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Enclustra is a young, innovative and successful FPGA design service company located in
Technopark Zurich, Switzerland.
With the FPGA Design Center, Enclustra provides services covering the whole range of FPGAbased system development: From high-speed hardware or HDL firmware through to
embedded software, from specification and implementation through to prototype
production.
In the FPGA Solution Center, Enclustra develops and markets highly-integrated FPGA
modules and FPGA-optimized IP cores.
By specializing in forward-looking FPGA technology, and with a broad application knowledge,
Enclustra can offer ideal solutions at minimal expense in many areas
For more information visit http://www.enclustra.com.
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Electronic drive control systems exist for several years now and the requirements are
increasing constantly. This leads to the demand for more processing power and higher
integration while cost should decrease. Because integrating a drive control system into an
FPGA can lead to substantial cost savings and enhanced performance, the usage of FPGA
technology in this field of applications has become popular during the last few years.

This presentation focuses on motion control systems while a major part of the content does
also apply for speed control systems. The main intention of this presentation is to give an
overview of the most common system concepts and to help avoiding common mistakes.
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Most motion control systems are connected to a field bus in some way and high level control
was often achieved by IPCs in the past. However, with the increased performance
requirements and the availability of powerful low cost parts, the trend to distributed systems
with a certain level of intelligence in their end points came up. A concept based on
centralized intelligence often can not achieve the high requirements of today‟s applications
due to limited communication resources.
This high level control tasks lead to the requirement for executing non-real-time tasks in
addition to the real-time tasks (trajectory integration, controller calculation, power electronics
control) that used to be present for a while now. High level control may not only contain the
field bus protocol stack and minor I/O functionality but also trajectory planning. The aim of
this relatively complex task is to calculate a movement to a certain position without
exceeding speed-, acceleration- and jerk-limits. In the real-time domain, the desired values
for the variables mentioned above are calculated constantly and controllers try to maintain
them.
To access today‟s most popular field buses (e.g. EtherCAT, Powerlink, SERCOS, CAN), field bus
specific circuitry is required. FPGAs can handle these tasks very well because IP cores for the
most common field buses are available from different vendors and also as open source.
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The information about any movement can be shown in different physical quantities that have
a differential/integrative relationship to each other. It can for example be shown as position
vs. time or as acceleration vs. time.
In most motion control systems velocity and acceleration are limited. Today it is state of the
art to also limit the jerk, which leads to the well known s-curves. In some high-end
applications even the derivative of the jerk is limited.
Theoretically the full information about a movement is contained in the highest derivative. In
the figure above this leads to a dataset of 8 jerk/time pairs.
To get all quantities out of this dataset, it has to be integrated by the trajectory integrator.
Since this integration has a finite precision, the results may be slightly wrong after a long time
of integration. This can be solved by additionally passing end values for acceleration, velocity
and position to the trajectory integrator. Note that it is known for example that the jerk is
zero during a constant acceleration phase. Therefore only 8 value/time pairs are required to
describe the move above.
For simple moves with maximum one constant velocity phase, there is a limited number of
possible profile types:
• JJJJ: The move is too short to reach either the velocity or the acceleration limit
• JJVJJ: The velocity limit is too low to reach the acceleration limit but the velocity limit can be
reached
• JAJJAJ: The move is too short to reach the velocity limit but the acceleration limit can be
reached
• JAJVJAJ: Acceleration limit and velocity limit can be reached
J = Constant Jerk Phase, A = Constant Acceleration Phase, V= Constant Velocity Phase
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The first task when calculating a trajectory for a move is to decide what phase types it should
contain. For simple moves with maximum one constant velocity phase, there is a limited
number of possible profile types:
• JJJJ: The move is too short to reach either the velocity or the acceleration limit
• JJVJJ: The velocity limit is too low to reach the acceleration limit but the velocity limit can be
reached
• JAJJAJ: The move is too short to reach the velocity limit but the acceleration limit can be
reached
• JAJVJAJ: Acceleration limit and velocity limit can be reached
J = Constant Jerk Phase, A = Constant Acceleration Phase, V= Constant Velocity Phase
If the required phases are known, their durations have to be calculated. Afterwards all phase
durations are rounded up to fit the discrete trajectory integrator cycles. Of course this
rounding affects the end position. To prevent this position error, an equation system
containing all phase durations, all limits (jerk, acceleration, velocity) and the end position hast
to be solved. For simple moves with one constant velocity phase this leads to exactly one
solution.
