
Galil Motion Control 

Application Note 5527
Tuning an ALIO Industries Linear XY Stage for nanometer positioning

Industries that rely on motion control are demanding faster and more accurate control systems for their applications. 
The semiconductor and medical industries in particular require ever increasing speed and precision for inspection and 
diagnostic purposes. Fast system response coupled with nano meter range positioning requires careful design and 
implementation and manufacturers working to meet these requirements face higher costs and longer development 
times as a result.

The Galil Applications Team recently worked with an ALIO Industries XY linear stage (AI-LM-15000-XY) featuring linear 
servo motors and 50 nanometer encoder feedback. The application required moving each axis a distance of 100 μm with
maximum positioning error of ± 0.25 μm and a move/settle time of 30 ms, allowing data collection at 30 Hz. Each axis 
was fitted with the same motor and encoder, specifications are listed below in Table 1.

Phase Inductance 2.1 mH

Phase Resistance 11.6 Ω

Peak Current 9.2 A pk-pk

Continuous Current 2.9 A pk-pk

Back EMF Constant 16.3 Volts/m/s

Magnetic Cycle 30.48 mm

Encoder Resolution 50 nanometer

Table 1: X, Y Axes Motor and Encoder Specifications for the 
ALIO Industries AI-LM-15000-XY Stage
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Given these requirements, the DMC-4020 Motion Controller, coupled with Galil's internal D3540 sine amplifiers was 
chosen. Once properly wired, tuning the system consisted of a three step process:

1. Configure the Galil hardware via DMC code

2. Characterize the system using Galil system analysis tools

3. Tune the system with a combination of Galil auto tuning software and manual tuning

1 Configuration
In order to optimize amplifier performance based on the motor inductance and current requirements, both the 

amplifier's current loop and transconductance gains were adjusted via DMC code. The peak current for each motor is 
listed as 9.2 Amps pk-pk so an amplifier gain of 0.8 Amps pk-pk/Volt was set using the AG 1 command. This setting 
provided the best balance of dynamic range and resolution for the Motor Command Digital to Analog Converter. The 
D3540 utilizes an internal control loop to ensure constant current through the motor phases. The responsiveness of this 
control loop is set using the AU command and depends on the motor's phase inductance and resistance. A motor with 
lower inductance will respond more quickly to changes in current, thus a lower current loop gain is used. The ALIO stage 
motors each list a phase inductance of 2.1 mH, corresponding to an AU command setting of 2.

Galil's internal sine amplifier utilizes encoder feedback as opposed to hall sensors for more accurate mapping of the 
commutation cycle to motor coil position. The result is smoother motion with reduced torque ripple. Sine commutation 
requires calibration on boot up since incremental encoders do not 'remember' positions through a power cycle. The 
crucial piece of information required for accurate sine commutation is the number of encoder counts per magnetic cycle
or brushless modulus. Both axes of the ALIO stage have magnetic cycle lengths of 30.48 mm and 50 nanometer 
resolution encoders. The brushless modulus calculation is shown in Equation 1. The commands necessary for configuring
and calibrating both the X and Y axes are detailed in Figure 1

2 System Characterization
System bandwidth is a measure of response time or how fast a servo system can respond to external stimuli. Knowing 

the system bandwidth is therefore imperative when determining move/settle times and how closely a servo system can 
respond to motion commands. System bandwidth has multiple contributing factors including inertia, friction, 
compliance and motor characteristics. With the exception of the effects of friction, this complexity can be modeled 
theoretically but in most systems it is simpler and more reliable to find system bandwidth empirically. Galil system 
analysis tools do just this by injecting a sinusoidal motor command signal of varying frequencies into the system and 
monitoring encoder feedback. This data can be represented in a Bode plot displaying system gain and phase margin as a 
function of frequency.
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AG 1,1;            'Set amplifier gain to 0.8 Amps/Volt
AU 2,2;            'Set amplifier current loop gain
BA AB;             'Configure X and Y axes for Brushless Servo
BM 609600,609600;  'Set brushless modulus for X,Y axes
BZ 1,1;            'Calibrate X and Y axis
SH AB;       'Servo X and Y axes

Figure 1: DMC Code to configure and calibrate Servo Motor Axes for Sinusoidal Commutation

