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1 List of acronyms

PID : Proportional Integral Derivative closed loop algorithm

Pl : Proportional Integral closed loop algorithm

RA : Right Ascension

DEC : Declination

AZ : Azimuth

ELV : Elevation

OTA : Optical tube Assembly or telescope tube containing instrumentation and all optics.
STD : Standard Deviation figure computed from significant number of samples

2 Purpose of this document and prerequisite

The purpose of this document is to aim for best mount PID tuning, which means best tracking performance,
high speed and reasonable settling time after slew completion.

All described in this document is valid for ALL mount axis kinds (RA, DEC, AZ, ELV).
The NOVA mount is a direct drive mount that uses encoders and brushless frameless motors. The mount

controller uses motion generator functions, read encoder values and PID algorithm to stick to the required
trajectory with the actual mount motion.

3 Mount hardware principle and closed loop system

Each axis of the mount (RA/DEC/AZ, ELV) has an optical encoder that provides ultra-accurate position angle. The
encoder resolution has from 33 million steps to 97 million steps, so be within 40 milli-arcsec down to 10 milli-
arcsec. Just remember that one degree is 3600 arcsec. There is also a torque motor, that receives current from
the controller.

The encoder information goes to the controller and is compared to the trajectory generator, that computes a
theoretical trajectory. There are two trajectories used:
e  Constant Velocity contouring: used for tracking mode, where constant speed is required, this will
translate into encoders steps per sec.
e  Trapezoidal trajectory: used for slewing the telescope from one position to another in the sky. This
includes a variable speed with acceleration phase to reach desired slewing speed, then constant slewing
speed, then a deceleration phase in order to stop at the required destination position. This also
translates into variable encoders steps per sec.

In all cases, the controller produces a variable setpoint angle where the axis should be at any time, reads the
encoder position (or axis rotation angle), computes the difference (position error) and finally applies a current
to the motor. This current generates a torque which makes the axis to rotate. This is a closed loop system.
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Closed position loop

Position Curent Torque
Axis actual position F/-;mr "; f #  |Encoders
(encoder units) \ [
Difference position | Computed | Q| Current. Axis rotation
PID current generatlon RAIDEC/AZIELY
Computed Trajectory
Generator (encoder units)
_ l_ _____ I_ < Mode
\ _\ Selector
Velocity Trapezoidal
Contouring Mode
Mode
Stellar tracking Slewing Mode
Mode

Fig. 1 Mount closed loop system overview

The” Position Error” is the difference between the Trajectory Generator and the actual encoder mount position,
which the system will tend to bring to a minimum.

This position error goes into a PID algorithm which outputs a current/torque, so that at the next cycle (150us
per cycle) the position error tends to zero. This PID algorithm has many parameters which defines it.

Some basic knowledge about PID is required, please read/watch those documents:
= Understanding PID Control, Part 1: What Is PID Control? - YouTube

=  What s a PID Controller and how does it work? - YouTube
= https://en.wikipedia.org/wiki/PID controller

This document will not describe “what is a PID”, and will not cover this topic. There are countless of resources in
the web about this topic.

If P, I, D parameters are incorrectly set, either
e The axis will be soft and slow, and “position error” will increase, when the position error is higher to
a given figure, for safety reasons the controller will disable the closed loop and stop the motors
e The axis will oscillate, and won’t be stable.

So proper PID parameters must be set correctly in order for the axis to behave adequately.

Important: PID parameter are bound to the inertia momentum of the mount
(https://en.wikipedia.org/wiki/Moment of inertia) and if mount masses distribution around the axis are

changed, it might require to change the PID parameters to keep good performances.
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The controller has another feature which allows better performance, with current closed loop PI. It ensures that
the required current is used to drive the axis. The current error is computed between the PID required output
current and measured current at the motor input. This difference goes into a Pl (with no D) algorithm and
generate the proper current to minimize the current error.

The current can be limited by the user to values from 10% to 100%, this is to ensure safety when tuning the axis.
In the end, the controller manages two nested closed loops, the position closed loop and the current closed

loop.
Closed position loop
Closed current loop
™ Current
. Y " [ + Lmit | Encoders
Axis actual position | |current 10-100%
(encoder units) | Measurement J—
; Position| Computed ' 3 ronea 5 Current : :
Difference —» PID |current | Difference 3 Pl Generation > Axis rotation

Computed Trajectory : i

Generator (encoderunits) | T T Tt

__ | o __ |_<— Mode
] _\1 Selector

Velocity _
Contouring Tralslezmdm
Mode ode
Stellar tracking Slewing Mode

Mode

Fig. 2 Closed loop chart with current loop enabled

Be aware that this loop operates for one axis, and for dual axis system there’s another similar loop that has its
own parameters.

Nevertheless, this is possible to disable the closed current loop, if necessary, by software. On some cases this can
be useful.
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Closed position loop

_______________________ Current l
l | Limit Encoders
Axis actual position I 10-100%
(encoder units) i T
. Position| Computed | Current J_ " :
ffi n »
Difference —» PID  |current || Generation Axis rotation
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Generator (encoder units) T T T T T T e e e
I I Mode
_______ _‘7
\ N Selector

Velocity

Contouring Tra&E?'dal
Mode ode
“Stellar tracking Slewing Mode )
Mode

Fig. 3 Closed loop chart with current loop disabled

The DDR_Astro software provides full access to the mount PID parameters, for all closed loops (position and
current).

