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What about Bandwidth? 
 
Bandwidth is an all-purpose indicator for 
a systems’ ability to track a reference 
signal. Although it is useful for higher 
level design criteria, it must be handled 
with some caution. Physical limitations 
must be taken into account to set 
realistic goals and any bandwidth figure 
must be accommodated by some other 
qualifiers. This article attempts to shed 
some light on these issues. 
 
What is Bandwidth? 
 
Bandwidth is generally accepted to 
indicate the frequency at which a 
system attenuates the input by 3dB. 
More specifically, it is the frequency at 
which a sinusoidal input with amplitude 
A is reduced to a sinusoidal output with 
amplitude 0.7*A (more accurately the 
square root of 1/2). The reason why we 
use sinusoidal signals for this measure 
is that mathematically much information 
can be derived from how a system 

responds to such signals (frequency 
domain analysis). 
 
Typically, we never really deal with pure 
sinusoidal signals, but because any 
signal (of any shape) can be broken 
down into a sum of pure sinusoidal 
signals of different frequencies (Fourier 
transform, frequency spectrum), 
sinusoidal signal response is of keen 
interest. As a matter of fact frequency 
response and time response are 
equivalent for bandwidth 
measurements. If we look at a typical 
current loop step response: 
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The point at which we reach roughly 
90% of the final value is called the rise 
time tr. The relationship between 
bandwidth frequency and rise time is 
roughly (for most common systems): 

(sec)

1
)(

rt
Hzf =  

In the above response, the rise time is 
about 0.75msec; hence the bandwidth is 
roughly 1300Hz. As we will see later, it 
may not be possible to achieve 1300Hz 
due to other limitations. 
 
 
Frequencies in a Motion Control 
System 
 
A typical motion control system has 
quite a few signals at work, all of which 
have their own frequency spectrum. 
 
Starting from the outside in, the position 
path planning in a fast reciprocating 
system that has to make 100 back and 
forward moves in 1 minute, will have a 
base frequency of 1.6667 Hertz. 
 
A 4-pole brushless motor that runs at 
3,000 rpm will have phase currents at 
100Hz (3000rpm = 50 rev/s = 100 
electrical cycles per second). 
 
The above motor with a 5,000 line 
incremental encoder will generate a 
250,000 Hz frequency on the A and B 
lines. 
 
Although all the frequency ranges can 
be fairly well established, what they 
mean in a practical system is less trivial. 
Although much emphasis is placed on 
update rates (or sampling rates), equally 
important is considering physical upper 
limits. 
 

Frequency response of a servo 
system 
 
A typical servo system consists of 
several cascaded loops. The most 
common topology is a position loop 
around a current loop: 

 
The position loop takes the position 
reference and the position feedback and 
outputs a current reference. The current 
loop takes the current reference and 
current feedback and outputs voltage to 
the motor. 
 
The position loop must have sufficient 
bandwidth to track the position 
reference and the current loop must 
have sufficient bandwidth to track the 
current reference. 
 
From control theory we have some 
basic guidelines relative to cascaded 
systems. In a multi-loop system the 
slowest response is always the 
bottleneck. So in the system above we 
need the current loop response to be an 
order of magnitude faster then the 
position loop around it. 
 
Below is a response example of a 
position loop with an inner-current loop 
of varying response. 
 
The first response is with the current 
loop tuned per the current response 
shown above. 
 

Position 
Loop 

Current 
Loop 

position feedback 

current feedback 
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The step response shows approximately 
a 30msec response, which we can 
relate to a 35Hz bandwidth (amplitude 
reduced by 0.7): 
 

 
 
Now we introduce a low pass filter 
between the position loop and the 
current loop (has the same effect on 
slowing down the inner loop): 
 

 
 

Here we introduced a 50Hz filter as an 
extreme example of reducing the inner 
loop response time. 
 
Then the position loop response 
becomes: 

 
 
Of course this is no longer damped and 
the position loop needs to be retuned for 
a damped response: 

 
As the inner loop becomes slower, it 
becomes more and more difficult to 
obtain damped response. It is clear that 
for a damped response the position 
response is now much slower, on the 
order of 150msec or about 6Hz. 
 
