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Introduction
When an engineer is taking his first controls class, the instructor inevitably says to treat the system as 
ideal and ignore secondary effects like friction and resonances.  Unfortunately, once that engineer 
graduates, he finds those issues pop up in all real systems making his "ideal system" extremely difficult
to control and get the performance required.  Resonances are always present to one extent or other in 
any real system.  Sometimes they can be ignored.  But what do you do when they can't?

Before we can answer that question, we must first understand what a resonance is.  A mechanical 
resonance occurs from the interaction between a mechanism's mass and its inherent springiness due to 
its stiffness.  Any mass and a spring will have a frequency at which it wants to vibrate.  That is called 
the natural frequency of the system.  If energy is input to the system at that frequency, the vibrations 
will grow and grow in amplitude.

An important characteristic of a resonance is its "Q" or how well damped it is.  A tuning fork has a high
Q which means it has very low damping.  Once it's struck, it will vibrate for seconds.  A tuning fork in 
a cup of water will have the same resonant frequency but a low Q. Its damping is now quite high and 
when struck the vibration is gone almost instantly.

So what can cause these resonances in a real system?  Couplings with compliance such as helical 
couplings between the motor and the load or encoder are one possible culprit.  Belt based drive trains 
are another.  Mechanical structures that are light weight and lack stiffness are a third.  Even the 
torsional stiffness of the motor shaft can introduce a resonance.
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Which gets us back to the question of what can we do about it?  The best thing to do is improve the 
mechanics.  Making the mechanism stiffer or improving the drive train will increase the frequeny of the
resonance.  The higher the frequency the more likely you can ignore it.  Adding damping can also 
eliminate the problem.  This is the one case where friction can be your friend.

However, sometimes it is not possible to modify the mechanics and the resonance must be dealt with 
by the motion controller.  If the resonance doesn't have too high a "Q" (in other words it is somewhat 
damped) or the frequency is more than an order of magnitude above the closed loop frequency of the 
control loop, then a low pass filter will probably be sufficient to compensate for it.

Notch Filter Defined 
If mechanical fixes or a low pass filter doesn't do the trick, the last solution is the notch filter.  A notch 
filter is a digital filter that will allow all frequencies to pass except for frequencies in a specified range. 
The center of that range is the center frequency of the filter.  The difference between the highest 
frequency blocked and the lowest frequency blocked is the filter's bandwidth.  

The third feature of a notch filter is how thoroughly it will attenuate the center frequency.  The natural 
thought is to eliminate the frequency as completely as possible.  Unfortunately, like any filter a notch 
affects phase as well as amplitude.  Any additional phase shift that appears at the closed loop frequency
will affect the damping of the closed loop system.  The sharper the notch (how much it attenuates the 
center frequency), the more phase shift will appear at lower frequencies.  Therefore it is better to only 
make the notch as sharp as is necessary to deal with the resonance.

Resonance in a Closed Loop System
The effects of a mechanical resonance in a closed loop system will be dramatically different depending 
on whether the resonance is between the motor and the encoder or whether it is after the position 
feedback device and before the load.  This is also called a reflected resonance.  In the first case it can 
easily cause the closed loop to oscillate at the resonance frequency; even if this frequency is well above
the closed loop frequency.  In the latter case it doesn't effect stability significantly, but may cause the 
load to have an unacceptably long settling time at the end of the move.  It can also cause annoying 
audible noise at the resonance frequency. These two configurations are shown in Figure 1 and Figure 2 
following. 

Figure 1: In Loop Resonance



Figure 2: Reflected Resonance

Notch Filter Placement 
The question then becomes where do we apply the notch in the control system?  The first choice is to 
place the notch after the PID calculation making it part of the closed loop.  This way the notch will 
reject any frequency that would excite the resonance regardless of its source.  However, being a part of 
the closed loop means that its phase shift contributes negatively to the stability of the system.  As a rule
of thumb if the resonance frequency is a factor of 3 or more above the closed loop bandwidth, then the 
additional phase shift will be tolerable and this approach will be effective.

If the resonance is between the motor and encoder then this is the only topology which will prevent the 
closed loop from oscillating at the resonance frequency.  Its other advantage is that it will prevent the 
resonance from being excited regardless of the source.  