4 Using DDR Astro software to achieve PID tuning

4.1 Initial settings

The hardware controller does not store any parameters, when turned off, all parameters are erased. There is no
nonvolatile memory. This is the PC DDR_Astro software that sends the parameters to the controller upon
establishing link. All the mount PID parameters are stored in the window database registry here
HKEY_CURRENT_USER\SOFTWARE\DDR_ASTRO\Axis1

And

HKEY_CURRENT_USER\SOFTWARE\DDR_ASTRO\Axis2

Use “regedit.exe” software to access them, if required.

Important use screen PC resolution that are higher and equal to HD resolution, better WUXGA (1920 x 1200) or
QXGA (2048x1536) are better, because the tuning process display many floating windows!

Once DDR_Astro software is started, go to Menu “Setup/System setup/” then click button “Advanced Setup”

There, the Current Limit for both axis (see fig 2 and 3) can be set. As well the maximum tracking error (difference
between encoder reading and trajectory generator output). Do not set this value too low, otherwise axis can be
disabled immediately when error exceed this value, this can happen when slewing starts/stops. This is again a
safety action to avoid the mount to send the OTA to undesired speeds and positions.
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Safety
Enables axis brakes in case of mount been hurt

Encoders steps error tolerance |100000|

Angle (computed) Axe £1: 32.2 arcmin
Angle (computed) Axe #2: 32.2 arcmin
Controler max power

As % wrt to max allowable, Axis #1 |50.0 | (10-100)
As % wrt to max allowable, Axis £2 |50.0 | (10-100)

Fig. 4 Current limit and position error limits

The maximum power of controllers is 500W per axis (NOVA 120). NOVA 200 uses 1000W controller.

4.2 Control panels description

Then quit this form and connect mount, the advanced axis status can be reach by clicking these small “>>"
buttons.
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@ DDR ASTRO - Main control panel [Version 3.4.257 build 345 12/05/2021] - X
Setup Disconnect Options Exit About Engineering
S;:tun — Dec Destination slewing coord. (@) 2000.0 Eq (O Apparent z
Connected ! = Connected ! = RA = h ms co!
"Tracking" axis mode "Tracking" axis mode o - -
: o P | - B ] o) v | e :
System status : Sidereal tracking pending # | | Offsets -
I
[J2000.0 eq. Pos. Err | RA Direction I:l @ O O-°
units GO!
RA (app.) . 09h12m02.1665 | 0.00" | DEC Direction b ] ® 0 O
DEC (app.) | +21°09'42.25 . 0.04 B
Mer.Angle = -01h16m32.860s .
Tube Side | [West pier] Mnt. Flip . Speed Parking (Apparent coord.)
Sidereal time = 07h55m29.256s Mer. Angle - |6 |H[3 | ok
- DEC +/[88 [®[3s| ™
AZIMUTH |  +140°37'13.05" E 0 i [}
ELEVATION | +61°00'46.96" s = e e —— cal.
Overall error 0.04"
Speed : 3.2°
RA speed (app.) -15.1" [sec | 63 mW - ec Satelites tracking
DEC Speed (app.) -0.1" /sec 1 mw e
inting mode peeds Differential speed vectol
= Polnting | enabled, + 5 Fl’reéeﬁned ‘ Differential speed (arcsec/h)
@® None 'RA Direction 10
.l [DECDrecton |10
O Sun speed Speed wrt sidereal speed
() User speed
(O Comet/asteroid speed @®rADEC  (OSpeed/P.A
Absolute startup mode Number of connected client(s) : 0 German Mount -> Lat + 45.5°

Fig. 5 Main DDR_Astro control window

The following form will appear.
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Axis statuz-> Ra hod

Encoders Controler status
Actual encoder position 51712 389 Events Drives
e 51712 365 Maotion complete Yes Owercurrent No
Position error 1 (0.02) - Encoders overflow No Overtemperature No
e 2.82 (0.057 33 . Breakpoint #1 No Axis locked No
Speed (Step/cydes) L0 Index seen No Overvoltage No
Speed (Step/sed) 776.6 (-15.0" seq) Motion error No Undervoltage Mo
Pasitive limit No Temperature *C 26.7°C
Reference ? Megative limit Ho Bus voltage 36,4V
Reference gap Z Instruction error No Activity
Absolute position - Disabled axis (HW) No Into tracking window Yes
Requested speed -0, 199081 pas/cyc Cvertemperature No e T
Requested acceleration 0,00000000 pas/fcyc? e e lion No Sl oiic L
Commutation erreur No Scurve mode Mo
System status Overcurrent No Axis set No
Axis enabled : Breakpoint #2 Ho Position loop enabled Yes
Drive enabled =
Current loop enabled . M.%I)( slewing spleed (=fsec) :':IS-LZZZI:ED’DJE ::5
Position loop enabled @ [disable Max slewing acceleration (%/sec?) Positive lmit No
Trajectory Gen enabled . Retrieve Apply Negative limit No
Status
Phasing Done | FID I contrib: -473077 (0%:) Curr.Loop Err. 0.0 %
Drive com. -0.3545 %0 PID derivatif: -1 Curr, Icr. Loop 399.4 %
40,086 A (0.015 W) Max Power : 50% | Max error 100000 steps Curr, loop Qut 1.18 %
Current loop Position Lopp Phasing
gp;assic Trajectory PID settings Phase angle 174°
(®) Current field orientation = 100 Phase angle () ICI Apply
() Mone I 30 Postion PID advanced options
Current PI parameters ;lelt j;;;'—"—"—"—"—' Enable "P" to be changed with speed
5 00 = s P when is lower then threshold
I 20 Speed threshold (step/sec) 1200
Kout (%) 0.5
I limit 13900 Speed (Kv) a Record Apply
Record Apply Syl 0 Filtering
Record Apply Mone - Filter settings
Close Export Import Mare =

