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The Programmable Analog Controller. Static and Dynamic
Configuration, as exemplified for Active Magnetic Levitation

Abstract. This work presents the static and dynamic configuration of the controller, which is embedded into the hardware layer of an industrial
programmable analog controller. Signal processing is carried out in the hardware layer by an analog signal processor, which constitutes the basic
component of the newly-developed controller. The static and dynamic configuration for an active magnetic levitations system is used as an

illustration.

Streszczenie. Praca przedstawia statyczng i dynamiczng konfiguracje parametréw uktadu regulacji zrealizowanego w warstwie sprzetowej
programowanego analogowego sterownika przemystowego. Bezposrednie wykonywanie formuty regulatora jest realizowane przez procesor
analogowy stanowigcy element sterownika. Uruchomienie i rekonfiguracja regulatora zostaty przedstawione dla systemu aktywnego magnetycznego
zawieszenia. (Statyczna i dynamiczna konfiguracja programowanego sterownika analogowego na przykfadzie aktywnej lewitacji

magnetycznej).
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Introduction

This work is an extended version of material presented
at the SENE 2011 conference [1]. The research into new
solutions in the field of real-time control systems was
motivated by the control study on active levitation
applications, namely suspensions and bearings. The first
successful research into levitation control supported by
Field Programmable Analog Arrays (FPAA) [2] provided the
drive towards programmable analog solutions as an
alternative to the familiar digital control systems [2].
Ongoing study has shown this technology to have some
potential. Nowadays, control systems are based on
microcontrollers, digital signal processors, Field
Programmable Gate Arrays (FPGAs) and multi-purpose
computers. In every case, signal conditioning circuits,
analog to digital converters, digital to analog converters
and/or pulse width modulators are used to close the control
loop. Parallel signal processing is guaranteed solely by
synchronous multiprocessor platforms or FPGA devices.
Apart from this, the controller program is executed
sequentially. The complexity of signal processing requires
the application of real-time system and the appropriate
software. All of these factors mean that the control
execution time increases on account of the number of
calculations and peripherals handled. In recent years, a
slow growth in the field of programmable analog devices
has been perceptible. Some are available on the market,
but their capacity is still insufficient for carrying out complex
signal processing tasks. Analysis of the literature has
shown that there are numerous practical applications which
are conducted with the support of configurable analog
devices [3-8]. In many cases, the solutions presented were
created on the basis of manual configuration and parameter
tuning. New devices have become available on the market
in the past few years. Research into hard real-time
applications and investigations into the possibilities of
reconfiguration were reported in [9]. A set of design support
tools for MATLAB has been developed and reported. The
discussion on the features and limitations of FPAA-based
devices for active levitation systems is given in [10].

The aim of this work is to present the results of the static
and dynamic re-configuration of the Programmable Analog
Controller. It is important to find an answer to the question
of the time slots that need to be reserved for configuration
transmission. These experimental results are significant
from the control point of view. The complex signal
processing architecture to be embedded into the controller
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can be imagined. Another crucial aspect is knowing how
much time is required solely for reconfiguration of the
controller downloading new parameters.

Programmable Analog Controller

Under Research Project No. 3585/B/T02/2009/37,
financed by the Polish Ministry of Science and Higher
Education, the Programmable Analog Controller (PAC) was
developed and manufactured [11-13]. The first version of
the PAC, with a semi-automatic configuration of its
resources, and successful configuration for hard real-time
control of active magnetic levitation systems, namely
suspension and bearing, has demonstrated some of this
technology’s potential. This permits a conclusion to the
effect that programmable analog processors can be applied
to simple control tasks, but that, with the controller
architecture created, complex signal processing can be
carried out.

The controller developed is characterized by modular
architecture (Fig. 1, 2) and can be used as a universal
apparatus for research purposes [11-13]. Its reconfigurable
hardware architecture allows its use in a range of
applications. Moreover, the software tools developed
enable the programmable configuration of its resources.
The controller consist of the following modules: 1/0, A/D,
D/A, Main APU, Power Driver (PD), Power Supply (PS),
and Power Supply for Power Driver (PS-PD) [12]. It was
created and built to meet industrial standards (Fig. 1).

