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Application Note #2447 
 

Galil Backlash and 2-D Leadscrew Error Correction 
 

Introduction 
In coordinated motion control systems where repeatability and accuracy are paramount, the goal 
of the mechanics is to provide a platform where desired motion trajectories can accurately travel 
throughout the mechanical range with the desired precision. Since all mechanical systems are 
manufactured with components of some finite degree of tolerance, the final assembly will create 
some error between the actual system and the ideal coordinate plane. For XY tables and gantry 
systems, these errors can be introduced from variances in the pitch of lead screws, bowing of the 
linear guides, or misalignment of the perpendicular axis. In the following sections, we will analyze 
the sources of error in typical XY coordinate systems and demonstrate how Galil controllers can 
provide a firmware solution to address the problem. 
 

Table of Contents 
Introduction .................................................................................................................................. 1 
1 Sources of Position Error ......................................................................................................... 2 

1.1 Pitch Variation ................................................................................................................... 2 
1.2 Bowing .............................................................................................................................. 2 
1.3 Misalignment ..................................................................................................................... 3 

2 The Galil Solution for Correcting 1 & 2-D error in XY Systems ............................................... 4 
2.1 Implementation of Galil Standard 2-D Correction Table ................................................... 5 
2.1.1 Example for a 1-D Correction Application ..................................................................... 5 
2.1.2 Example for a 2-D Correction Application ..................................................................... 6 
2.2 Special Considerations ................................................................................................... 11 
2.3 Example .......................................................................................................................... 11 

3 Command Reference ............................................................................................................. 12 
 

  



 

 
 

 - 2 - 
 

Galil Motion Control, Inc. • 270 Technology Way • Rocklin, CA  95765  USA • 800-377-6329 • Ph: 916-626-0101 • Fax: 916-626-0102 • www.galilmc.com 
 
 

1 Sources of Position Error 

1.1 Pitch Variation 

To provide linear motion, it is common in the industry to utilize a lead screw (or ball screw) 
actuator driven by an end-mounted rotary servo motor. Since the encoder is mounted on the 
motor, it is normally assumed that linear travel is accurately measured by the encoder reading 

times the pitch. However, as shown below in Figure 1, variances in the pitch of lead screws can 
introduce one dimensional (1-D) errors in the desired position targets. 

 
Figure 1: 1-D Error induced by variances in lead pitch (a ≠ b) 

1.2 Bowing 

Often times two lead screws are “stacked” to provide an XY Cartesian coordinate system. Since 
one axis travels on the other axis, it is likely that error in the path of one axis will cause error in 
the position of the cross axis. In Figure 2 below, the bowing of the lower Y-axis causes error in the 
upper X-axis, where the amount of the error is position dependant on the lower axis. 
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Figure 2: Errors caused by bowing of Y axis 

1.3 Misalignment 

In XY table systems, error can also be introduced by misalignment of the mechanics. In Figure 3, 
the error in orthogonal alignment of the X and Y actuators causes X-position error to be 
introduced that is Y-position dependant (similar to the error induced by bowing in Figure 2). 
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Figure 3: Errors induced by non-orthogonal alignment 

2 The Galil Solution for Correcting 1 & 2-D error in XY Systems 
Once the system is fully assembled along with a fully tuned motion control system, the mechanical 
stage should be “mapped” to determine the errors between actual positions reported by the 
controller (i.e. encoder) and the physical locations of the stage.  A simple raster-like approach is 
employed to systematically adjust the command target when the difference between the desired 
target and actual location is measured and pre-recorded. This will require the use of some 
external measurement system (such as a laser interferometer) to map the system's actual 
positions. Once the error between the actual system and the control feedback is mapped, the 
severity of the error can be determined.  If the error is systematic and linear, then it may be that 
the mechanics can be corrected by simple alignment or with a simple backlash term (see BH 
below). If the error is non-linear (or random) then this error must be addressed by pre-calculating 
the desired trajectories with a correction table or function. To accomplish this, the Galil controller 
provides a firmware solution that will allow the input of an error correction map that adjusts the 
position based on the predetermined correction values. This error correction map is entered into 
DMC code as a correction table and it can be defined as a 1-D table for error only induced by the 
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axis itself, as well as a 2-D table, which is the combined error of a particular axis and a definable 
cross axis. 

