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Introduction. Currently, the direct torque control is very popular in industry and is of great interest to scientists in the variable
speed drive of asynchronous machines. This technique provides decoupling between torque control and flux without the need to use
pulse width modulation or coordinate transformation. Nevertheless, this command presents two major importunities: the switching
frequency is highly variable on the one hand, and on the other hand, the amplitude of the torque and stator flux ripples remain
poorly controlled throughout the considered operating speed range. The novelty of this article proposes improvements in
performance of direct torque control of asynchronous machines by development of a fuzzy direct torque control algorithm. This latter
makes it possible to provide solutions to the major problems of this control technique, namely: torque ripples, flux ripples, and
failure to control switching frequency. Purpose. The emergence of this method has given rise to various works whose objective is to
show its performance, or to provide solutions to its limitations. Indeed, this work consists in validation of a fuzzy direct torque
control architecture implemented on the ML402 development kit (based on the Xilinx Virtex-4 type field programmable gate array
circuit), through hardware description language (VHDL) and Xilinx generator system. The obtained results showed the robustness of
the control and sensorless in front of load and parameters variation of induction motor control. The research directions of the model
were determined for the subsequent implementation of results with simulation samples. References 19, tables 5, figures 26.
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Bemyn. B danuii uac npsame ynpasninns MOMEHMOM Oyce NONYiapHe 8 NPOMUCIOBOCMI | BUKIUKAE 6eNUKULL IHMepec Y UEeHUX Y
2any3i 4acmomno-pe2ynbo8ano20 npuooy ACUHXpOHHUX MawuH. Lleii memooO 3abesneuye po36'a3Ky Midic Kepy8anHAM MOMEHNOM,
Wo Kpymumo, i MAzHimMHUM NOMOKOM 0e3 HeoOXiOHOCMI GUKOPUCIAHMA WUPOMHO-IMNYIbCHOI MOOYAAYii abo nepemeopeHHs
Kkoopounam. Tum He MeHw, ys KOMAnOa npeocmagnsic 06i OCHOGHI He3PYYHOCMI: 3 00HO020 OOKY, wacmoma KOoMymayii CUmbHo
eapitocmvca, a 3 Hu020 OOKY, amnaimyoa nyibcayiii MOMeHmy i HOMOKY CMamopa 3aiuldemscs No2ano KOHMPOAbOBAHOW Y
6cbomy Oianaszoni pobouux weuokocmeu. Hoeuszna yiei cmammi nponouye noninuenns Xapakxmepucmux RPAMO20 Kepy8amHs
MOMEHMOM, WO KPYMUMb, ACUHXPOHHUX MAUIUH WIIAXOM PO3POOKU HEeUimKO20 AneOpUmMmy NpsAMO20 YAPAGLIHHA MOMEHIMOM, WO
Kkpymumy. Ocmanne 003605€ GUPIULUMU OCHOGHI NPoOIeMU Yb020 MeMOoOY YRPAGLIHHA, a came. NyAbCayii MOMEHMY, Wo Kpymumb,
nyrscayii nomoky i He30amHicms KOHMpoaosamu yacmomy nepemukanns. Mema. Iosisa yboeo memody nopoouno pizHi pobomu,
Memoio AKUX € NOKA3amu 1020 eeKmusHICb YU 3anponoHy8amu pileHHs CIOCOSHO 1020 obmedxceny. Jilicho, ysa poboma nonseac
Y nepesipyi HeuimKoi apXimexkmypu npamo2o YNpaeiiHHa MOMEHMOM, Wo KPYMums, peanizoeanoi 6 Habopi ona pospooku ML402 (na
ocnogi cxemu Xilinx Virtex-4 3 npoepamosanoio kopucmyeaiem 6eHMUNIbHOI Mampuyero), 3a 00NoMOo2010 MOBU ONUCY 0OIAOHAHMHS
(VHDL) ma zenepamoproi cucmemu Xilinx. Ompumani pesynomamu noxazanu pooacmuicms KepysawHs ma 0e3CeHCOPHO20
Kepy8amHs npu 3MiHI HABAHMAICEHHS MA NApaAMempie Kepy8amHs ACUHXPOHHUM O8U2YHOM. Busnaueno nanpsmu Oocniodcenus
Mmooeni 0151 nodanvuioi peanizayii pesyibmamis na imimayitinux eudipkax. bioin. 19, Tadn. 5, puc. 26.

Kniouoei cnosa: HediTke ynpapiiHHs, IPOrpaMOBaHA KOPHUCTYBa4eM BEHTHJbHA MATpHIsA, reHepaTropHa cucrema Xilinx,
npsiMe yNpaBJIiHHSI MOMEHTOM, 10 KPYTUTh, CHCTeMa KMBJICHHS.

