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This work is part of the study and implementation of a fuzzy PWM control structure
(fuzzy pulse width modulation) of an induction machine (MAS) on a circuit-based
platform reconfigurable FPGA type. We first presented a strategy for the hardware
implementation of a fuzzy inference system on a programmable logic circuit of FPGA
type, through the hardware description language (VHDL) and Xilinx generator system
(XSG). Secondly we proposed Fuzzy-PWM architecture for the improvement of
response time of an asynchronous machine (MAS) and finally we validate the proposed
hardware co-simulation architecture in real time on the ML402 development kit (based

on FPGA Xilinx Virtex-4) and Simulink / Matlab.

1. INTRODUCTION

The induction machine, by its construction, is the most
robust and cheapest machine on the market. The progress
made in control and the considerable technological advances,
both in the field of power electronics and microelectronics,
have made possible the implementation of powerful controls
of this machine making it a wonderful competitor in the
sectors of variable speed and rapid torque control [1-4].

In recent decades, rather laborious controls have been
developed to perform asynchronous machine control using
PWM pulse width modulation techniques [5-8]. This advance
is mainly due to the evolution of microelectronics such as
ASICs, microprocessors and programmable logic circuits [9-
11] that allows complex algorithms to implement the
commands of the asynchronous machine [12-14]. In addition,
the integration of artificial intelligence techniques to improve
the performance of commands is increasingly used [15, 16]. In
[1] the author uses genetic algorithms to identify dynamic
model parameters of the asynchronous machine and
implement controllers, based on fuzzy logic and neural
networks within a vector control by rotor field orientation. A
new control based on adaptive fuzzy controllers has been
proposed by Salim and Thierry [17] fuzzy controllers are
implemented for the control of MAS through voltage inverters
[18, 19].

The implementation of artificial intelligence techniques on
programmable logic circuits FPGA for the control of electrical
drive systems such as MAS reduces the computation time
generated by the complex algorithms of these techniques [20].
Also make them more suitable applications in real time,
methodologies for the implementation of a fuzzy controller on
FPGA [21, 22]. An implementation of optimized approximate
sigmoid function on FPGA circuit to use in ANN for MAS
control and monitoring is detailed in ref. [23].

The objective of this work is the validation of a hardware
architecture that allows the acceleration of the response time
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of an asynchronous machine controlled by Sinus triangle
PWM. Through a fuzzy inference system implemented on the
ML402 platform with a Xilinx Virtex-4 FPGA, aiming at
improving computing time and optimizing hardware resources
used by an optimized architecture described in hardware
description language VHDL and Xilinx system generator. The
development, simulation, synthesis and hardware co-
simulation steps are performed using the Xilinx system
generator tool on Simulink / Matlab.

2. IMPLEMENTING A FUZZY CONTROLLER ON
FPGA

The hardware implementation of a fuzzy inference system
consists in implementing the three phases of fuzzy logic
regulation: Fuzzification, Fuzzy Inference and Defuzzification
(Figure 1).
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Figure 1. The components of a fuzzy inference system
2.1 Fuzzification

Fuzzy logic systems deal with fuzzy input variables and
provide results on output variables that are themselves fuzzy.
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Fuzzification is the step that consists in the fuzzy
quantification of the real values of a variable.

Figure 2 shows an example of implementation on "Xilinx
System Generator” of a linguistic variable called "Error" that
takes 3 linguistic values "GP" (Grand Positive), "PP" (Small
Positive) and "ZE" (Zero), discretized on a universe of

standardized speech [0, 1]:
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Figure 2. Implementing a linguistic variable on XSG

The hardware resources needed to implement this
linguistic variable estimated by the Xilinx Resource Estimator
tool are shown in Figure 3:

Figure 3. The hardware's consumed by a variable with three
linguistic values

2.2 Rule inference and rule evaluation

Fuzzy logic systems use expertise expressed in the form of
a rule base of the type: If...Then...