Fig. 1. PAC configured with I/O, A/D, D/A, APU, PD, and Power
Supply Modules PS and PS-PD

The PAC core is based on digitally programmable Analog
Signal Processors (dpASP). The Analog Processing Unit
(APU) Main Module consists of the analog processors, the
analog bus by which they are routed, and a digital control
unit with communication interfaces [13] (Fig. 3). It is
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important to point out that this apparatus can also function
without analog processors. It can be configured as an
oscilloscope or digital controller, in which case, the A/D and
D/A modules can be used, and the control loop can be
closed by the embedded microcontroller or by the host
computer when interfaced using the 1/0 Module.
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Fig. 2. PAC architecture

The controller features a multi-level architecture that
allows the static and dynamic configuration of the
embedded analog processors to be executed. The
microcontroller applied in the hardware layer is responsible
for configuration of the analog processor, digital module
service, and host controller communication. The PAC-host
computer communication is carried out via the USB
interface. In the hardware layer, the analog processors are
configured with the support of the SPI interface. The PAC
and host computer software applications enable the
performance of a number of configuration tasks and the
handling of the APU Main Module and the other peripheral
digital PAC Modules, such as, for example, data acquisition
by the A/D Module.

N\ Analog Digital 2™\
Signal Signal
Bus Bus
Communication
Module
N— II
<:> dpASP
. Digital
n > Control K >
] Module
[ |
o = f—

N N
Fig. 3. PAC Main Module architecture

Programming the controller

The signal routing and signal processing method
embedded into programmable analog processors can be
configured manually. The dpASP devices are configured
with the support of a dedicated EDA tool. The design of the
dpASP configuration requires a knowledge base as regards
the PAC controller, its architecture, dpASP resources and
the available Component Analog Modules (CAMs) used to
configure the signal processing path. To support the analog
processor configuration, a custom method was designed, It
allows the dpASP configuration to be generated semi-
automatically [14]. With this method, the CAMs are placed
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and touted together, the 1/O ports are attached and CAM
properties such as driving frequency and gain are defined.
On the basis of the CAM modules available in the EDA
library and limited analog processor resources, it is possible
to set up a wide range of sampled analog signal processing.
The data bit-stream generated as a result of the
configuration stage is used to program one or more analog
processors, if chained [16]. Such a configuration is
downloaded to the controller with a core processor ID in
order to facilitate the unique identification of the target
devices. The method allows the configuration to be
changed either completely or partially while the controller is
operating. It also permits the modification of selected
properties in the signal processing paths. The method of
semi-automatic configuration developed as part of the
research allows the project to be verified and validated
before downloading to the controller.

Active Magnetic Levitation test-rig

The MLS2EM system [15] (Fig. 4) was chosen to carry
out the research experiments because it requires a real-
time feedback in order to stabilize the levitated object. The
MLS2EM is connected to the PAC via the I/O Module using
port No. 1, configured as input, and port No. 8, configured
as output. The displacement sensor and control signal were
connected to the listed ports, respectively. In this
architecture, the internal MLS2EM power actuator was used
to supply the electromagnet. The PAC was thus operating
purely as a controller. The displacement signal is measured
with respect to the electromagnet surface and, available in
a voltage form, is processed by the control structure
embedded in the analog processor. The control signal
generated steers the coil current power actuator to drive the

electromagnet coil.

4

Fig. 4. Laboratory test-rig: Active Magnetic Suspension System
MLS2EM [14]

The PACCtriGenPD method developed during the
research creates an analog processor configuration, sets
the driving clock frequency, adjusts the parameters for the
CAMs being used and verifies the control loop parameters
at the design stage (Fig. 5). The controller in the PD
structure [16] is configured using half-sample CAMs and
ZOH CAMs in order to synchronize signal flow (see Fig. 5).
This circuit carries out the discrete time control formula (1).
The ZOH block is used to hold the input signal value
through one sample period of the driving clock.