When the system designer is faced with a low frequency resonance, the only practical alternative is to 
place the notch filter between the motion profiler and the input to the control law.  Here the notch filter 
avoids exciting the resonance by making sure that any frequency components from the motion profile 
that would excite the resonance are rejected.  Of course, if the excitation comes from the mechanism 
(imagine moving over a series of evenly spaced bumps at the right speed), the resonance could still be 
excited. Figure 3 below shows the notch filter placement locations within the control loop. 

Figure 3: Notch Filter Placement



Galil Notch Filter Commands 
The implementation of the notch filter in the Galil DMC controllers is controlled by three commands: 

              NF  notch center frequency

              NB  notch bandwidth

              NZ  notch zero

The NF command is used to enable the notch filter and set the center frequency in Hz.  As previously 
illustrated in Figure 3, if the NF value is positive the notch filter is placed in the control loop just after 
the PID.  If the NF is negative the notch filter is just before the input to the control law.

The NB command sets the notch bandwidth in Hz.  The NZ command is also in Hz and controls how 
much attenuation is at the center frequency.  The NZ value should be set as a ratio to the NB value.  If 
the NZ is 0 (default), there is maximum attenuation.  An NZ equal to NB would mean no attenuation.  
NZ should never be greater than NB.

The equations for the notch filter are shown below.

(1)

Equation 1: Notch Filter Transfer Function 

(2)

Equation 2: Damping Factor

Figure 4 below shows Bode plots of various notch filter values.  Note that it is important to pay 
attention to the phase as well as amplitude effects of the filters.  Figure 2 shows 2 notch filters with the 
center frequency at 25 Hz and a bandwidth of 5 Hz.  One plot shows an NZ of 0 and the other an NZ of
2.5.  The NZ 0 plot has infinite attenuation at 25 Hz but the phase is noticeably greater all the way to 10
Hz.  With NZ 2.5 the attenuation is only a factor of 2 but the effect on phase is much less. 

Figure 4: Bode Plot of Differing NB/NZ Ratios 
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In figure 5 below, both plots show the effect of notch bandwidth.  With NB 10 the notch is twice as 
wide.  Note that for the same attenuation the NZ was changed to 5 so that both filters have a ratio of 
NB to NZ of 2.  In general choose the smallest bandwidth that will capture the resonance taking into 
account the variations in the resonance frequency due to temperature, wear, changes in load, and other 
mechanical variations.

Figure 5: Bode Plot of Differing NB Values

Measuring System Resonances
Before we can notch out a resonance in a mechanical system we have to characterize it.  For low 
frequency resonances the position sensor of the system is usually adequate for measuring the 
resonance.  Higher frequency resonances can best be measured by an accelerometer.  After the data has 
been captured, a Fast Fourier Transform (FFT) program can give us a plot showing the energy at each 
frequency.

Example 1: High Frequency Resonance
In this example, a relatively stiff cantilevered beam represents our system. Figure 6 shows the FFT.

Figure 6: FFT of Accelerometer Fixed to Cantilever Beam (Before Applying the Notch Filter)



The resonance frequency is approximately 91 Hz and has an amplitude approximately 24 dB above the 
surrounding frequencies.  A notch with a center frequency of  91 Hz with a bandwidth of 30 Hz was 
chosen.  

                                                       NF 91

                                                       NB 30

                                                       NZ 0

The results of applying this filter in the control loop are shown in Figure 7.

Figure 7: FFT of Accelerometer Fixed to Cantilever Beam (After Applying the Notch Filter)

Note that the resonance frequency is now undetectable above the surrounding frequencies.

Example 2: Low Frequency Resonance
For this example a more flexible beam was used resulting in a much lower resonance. Figure 8 below 
shows the FFT plot.

Figure 8: FFT of Accelerometer Fixed to Flexible Beam (Before Applying the Notch Filter)



This system show a resonance frequency of 17.5 Hz with an amplitude of approximately 28 dB.  Since 
it is a low frequency resonance the notch filter is placed at the input to the control law.  The notch filter 
parameters were chosen to be

        NF -17.5

        NB 7

        NZ 0

Note that NF is negative to put the notch at the input as opposed to inside the control law.

The results are shown below in Figure 9. The resonance can no longer be detected.

Figure 9: FFT of Accelerometer Fixed to Flexible Beam (After Applying the Notch Filter)

Conclusion 
Resonances are the bane of the systems engineer.  When they can't be eliminated by mechanical re-
design, they must be dealt with by the motion controller.  A notch filter is often the right solution if  
used in the control loop for high frequency resonances or at the input for low frequency ones.  The 
DMC-40x0 series motion controllers allow for either roll.
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