Fig. 6 Advanced Status window

The encoder sub-group, shows the position error (that goes into the PID computation box) and by pressing
button 2, its resets the computation of the standard deviation error which is performed with the last samples of
position error.

In this example, the standard deviation figure has been computed over 1102 samples of position error, and is

equal to 44.43 steps or 0.86 arcsec. If this button is hit, the computation restarts from the next sample and waits
to get 10 samples to compute this figure.
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Encoders 1
Actual encoder position 25 189939
Requested position 25189918
Position error -14 (-0.277)

Stat. err. pos 44,43 (0.867) 1102 | »
Speed (Step/cydes) -1.00 +
Speed (Step/sec) 697.1(-13.5" fsec) 2

Fig. 7 Encoder group box

On a well-tuned system, using sideral or no speed, the STD error must be less than 10 encoders steps.

Stat. err. pos 9,29 (0,187 634

Fig. 8 Statistical position tracking error and reset button

The Button #1 will open 5 real time plots, where time is X axis, showing (from top to bottom) the tracking

position error, the current in % at the PID output, the measured speed as encoder steps per sec, the derivative
factor and the encoder position. In these screen copies the axis does not move (DEC axis).
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Absolute positionRa
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Fig. 9 Five diagnosis plots
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Fig. 10 Axis position plot with sideral speed

The max slewing speed and accelerations can be modified hereafter, those applies to both Axis

Max slewing speed (®fsec) |3

Max slewing acceleration (®fsec?) |1.0

Retrieve Apply

Fig. 11 Max speed and accelerations parameters

By clicking the “>>” that is at the same line as “System status”, this simple chart is displayed.
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System status
Dec

Ra
Connected ! E Connected ! #
"Tracking" axis mode "Tracking" axis mode

~a.

System status : Sidereal tracking pending

Fig. 12 Button to show the skymap chart

This chart allows to move the telescope to any position in the sky by clicking to the right mouse button.

Telescope position : Az = 36.3% Elv = 538.6° | MA = -02h35m -> RA = 11h43m07s DEC = +64°19'57" n

Lef mouse click

Fig. 13 Skymap chart, yellow/green dot depicts telescope position

Encoder positions of both axis are reported on the bottom of the chart (small clock like picture). Understand 34
as 34 000 000 steps. The red line is the current axis position (encoder steps) and the yellow line are the
reference encoder steps of the mount’s marks, and the green label is the current phase motor angle value. The
yellow label “Rel.” is the angle of the current position with the reference mark position.
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If the user press the right mouse button, the mount destination coordinates are computed and confirmation

form is displayed.

Confirm

o Slew telescope to RA = 06h25m13s DEC =+27°48'46"
(AZ = 252.4° Elevation = 55.4° MA = +02h31m) ?

Mo

This is very convenient tool to slew the mount and check that the PID parameters are set properly during a

motion test.
Coming back to this panel:

Fig. 14 Confirmation form

Axis status-> Ra
Encoders Controler status
Actual encoder position 444950 814 Events Drives
Requested position 32950807 Motion complete o Overcurrent No
Position error 20.01) " Encoders overflow No Overtemperature No
Stat. err. pos 4,31 (0.087 1021 Breakpoint #1 No Axis locked No
Speed (Step/cydes) 0.00 Index seen No Overvoltage No
Speed (Stepjsed) 766.8 (143" Jsed) Motion error No Undervoltage No
Positive limit Mo Temperature “C Th
Reference ? Megative limit No Bus voltage 6.4V
Reference gap ? Instruction error No Activity
Absolute position ? Disabled axis (HW) No Into tracking window Yes
Overte i Mo i
Regoest=dspeed -0.199020 pasjoyc vertemperature Trapezoidal mode No
VBUS voltage fault Mo
Regquested acceleration 0.00000000 pasfcyc? SrEgsEs Trailigis V=
Commutation erreur No Scurve mode No
System status Overcurrent No Axis set No
Axis enabled : Breakpoint £2 No Position loop enabled Yes
Drive enabled o
Max slewing speed (%/sec) I:I Position capture No
Current loop enabled . I i Y
& : Maix slewing acceleration (=/zec?) e =
Position loop enabled . [ disable Positive limit o
Trajectory Gen enabled . Retrieve Apply Negative limit No
Status
Phasing Done ! PID I contrib: -726830 (0%) Curr.Loop Err, 0.0 %
Drive com. -1.3275 % PID derivatif: -2 Curr. Icn. Loop 141.1 %
-0.132 A (0.036 W) Max Power ¢ 50% | Max error 100000 steps Curr. loop Out 0.68 %
Current loop Pasition Lopp Phasing
s . Trajectory PID settings Phase angle 135 =
(D) Classic
(®) Current field orientation 2 100 Phase angle (%) o | | Apply I
(") Mone [ 30 Pastion PID advanced options
I Limit Enable "P” to be changed with speed
Current PI parameters
D P when is lower then threshold 250
P 400 Dt 7
1 0 Speed threshold (step/sec) 1200
Kout (%) 0.5
1 limit 13900 Speed (kvf) 0 | Record | | Apply |
Accel, 0 Filterin
Record | | Apply | e 4
I P I I Apply I Mone ~ Filter settings
Cloze Export Import More =

Fig. 15 Record and Apply buttons
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Buttons “Apply”: send parameters to the mount controller, DDR ASTRO must be linked to the mount controller
otherwise an error message is raised.