Trajectory planning is a relatively computing intensive task and does require a floating point
unit even for simple moves. For moves with higher requirements (e.g. more than one constant
velocity phase) the effort to plan trajectories increases more than linearly.
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The trajectory integrator consists of three loadable integrators. This allows to calculate a
position from a jerk. The integrators have to be loadable to make it possible to set the
velocity integrator to a fixed velocity during the constant velocity phase for example.
For velocity, acceleration and jerk, floating point calculations can make things easier.
Especially the jerk has a high dynamic range. Absolute values for these quantities are always
around zero and the durations of these phases are normally not very long. Therefore floating
point can be a reasonable choice, which normally leads to a SW implementation on a CPU
with FPU. However, for low and intermediate requirements, floating point may not be
required (this is usually the premise for a realization in FPGA fabric).
In contrast to the other values, the position can have very high absolute values while the
change in position may be small. For long moves at a low speed this can lead to significant
integration errors due to the truncation of floating point values. As a result, the position after
such a move may vary from the desired position which results in a jump after switching back
to position hold after the execution of a movement. This issue can only be solved by using
fixed point or integer positions. The position unit may for example be increments of 1/32„768
rotations. To calculate the position in floating point is only possible for systems with a small
move range.
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For DC/EC/BLDC-motor based drive control systems, the most common controller
architecture is a cascade of multiple PID controllers with feed forward paths.
Theoretically three controllers are used (one for every physical quantity: position, velocity,
current/acceleration) while mid- and low-performance systems often get by without velocity
controller. In this case, the velocity control is implicitly integrated in the position controller
since the proportional part of the position controller is the same as the integral part of the
velocity controller. The same applies for the derivative part of the position controller and the
proportional part of the velocity controller.
From the control theory point of view, a correctly parameterized control loop looks like a low
pass filter for the next higher order control loop. This allows to parameterize the different
stages independently when starting with the most inner loop and the move towards outer
loops. For stability reasons, every outer loop has to run at a lower speed than the inner loops.
For example: 100kHz current control, 20kHz velocity control and 5 kHz position control.
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The position of the rotor within one rotation can be determined by reading the state of the
hall sensors. Because there are only three hall sensors, the position is known with an
uncertainity of +/- 30°. A full rotation is split up into six 60° sectors.
For each one of these sectors, two coils are grounded while a positive or negative voltage is
applied to the third one to create a positive or negative torque (block commutation). While
this principle is very simple, it can lead to a bad efficiency of cos(30°)=86% if the rotor is not
in the center of a sector. This can be problematic especially for high performance systems. For
high power drives an even more problematic point is that a lot of power is wasted. In days of
global warming and increasing energy efficiency people care a lot about the second point.
The drawbacks of the block commutation together with the availability of cheap processing
power caused FOC to become state of the art.
Some years ago, block commutation was state of the art in controlling EC drives. The
advantage of block commutation is its simplicity, while as a drawback, it wastes up to 14% of
the consumed energy. Today it is replaced more and more by the field oriented control (FOC)
that has a much higher efficency.
Block commutation is discussed to give an introduction into EC drives and to show why it
makes sense to use the FOC. FOC leads to the requirement for more processing power and
thus puts FPGAs in favour for FOC implementations.