1) e(k) = w(k)-x(k)
u(k) = Ko ugtKp-e(k)+Kp-(e(k)-e(k-1))

On the basis of the CAM properties feedback, the
controller parameters are verified at the design stage. The
differences between the parameters requested and those
implemented allows the properties of the signal processing
that has been carried out to be checked and the closed
system dynamics to be validated. In order to observe
control and object displacement, the PAC A/D Module was
used and configured to perform measurements with a

283



sampling frequency of 2kHz. Both signals were acquired in
parallel and synchronously, with the same sampling rate.
The data collected is presented in the time diagrams for
both investigations (see Figs. 8 and 11).
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Fig. 5. Semi-automatic Controller synthesis for AML

Fig. 6. PD controller structure embedded in the analog processor

Hardware configuration steps

Because the PAC is a solution for embedded control,
the configuration and data exchange are carried out with
the support of the communication interface. In the version of
the PAC under consideration, the USB interface is used. An
APU Main Module microprocessor is installed and is
responsible for the direct configuration of the analog
processors. The following tasks are executed sequentially
in order to configure the PAC resources either statically or
dynamically:
e A — configuration file read,

e B — data transfer to microcontroller,
e C — processing data stream,
e D - configuration of analog processor,
e E - configuration acknowledgement,
e F —PAC acknowledgement,
e G - End of configuration procedure.
A
PAC
E
dpASP
microcontroller c D F
Computer A B G

Fig. 7. Configuration tasks time-line

Method for investigating real-time control

The PAC operates as an embedded controller and the
investigation of the real-time operation therefore requires
the use of the A/D module. The A/D module is configured
with a sampling frequency and the buffer length for the
collection of the required set of samples. The PAC’s
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functionality allows the acquisition task to be started on
request. Therefore, in order to acquire the displacement of
the levitated object and the control signal generated at the
configuration stage, the A/D module is triggered and the
configuration procedure is started. Finally, the collected
data collected is transmitted to the host computer for further
analysis. The static and dynamic configuration reports
consist of diagrams of the signal time measured.

Method for the investigation of the configuration and
reconfiguration procedure

For the purposes of this research, the investigation was
carried out by the host computer because the configuration
and reconfiguration algorithm are executed directly from the
MATLAB environment. The functionality of the USB
communication interface was also studied. To investigate
the configuration and reconfiguration cycle time, 100
iterations were carried out. The configuration procedure
consist of four steps, corresponding to the configuration of
the selected analog processor at the Main APU Module.
These four steps are marked as scenarios A, B, C, and D.
They correspond to the number of analog processors
configured: 1, 1-2, 1-3, and 1-4 respectively. The time is
acquired at the beginning of the task A and at the end of
task G (see Fig. 7). In order to achieve comparable results,
the same configuration data was sent to all the processors.
The time being measured includes the USB transmission
management carried out by the Win7 system. The serial
communication, with a transmission rate of 115200bps, was
set. The configuration data consisted of 232 bytes and 24
bytes for the static and dynamic configuration, respectively.
The time measured was then analyzed to calculate the
average execution time t, and standard deviation o for the
configuration scenarios under consideration. The results
have been summarized in table form and the appropriate
histograms plotted.

Static configuration of the PAC

The static configuration must be carried out when the
controller is started and when the structure of the signal
being processed is changed. In the application under
consideration, the static configuration is downloaded to the
PAC from the host computer. The analog processor is
configured and reset automatically at the end of the
configuration routine. To illustrate the static configuration,
the PD controller was developed as described in the section
devoted to the magnetic levitation system. First, the
ferromagnetic sphere was located at the bottom of the
admissible position region, before the configuration
procedure was started. The configuration procedure was
then executed. The processor start-up was observed after
the configuration stage. It is clearly visible in Fig. 6, at the
0.12s time point, when the control signal is set to zero. The
control action is calculated and the control signal increases
to pull up the sphere. Finally, the object levitates at the
desired position of 10mm and the control tends to a steady
value of 0.4V. The static configuration was investigated
using the proposed method. The results are summarized in
Table 1 and the histogram plots are given in Fig. 9

Table 1. Statistics for the static configuration

Proc. | Scenario A Scenario B Scenario C Scenario D
No. Time [ms] | Time [ms] Time [ms] | Time [ms]
1 tm = 51.01 tn=101.53 |t,=152.73 |t,=203.80
o=3.62 o=6.06 o=7.32 o=7.64
2 X
3 X X
4 X X X
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Fig. 8. Static configuration of the control law for an active magnetic
suspension system: a) object position, b) control signal.

a)

No of Events
No of Events
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No of Events
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Fig. 9. Histograms of the static configuration download executed for
a) single, b) two, c) three, d) four processors.