Buttons “Record”: save parameters to the database registry (i.e hard disk) so that when the software closes,
those are kept and can be used when the software starts. It does not require the link to the mount controller to
operate.

Button “Export”: save parameters to a text ASCIl readable file, this will write all parameters/figures from Current
loop, Position loop, Position PID advanced options.

Button “Import”: loads parameters from text ASCII readable file, this will read all parameters/figures from
Current loop, Position loop, Position PID advanced options. A message to apply them to the controller will be
asked.

Filtering group box

Filtering

MNone e =

—t
m
74}
m

Fig. 16 Filter setup

This allows to put in place the two biquad filters such as notch, or low pass filters, located after the PID box.
Please refer to the controller documentation to proceed. Deep knowledge of closed loop systems is required to
use this feature. This is not the purpose of this documentation to explore filtering feature. Leave the combo box
to “None”

Phasing group box
Motor phase define the phase angle from 0° to 360° that defines the maximum torque force between the rotor
and the stator of the motor. At reference marks, this phase is the same and never changes. Details can be read

here:

= https://wwil.microchip.com/downloads/en/appnotes/00885a.pdf

Motor phase can be slighted changed or adjusted, where the axis is actually located. This is for test and
experiments, and the user can check that the current provided to the motor is minimal, for a given slightly
unbalanced axis. The final offset shall be put in the startup panel.

Phasing
Phase angle 115°

Phasze angle (%) 1] Apply

Fig. 17 Phase angle panel
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Say, that phase has been changed by 5° in RA, and this cause less power consumption, to be taken at the next
startup, it should be changed at setup form, and 338 changed to 338° + 5°= 343°

With absolute encoder mount, this is not necessary to change this figure because this is factory tuned once for
all. For incremental mounts, this tool can help to refine phase figure when the mount is located at its marks.

Warning, if the phase is changed by a lot; the axis will never work properly whatever the PID parameters.

Setup (Absolute enc.) >

German Mount

Mount position aiming to celestial pole
on marks

Meridian angle (AH = +/- 6H)

Encoder steps |36 182 000
potrpose (9 33 4— |

Encoder steps (gap) 0 [0.0mas ]

IDEC| = 90°

Encoder steps |36 182000
Motor Phase (%) |308 <df—-

Encoder steps (gap) 0 [ 0.0 mas ]
Default values {on marks) Gap

Warning : changing these values with no good
knowledge of these topics can make the mount
inoperative or jeopardize mount performances.

QK Cancel

Fig. 18 Phase startup mount parameters

Controller Status

This subpanel reports many controller statuses, like motion event, Activity and Drive status (temperature and

voltages). This can be useful to debug some errors.
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Controler status
Events Drives
Maotion complete No Owvercurrent No
Encoders overflow No Overtemperature Mo
Breakpoint #1 Mo Axis locked Mo
Index seen Mo Overvoltage Mo
Mation error Mo Undervoltage Mo
Positive limit No Temperature =C 35.3°C
Megative limit No Bus voltage 362V
Instruction error No Activity
Disabled axis (HW) Mo Into tracking windaow Yes
Overtemperature Mo Trapezoidal mode Mo
VBLIS voltage fault Mo Speed mode Yes
Commutation erreur Mo Scurve mode Mo
Overcurrent Mo Axiz zet Mo
Breakpoint #2 Mo Position loop enabled Yes
Position capture No
In motion Yes
Positive limit No
. -— Megative limit Mo

Fig. 19 Controller status

System Status group box

It indicates whether the axis is enabled, the driver enabled, the current loop enabled and the trajectory
generator is enabled or not.

“Disable” checkbox will disable the position loop, and will cause the axis to be free. This could be used as an
emergency action to cancel all action on the given axis.

System status
Axis enabled .
Drive enabled .

Current loop enabled &)
. [ ]disable €¢———
Trajectory Gen enabled .

Position loop enabled

Fig. 20 Loop status and controller status

4.3 PID tuning in depth

4.3.1 Current Pl loop

There is three different current loop that can be used, “Classic”, “Current Field Orientation” and “None”
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Current loop

Type

(") Classic

(®) Current field orientation

D Mone
Current PI parameters

P 400

I 20

I limit 13900

Record Apply

Fig. 21 Current loop setup and Pl setup

Classic: use classic Pl loop see below

KpCurrentA
Phase A Phase A Phase A
Motor Command Reference Error Output
or Phase A —p — | >
Command L
ILimitCurrentA
Integral
64 Contribution
256
z )
KiCurrentA 256
\_ Phase A Actual Current

Fig. 22 Current loop PI flowchart

Keep in mind that current loop cycle is 47 Khz or 21ys, so this is pretty fast
Current Field Orientation: the uses a very advanced current loop control using Parks/Clark transform, where

phase A,B,C are changed to D, Q output. For more information, please visit these places:

https://www.youtube.com/watch?v=YPD1 rcXBIE

= FIELD ORIENTED CONTROL 3-PHASE AC-MOTORS

brushless dc motor - Why are two PID controllers needed for FOC (Field Oriented Control) ?

https://www.youtube.com/watch?v=URJwuU1l wéw

This is a pure torque mode for driving brushless motors, and is more accurate than classical current PI.