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The basic difference between FOC and block commutation is that FOC measures the rotor
angle based on encoder signals which have a much better resolution than hall sensors. FOC
then applies a current to two coils instead of only one to produce a space phasor that is
perpendicular to the rotor and therefore leads to a theoretical efficiency of 100%.
To achieve this, knowledge of the actual space phasor is required. Therefore two phase
currents are measured. The third one can be calculated from them (I1+I2+I3=0) and therefore
only contains redundant information. Note that it is important to execute both measurements
simultaneously to get consistent data.
In the Clarke transformation, the space phasor is mapped to a Cartesian coordinate system by
simple trigonometry. In the Park transformation the currents with respect to the rotor angle
are calculated. The flux producing current is called Id, the torque producing current is called
Iq.
Id does not produce any torque and should thus be zero. The torque producing current has
to bet set to the value requested by the velocity and position controllers (note the similarity
to controlling a DC drive). Both parts of the current are controlled by a standard PI controller.
The outputs of the current controllers are then transformed back to the Cartesian coordinate
system (inverse Park transformation). The conversion from the Cartesian coordinate system to
a duty cycle for each phase is done directly by a method called Space Vector PWM that
controls the power stage.
The whole FOC has to run at the same speed as the current controllers which are the fastest
part of drive control systems. Therefore FOC needs a significant amount of processing power.
The operations that are required for the transformations (multiplications, additions and
sin/cos lookup tables) are very FPGA friendly. This leads to the conclusion that FOC can be
easily implemented in FPGAs (and DSPs for not too high control rates) while it is not very CPU
friendly.
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Controlling stepper drives is completely different from controlling DC or EC drives. The
biggest difference is that they are, in terms of position control, not controlled in a closed loop
but in an open loop. In some low-cost applications stepper motors are controlled in full-step
mode, which causes strong vibrations and noise. In this presentation we only consider the
micro stepping mode that prevents vibrations and noise and its implementation using FPGA
resources.
As widely known, controlling a bipolar stepper drive requires a sine current for one coil and a
cosine current for the other coil. The stepper motor velocity is depending on the coil current
frequency; the higher the frequency, the higher the velocity. To convert a velocity value to a
frequency, an NCO can be used. To achieve this, an accumulator counting with a variable step
size is used. The step size is proportional to the velocity. Therefore the content of the
accumulator is proportional to the position. Let‟s split up the accumulator into three parts for
better understanding:
• Fullstep count (bits 29..18 in the figure)
• Microstep count within one fullstep (bits 17..10 in the figure)
• Sub microstep count within one microstep (bits 9..0 in the figure)
Because one sine period contains four full steps, the input to the sin/cos lookup table is built
from the micro step count and two bits of the full step count. The other bits of the full step
count are only needed to make the actual position available for high level control. The sub
micro step count is necessary to allow the accumulator to run at the system clock rate and to
make it possible to move very slowly.
The output of the sin/cos LUT is multiplied with the desired peak current. Usually there are
two different current levels, one for moving and one for holding a position. The current itself
is then controlled the same way as for other motor types by a PI or PID controller.
To compensate for numerical issues or small position jumps due to trajectory integrator
divergence during a move, the deviation between the desired position and the actual
accumulator value is calculated and added to the accumulator input. This prevents the
trajectory integrator and the stepper controller from diverging.
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It is important to understand, that the realization of the current control loop alone in FPGA
fabric results in a very strong CPU offload, even if all the other controllers and trajectory
integration are still calculated in the CPU. This is because the current controller has the
highest sampling rate of the system and for BLDC motors it also contains all the FOC
calculations which are computationally intensive.
To not realize position- and/or velocity-controllers in FPGA fabric makes sense in the case of
non-standard control algorithms. First of all, these algorithms may not be as simple as a PID
controller and are therefore better suited for CPU implementations than for VHDL
implementations. Secondly, controllers implemented in C/C++ and executed on CPUs are
easily editable for motion control specialists which do not have in-depth FPGA/VHDL
knowledge.