Time [ms]

The histogram of the time events for a single processor
configuration, extracted from all the configuration scenarios,
is presented in Fig. 10. A distribution similar to that for
Scenario A can be seen, as can the fact that the static
configuration of a single processor takes about 50ms,
including the USB communication.

No of Events

Time [ms]
Fig. 10. Histogram of 400 static configuration programming events

In the case of industrial applications, it is assumed that
the static configuration will be available on the APU Main
Module in the microcontroller memory. Such a configuration

can be loaded at controller startup or on demand. In other
cases, when the configuration has to be downloaded from
the host, the transmission properties must be considered.

Dynamic reconfiguration of the PAC

One of the most important features of the controller
developed under this research project is the potential for
dynamic reconfiguration. The hardware and software
solutions implemented use a unique programmability
feature of programmable analog processors. The
configuration parameters can be updated in on-line mode
during real-time signal processing. This dynamic
reconfiguration is a key point in control field applications
because it allows the controller parameter to be moderated
while operating. This special feature means that the PAC
can be used as an adaptive controller. The dynamic
configuration procedure is totally different from the static
configuration because only part of the configuration is
modified. Moreover, additional software is required for the
configuration upgrade. On the basis of the static
configuration and the program code generated for the
analog processor, the appropriate calculations are
performed and a new configuration is obtained. This
procedure was carried out in the form of the Windows
Visual application [2] and, for this research, in the form of a
C-mex file to be executed in MATLAB. As a result of the
execution of the reconfiguration functions, only the
processor configuration upgrade is generated. In the case
of the PD controller under consideration, such a
configuration stream occupies a mere 24 bytes.

To illustrate the dynamic reconfiguration stage, the
sphere was suspended in a stable position of x1o = 7.5mm,
and was then moved to a position of x2o = 10mm by means
of the modification of the steady control value (see Fig. 11).
The configuration download and investigation procedure
were identical, as was the case for the static configuration.
In this instance, the results are totally different. First, the
reconfiguration time is much shorter, which is directly
connected with the configuration stream length. Second, the
change of the analog processor parameters takes one
sample clock period, which is a mere 1.34us, because the
analog processor is sampled at a frequency of 720kHz.
Finally, the analog processor processes the signal
permanently; there is no processor reset. The sole sample
period reconfiguration time is relatively short in comparison
to the system dynamics under consideration. Moreover,
because, there is no processor reset, the control output is
permanently valid (compare Fig. 8 and Fig. 11). The
continuity in the control signal is a guarantee of the stable
operation of the AML system.

The PD controller is calculated to stabilize the levitated
sphere at the desired positions. When the steady control
value is changed, the controller reacts with the lowest
control output signal to implement a free fall motion, and is
then applied to keep the ferromagnetic object levitated (see
Fig. 11). The reconfiguration procedure was investigated
using the method proposed here. The results of the
experiments are summarized in Table 2.

Table 2. Statistics of the dynamic configuration
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Proc. | Scenario A Scenario B Scenario C Scenario D
No. Time [ms] Time [ms] Time [ms] Time [ms]

1 tm = 36.38 tn=72.78 tn =110.31 tn = 148.57

o=10.31 o=15.96 o=20.73 o=24.61

2 X

3 X X

4 X X X
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Fig. 11. Dynamic reconfiguration in the real-time regime: a) object
position, b) control signal.

