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Abstract

Objectives: The educational implementation of code generation software for FPGA device is presented. The objective is to
allow the students to develop implementations without knowing the structure of the programmable logics device, or any
hardware description language. Methods: A software tool was developed for this purpose. In the user’s interface of the tool,
the transference function of the controller or digital filter must be entered, and then the code VHDL will be automatically
generated in a standard format, compatible with any programmable logics device. Findings: It was found that the possibility
that students might have by implementing a controller, or a higher-order system without making a complex code makes that
the learning process speeds up, and that the student faces specific problems related to digital control and signals processing,
leaving aside the restrictions given by the difficulties in the use of the hardware’s description language, as well as the required
knowledge of the devices structure. The use of the tool allows that students develop their laboratory practices generating
digital dynamic systems in a high level, which allows avoiding potential errors in their implementations. Besides the pos-
sibilities in the industrial level, the tool is capable of being used by students of Engineering without knowledge in hardware
programming, which study topics related to control, but not specialized in topics related to implementation. Application:
Results linked to learning in some engineering classes with and without the use of the tool are shown at the end of this paper.
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1. Introduction

A topic of permanent interest for engineering teachers
it related to the need of creating lab activities that make
possible to connect the theory with the industrial appli-
cations. There are several works that allow to support
the control classes with developments to generate con-
trollers for specific problems2. It is common to see that
laboratory practices for digital control have plants to be
controlled through an interface to a computer®?, connect-

ing a data acquisition card to read the set-point signals
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and generating the control actions on their actuators, but
this kind of solutions work in plants with slow dynamics,
or when the equation in filter differences or digital control
is of low-order, since the speed communication between
the PC and the DAQ (Data Acquisition) is limited, affect-
ing considerably the systems performance. There are
educational options to ease control practices by the usage
of pre-programmed hardware>.

The typical alternative in practices is making the the-
ory design of the system’s controller, and then program
a digital device of the embedded type, which involves a
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great ability by the designer so the generated code reaches
the necessary sample rate, the appropriate numeric for-
mat, decide the records’ size, truncation, rounding,
besides avoiding the passing of available resources of the
programmable device. During the evaluation process of
control concepts, it has been noticed that a big number
of students have trouble in the implementation stage, and
not necessarily with concepts related to digital control.
This work presents the application of the described
tool” which allows the implementation of multivariable
digital controllers and filters in a great variety of appli-
cations in several fields*3 due to its capacity to generate
automatically VHDL code. An important feature of the
tool is that the code generated is easily scalable and imple-
mentable in any FPGA device. In addition, it is compatible
with the Black Box of the Toolbox System generator o
Simulink. The interface shown by this work is one of
high level that only requires entering information such as
the state equation or the transfer function of the digital
control or filter, which might be of multiple inputs and
outputs, the size of the word of input and output, along
with the number of bits of the coefficients’ records. With
this information, the program makes automatically all

o>

the calculation needed for a successful implementation.
The resulting VHDL code is totally parallel, that means
that the code generated allows the execution of the equa-
tion calculation in differences of a clock cycle, making
possible simulations and implementations of high speed
without any trouble. The tool was used in the digital con-
trol and digital signals processing classes of Universidad
Distrital Francisco Jose de Caldas, Universidad Libre,
and Universidad Pedagogica Nacional for three academic
terms. The students’ performance was compared to previ-
ous terms without the usage of this application. The paper
is organized as follows. In Section 2 Concept headings,
Section 3 shows the test of the tool. Section 4 shows some
results and discussion. Finally, conclusions are presented.

2. Concept Headings

2.1 Define

The general form for digital systems defines through the
equation (1) When the constants a,y b, are the coefficients:

) = by byrlr = 1)+ 4 byaln = M) - gl - 1) = aguln = 2) - - ayfn - )
(1)
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Figure 1. Implementation of IIR filters by state equation using Simulink.
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The implementation of digital controls and filters can
be made in different ways; for example, the Direct Form
I and Direct Form II. However, a better performance is
obtained by carrying the transfer function to a state space
representation, because this allows minimizing the errors
by numeric representation of the coefficients when mak-
ing balanced realizations. Nevertheless, the coeflicients of
the realization are generally not zero, which implies an
increase in the number of operations, and therefore, the
use of resources in the digital device.