Enclustra - FPGA Design Center

20

Some time ago, the general drive control system contained one DSP (A) that controlled
everything. If this solution can satisfy all requirements, it is still worth to be considered.
For more complex applications, a solution based on one single DSP (A) often is out of
question. So let‟s have a look at FPGA based approaches.
Because of the high level control tasks including trajectory planning, at least one CPU is
required in (almost) every motion control system. Controllers can easily be realized in the
FPGA fabric to increase the control rates (B, C, D). The same applies for simple trajectory
integrators (E).
But trajectory integrators can become complex if the requirements are not only of basic
nature. Therefore a second CPU may also be a reasonable approach for trajectory integration
(G) and maybe also some controller calculations (F), especially if floating point calculations
are required.
In the past, the usual choice for the CPUs were soft processors because hardwired processors
were not yet available in low-cost FPGAs. This point is changing right now. The Cxilinx Zynq7000 EPP for example offers two hardwired ARM CPUs (and a CAN interface as well as dual
ADCs). It is obvious that this will fit exactly to the requirements of a typical motion control
system.
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Today‟s drive control systems with maximum controller rates of about 100-200kHz for current
control loops are relatively slow compared to what today‟s low-cost FPGAs are capable of in
terms of clock frequency and computing power. This leads to the usage of time division
multiplexing (TDM) wherever possible.
TDM uses the same combinatorial logic to do identical calculations in a different context (e.g.
for multiple axes). The calculations are executed one after the other using the same physical
resources instead of being executed in parallel with each one using its own physical
resources.
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TDM can be used on three levels in control loops of motion control systems:
• TDM within one controller (proportional-, integral-, derivative-, output-, feed forward-gain)
• TDM within one axis (position, velocity, current controller)
• TDM between different axes
Because all calculations are done one after the other, BRAMs can be used efficiently to store
parameters. This can lead to substantial savings in logic cells required for a design.

It can be shown that a TDM implementation allows to share many controller resources for a
complete high-performance, 8-axis motion control system without exceeding reasonable
clock frequencies for low-cost FPGAs. The same applies for other parts of motion control
systems. Trajectory integrators for example can also be implemented using TDM either
explicitly in FPGA fabric or implicitly when running as SW on soft CPUs.
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Drive control systems tend to produce noise because of several reasons. First of all, the
control loops may oscillate. Even if control loops are completely stable, it is possible that
mechanics oscillates because some resonance frequencies are stimulated by a movement.
These types of noise are typically in a low-frequency band since most motion control systems
such as transfer axes are not very agile.
Other causes for noise are fast transients and current spikes. They lead to noise because of
the vibration they produce within the motor coils.

Note that all noise (audible or not) leads to power loss since the energy consumed to
produce noise does not lead to any motion. But even if power consumption is not critical,
noise can lead to serious problems: Vibrations can dramatically shorten the lifetime of
mechanics and in most applications audible noise is not what the customer wants.
Noise has mainly two sources: Quantization and the behavior of the controllers.
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To achieve the required precision for long moves, the position resolution of the trajectory
integrator is usually higher than the position resolution of the encoder.
If the desired position lies in between of two encoder increments, it can never be reached
exactly. This leads to the following problem if the motor stands still: The integral part of the
position controller increases until it is high enough to overcome the static friction. As a result
of this, the motor turns a bit and passes the next increment. Because of the resolution of the
encoder, the actual position does still differ from the desired position but in the reverse
direction. Therefore the integral part of the controller begins to increase in the other direction
and the drive always toggles +/- 1 encoder increments around the desired position.
This phenomenon is called “ringing” and can lead to noise even if the motor does not move.
Other bad effects of this problem are vibrations that can affect the lifetimes of motors and
mechanics as well as unnecessary power consumption.
The solution lies in rounding the desired position values to the same step size that is available
from the encoder before applying them to the position controller.
