn

Function:

This command puts the TEWTCFS3in the serial mode AUTE\. This mode is
the same as the n@erial mode AUT@A . It even usesslt
value. The only difference between the twithist the serial version transmitse

current @sition and temperature to the PThere is a 10ms pause between the
position and temperature transmissiofns exit this mode the user must execute
the FMMODE commandFQUITn stops the temperature and position telemetr

Table 52. Focuser A Mode Command.
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Command Return
FBMODE AP=0 nnnn L
(Focuser Auto-B Mode) AT=0 Nnn.n

Function:

This command puts the TESHTCFS3 in the serial ma@aAUTO-B. This mode is
the same as the na@erial mode AUTGEB . I't even uses t
value. The only difference between the two is that the serial version transmi
current position and temperature to the PC. There is a 10ms mwseb the

position and temperature transmissions. To exit this mode the user must exe
the FMMODE command. FQUIT stops the temperature and position telemet

Table 53. Focuser B Mode Command.

Command

Return

FInnnn
(Focusmmmo ) n

f

0 FCR

Function:

This command allows the user to move the focuser in by a specific number @
steps. The AI NO direction corresp
numbremd Ashoul d be padded with zero
focuser needs to be moved in by 5 steps, the proper command string would
FI0005. The Finnncommand will accept user inputs in the range of 0 to 700
(9999 for TCFS3) However, the TCIS/TCFS3cannot physicallynove past the
zero position

Warning:

Entering a value such as 159, as opposed to 0159, will cause th&TCI~S3to
move to an undesired position. Remember to right adjust all position values
than 1000.

Table 54. Focuser In Command.
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Command Return

FOnnnn o

(Focusenn®a) dn

LF CR

Function:

This command allows the user to move the focuser out by a specific number
steps. The AOUTO direction corres
numbremd ishoul d be padded wit lis ifzher o
focuser needs to be moved out by 750 steps, the proper command string wo
FOO0750. The FGnnncommand will accept user inputs in the range of 0 to 70
(9999 for TCFS3). However, the TCFS cannot physically move past position
7000(9999TCF-S3)

Warning:

Entering a value such as 159, as opposed to 0159, will cause th&TCI~S3to
move to an undesired position. Remember to right adjust all position values

than 1000.
Figure 55. Focuser Out Command.
Command Return
F(ﬁzgussggosition Read Out) fP=nnnnoLF CR

Function:

This command all ows the programmer
The TCFS/ITCFS3will respond with the right justified position information.

Since the serial feature of the TSRallows remote control of the controller, the
user would need to have a position reading to chart the progress of the TCF
S/ITCFS3at that remote location. This command works nicely with tinerkii

command, the FAhnncommand, and the FCENTR commandeprogrammer
can request the current position information before moving the focuser to eng
that it stays within the operating range of 0000 to 718999 for TCFS3).

Figure 56. Position Rea®®ut Command.
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Command Return

FTMPRO

(Focuser Temperature Read Out)

fiT=°nn.noLF CR

Function:

This command allows the programmer to request the current probe temperat
The TCFS/'TCFS3program does not display the temperature on the hand
controller DRO. (The Learn operation displays only the tenperaifferential.)
For advanced focus algorithms a programmer may need current temperature
information. The FTMPRO command provides access to this information. N
when in either of the automatic modes, FAMODE or FBMODE, the FTMPRC
command is ignad. However, each of these modes returns position and
temperature information continually. The temperature is measured and disg
in positive or negative degrees Celsius and has an accura@yloflegree.

Figure 57. Temperature Rea@ut Commad.

Command Return
FCENTR N

(Focuser Center) ACENTHRGR
Function:

This command prompts the TEFTCFS3to move to the center position of its

full range, which is 35006000 for TCFS3). FCENTR can be used to center th
focuser at the beginrgnof any observing session. The programmer might cho
to use the FCENTR command and then prompt the telescope user to focus v
coarse telescope focuser. This procedure optimizes the distance traveled i
direction.

Aswellassendingth return string(ACESa&mMRO)
acknowledges arriving in the center position by turning on both the IN and O
LED6s on the controller for a mome

Figure 58. Focuser Center Command.