The dynamic configuration cycle is shorter than in the
case of static configuration. This is owing to the relatively
short data frame. Unexpectedly, a high value is registered
fir the configuration time. This is owing to the USB protocol
specification. The re-configuration histograms for the
scenarios under consideration are given in Fig. 12. Fig. 13
shows the histogram of all single processor configuration;
the time was calculated on the basis of the time registered
for the inter configuration events.
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Fig. 12. Histograms of the dynamic reconfiguration procedure
executed in Win7 using a USB interface
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Fig. 13. Histograms of a single processor dynamic reconfiguration
procedure executed in Win7 using a USB interface
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Discussion about configuration methods

Observing the static and dynamic configurations reveals
features and limitations to both of them. The static
configuration must be executed at least once on start-up of
the controller. The application of this configuration results in
the restart of the processor at the end of the configuration
cycle. This fact affects the devices being controlled when
they are connected and supplied. In this case, which
involved the multiple application of the method, proper
management of the routing of input and output signals, is
required, as is that of the power supply of the devices being
steered in order to protect them and guarantee the safe
operation of the system being controlled. The availability of
controller reconfiguration allows the signal processing
formula to be changed while the controller is operating. This
allows structurally reconfigurable control systems to be
developed. The dynamic configuration is the fastest way to
tune up the controller properties and obtain the adaptive
control system. The short configuration stream and shortest
configuration download allows a real-time adaptive
embedded controller to be attained.

Having both configuration features, the multilayer control
system architecture has been obtained. The complex
method and software tools created for reconfiguration
purposes allow the management of controller resources. At
present, all these tasks are carried out with the support of
MATLAB for the fastest performance of supervisory and
optimization control tasks.

It is important to point out that the controller processes
signals in the hard real-time regime, and the data exchange
conducted in parallel, without interrupting the control task.
On the basis of the research carried out, the controller
firmware and configuration download software should be
changed to compact the data stream in order to speed up
the configuration process and minimize USB imperfections.
The extension of the communication protocols toward
industrial standards should be also considered.

Finally, the static and dynamic reconfiguration task can
be moved to the hardware layer for execution by the
microcontroller embedded into the APU Main Module. Such
a solution is less fuzzy for research purposes but, for target
applications, it will eliminate communication problems and
enable the controller to work in an autonomic way. In this
case, some limits caused by the microcontroller resources
will restrict the complexity of the control and optimization
methods.

Conclusions

The Programmable Analog Controller is an interesting
solution for research and industrial applications. Its main
feature is the simplification and minimization of the
components necessary to the formation of the signal
processing path. Moreover, the version created under this
research project allows their resources to be configured. In
this case, the complex analog signal processing is available
and configurable. Moreover, the signal processing
parameters can be modified even in the real-time regime.
On the other hand, there are some difficulties and
limitations arising from, or caused by, the CAM constraints
and the specifics of their operation. As a result, the solution
under consideration here is neither as universal nor as easy
to manage and configure as digital signal processing
solutions. Apart from these inconveniences, the PAC stands
as an alternative for practical, hard real-time applications,
when rapid signal processing is required. The PAC can be
handled by the high level control system designed under
INSTEPRO research project [18]. The possibility of static
and dynamic configuration opens up the feature of variable
structure and adaptive control systems. The execution of a
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reconfiguration procedure within a range of milliseconds,
even from a host computer with a USB interface and Win7
system, demonstrates that adaptive signal processing is
attainable. To  minimize the configuration and
reconfiguration time, if required, embedding the calculation
procedure into the microcontroller or modifying the
communication interface is recommended and will be
considered in further research devoted to upgrading the
controller properties.

Given the familiar wish of the FPGA world [19], to wit:
“Furthermore, over the years a number of companies have
promoted different flavors of field-programmable analog
arrays (FPAAs). Thus, there is more than a chance that
predominantly digital FPGAs will start to include areas of
truly programmable analog functionality similar to that
provided in pure FPAA devices.” has not, so far, been
fulfilled, the Programmable Analog Controller, with its static
and dynamic configuration of programmable analog signal
processing, satisfies the requirements for reconfigurable
real-time controllers.

Publication has been supported by the European Regional
Development Fund Grant no. UDA-POIG.01.03.01-12-
171/08/00 within the framework of Project INSTEPRO.
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