A system has infinite representations by choosing
a different set of state variables. The implementation of
this kind of implementation is shown in the Figure 1.
The transformation allows that any kind of controller or
digital filter, whether in transposed form I or II, or simply
transference function, it can be taken to state variables.
That is why the student can enter the system equations in
any of these ways, or just by writing the coefficients of the
state variable matrix directly.

2.2 Balanced Realizations

The student must understand that digital devices, in this
case a FPGA, do not have hardware to make operations
in floating point. Due to it, all the coefficients must have
a correct representation in fixed point, and they must be
in close orders of magnitude to decrease numerical error.

Balanced forms are useful because of their low sen-
sitivity in implementations in finite precision devices.
Calculating the balanced form is as follows: a system K

=[A;B;C;D]; We the Controllability Gramian and WO the
Observability Gramian, also if A is stable, there is a solu-
tion to equation (2) and equation (3) if and only if K is
controllable and observable.

—-BB'

AW, + WA
)

-cc’

AW, + W4
(3)
And there is a transformation T such that WO = Wc

the observability and Controllability Gramian are equal
and is given by equations 4 and 5.

W, = ZU*(E*j.-lmR-lu

-l =

[~Apsie

(4)

Mlul =
g

Wy = Y URWR'U

(5)

2.3 General Block Diagram

For the implementation of the controller or the filter, it
is necessary to calculate the number of bits required to
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Figure 2. Input stage of the IIR filter”.
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Qb

Figure 3. IIR filter output stage’.

represents the matrix coefficients of the state equation,
starting with the bit number converters both analog to
digital (system input) (Figure 2). As well as digital to ana-
log (system output) (Figure 3).

Taking the infinite H standard matrices of the state
equation of the system there is an automatic calculation of
the size of the records to represent them using the equa-
tion 6 and 7.

Ya=MWMle va=0EN; ve=UCly vo =D,
(6)

szeny =loga (vera(14 +15) +18) + 10) (2 )

(7)

As there is a representation in fixed point it is neces-
sary to make truncations and rounding so that the result
of Y(K) of each interaction accomplishes the appropriate
size of word. The structure used makes the calculation of
the difference equation in a one clock cycle, but it needs a
hardware multiplier for each element of the state matrix,
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which enlarges the speed answer of the implemented sys-
tem, but it means a big usage of resources according to the
order of the digital system.

3. Tests of the Tool

In Figure 4 the simulation of a class activity is shown.
There students see, as an example: design, implementa-
tion, and simulation of a filter under order 4, which was
design using the different executions. All of this for the
student to understand the difference of design, as well as
the verification of the advantages that involve using state
variables and balanced realizations.

Unit step response of the deployed filter in direct
form I, form II and in direct state equation with a bal-

anced realization was simulated. The filter coefficients are
represented in fixed-point numbers with a word-length of
8-bits, 6 fractional bits, 1 integer bit and 1 sign bit. Figure
5 shows that the direct form I and direct form II imple-
mentations have a gain error of 37.5%, due to numerical
error committed, while the state equation implementa-
tion has a gain error of 2.5%.
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Figure 4. Step Response of 4th order low-pass Butterworth filter with fixed point coeflicients’.
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Figure 5. Graphical interface of the tool.

The Graphical User Interface of this tool is shown in
Figure 5, it is easy to use, and a VHDL standard code is
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generated by entering a minimum of parameters. That
code is coherent to the structure shown in Figures 2 y 3.
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The interface shown in Figure 5 must be launched from
MatLab, it allows the charge from Workspace the transfer
function system, the state equation or the state matrices
coeflicients directly. After this, it must be decided if the
code will be generated by a filter or a digital controller.
It is also necessary enter the size of the input and output
words, according to the converter A/D y D/A used.