None: simply disable the current loop, the mount can work in this mode also.
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The most efficient strategy is to set once, the current loop P and | figures (if any), and tune the position loop PID
without changing the current loop PI.

Keep in mind that there are 10 parameters to set, and a proper methodology must be use to find them.
Otherwise, this can be impossible.

Important:

If current loop type is changed, PID position loop parameters must be changed also.
There is no dramatic difference on PID position parameters if “Classic” or “Current field orientation” are used,
but if current loop type is set to “None”, the PID position parameter changes are quite important.

ALCOR SYSTEM did a lot of trials with “P” and “I” for current loop. “I” parameter removes the current static
error and “P” behave like a closed loop gain. “I limit” shall be set to a high value.

“P” should not exceed 5000, and “I” not 120. Figure like P=400 and =20 can be used and provides good results.

If P is too high, the motor will make a white acoustic noise, that reflect white noise of the current measurement
system, it will also impact the D parameter of the PID loop parameter, and D cannot be increased as it should.

This sub panel provides hints about the current loop performance

Curr.Loop Err. 0.0 %
Curr, Icn. Loop -107.1 %
Curr. loop Qut -0.42 %%

Fig. 23 Current loop Pl information

Current loop error is 0.0%, meaning that proper Pl parameters settings have been used.

4.3.2 Position PID
The heart of this document is to find the best P, I, D and Dt to ensure reliable tracking and slewing.

As said in this document, those parameters can change accordingly to the mount payload, position of the
counterweights. This is involving mass distribution around the axis, and thus inertia momentum changes.

If these parameters are not set properly the mount will simply stop working as it should, it will produce large
tracking errors, or behave like a “soft” axis, and safety measures will be applied to open the loop, and stop any

slews or tracking.

As a rule of thumb, the higher the load on the mount (including counterweights), the higher the P figure.
There’s need of more gain/force when the momentum of inertia is higher.

Nevertheless, if P is too large the mount will also oscillate.

So PID setting parameters is a matter of trade-off.
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Position Lopp
Trajectory PID settings
P 100
I 30
I Limit 200000000
D 1000
DOt 7
Kout (%) 0.5
Speed (Kvf) 0
Accel. (Kaf) 0
Record Apply

Fig. 24 PID RA figure for empty NOVA 120 RA mount axis

Many trial and test must be performed, this is not a one-minute task. All the plot panels must be opened (figure
9) to allow to diagnose the different output parameters from the PID closed loop.

First let’s see what a motion does, below is a 45 ° span RA axis motion

L g
Tube Ea

Fig. 25 Small RA motion

The axis speed increases to a given value (here as encoders steps /sec -> 6°/sec) there’s also an acceleration and
deceleration phases.
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SpeedRa
] o SRR R
499507
: .
399934 —E
285101 —f t5
] -
] a , 7
: 8
4 -
4 c
199528
99954 —E
878 f ——
_ll||||||||||||||||||||||||||II|||||||||||||||||||||I|||||||||||||||||I|IIIII
4730 4740 4750 4750 4770 4780 4750 4300
Time (sec)
Fig. 26 Speed plot during a small span RA motion (encoder/sec units)
The axis position changes from 41.9 million steps to 49 million steps
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Fig. 27 Position plot during a small span RA motion (encoder units)
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The tracking error plot (below) shows the difference between the axis actual position and the computed
position. The error increase to 450 steps (450 x 0.019 arcsec = 8.7 arcsec) during the acceleration phase and is
between +/- 100 steps (+/- 1.9 arcsec) when the speed is set to 6°/sec.

when the motion completes the errors goes down to +/- 10 steps in 3 secs. This a good performance and PID
parameters are set properly. The tracking error is larger when speed is 500 000 steps/sec, sideral speed (before
and after RA motion) is 1700 steps per second.

Position error : Ra
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Fig. 28 Tracking error position plot during a small span RA motion (encoder units)
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Fig. 29 Electric Current sent to the motor (% units)
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The current level used to perform this motion, started at -1.2% then was raised to 2% and went down to -0.5%
The axis as no load, except the inertia momentum of the DEC axis. The RA axis is well balanced also.

Note that the current is expressed in %, 100 % of the current mean that the controller draws the maximum
current (Amperes) that the motor with given winding resistance R, and given VBUS can withstand.

VBUS is the DC voltage which is applied to the controller. The controller has an AC mains to DC converter
producing 24V, 36V, 48V or 52V, depending on the mount type.

For instance, if the motor winding resistance is 4 Ohms and VBUS is 36 V the maximum current the controller
can supply at 100% is 36 V / 4 Ohms that is 9 Amps. So 1% is 90 mA.