2.1 Implementation of Galil Standard 2-D Correction Table 

Galil offers a firmware option that implements backlash compensation and error correction tables 
for each axis to correct for mechanical nonlinearities both from the axis itself as well as those 
introduced by another axis.   
 
A backlash distance can be set which will be added or subtracted from the commanded position 
depending upon the direction of travel. Furthermore, each axis has a table consisting of up to 257 
entries where each table entry defines its own correction factor and that relative to another axis 
(if applicable) based on commanded positions. The table entries are spaced evenly and the 
spacing can be set for values ranging from 256 to 32768 counts. The controller then linearly 
interpolates between the table entries.   
 
The following sections use examples of the implementation of a correction table in a 1-D 
correction application and then expands upon that implementation to a 2-D correction 
application. 

2.1.1 Example for a 1-D Correction Application 

For a 1-D correction application, the correction is only applied to the position of an axis as that 
axis moves.  The following example is presented and graphed to demonstrate the behavior of the 
system when the correction table is applied.  
 
CUA= 0 
CTA[0]= 0 
CTA[1]= -25 
CTA[2]= -50 
CTA[3]= -53 
CTA[4]= -56 
CTA[5]= -102 

 
The table increment is defined with the CU command, where 
 

CUm=n  with increment of 2^(n+8)  
  
The tables are created with the Correction Table (CT) command, which has been simplified for a 
1-D application for this example.  
  

CTm[n0]=n1   
    

m = the axis to correct (A - H) 
n0  = the index (0 to 256) 

        n1 = the correction in counts applied relative to the axis position  
 
For this example, there are 256 encoder counts in-between table entries and the controller will 
add the correction amount as the position moves from index value to index value.  The controller 
linearly interpolates the correction amount for the positions in-between table entries.   
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The TP command reflects the corrected position in order that the table does not interfere with 
any application code.  The actual encoder position is held in the _IPx operand. 
 
The following graphs show the correction table as well as the actual corrected position as the A-
axis moves. 

 
Figure 4: Example of a 1-D correction table 

 
Aside 2.1 
Position correction is applied as the reference position (RP) reaches the table index 
positions.  For example, using the above correction table, the first correction value of -25 
is applied at table index 1, or position 256.  This is when RP reaches 256, regardless of the 
actual position of _IP or TP. 

2.1.2 Example for a 2-D Correction Application 

As previously covered, there are some errors such as misalignment and bowing, that affect the 
cross axis as well as the main axis.  The full 2-D correction table allows for adjustments to be made 
on a cross-axis as the main axis moves.   
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The command that is used to define the axis used for the cross-correction is the CX command.   
 

CX n,n,n,n,n,n,n,n or  CXm=n 
 
where n defines the secondary axis (A-H) used for the cross-correction factor. 

 
The syntax for the CT command used to apply cross-correction is shown below. 
 

CTm[n0]=n1,n2  
    

m = the axis to correct (A - H) 
n0 = the index (0 to 256) 

        n1 = the correction in counts applied relative to the axis position  
n2 = the cross-correction in counts applied as a result of another axis position 

(defined by the CX command) 
 
The CT command allows the user to define the amount of correction to be applied to a given 
axis when the system reaches a specific index position. The n1 argument is the total correction 
to be applied to the m axis when the m axis reaches its index position at index n0. 
 
The n2 argument is the total correction applied to the m axis when the cross-correction axis 
reaches its index position at index n0. Keep in mind that the index n0 position for axis m can be 
different than the index n0 position for the cross-correction axis based on the interval that was 
set using the CU command. 
 
The previous example for 1-D correction is modified below to include a full 2-D correction system. 
 