24



Command Return

FSLEEP

(Focuser Sleep)

f¥ZZOLF CR

Function:

This command performs the shutdown procedure of the FTEFS3 however
it does not completely power down. The SLEEP mode allows the PIC-micro
controller to remain active and susceptive to the FWRKddmmand. The final
position and the start temperature are recorded into memory and th& 3i@iks
off the power to the stepper motor and to the display, which is the majority of
power consumption within the TEFTCFS3 The power LED will blink slowyt
to inform the user of the restful state that the & in.

Powering down the TGE/TCFS3is also possible at this point. This comman
useful when the user has multiple devices on a pstvgr and it is not convenien
to shut them off one at ante.

Figure 59. Focuser Sleep Command.

Command Return

FWAKUP

(Focuser Wake Up) AWAKEOLF CR

Function:

This commandds onl y -STECES3iran its ILEBR ankde
Once the user has issued this command, the JTEFS3resbres power to the
display and the stepper motor. The final value of the position is also restore(
the display from memory. The only time this command can be used is if the
SITCFS3is in SLEEP mode.

Figure 510. Focuser Wakap Command.
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Command Return

FREADA or FREADB fi A=nBnoorfi B =0no LF CR
(Focuser Read Slope Command)
Function:

This command reads the learned slope values stored in the EEPROM for the
AUTO-A or AUTO-B switch settings. Values from 0000 to 0999 can be rEael.
default value stored in both locations is 086, which is the slope constant for t
Meade 1@nch telescope located in the Optec Observatory.

Figure 511. Focuser Read Commands.

Command Return

FLAnnn or FLBnnn A DRE 4F CR
(Focuser Load Slope Command)

Function:

This command writes the slope values to the EEPROM for the ANTDO

AUTO-B switch settings. Values from 000 to 999 can be loaded. The integer
value represents the number of steps (0.00008 inches) that the focuser movs
every Centigrade degree change in temperature.

Figure 512. Focuser Load Commands.

Command Return

FQUITN i DONERCR
(Focuser Quiet Command i firmware ver. 2.21 and above)

Function:

This command can disable the position and temperature datdb&ing returned
to the PC during FAMODE or FBMODE. The defaulhis 0 which returns the
telemetry data every second. A valuenef 1 will disable all telemetry data.

Figure 513. Focuser Quiet Command.
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Command Return

FDAnnn or FDBnnn ADONEBCR

(Focuser Delay Command i firmware ver. 2.21 and above)

Function:

The default delay between step movements during temperature compensatic
or B mode) is 1.00 seconds. This delay between steps can be increased usi
new command. Valued 001 to 999 correspond to 0.01 seconds to 9.99 seco
of additional delay. The default value of 000 is restored after the power is tu
off. Note that this command only works with the software FAMODE and
FBMODE and not the manual selected Adt@and Auto-B modes. This
command can only be issued while the TRFCFS3is in FMMODE (as

opposed to FAMODE or FBMODE). (example: FDA400 will increase the default delay
for FAMODE from 1.00 second to 5.00 seconds.)

Figure 514. Focuser Delay Command.

Command Return

FHOME i DON EBCR
(Focuser Home Command i firmware ver. 2.21 and above)

Function:

Similar to turning off the unit when in RUN mode (no PC) with the switch in
Auto-A or B and then turning the TCE back on at a different time and
temperature. Intended to be used with FSLEEP, which saves the current
temperature and position information, and the FWAKUP command which do
automatically compensate for a change in temperature that may have occurr
while in ASI eepquemois xMODBEGADME Nnd s e
FMMODE, FSLEEP, é FWAKUP, FHOME.
coefficient stored for A or B depending on which FXMODE command was lag
issued and move the focuser to the new calculated position.

Figure 515. Focuser Hme Command.
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Command Return

FFMODE i ENDBCR

(Focuser Free Mode)

Function:

The user issues this command when the remote controlling session of the T(
S/ITCFS3is over. Upon executing this command the user relinquishes contr
back to the TCFS/TCFS3controller and frees it from serial control. This

command will only work if the serially controlled TEWTCFS3is in FMMODE.

Figure 516. Focuser Free Mode Command.