Actual current values are not so relevant for PID tuning.

Here is the flow chart of position PID in the controller.

Commanded Acceleration

Commanded Velocity

Commanded Position Motor
Position Error PID Biquad Biguad Command
qua iqua I
Filter [ ™ 1 =2 L, —r
Motor
Limit
Motor
Bias

Position Encoder

Fig. 30 Position PID flow chart

And more accurately the detailed “PID Filter” box flow chart. It looks complex, but is quite typical for PID
control.

The information below is given to understand fully how it was implemented, but is not required for tuning the
mount.
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—= output

encoder !

feedback
derivative
\ time

commanded acceleration

Fig. 31 Detailed PID filter

Please note that P is K;, D is Kg, | is K;, Derivative time is Dt.

The formula that provides the output level versus the position error E; yield as follow

n -
Output,= | K,E, + K (E;—E; ) +,,,-ZoEf x 5‘%% + Klﬂ(i"i’:’i’) + K, (Cmddccel x 8) | x 65—(;;6:

k  =n-modulus (n/derivative time)

E, = position loop error at the derivative sampling interval (Commanded Position - Actual

Position)

E, = position loop error at the derivative sampling interval

K; = Integral Gain

Kq = Derivative Gain

K, = Proportional Gain

Kis = Acceleration feed-forward

Ky = Velocity feed-forward

Koue = scale factor for the output command

The PID parameters are normalized this way. DDR_ASTRO deals with unitless PID parameters.
© ALCOR-SYSTEM
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Term Name Representation & Range

llimit Integration Limit unsigned 32 bits (0 to 2,147,483,647)
K; Integral Gain unsigned 16 bits (0 to 32,767)
Kqg Derivative Gain unsigned 16 bits (0 to 32,767)
Kp Proportional Gain unsigned 16 bits (0 to 32,767)
Ko Acceleration feed-forward unsigned 16 bits (0 to 32,767)
Ky Velocity feed-forward unsigned 16 bits (0 to 32,767)
Kout Output scale factor unsigned |6 bits (0 to 32,767)
DerivativeTime Derivative Sampling Time unsigned 16 bits (| to 32,767)

4.3.3 Setting the best PID
The Ziegler Nichols method can be used like described below

https://en.wikipedia.org/wiki/Ziegler-Nichols method

But this can be tedious to use. A simpler method will be described hereafter, called manual PID setting.

First, ensure this option is left unchecked.

Postion PID advanced options
[ ]Enable "P" to be changed with speed

Fig. 32 No P for slow speed

Regarding current loop, NOVA 120 mount with no payload has been used, and current loop Pl was set this way

Current loop

Type
() Classic
(®) Current field orientation
l:::l MNone
Current PI parameters
P 400
I 20
I limit 13900
Record Apply

Fig. 33 Pl typical figures for NOVA 120 motors

A simple step-by-step method can be used. Starting with a very low P and D (that go from 0 to 32767).
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Let’s fix Dt to 7, and | to 5 at first place. Then a small motion of 15° will be used to check that the axis can rotate
smoothly, and check what it does at 6°/sec. Koyt must be always set to less than 1%. Kys and K¢ are set to zero.

P D I

Step #1 20 200 5
Position error : Ra
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Fig. 34 Tracking error for 45° span RA motion P=20 and D=200

The error is quite large (more than 5000 encoder steps) meaning that P is not aggressive enough, especially
when the axis starts to accelerate to reach cruise speed. Let’s change P from 20 to 40 and see what is happening

with a small axis movement.

P D I

Step #2 40 200 5

When the axis moves, the position error oscillate strongly and this oscillation exceeds the 100 000 steps.
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Position error : Ra
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Fig. 35 Tracking error for 45° span RA motion P=40 and D=200

The controller automatically disables the position loop thanks to this setting, because it exceeds 100 000
encoder steps.

Safety
Enables axis brakes in case of mount been hurt

Encoders steps error tolerance '100000|

Angle (computed) Axe #1: 32.2 arcmin
Angle (computed) Axe #2: 32.2 arcmin

Fig. 36 Maximum tracking allowable error

This message will appear when the axis position loop is disabled.

MOVA mount message >

Fatal error has occurred (RA Axis) ! Link to telescope hardware has been cut, ON/OFF power
cycle is recommended, and put the telescope to its mark position, and to reconnect again, error
is : Il ERROR !! Controller (Ra) : allowable trajectory error has been exceeded (shock or smash

)!

QK

Fig. 37 Error message when tracking error is too large

To overcome this, D must be increased, the role of “D”, in PID loop is to dampen the effects of P, so that it does
not oscillate. Let’s increase D to 400, and press “Record”, and “Connect”.
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@ DDRASTRO - Main control panel  [Version 3.4.257 build 345

Setup | Connect Options Exit About Engineering
Fig. 38
Execute a small motion (30°)
P D I
Step #3 40 400 5

The next plot show what track error position does during this motion, it still oscillates. If D is changed from 400
to 600 during the motion, it kills immediately the oscillations.