Equation 1: Calculating the brushless modulus

Brushless Modulus=[
1encoder count
50nanometers

] [
30.48mm

1magnetic cycle
]=
609,600counts
magnetic cycle

http://www.galil.com/download/comref/comall/#servo_here.html
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First, an open loop frequency sweep from 5 to 300 Hz was performed for each axis, injecting a sine wave into the axis 
control signal. Using this method, closed loop bandwidths were found to be 274 Hz and 158 Hz for the X and Y axes 
respectively. Higher bandwidths correspond with faster response times and the lower bandwidth of the Y axis is a result 
of its carrying the mass of the X axis stage. A rule of thumb for servo systems advises update rates of at least 10 times 
the system bandwidth. Given this information, a servo update rate of 4 kHz was chosen and set via DMC code using the 
TM command. Bode plots for each axis can be seen in Figures 2 and 3.
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Figure 2: Bode plot of the X Axis closed loop frequency response showing 274 Hz crossover frequency

Figure 3: Bode plot of the Y Axis closed loop frequency response showing 158 Hz crossover frequency
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3 Tuning
With the appropriate servo update rate set, Galil tuning software was used to auto select and test PID gain values. 

These values are (by design) on the conservative side, favoring stability over response time. The benefit however is that 
the amount of manual tuning is greatly reduced since most of the heavy lifting associated with tuning from scratch is 
taken care of by Galil software. The remaining manual fine tuning was done using Galil communications software to set 
PID gains on the fly and monitor system response via real time plots of the command, feedback and error signals. This 
process yielded the PID gains listed in Table 2.

X Axis Y Axis

Derivative Gain, KD 850

Proportional Gain, KP 120

Integral Gain, KI 0.3

Pole Filter, PL 0.6

Derivative Gain, KD 1000

Proportional Gain, KP 250

Integral Gain, KI 0.5

Pole Filter, PL 0.5

Table 2: Final PID Gains for the X and Y axes after system analysis, automatic, and manual tuning

  During the tuning process it was found that the addition of a low pass (pole) filter to the motor command signal was 
necessary to cut out higher frequency components. A good starting point for the PL command value can be found using 
the equation shown in Equation 2, where T is the servo update interval in seconds, and fc is the crossover frequency in 
Hz.

  The higher gains for the Y axis are expected given its greater inertia compared to the X axis, requiring more aggressive 
proportional and integral gains. These values are balanced by a higher derivative term to critically damp the PID 
response, allowing the fast settling times required by the application. 

  The results of this process yielded an X axis crossover frequency of 274 Hz with 44 degrees of phase margin and a Y axis
crossover frequency of 158 Hz with 45 degrees of phase margin. This coupled with the 4 kHz servo update rate provided 
a system response fast enough to exceed the stated application specifications: a 30 ms move and settle time with no 
more than ± 5 counts of positioning error. Figures 4 and 5 below show the profiled motion and system response during a
100 um (2000 count) move within 30 ms. The final positioning error for both axes levels out at ± 3 counts within 1 ms, 
well within the desired range. 

  There is considerable debate regarding optimal servo update rates and often the assumption is that faster is better. The
DMC-40x0 is capable of updating the servo loop at up to 16 kHz but careful analysis shows that arbitrarily high rates do 
not necessarily increase performance. As an example, the system featured in this article was tested with servo update 
rates of 8 kHz and 16 kHz but no measurable increase in performance was found; Settling times did not decrease, nor 
did positioning error. As a 'rule of thumb' appropriate servo update rates should be in the neighborhood of 10 to 20 
times the system bandwidth. This ensures optimal control while freeing up processor resources for additional tasks like 
program processing, I/O monitoring and communications. Galil hardware and software analysis tools make finding this 
balance a more systematic process, saving development time and resources. 
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Equation 2: Calculating
the PL command value

n=e
−2πTf

c
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Figure 5: Plot displaying the X Axis commanded position (Red), encoder position (Gold), position error (Blue) and torque command
signal (Violet). Note the 1 ms settling time and +/- 3 count error band after motion is completed

Figure 4: Plot displaying the Y Axis commanded position (Red), encoder position (Gold), position error (Blue) and torque command
signal (Violet). Note the 1 ms settling time and +/- 3 count error band after motion is completed
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