Introduction. Direct Torque Control (DTC) was
realized by Takahashi and Depenbrock [1, 2] is more and
more popular and it interests many scientists and
industrialists in the field of variable speed applications [3, 4].

However, this strategy has two major drawbacks: on
the one hand, the switching frequency is highly variable
and on the other hand, the amplitude of the ripples of
torque and of stator flux is poorly controlled over the
entire speed range of the operation envisaged [5]. It
should be noted that torque ripples generate additional
noise and vibration and therefore cause fatigue in the
rotating shaft [6].

To further reduce the impact of these phenomena on
the service life of electric actuators, it is believed that
intelligent techniques can provide an improvement. In
terms of real-time management of managed applications
based on intelligent techniques, there are new hardware
design solutions such as Field Programmable Gate Array
(FPGA) or application specific integrated circuit [7, 8].
These reconfigurable circuits are available and can be
used as digital targets for implementation of control
algorithms in a single component [9].

The advantages of such an implementation are
multiple: reduction of execution time by adopting parallel
processing, rapid prototyping of the numerical control on
FPGA. The confidentiality of architecture and possibility

of application of intelligent controls make use of
techniques which are more cumbersome in terms of
computation time and the improvement of the quality of
the control of electric machines [10, 11].

Evolution of micro computing, semiconductor
technology and availability of rapid control means such as
digital signal processor, reconfigurable circuits (FPGA).
Today allows the scientific community to carry out very
complex controls while taking into account the non-linearity
of mathematical model of asynchronous machine [12, 13].

The goal of the paper is to evaluate the performance
of the use of a fuzzy DTC inference system versus the classic
DTC based on hysterized comparators, for the control of
induction machines (IMs) based on a FPGA using available
academic tools (MATLAB/Simulink, Xilinx system
generator, Xilinx ISE, and ModelSim).

Basic calculation relationships and assumptions.
The subject of DTC is controlling the torque and stator
flux of asynchronous machine by applying several voltage
vectors through a voltage inverter.

The control is generally carried out by a hysteresis
controller. The purpose of control is to keep controlled
variables within a specified hysteresis band [6]. The
controller provides the necessary switching pulses to the
inverter to generate the optimum voltage vector to supplies
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the IM for a defined operating condition. The IM model is
used with measured variables to estimate stator flux and
electromagnetic torque required by control diagram (Fig. 1),
where S,, Sy, S, are the Boolean switching commands;  is
the speed for reference speed @ E,, Er, are the flux and

torque error respectively; 7, is the electromagnetic torque;
T is the reference electromagnetic torque; Iy, Iy are the
stator currents in the abc reference frame; ¢, is the reference
stator flux; | (/)S| is the stator flux magnitude; 6’¢S is the stator

flux angle.
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Fig. 1. DTC based IM control structure

The most significant element that can guarantee
satisfactory DTC performance is stator flux estimator and
torque estimator [12]. In this work we used optimized
estimator developed in [14].

Fuzzy DTC based IM control structure. The
research theme developed in this work mainly concerns the
exploitation of new technological solutions to implement an
intelligent control based on the DTC of an asynchronous
machine around a hardware environment based on a FPGA.

This implementation is mainly aimed at reducing
ripples at the level of electromagnetic torque and stator
flux. In this part, two hysteresis regulators and Takahashi
switching table (Table 1) will be replaced by a fuzzy
controller. Figure 2 shows the control structure of fuzzy
DTC based IM.

Table 1

Takahashi switching table
Vi =~ Sa: Sb: Sc

N=2 | N=3
(0,1,0) [ (0,1,1)
(0,0,0) [ (1,1,1)
(1,0,0) [ (1,1,0)
(0,1,1)[(0,0,1)
(1,1,1) | (0,0,0)
(1,0,1) | (1,0,0)

N=6
(1,0,0)
(0,0,0)
(0,0,1)
(1,1,0)
(1,1,1)
(0,1,1)

N=1
(1,1,0)
(1,1,1)
(1,0,1)
(0,1,0)
(0,0,0)
(0,0,1)

N=4
(0,0,1)
(0,0,0)
(0,1,0)
(1,0,1)
(11,1
(1,1,0)

N=5
(1,0,1)
1,1,1)
(0,1,1)
(1,0,0)
(0,0,0)
(0,1,0)
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Fig. 2. Fuzzy DTC based IM control structure

Fuzzy DTC control implementation. The hardware
implementation of a fuzzy inference system consists in
implementing 3 phases of a fuzzy logic regulation:
fuzzification, fuzzy inferences and defuzzification. This
principle is represented by Fig. 3.
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Fig. 3. Components of a fuzzy inference system

Description of fuzzification module. Fuzzification
is the process of converting input data into fuzzy
linguistic values. In literature, there are two material
solutions to determine the degree of membership of a
fuzzy set from a membership function.