So clearly the response of the inner-loop 
affects the outer-loop. Ideally the inner-
loop should be more than 10 times 
faster then the outer loop. 
 
Typical bandwidth numbers for position 
loops are in the 1-20Hz range, while 
current loops run in the 100-1,000Hz 
range. High performance systems can 
reach as high as 100Hz for the position 
loop and 5,000Hz for the current loop. 
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The examples above show predictable 
behavior because the signals were 
sufficiently small to avoid saturation. 
This small signal tuning should always 
be performed first to establish proper 
closed loop behavior. Large signals can 
cause saturation due to physical 
constraints and lead to less predictable 
behavior as described in the next 
section. 
 
System Non-linearities 
 
Previously we looked at time response 
to determine bandwidth. However, the 
actual amplitude level is also a factor. 
Take for example a system with 
100kg.cm2 inertia and a maximum 
torque of 2Nm. 
 
A sinusoidal position reference θ(t) will 
require an acceleration of a(t) as 
follows: 
 

)sin(
)(

)(

)sin()(

2

2

2

tA
dt

txd
ta

tAt

ωω

ωθ

⋅⋅−==

⋅=

 

 
Now the peak acceleration will be 
limited due to torque and inertia: 
 

22

max2

max 200
.100

2

s

rad

cmkg

Nm

I

T
Aa ===⋅= ω

 
So for an amplitude of 1 radian (0.16 
rev) the maximum frequency would be 
2.25 Hz (135 per minute). For an 
amplitude of pi radian (0.5 rev), the 
maximum frequency would be 1.27 Hz 
(76 per minute). Friction or any other 
additional load torque will of course 
further reduce these upper limits. 
 
In our system above we have a motor 
with maximum 0.4Nm of torque (at 6A) 

and a total inertia of 0.7kg.cm2. At an 
amplitude of 0.05 revolutions (0.314 
radians), the maximum frequency is 
around 21Hz which is, per the plot 
below indeed the frequency at which the 
current peaks to 6A and we start 
attenuating.  

 
 
Now if we run at a much lower 
frequency, say 5Hz where we have no 
attenuation (at small amplitude) and 
increase the amplitude, then we also 
see attenuation due to torque (current) 
saturation: 
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So clearly maximum motor torque (and 
power) imposes an upper limit to the 
maximum positional oscillation 
frequency that can be realized. 

 
Now let’s look at motor currents. Since 
the motor represents an inductive load, 
the maximum rate of change for current 
will be 

L

V

dt
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Where Vbus is the DC bus voltage and L 
is the overall motor inductance. 
 
In case of a sinusoidal current, the 
maximum current change is 
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So here too we see that not only 
frequency but also amplitude will affect 
the frequency upper limit. For example a 
motor with 3mH inductance and 24VDC 
bus will have a frequency limit of 
1273Hz at 1A, and 254Hz at 5A. Motor 
resistance and motor back-EMF will 
further reduce these upper limits. 
 
 
Conclusion 
 
If your system has specific bandwidth 
requirements you will need to consider 
all the loops in your system and make 
sure that you maintain a certain ratio 
between them. Any bandwidth 
requirement should be accommodated 
by an amplitude figure. Lastly, always 
provide a sanity check against physical 
limitations in your system. No amount of 
tuning will allow you to obtain a certain 
bandwidth if the maximum acceleration 
and/or motor current change limit your 
frequency range. 
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AMO Absolute Encoder 
 
 
The new ABSYS absolute 
encoders include all of the unique 
inductive encoder features that our 
incremental encoders have for 
harsh environments, such as very 
wide operating temperature 
envelope, ability to operate in high  
shock, vibration and 
electromagnetic environments, but 
yet offer high accuracy, high 
resolution, and high speed. 
 