Command Return

FtxxxA or FTxxxB A A= oA B=LBCR
(Slope sign Command i firmware ver. 2.32 and above)

Function:

The sign of the slope is reported back. Most telescopes have a positive (n=0
but some of the Takahashi models have a negative (n=1) sign. Use the FZX
command to input new sign values.

Figure 517. FocusrRead Slope Siggommand.

Command Return

FZAXxxn or FZBxxn ADONE® LE CR
(Load slope sign Command i firmware ver. 2.32 and above)

Function:

This command allows the sign of the slope to be changed from positive to
negative. Previous versionsvays assume a positive sign. Some of the Takah:
telescopes have slope values with a negative Sigositive slge is designated
with n = 0 anda negative slope with n = 1.

Figure 518. Focuser Load Slope Sign Command.
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SecTioN 6.0
TROUBLE SHOOTING

A new feature for TCHrmware versions 2.10 and later is the reporting of error codes for certain
fault conditions. These error messages are displayed on the DRO and are also reported on the
serial port. Currently, the following errors are repdrt

ER=1 Temperature probe not connected or not working.
This is the most common fault and can usually be traced to a missing temperature
probe or faulty wiring. Check the temperature probe connection first. [A
temperature probe and socket upgradé&k.($£17558) which replaces the 2.5mm
phono type connector from the original design TEFCFS3with the more robust
current style PS2 type connector is available from Optec for a nominal charge.] Also
check the Contl cable connection at the TGfand catrol.

If the PC serial control cable is inadvertently plugged into the4%@&onnector(J2

in Appendix B for board layoufpr the control cable going to the TEFTCFS3

pins 1 and 8 may be pushed back and not make contact. Pin 1 is the ground pin for
the temperature probe which will disable the probe if is not connected. Examine the
pins of the RJ15 connector using a good light and magnifier and see if all the pins
are lined up evenly. If not, use a knitting needle to bend pins 1 and 8 back in line

ER=2 New calculated position when unit turned on in AUA®@r AUTO-B exceeds limits.
Tryrecentering the focuser and adjusting th

ER=3 EEPROM failed read/write test on boot up.
Contact Optec is this error condition @a's repeatedly.

Listed below are common conceransd fixes mentioneldy TCFusers.

1. The focuser will not move past position 70(8D99 for TCFS3) or 0. If the focuser is
moved to these limits, it will stop and can only be moved in the oppositeialirect

2. While in the AUTO mode, very slight vibrational pulses may sometimes be felt while
touching the TCFS/TCRS3focuser. This is caused by the stepper motor moving by one
step increments under command of the controller. While in either AUTO modeptliese
may come at a rate of 1 per second. Under careful observations with a Meade LX200 10
inch telescope, no image jitter was ever observed with apguglered eyepiece. These
vibration pulses may only be of concern during very high magnificatioref@animaging.

During that application, it might be recommended to place the unit in the MANUAL mode
just before initiating the exposure and then going back to AUTO right after. The FDAnnn or
FDBnnn commands could be used to increase the period betemparature compensation
steps.
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If, during a LEARN operation, the ambient temperature changes by more than 16° and the
procedure is not completed, an internal enagrge error may occur with unpredictable results
(divide by 0). Monitor the temperature féifence, and complete the LEARN operation
before a 9°C difference is reached.

In a vertical position, a heavy instrument package may cause slipping between the drive shaft
and the drawtube. This is a common problem with Crayford style mounts and casihot e

be remedied. Loads 08 to 10 pounds will probably result in a small amount of slippage
when in the vertical position. Loads of 6 pounds and less will not slip. Call Optec if
slippage is a problem for your application.

If the unit acts erratievhen in the AUTO mode it could be the result of strong interference
upon the temperature probe. The temperature probe uses a digital signal sensor, which
should be immune to most noise sources. However, running long lengths of controller cable
over noisesources such as computers, switching power supplies or fluorescent light may
cause temperature read errors.

If pulses are slow in coming while in auto mode or if there is an unexpected delay when the
unit is powered down, the fault is probably with teenperature probe. Check to make sure
the temperature probe is properly connected.

. After considerable use, the friction surface of the drawtube may become worn. The first
production runs of the drawtube specified standard anodizing. Optec now spetifies a
coat anodizing which slows wear appreciably. If slipping becomes a problem, Optec can
exchange the drawtube with a rebuilt one having a newdwatianodized surface. Contact
Optec for details and cost.