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Another effect very similar to ringing occurs during slow movements. The desired position
from the trajectory integrator increases linearly or at least with a much smaller step size than
the actual position from the encoder. This leads to a periodic deviation that is always smaller
than +/- 1 increment. This deviation can cause clearly audible noise because of its periodicity.
This is especially true for systems with high derivative gain in the position controller.
For both issues, ringing and noise during slow movements, there is a solution: The output of
the trajectory integrator has to be rounded to the same step size that is available from the
encoder. As a result of this a position deviation of zero can be achieved in all situations.
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The upper left figure shows the response of a PID controller to an input pulse. On the upper
right side we see that the spectrum basically contains a wide range of frequencies (depending
on the input pulse width). The high frequency parts of this response will lead to vibrations in
the coils of the motor and therefore cause power loss as well as audible noise without
generating any movement.
The lower left figure shows the same PID controller response when filtered by a second order
section (SOS) IIR low-pass filter. This response does not contain any high frequencies and will
therefore not lead to noise. The low frequencies of the output which really lead to movement
of the axis contain the same power as for the unfiltered approach. Therefore this filter does
not have much influence on the dynamic behavior of the system but it dramatically reduces
noise.
Note that the delay introduced by the filter has to be kept in mind and should be in a
reasonable range. However, for high sampling rates an SOS filter is often a reasonable
solution to suppress spikes generated by the derivative part of the controller. Another
positive effect of such a low pass filter is that it also suppresses any quantization noise above
the cut-off frequency.
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Resonance frequencies of any system should not be stimulated. This applies not only for the
resonance frequency of the closed control loop but also for individual mechanical parts.
The figure above shows the frequency response of a system. There is a clearly visible
resonance frequency around the center of the figure. If the controller output is filtered by a
notch filter, the resonance frequency can easily be avoided. As a result of the filtering the
system will not oscillate and therefore generate less noise. Since only a small range of
frequencies is suppressed, the behavior of the system will not change very much.

Note that this approach should not be used for current controllers of any non-DC motors if
the resonance frequency is below the maximum rotation frequency. The reason for this is that
it is possible that the required current has exactly the frequency which is suppressed and this
would lead to a complete suppression of the output.
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Since all input signals to a digital motion control system are quantized, systems tend to
oscillate +/-1 digit around the desired value. This is especially true for position controllers. For
current controllers, noise in the current measurement circuitry can also lead to some noise at
the output even if no current should be applied to the drive. Therefore the controller should
not react to input noise within a tolerable range; it can thus be very helpful to introduce a
small dead zone. If the error signal is within this dead zone, the controller does not react to it.
The figure above shows such a situation. The input signal first oscillates around zero because
of quantization or additive noise. It then increases because of a real deviation the controller
should react to.
It is clearly visible that the output of a controller with a dead zone is much more stable and
will introduce less noise and power loss than the output of a controller without dead zone.
The negative effect is that the controller reacts a bit slower. However, if the dead zone is not
chosen too large, this effect should be negligible.
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Many of the topics considered in this presentation are also present in customer projects
realized by Enclustra GmbH.
This slide gives an overview of one specific project to show a real-world implementation of
the theory covered in this presentation. The aim of this project was to realize a customer
specific motion control platform with CAN interface which is able to control multiple axes
with different types of drives.
A two CPU approach was chosen because of several reasons:
• Much CPU power required for high level control
• Encapsulate real-time and non-real-time software
• CPU-A (non-real-time) is programmed by the customer
• CPU-B (real-time) is programmed by Enclustra
• Allows using an OS for high level control without having any overhead in the real-time part
This system also contains a lot of application specific peripherals such as step loss
supervision, drive power dissipation integrator, I/O crossbar, position interrupt generator,
drive position latching on several events, etc.
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The Mars MX1 FPGA module is equipped with fully EtherCAT-compliant dual Fast Ethernet
PHYs and fast DDR2 SDRAM. It is thus perfectly suited for compact SoPC systems based on
the Xilinx Microblaze soft processor communicating via real-time field buses – a perfect
match for high-performance drive control.