 Available  as linear or rotary 
(ring or flange) 

 IP67 rating, stainless steel 
scale 

 -10 to 100 C operating 
range 

 1 or 0.25 um resolution 
 Non-contact inductive 

means long lifespan, and 
maintenance-free 

 Up to 32m long or standard 256, 512, 1024, 2048 mm circumference (rotary). 
Smaller diameters upon request. 

 Available with BiSS-C, SSI or CNC controls interface 
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Product Feature: TSM closed loop stepper 
 
 
Introduction 
 

Stepper motors have found wide spread use in any application requiring low cost 
positioning. Because of the high volume usage, costs for these motors can be extremely 
low. As discussed in previous Design Trends issues, stepper motors are fundamentally 
high pole count brushless motors with a very high back-EMF constant so that they can 
provide very high torque stiffness and can be used open loop. By adding encoder 
position feedback, many stepper drive and controls manufacturing companies have also 
added stall detection and end of move verification, in order to detect incomplete moves 
or hard-stop conditions. One can not help but observe that once you add position 
feedback to a stepper motor, why not treat it like a genuine brushless motor? This 
feature can be found in all Technosoft products and will be discussed in detail here. 
 
Motor and Feedback Setup 
 
Technosoft drives can run either 2 or 3-phase stepper motors of any step angle. 2-
Phase bifilar wound stepper motors are by far the most popular and either parallel or 
series windings can be handled equally well (and provide similar characteristics relative 
to torque and speed as in open loop operation). 
 

 
 
The nominal current corresponds to the stepper motor current. Because the motor will 
be operated as a servo, the user can allow peak currents above the nominal. Although 
stepper motor manufacturers do not provide a “peak current”, peak currents of 2x or 3x 
the nominal rating are fairly save (some thermal testing should be performed). 
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The number of motor steps per revolutions corresponds to the number of full step steps 
(200 for a 1.8 degree motor, 100 for a 3.6 degree motor). 
 
For optimal performance, a minimum amount of encoder counts per electrical cycle 
should be ensured, at least 10 counts. In this case we have 2000 counts per 25 cycles, 
i.e. 80. 
 
Drive setup is similar to a regular servo, meaning current loop, position loop and 
commutation can all be adjusted. Because we typically use only incremental encoder 
feedback, a simple phase align algorithm is used for commutation startup (because the 
high pole count, the amount of motion is very small). 
 

 
 
The position loop can be tuned just as a regular servo: 
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Motor Operation 
 
Since the stepper motor now operates like a servo, it is possible to command fairly fast 
moves without the worry for loss of synchronization. Below is a fast 2 rotation move in 
about 125 msec.  
 

 
 

The motor currents are not constant full nominal level, but reflect what is required 
relative to the actual load. Hence the torque-speed curve of the motor can be fully 
utilized. Furthermore, due to allowable peak currents, the motor can be operated at 
even higher torque for short duration (if DC bus is sufficiently high to overcome load 
impedance).
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Application Solution:  AMO Angular Feedback 

 
 
 
Rotary Positioning and Speed Control using an Inductive Angle Measuring System 
 
There are numerous applications in which rotary position and speed are required to be 
measured. Some of these include:  positioning a work piece using a rotary table in a 
CNC machining center at relatively low speeds, spindle speed control in a router or 
vertical mill, robotic tables, antenna positioning platforms, and turret control in military 
applications. The size of the rotating object can vary from a few inches to a few yards in 
diameter. Also, many of these applications require the ability of the measuring device to 
perform in wet, dirty environments as well as being able to withstand vibrations. 
Traditionally, resolvers (rotary transformers) have been used where both a harsh 
environment exists and absolute positioning (position data maintained after power 
cycling) is needed. Instead, both optical and magnetic encoders have provided a 
relatively inexpensive alternative to both incremental positioning as well as absolute 
with some limitations on where and how they can be used as well as cost factors to 
consider. Somewhere in between the resolver and typical optical encoder exists what is 
generally called an “Inductive Encoder”. One company in particular, AMO GmbH of 
Austria, has developed a simple and robust inductive, angle measuring system on par 
with the accuracy and resolution of optical encoders. 
The focus of the remainder of this application article will be a quick overview of the 
operating technology of 
the AMO System along 
with specific application 
uses. 