CX B,A ;'Set B axis to correct for A, set A axis to correct for B 
CUA= 0 ;'Set interval to 256 counts on A axis (2^(0+8)) 
CUB= 1 ;'Set interval to 512 counts on B axis (2^(1+8)) 
'Fill A axis correction table with error data at 256 interval relative 
'to A axis and 512 intervals relative to the cross correcting B axis 
CTA[0]= 0,0  
'When axis A reaches its first index (256 counts) axis A will be corrected by 
'-25 counts 
'When cross-correction axis B reaches its first index (512 counts) axis A will 
'be corrected by 50 counts  
CTA[1]= -25,50 
CTA[2]= -50,100 
CTA[3]= -53,151 
CTA[4]= -56,201 
'When axis A reaches its fifth index (1280 counts) axis A will be corrected by 
'-102 counts 
'When cross-correction axis B reaches its fifth index (2560 counts) axis A 
'will be corrected by 251 counts  
CTA[5]= -102,251 
'Fill B axis correction table with error data at 512 interval relative 
'to B axis and 256 intervals relative to the cross correcting A axis 
CTB[0]= 0,0  
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'When axis B reaches its first index (512 counts) axis B will be corrected by 
'-10 counts 
'When cross-correction axis A reaches its first index (256 counts) axis B will 
'be corrected by 256 counts  
 
CTB[1]= -10,256     
CTB[2]= -20,482 
CTB[3]= -30,520 
CTB[4]= -40,358 
'When axis B reaches its fifth index (2560 counts) axis B will be corrected by 
'-50 counts 
'When cross-correction axis A reaches its fifth index (1280 counts) axis B 
'will be corrected by 102 counts  
CTB[5]= -50,102 

 
The CT commands for index 1 have been labeled for understanding below. 
 
 
 
 
 

 
 
 
 
 
 

 
CTA[1]= -25,50 

 
 
 
 
 

 
 
 
 

CTB[1]= -10,256 
 
 

Axis 
being 
corrected 

Index  

When axis B is 
at index 1 (index 
interval set by 
CUB= 1), 
correct axis A by 
50 counts 

When axis A is 
at index 1 (index 
interval set by 
CUA= 0), 
correct axis A by 
-25 counts 

Axis 
being 
corrected Index  

When axis A is 
at index 1 (index 
interval set by 
CUA= 0), 
correct axis B by 
256 counts 

When axis B is 
at index 1 (index 
interval set by 
CUB= 1), 
correct axis B by 
-10 counts 
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In this example, as the A-axis moves to a position of 256 counts (index value 1), that axis will be 
corrected by -25 counts and axis B, the cross-correction axis, will be corrected by 256 counts.  If 
instead the B-axis moves to a position of 512 counts (index value 1), that axis will be corrected by 
-10 and axis A will be corrected by 50 counts.  If both axes move, axis A to position 256 counts and 
axis B to 512 counts, then the correction to axis A will be the sum of the corrections due to the 
two movements.  This value will be 25, which is the sum of -25 and 50.  Likewise, the total 
correction to the B-axis will be 246.  This is further depicted in Figure 5. 
 
When moving from 256 counts to 512 counts on the A-Axis or from 512 counts to 1024 counts on 
the B-axis, the correction will be interpolated between CTA[1] and CTA[2]for axis A and 
CTB[1] and CTB[2] for axis B. For example, as the A-axis moves to a position of 384 counts, that 
axis will be corrected by -37.5 counts and axis B, the cross-correction axis, will be corrected by 
369 counts. If instead the B-axis moves to a position of 768, that axis will be corrected by -15 and 
axis A will be corrected by 75 counts. If both axes move, axis A to position 384 counts and axis B 
to 768 counts, then the correction to axis A will be the sum of the corrections due to the two 
movements. This value will be 37.5, which is the sum of -37.5 and 75. Likewise, the total correction 
to the B-axis will be 354. 