Position error : Ha
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Fig. 39 Tracking error for 45° span RA motion P=40 and D=400, and then D=600
P D I
Step #4 40 600 5
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Position error : Ra
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Fig. 40 Tracking error for 45° span RA motion P=40 and D=600

Then P can be increased (40 to 90) as the same time D is increased (600 to 1000)

90

Step #5

1000

Do not forget to achieve RA motion to see what effect it does. NEVER TRY TO TUNE PID parameters with no
speed applied to the axis. Always a small motion must be applied to see the PID changes effects.
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Position error : Ra
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Fig. 41 Tracking error for 45° span RA motion P=90 and D=1000

With those parameters, the axis seems to work properly. The strategy was to start with a very small P and D
and to increase them slowly.
Nevertheless, a long lag can be seen and when slew is completed, to reduce this lag increase | from 5 to 30

Step #4 90 1000 30

The improvement of | increase is really significant and can be seen in the next plot.
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Position error : Ra
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Fig. 42 Tracking error for 45° span RA motion P=90 and D=1000 and I=5 then I=30

After some trials, good parameters have been found. This might take an hour to do so, this is normal.

Step #N 120 950 30

At the end of the process, the mount should move with no noise (no rumble, no whistle).

If P would be increased from 120 to say 200, D must be increased and a limit will show: the axis will oscillate,
whistle and tracking error position will be large and immediate just after slew starts.

But try to put the P and D parameters as high as possible.

Nevertheless, if the mechanics (Mount and OTA) is not stiff enough and/or that the first eigenfrequency of the
telescope structure is less than 10Hz, the PID will be low and soft, and high speed cannot be used (oscillations
issues). For such structures, the maximum speed an acceleration must be reduced.

Then apply the same procedure to the DEC axis, since the DEC axis “sees” less inertia momentum, the P and D
parameter might be lower.
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A simple method can be used to check that the axis is stable, is to use a Teflon hammer, and hit one gently of
the two axes.

This cause a perturbation in the system that should be recovered as fast as possible. If the axis starts to
oscillate, the D parameter is too low.

Position error : Ra
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Fig. 43 Tracking error when RA axis got a small hit with Teflon hammer

4.3.4 Slow speed PID control

At low speeds (i.e tracking speeds, or fixed position), the tracking error might be too still high (more than +/- 15
encoders steps).

When the speed is below a user input threshold (say twice the sideral speed), the software will apply the new P
and D parameter, in this case 500 and 3000. Normal slew P and D are set to 120 and 950 respectively.

Do not input too high P and D figures, because this can cause errors at the end of slewing, when transition
between regular P and D figures and slow speed P and D figure occurs. Do not forget to check the enable “P & D”
box.

Postion PID advanced options
Enable "F"% "D" to be changed with speed

P when speed is lower to threshold | 500

D when speed is lower to threshold | 3000

speed threshold (steps/zec) 1200

Record Apply

Fig. 44 PID advanced options
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The next plot show at t=1510sec, when the “Enable “P” & “D” to be changed with speed” has been unchecked,
the STD tracking error changed from 2.5 encoder steps to 4.8 encoder steps.

Position error : Ra

10_: P=500 (enabled)
] STD=2.5 steps

woma~e —oacoam

] . P=120 (disabled) " |~ " ]
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Fig. 45 PID advanced options effects on sideral tracking error
4.3.5 Typical PID figures for different mounts

4.3.5.1 NOVA 120 mounts incremental encoders (last sold 2018)
Power supply is 24V

Load: Newton 400 mm OTA

Current PI for RA axis Current PI for DEC Axis
P | Ilimit P I Ilimit
7500 130 13900 8000 130 13900
Position PID for RA Axis Position PID for DEC Axis
P I D Dt Kout P | D Dt Kout
800 9 175 50 1.8 900 9 175 50 1.5

4.3.5.2 NOVA 200 mounts incremental encoders (last sold 2018)
Power supply is 48V - 3000W controller

Load: Officina Stellare 600mm RC OTA

Current PI for RA axis Current PI for DEC Axis
P | Ilimit P | llimit
3000 200 13900 1000 200 13900
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Position PID for RA Axis

Position PID for DEC Axis

P I D Dt Kout P | D Dt Kout
700 4 700 20 1.0 600 4 300 20 1.0
4.3.5.3 NOVA 120 mounts, absolute encoders
Power supply is 36V - 500W controller
Load: None
Current PI for RA axis Current PI for DEC Axis
P | Ilimit P I Ilimit
400 20 13900 400 20 13900
Position PID for RA Axis Position PID for DEC Axis
P I D Dt Kout P | D Dt Kout
120 30 1000 7 0.5 20 20 150 7 0.5
Power supply is 36V - 500W controller
Load: RASA 14 (and misc. instruments) -> 36 cm OTA
Current PI for RA axis Current Pl for DEC Axis
P | Ilimit P I Ilimit
2500 100 32767 3500 100 32767
Position PID for RA Axis Position PID for DEC Axis
P I D Dt Kout P | D Dt Kout
900 50 150 100 0.2 90 15 250 7 0.5
Power supply is 48V - 500W controller
Load: RC 400 mm OTA (and misc. instruments)
Current PI for RA axis Current PI for DEC Axis
P | Ilimit P | Ilimit
Position PID for RA Axis Position PID for DEC Axis
P | 1 [ b Dt Kout P | D Dt Kout
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4.3.6 Final checks

When PID mount parameters are found to be suitable, on BOTH axis, a “stress test” must be performed. It will

slew the mount throughout the sky, in random places forever. This will ensure that all motions are carried out

till the end, and no error occurs. In the “Options/Random slewing (stress test)”