The Mars MX2 FPGA module is equipped with multi-gigabit serial transceivers, Gigabit
Ethernet and DDR2 SDRAM and is thus perfectly suited for high speed communication and
DSP applications.

The SO-DIMM form factor of the Mars MX1/MX2 FPGA modules allows space-saving
hardware designs as well as quick and simple integration of the module into the target
application.
Visit http://www.enclustra.com/marsmx1 and http://www.enclustra.com/marsmx2 for more
information.
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The Mars ZX3 embedded processing module combines Xilinx‟ Zynq-7000 EPP device with fast
DDR3 SDRAM, NAND flash, quad SPI flash, a Gigabit Ethernet PHY and an RTC and thus
forms a complete and powerful embedded processing system perfectly suited for highperformance drive control.
The SO-DIMM form factor allows space-saving hardware designs as well as quick and simple
integration of the module into the target application. The Mars ZX3 Embedded Processing
module reduces development effort, redesign risk and improves time-to-market for your
embedded system.
Visit http://www.enclustra.com/marszx3 for more information.
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The FMC DR2 drive control card contains all power electronics to control up to 3 DC-, 2
BLDC- or 1 stepper motor drives. Thanks to the FMC standard connector it can be used with
most Xilinx evaluation boards as well as with Enclustra‟s Mars PM3 base board for Marsfamily FPGA and EP modules.
While the FMC DR2 card perfectly fits to the Universal Drive Controller IP-Core (see next
slide), it can also easily be used to develop, debug and test customer specific drive control
solutions.

Visit http://www.enclustra.com/fmcdr2 for more information.
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The Universal Drive Controller IP-Core is a modular solution for state of the art motor control.
Its heart is a controller core that executes all controller calculations for up to eight devices.
This unit is strongly resource optimized and makes optimal usage of the physical resources
available in today„s FPGAs.
For measuring position and velocity, either encoders or resolvers can be used. Note that it is
possible to use encoders and resolvers in the same system.
For each device, a device driver is connected to the controller core. Again, it is possible to use
different device types in the same system.
For current measurement a selection of A/D converter interfaces is available. One possible
ADC device is the AD7266 which is a 12-channel A/D converter. This allows using one chip for
current measurements of multiple devices which leads to minimum total solution cost.
Another interesting feature is that the connections between the controller core and the
device drivers can be implemented as serial interfaces. This allows galvanically isolating the
device drivers from the controller core with as little optocouplers required as possible.
Features which are not 100% necessary can be disabled at compile time to save resources.
For many settings the customer can choose whether they should be runtime configurable via
registers or set at compile time to use less logic.
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The slide above gives a brief overview over some key features of the Universal Drive
Controller IP-Core.
Visit http://www.enclustra.com/universaldrivecontroller for more information.
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FPGAs are becoming more and more the technology of choice to realize drive control
systems. DSPs and drive control optimized CPUs may still be the better solution to implement
lowest cost or low end drive control systems - but with every new FPGA generation, this
domain is getting smaller.
The latest generation of FPGA devices are a very big step into this direction: They provide
integrated dual-channel ADCs which fit perfectly to the requirements of drive control
systems. This will cut down BOM part count and costs while the FPGAs themselves also
become cheaper. The new Xilinx extensible processing platform (Zynq-7000) even integrates
some more features that are widely used in drive control applications: Two hardwired CPUs as
well as CAN and Ethernet interfaces for field bus access. This is a big step towards
programmable single chip solutions for drive control.
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Dear Attendant,
I hope I could achieve the aim of this presentation and give you a brief overview over state of
the art drive control with a special regard to the FPGA technology.
If you have any questions about general drive control or regarding your own projects, do not
hesitate to contact me.
Thank you for your attention,
Marc Oberholzer
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