 
(a) 
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(b) 

Figure 5: Example of a 2-D correction table 

 
Figure 5 (a) shows both the correction applied to axes A and B as the position of the A-axis 
changes.  Figure 5 (b) likewise shows both the correction applied to axes A and B as the position 
of the B-axis changes.     
 
Everything is summed up in the control law which uses the table to modify the PE (position error) 
equation, where: 
 

𝑃𝑜𝑠𝐸𝑟𝑟𝑜𝑟 = 𝑃𝑜𝑠𝑅𝑒𝑓 − 𝐸𝑛𝑐𝑜𝑑𝑒𝑟𝑣𝑎𝑙𝑢𝑒 + 𝐶𝑇𝑛1(@𝑚𝑎𝑖𝑛𝑃𝑜𝑠𝑅𝑒𝑓) + 𝐶𝑇𝑛2(@𝑐𝑟𝑜𝑠𝑠𝑃𝑜𝑠𝑅𝑒𝑓) 

 
An additional feature is the option to implement an offset to the correction table.  The point 
CTx[0] will nominally correspond to the 0 reference position. However, this can be adjusted 
with the TO (Table Origin Offset) command.   
 

TO n,n,n,n,n,n,n,n or  TOm=n 
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where n defines the offset to the origin for each axis’ correction table. The range is +/-2 
billion (+/-2^31). 

2.2 Special Considerations 

• The table will be set to 0 upon a reset command and must be reloaded every time the 
controller is powered up or reset. 

• The TP command reports the corrected position.  The _IPx operand will give the actual 
encoder reading. 

• The data record reports the actual encoder position (_IPx). 

• The SH and DP commands may result in a small jump if the correction table entry at that 
point is large and changing quickly with position. 

• The correction entries must be within +/-32767. 

• The firmware can be used for simple 1-D correction by simply defining only the first field 
of the CT table. 

• Contact Galil if additional table entries (CT) are required. 

2.3 Example 
#table 
'2-D correction implementation for 6"*12" XY table with 1" pitch lead 
'and 4000 count rev servo motors on both axis. 
CXA= B           ;'Set B axis corrects for A 
CXB= A           ;'Set A axis corrects for B 
CUA= 3           ;'set interval to 2048 counts on A axis 
CUB= 4           ;'set interval to 4096 counts on B axis 
TOA= -4096       ;'Offset table origin to -4096 on A axis 
TOB= -8192      ;'Offset table origin to -8192 on B axis 
'Fill A axis correction table with error data at 2048 interval  
'relative to A axis and 4096 intervals relative to the cross correcting B axis 
CTA[0]= -2,4 
CTA[1]= -3,2 
CTA[2]= 0,0 
CTA[3]= 1,-2 
CTA[4]= -1,-4 
CTA[5]= -2,-6 
CTA[6]= -1,-7 
CTA[7]= -3,-7 
CTA[8]= -2,-5 
CTA[9]= 0,-3 
CTA[10]= 1,-1 
'Fill B correction table with predetermined data at 4096 interval relative to 
'B axis and 2048 intervals relative to the cross correcting A axis 
CTB[0]= 0,1 
CTB[1]= -1,2 
CTB[2]= -1,3 
CTB[3]= -2,4 
CTB[4]= -1,4 
CTB[5]= 0,4 
CTB[6]= 1,4 
CTB[7]= 2,3 
CTB[8]= 3,2 
CTB[9]= 1,1 
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CTB[10]= 2,0 
EN  

3 Command Reference 
The following commands are included with Galil’s standard backlash and correction table 
firmware (-BCK). 

• BH – Backlash Factor: 
www.galil.com/download/comref/comall/index.html#backlash_factor.html 

• CT – Correction Table: 
www.galil.com/download/comref/comall/index.html#correction_table.html 

• CU – Table Interval: 
www.galil.com/download/comref/comall/index.html#table_interval.html 

• CX – Cross-correction Axis:    
www.galil.com/download/comref/comall/index.html#cross-correction_axis.html 

• TO – Table Offset: 
www.galil.com/download/comref/comall/index.html#table_offset.html  
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