4. Results and Discussion

Tests were made with students of digital control and
digital signal processing classes from three different uni-
versities: Universidad Distrital Francisco Jose de Caldas,
Universidad Libre, and Universidad Pedagogica Nacional,
located in Bogota, Colombia. For the data collection sam-
ples of three years (six terms) were considered. During
the three first terms, the tool was not used, but during
the last three terms it was. The purpose of this was estab-

lishing a comparison of the academic performance of the
students, taking advantage of previous information due
to the development of other research works. These were
the activities proposed for the students: This project has a
deadline that is set during the first classes. It is measured
if the student can make the design and implementation of
the system at the end of the academic term.

At the beginning of the course rules are given and
work groups are set, making clear the academic activi-
ties to be developed along the semester, and the final
project is defined, having into account that must solve a
real problem. The project has to be measured, modeled,
designed, simulated, and implemented with a reconfigu-
rable hardware. This taking advantage of the facilities the
laboratories of the three universities has available devel-
opment systems with FPGAs of Xilinx Spartan 3AN for
each work group.
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Figure 6. Percentage of time of the implementation task.
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Figure 7. Final project success rate.

The first measurement pattern is the time that stu-
dents spend in making the project proposed by the
teacher. The autonomous work was measured, consider-
ing the proportions of the project, and data was divided
into the time spent in the technical part of the task, and
the time spent until achieving the final implementation. It
is important for this research the percentage of time spent
by the student in the implementation of the project before
and after the usage of this tool. The results are presented
in Figure 6. The information shows a decrease from 70%
to 37.6% in the time that students spent in programming
the device, making the interface with the converters A/D
and D/A, in addition to the remodeling of the signals, and
the implementation of the power required. This means a
reduction of the time allotted for this task in a 53.3%.

The previous indicator is related to the times of the
project and its stages, but the time of development was
not a guarantee of the project working all the times. The
second pattern of interest for both teachers and the differ-
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ent curricular projects, it was the number of students who
delivered the final project in a successful way that means,
how many groups made possible the right functioning of
the controller or filter. For doing so, a measurement was
made and shown in Figure 7.

Checking this indicator, it is seen an increase in the
number of academic success in the results of the student’s
works. In this case, the percentage of increasing in the
number of projects delivered working properly accord-
ing to the specifications given got bigger in a 23%. Which
is meaningful for such a short period. It is important to
highlight that those percentages are the result of a mea-
surement in classes of the three universities and different
carriers, with an average of the results in each class, with-
out paying more attention to classes with less students,
or without verifying variables such as student’s schedules,
term they are in, number of academic credits, socio-
economic conditions, as elements that could affect their
academic performance.
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According to the data obtained in figures Figure 6
and Figure 7, the influence of the usage of the tool in the
classroom represents positive results, especially in the
development of the project, when it is necessary to invest
an important amount of time in the use the hardware
description language and the forms of programming of
digital filters.

5. Conclusions

The use of the tool allows that students develop their labo-
ratory practices generating controllers or filters in a high
level, which makes possible avoiding potential errors in
the implementation. This involves some advantages for
the teacher when testing the process since he or she can
focus on concepts distinctive of the classes, and not on
potential errors in the implementation.

Besides the possibilities in the industrial level, the
tool is capable of being used by students of Engineering
without knowledge in hardware programming, such
as Mechanical Engineering, or Chemical Engineering,
among others, which study topics related to control, but
not specialized in topics related to implementation.

During the application tests of the tool with the stu-
dents, a meaningful reduction of time was seen, regarding
to the laboratories practice and the class projects. Before
the tool, students took longer in the implementation of
the controllers in relation to their designs. After using
the tool, the times of implementation decreased in rela-
tion to the total time of development of the project. This
decreasing of time might reconsider the laboratory guides
to expand the analysis possibilities, as well as the develop-
ment of the practices. It would also favor the depth of the
content areas.
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