. Sometimes the three screws holding the stepuor in position become loose. Remove the
cover protecting the gearing and tighten the motor screws with an allen key wrench. Do not
over tighten which might strip the screws.

. Plugging the PC control cable into the-&J connector for the control cabiming to the
TCFS, may bend pins 1 and 8 back dagsthem not to make contact with the cable
connector If pin 1 is not connected, an ER=1 error will be seen. If pin 8 is not connected, the
stepper motor will sound as if it is moving but the drawtubdenei move. Examine the pins
with a strong light and a magnifier to see if they are all lined up evenly. If not, use a knitting
needle to bend the pins back in line.
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FOCUSER

Type

Length of focus travel
Minimum step movement
Maximum step rate

Total Backlash

Maximum instrument load
Total gear reduction ratio

Focuser drive gear

Motor spur gear
Controller connector
Temperature connector
Weight

Length

Operating temperature

CONTROLLER

Type

1/0 ports

Clock frequency
CPU Memory

EEPROM

Focuser connector
PC connector
Power connector
Power

Size

Weight

TEMPERATURE SENSOR

Type

Temperature range
Linearity

Output

Cable length

POWER SUPPLY

Input

Output

Input connector
Listed by

Output Connector
Center Pin

SecTion 7.0

SPECIFICATIONS for TCF -S

31

Crayford Style

0.60" 1.00
0.000085" 0.00
200 steps/sec

typically 0.0015" (18 steps)
10 Ibs.

192:1 (240:1 for

TCF-S3)

96 teeth

2024 alloy

25 teeth, 303 stainless, quality 10
9-pin sub-D, pins

o -S3)
016S3) (
20-Ibs. (TCF-S3)

120 teeth (TCF-S3)

6-pin mini DIN

2 lbs. 8 0z 4 1b. 8 0z (TCF-S3)
3.3" (drawtube IN) 4. 30 (drav
t o Bull @arT) to 5.3%) (-

-40°C to 50°C

PIC microcontroller, 16F7x series
22

8 MHz

8 EPROM (4 EPROM for TCF)
192 bytes RAM

256 bytes

8-pin modular jack, RJ45 type
6-pin modular jack, RJ12 type
2.5 mm power jack

12 VDC, 230 to 350 ma

5.6 x 3.2 x 1.5 inches (L x W x H)
6 oz.

Analog Devices TMP03

-40°C to 100°C

0.5°C

modulated serial digital TTL signal
18" standard

100 - 240 VAC, 50/60 Hz, 0.4 A
12 VDC, 1A regulated

IEC 320/7

UL, CSA, CE

5.5 x 2.5 mm power plug
positive



Appendix A

WIRING DIAGRAM
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Wiring diagram for the current-@in DIN connector temperature probe.
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Wiring Diagram for theoriginal phonoesyle temperature probe.
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Appendix B

CONTROLLER BOARD LAYOUT

The TCFS focuser hand control board has undergone several revisions over the years. The
original TCF Temperature Compensating Focuser did not offer th23RSerial interface, for
instance, so it was quickly replaced with the FSFcontroller. Showmn the following pages

are the board layouts for the various revisions of the hand control board with the most recent
version displayed first.

The TCFESi integrated focuser does not raguan external hand controller. Instead a small
circuit board attached directly to the motor housing provides all the required control. This board
includes connectors for input power, temperature probe, and serial communications through an
RJ12 6pin soket. The board layout is shown below.

J 1UF 1uF @&2 @oa L
0{33..

2ZVN42CIE @01 @mo
< 06 4
& gr; uF %;
= & 05
‘g R2 % %
@
zop N E
[+8
D1 0 2
— - & 5 $
1NGBE1G + D2 (=)
[ + |F J3 D4
$ L o =
‘i Ri [}
O n O
I >

O

J3322 MoR-s (:)..... S )’»

X3

TCF-Si Integrated Circuit Board Layout
Introduced in November 2009.
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Appendix C

CONTROLLER BOARD CIRCUIT
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TCF-S Revisiont Circuit Diagram.