 

As can be seen in the 
figure, the AMO Inductive 
system consists of two 
parts, a flat, flexible, 
series of coils and a 
measuring scale or 
gradation, etched  in thin, 
stainless steel using 
photolithography. 
The two component 
pieces above (coils and 
measuring scale) function 
together as a transformer 
with a moving core. As 
the measuring scale 
(core) moves relative to the coil structure (sensor) the reluctance of the tiny, single coils 
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changes. This movement generates two modulated sinusoidal wave signals (SIN and 
COS) 90 deg apart. While the measuring scale can be etched onto a stainless-steel 
ring, encapsulating the coils into a sensor head with signal conditioning/interpolating 
electronics allows for a simple, accurate and rugged measuring system. The 
components are mechanically simple and do not require bearings, couplings, etc. The 
ring can be press fit onto the actual moving part – rotary table, shaft, arm, etc. The 
sensor head can be mounted either outside or inside of the measuring scale. See the 
samples below: 
 

 

 

As was stated earlier, if the application calls for the sensor to be mounted inside an 
open ring, this can be achieved using an internal scale and the accompanying coil 
sensor. See below: 
 

 

The scales shown in the previous examples have illustrated incremental graduations 
only. However, absolute measurements are possible with the addition of an absolute 
coded pattern also created on the same ring. See below: 
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The signals output for the incremental scales can be either an analog 1 V peak-to-peak 
or a RS-422 square wave. Absolute positioning data can be acquired via an SSI, 
BiSS/C and certain CNC control protocols. There is also an option for 1 V peak-to-peak 
SIN/COS signals with a 40 um pitch. In addition to the standard signal output types 
mentioned above, the AMO Inductive Angular measuring system has the following 
characteristics: 
 

� IP67 housing rating allowing wash-down or liquid immersion 
� No magnetic components/no magnetic hysteresis 
� Speeds up to 120,000 rpm possible 
� Wide operating temps: -10 deg C to 100 deg C 
� High resistance to shock and vibrations 
� Accuracy/resolution can be had to the arc seconds range(+/- 2um arc lengths) 
� Single or multiple reference marks in the measuring scale 
� Measuring rings and/or rings incorporated into standard and custom flanges 

available to be directly and simply built into a customer's assembly 
� Scale grating pitches of 500um, 1000um and 3000um 
� Ring diameters of 80mm to several meters are available 

 
The AMO Inductive angular position and speed measurement system provides a robust, 
accurate and flexible solution to many rotary applications, from low speed and high 
precision positioning to high speed applications such as: 
 

� Printing equipment 
� Punch presses 
� Robots 
� Indexing tables 
� Tool changers 
� Spindles 
� Military turrets 
� Conveyors 

 
More information can be found at: www.amosin.com  
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For more information about any of the above topics or general questions or comments, 
please contact us: 
 

Motion Designs 
contact@motion-designs.com 
Tel 805.504.6177 

 
 

Motion Designs is a technical sales and engineering company with extensive machine and motion 
control experience. We work with some of the best manufacturers in the industry as witnessed by 
our present line card: 

 
 www.amosin.com: AMO manufactures induction based precision linear and angle 

measurement encoders. 
 

 www.arcus-technology.com: Arcus Technology manufactures stepper motor, drive and 
controller technology, providing USB, Ethernet and Mod-Bus connectivity.  

 
 www.nipponpulse.com: Nippon Pulse manufactures the unique linear shaft motor, a direct 

drive linear brushless servo motor. 
 

 www.shinano.com: Shinano Kenshi manufacturers cost effective brushless servo motors and 
assemblies. 

 
 www.stegmann.com : Stegmann is a leader in high performance motor feedback solutions.  

 
 www.technosoftmotion.com : TSM is a leading DSP motion control technology company 

specialized in the development, design and manufacture of digital motor drive products and 
custom motion systems. 

 
 

 
 
 
 

 