If (X1is A1) and (X2 is A2) Then (Y is B1)
If (X1is A1) Or (X2 is A2) Then (Y is B2)

In this work the operations and/or logic are done by the
operators of Zadeh MIN/MAX, moreover the fuzzy
implications and the Aggregation of the rules are made by the
method of Mamdani (min/max).

The hardware implementation on "Xilinx System
Generator" of the two-input (min/max) operators is done by a
comparator and a 2-1 multiplexer.

Figure 4 shows the wiring of the min/max functions:
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Figure 4. The implementation of Min and Max functions on
XSG

Figure 5. The hardware consumed by a Min operator with
two entrances

For operators (min / max) who have more than two inputs,
two-input  operators (min/max) are used for the
implementation of these operators. For example, for
implementation an operator (Min) with three entries, two
operators (Min) with two entries are used:
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Figure 6. The implementation of a Min function with 3
inputs

2.2.1 Implementation of a rule with conjunction AND of the
form

If (Premisel) and (Premise2) then (Conclusion)
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Figure 7. Implementing a rule with conjunction AND



2.2.2 Implementing a rule with OR conjunction

If (Premisel) Or (Premise2) then (Conclusion)
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Figure 8. Implementing a rule with OR conjunction

2.2.3 Composition of the rules

If several rules can be activated simultaneously and
recommend actions with different degrees of validity on the
same output. Rules are considered to be linked by an OR

operator.
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Figure 9. Implementing a rule composition for an output

3. DEFUZZIFICATION

Defuzzification is the method of converting output
linguistic values obtained into precise values. For the hardware
implementation we always try to avoid expensive arithmetic
operations from the point of view of hardware resource
consumption such as multiplication and division, for this we
use the method of defuzzification middle of maximum (MM)
for the conversion of linguistic values output obtained in
precise values.
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To deduce the deterministic output by the
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Figure 10. Descriptive flowchart of the middle of maximum method used for defuzzification

19



Figure 10 shows a description of the VHDL code used to that can take the following linguistic values: Z (null or Zero),

implement the middle of maximum (MM) defuzzification PP (Positive Small) and GP (Positive Great).
method.
3.1 Issue and proposed Fuzzy-STPWM architecture

Enestwefw)

By observing the response time of an asynchronous —* —"
machine controlled by a Sinus -Triangle PWM control, we see (Tr—» ProEies referenoss
that the response time is very short for small references and dfEmeurydl _
increases dramatically for higher references, for example to m
reach 30 red / s it takes 0.4s on the other hand for 50 red/ s it
takes 2.5s (> 6 * 0.4).

Figure 13. Proposed fuzzy logic controller
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2. A detection and decision tool to switch between the Figure 14. The linguistic values of the linguistic variable
different references. "Error"

For the first constraint, a Sinus -Triangle PWM signal
generator has been implemented for variable references on a
programmable logic circuit of the FPGA type. ik

For the second constraint: we used a fuzzy inference
mechanism for the detection of steady state (we must detect
the steady state as soon as possible to save time) and for the
generation of references (three references in our case). 05
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Figure 12. The PWM signal generator architecture T
implemented on FPGA Figure 15. The linguistic values of the linguistic variable
o _ "De"
The first input of fuzzy controller is the error between the
desired reference speed and the current speed of the machine, The second input of our fuzzy controller is the drive of the
the error fuzzifying with a linguistic variable called "Error error and fuzzify by a linguistic variable called "De" that can
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take the following linguistic values: Z (Zero) indicates that the
error is constant ie the steady state is reached and N (Negative)
indicates that the error is decreasing.

The output of fuzzy controller is the progressive references
proposed for starting the machine. It is fuzzifier by a linguistic
variable called "R" can take the following linguistic values:
PR (Small Reference), MR (Average Reference) and RV (the
desired reference).