& DDR ASTRO - Main control panel [Version 3.4.257 build 345 14/05/2021]
Setup  Disconnect  Options  Exit  About  Engineering

Spi":tem TEIE Show event log... stination slewing coord. (@) 2000.1
Connected ! Detect joystick = h 00 |m|00.000 |
"Tracking" axis moc Pointing model/speed... _ 3 . "
o | c= 00.000
System status : Sid TIEEEREN A cte 1
Random slewing (stress test)... : :
[12000.0 eq. Diecton o |
Parameters table (Read only) U
| |[RA (ann.} C Directinn n d
Fig. 46
This form shows up and allow the user to input these parameters
Randow slews (stress tests) ot
Minimum elevation (%) : |20.0 Delay bet. slews (sec) :
| DEC max (=] : |75.0 Axis Meridian flip
. Both axis ® Allowed
Max Speed (%fzec) @ | 10| () Foxbiden
Max Acceleration (%fsec?) : |2 R& only (") Systematic
() Meridian Extremums
DEC only () Pole Rotation
Startup

Fig. 47 Stress test input panel

The mount will move toward all places above the horizon, meridian flip is allowed, destinations must

have elevations more than 20°, and DEC must be lower than absolute value of DEC=70° (to be

compliant with southern hemisphere mounts). Speed will be 10°/sec of speed and acceleration will be
2°/sec?. Be sure the OTA is free to move all around this space, and cannot hit something.
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Then the mount will start to slew, and wait for 10 sec, till the next destination will be used. This runs
forever and the user need to hit the “Stop” button to cancel this process.

When the number of slews exceed more than one hundred, and that no error occurred, the mount PID
for both axes can be regarded as suitable. If an error occurred, the PID parameters needs to be re-
worked to ensure more reliability.

Telescope position : Az = 55.0° Ehv = 38.7° | MA = -05h18m -» RA = 17h45m553s DEC = +49°23'51" n

Tube Eas

Fig. 48 All motions plotted in sky map
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Randow slews (stress tests) o4

Minimum elevation () : | 20.0 Delay bet. slews (sec) : 10.0
| DEC max ()] : |75.0 Axis Meridian flip
. |11 Both axis Allowed
Max Speed (%fsec) : 10 E Forbiden
Max Acceleration (5fsec?): 2 RA only Systematic
. Meridian Extremums
DEC only Fole Rotation
DT L WIS LT, QR USIa Yo,
Delay completed. ol
Target coordinates : AH=-01h19m Haut.=67.2% AZ.=130.3% -> RA=13h44m46s DEC=+
28749'31"
Slew #14 completed, applying delayi...
Delay completed.
Target coordinates : AH=-10h41m Haut,=23.0% AZ.=8.5% -» RA=23h07m0as DEC=+a5"
25'31"
v
Stop

Fig. 49 Stress test output panel

4.4 ALTAZ MOUNT and position PID

4.4.1 Principle
ALT-AZ tracking uses variables speeds from both axis at the same time. Those speeds are variable
from zero to a large value for ALT-AZ axis (depending of the zenithal distance when passing the

meridian) and ELV speed are also variable.

In order to get the best tracking, the DDR_Astro software performs these changes of speeds at a
rate of 10Hz and correct the speeds according to the computed position of the object at any time.

This correction uses, again, a PID algorithm, and it determines the time to reach stability just after
slew completion. This PID parameters can be set by the user.

4.4.2 Tuning

This correction uses, again, a PID algorithm, and it determines the time to reach stability just after
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gy DDR ASTRO - Main control panel [Version 3.4.257 build 345 13/06/2021] - X

Setup Disconnect Options Exit About Engineering

System status

Azimuth Elevation —
Connected ! ] Connected ! =

"Tracking" axis mode

"Tracking" axis mode

System status : Sidereal tracking pending [» |
[]2000.0 eq. Pos. Err
'RA (app.) 17h03m08.375s
DEC (app.) -04°29'55.89"
Mer. Angle -00h57m50.140s
 Sidereal time 16h05m18.208s
AZIMUTH +161°29'58.40" 0.54"
ELEVATION +38°19'45.57" 0.10"
| Overall error [0.7"] 0.5" | 0.1" »'[ 0.44"
AZIMUTH Speed -21.1" [sec [ 40 mW
ELEVATION Speed 2.4" [sec 210 mw
'» Pointing model disabled, + speeds

jAbsnlute startup mode
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ALTA-AZ
tracking
PID setup

MNumber of connected client(s) : 1

Destination slewing coord. (@) 2000.0 Eq () Apparent E‘T
ae o o nocon | o
NI —
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RA Direction 0 @ O O
units GO!
DEC Direction 0 @ O Q¢
STOP SLEWING
Speed  Parking (Apparent coord.) —
e wamat[0]°12 | |
1 B sty |*f ] | momt
= ‘ Sync to position ‘ cal. ‘
Speed : 1.2"fsec ‘ ‘
Satellites tracking
Stop sidereal speed —
Differential speed vector
Predefined Differential speed (arcsec/h)
© None RA Direction 10
(OMoon speed DEC Direction 10
Osuns; Speed wrt sidereal speed
(O) User speed
(O Comet/asteroid speed (® RA/DEC (O speed/p.A

Altaz Mount -> Lat + 45.5°
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