The fuzzy inference input/output can be summarized in the
Table 1:

Table 1. The input/output inference of fuzzy controller

De Error N Z
GP PR MR
PP MR RV
Z RV RV

3.2 Hardware description of the fuzzy controller

In this work, the tool used for the hardware description is
XSG (Xilinx System Generator) under the Matlab/Simulink
environment. Unlike hardware description languages (HDL),
the XSG is more useful for fast design and testing of a control
algorithm. With the link between the Matlab/Simulink
environment and Xilinx ISE, the XSG automatically performs
all the necessary design steps: description, synchronous
analysis, generation of HDL and bit stream files, and finally

the actual implementation in the target device. The hardware
description of fuzzy controller implemented with XSG is
shown in Figure 17.

Figure 18 shows the fuzzy PWM "Sinus-triangle" (FUZZY
STPWM) control platform implemented for the development
of a test bench dedicated to the control of a three-phase
inverter.
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Figure 16. Linguistic values of the linguistic variable "R"
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Figure 17. Hardware description of the fuzzy controller implemented with XSG
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4. SIMULATION AND RESULTS
4.1 The synthesis RTL

We have synthesized the architecture described for the
implementation of the fuzzy controller on the Xilinx Virtex-4
map. The synthesis result of our architecture obtained by XSG
presented in Table 2.

Note that the proposed architecture optimizes use the

The simulation results of the standard PWM and fuzzy
PWM commands of the asynchronous motor for reference of
40 and 50 red/s is presented in Figures 20, 21, 22 and 23.

We can notice that the response time is largely reduced by
Fuzzy PWM for both references.

Table 2. Summary result for the proposed fuzzy controller

Target Device: xc4vsx35-10ff668

hardware resources of the FPGA card (10% of Slices and 7% Logic Utilization Used Available Utilization
of LUTSs). Moreover this architecture considerably reduces the Number of Slice Flip Flops 1,302 30,720 4%
logical components to use, compared to the complexity of a Number of occupied Slices ~ 1.675 15,360 10%
computer system Fuzzy inference. Total N“TB?FSOf AInput 5569 30,720 7%
. . . Number of bonded 10B 58 448 12%
4.2 High level simulation umber of bonde S ’
Number of 12 192 6%
_ _ _ FIFO16/RAMB16s 0
Firstly, we simulated the classical PWM control and fuzzy Number of ; 3 2106
PWM of the asynchronous motor under Matlab/Simulink and BUFG/BUFGCTRLs 0
XSG with the test bench dedicated to the control of a following
asynchronous motor.
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Figure 21. Responses of induction machine control with Fuzzy PWM 40 red/s
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Figure 22. Responses of induction machine control with PWM 50 red/s
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Figure 23. Responses of induction machine control with Fuzzy PWM 50 red/s
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Figure 24. On-line Hardware in the Loop validation of Fuzzy Controller of induction machine control
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4.3 Validation of the hardware architecture of the
proposed fuzzy controller

After a simulation step, the proposed hardware architecture
of the fuzzy controller was validated by co-simulation
hardware on the ML402 target device with a VIRTEX4 FPGA
chip.

The following figure shows the principle of validation of the

architecture proposed by hardware co-simulation:
The results obtained in co-simulation hardware and by
comparison with those obtained by the simulation phase
clearly show the accuracy of the model developed in terms of
a good compliance of the results.

5. CONCLUSION

In this article, we have shown the relevance of using FPGAs
in the field of digital control and in particular the control of a
MAS via the PWM controls "Sinus-triangle” through a fuzzy
controller. Indeed, we developed, validated and synthesized
hardware architecture for the implementation of a fuzzy
inference system on FPGA and then we physically implanted
the fuzzy controller synthesized on an FPGA circuit to validate
the proposed architecture on a bench of tests dedicated to the
fuzzy MLI control of an asynchronous motor. Practically, we
have used the Xilinx ML402 and XSG prototyping platform
under Matlab/Simulink for hardware co-simulation of the
fuzzy PWM control of an asynchronous motor. The summary
results show that the hardware resources consumed do not
exceed 10%, which offers the possibility of implementing
other algorithms in the same domain and gives vast
perspectives of this work.

As a forthcoming application, we will take advantage of the
implementation achieved in this work in order to use the
proposed fuzzy controller hardware architecture for the
implementation of fuzzy-DTC on FPGA.
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