The first solution is the memory-oriented approach,
as the name suggests, for each finite number of inputs, the
output values are calculated offline then they will be
saved in memory. The advantage of this solution is that it
is easy to change a membership function. The second
solution is the calculation-oriented approach, only the
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characteristics of the membership functions are saved in a
memory in order to simplify the on-line calculation of
output values of each membership function. For the case
of triangular membership functions, their characteristics
are: the center of the triangle «c» and the slope «a».

The hardware implementation of this solution is a
combinatorial circuit which can include adders, subtractors,
multiplexers, multipliers and most of the time a control unit.

In this study, we adopt the memory-oriented approach.
Indeed, each linguistic input/output variable is represented by
tables, a table for the degree of membership of each linguistic
value. These tables are implemented in hardware by memory
blocks ROMs addressable by a single input, such as the
memory boxes which contain the degree of membership of
linguistic value. However, the memory address space gives an
image on the universe of discretized speech for example for a
universe of normalized speech [0, 1] discretized in 64 points,
we therefore use an address space [0: 63].

The membership functions of flux error, torque
error, sectors and output vectors are illustrated by the
following Fig. 4-7.
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Fig. 4. The fuzzification membership functions of the flux error
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Fig. 5. Fuzzification membership functions of the torque error
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The hardware implementation of these functions is
presented by hardware architectures in Fig. 8-11.
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Fig. 11. Hardware architecture of the «Output vector» linguistic
variable

The Xilinx resource estimator tool is used to estimate
the hardware resources needed to implement each linguistic
variable. Figure 12 shows the estimated resources for the
linguistic variable «Torque Error».
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Rule inference and rule evaluation. Hardware
description of fuzzy inference module is shown in Fig. 13.
This module accepts as input three blocks of fuzzification
module, the rule selector block allows building the rule
base formed of 36 rules. This basis is obtained by making
all the possible combinations between two fuzzy values of
flux error, three fuzzy values of torque error and six fuzzy
values of stator flux angle.
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Fig. 13. Architecture of «fuzzy inference» module

The hardware implementation on «Xilinx System
Generator» of operators (min/max) with 2 inputs is done
by a comparator and a 2-1 multiplexer. Figure 14 shows
the wiring of min/max functions.

v —
Co
asbl el a bl plsel

.

MinG5) Masiaton)

Lo Muxt

Fig. 14. Implementation of min/max functions on XSG

Using the resource estimator tool allows us to
estimate the hardware resources consumed by a two-entry
min operator (Fig. 15).

For operators (min/max) that have more than 2 inputs,
2 inputs (min/max) operators are used to implement these
operators. For example, to implement an operator (min) with
3 inputs, we use 2 operators (min) with 2 inputs (Fig. 16).
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Composition of the rules. If several rules can be
activated simultaneously and recommend actions with
different degrees of validity on same output, we consider
that the rules which are linked by an operator OR (Fig. 17)
1y =max[up(y)] i € {indices of activated rules}.
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Fig. 17. Implementation of a composition of rules for an output

Description of defuzzification module. The
hardware description of defuzzification module is carried
out by a MAX operator as shown in Fig. 18. The inputs of
this module are the outputs of the inference motor
module. As it was specified in the preceding paragraph,
the V; (i = 0.7) correspond to the degree of activation of
voltages V. The output of this block, representing the
output of the whole fuzzy block, corresponds to the
voltage that it must be applied to the terminals of the
machine through the inverter. The VHDL architecture of
MAX defuzzification module is implemented by an
assignment in the competitive mode:
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Si35<= 001 when V1=max

else 010 when V2=max

else 011 when V3=max

else 100 whenV4=max

else 101 when V5=max

else 110 when V6=max

else 111 when V7=max

else 000

Figure 18 shows a description of VHDL block used
to implement the maximum defuzzification method.
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Fig. 18. VHDL MAX defuzzification module

Simulation of fuzzy DTC control of asynchronous
machine. This phase involves the integration of a fuzzy
inference system into DTC control algorithm. In this part,
similarly to simulation with MATLAB, we will simulate
using Xilinx generator system the architecture of the
conventional DTC control and fuzzy DTC control. The fuzzy
DTC control is applied to an IM whose specifications are
given in Table 2.

Table 2

IM parameters
Nominal voltage U,, V 220
Nominal current /,, A 2.35
Mechanical power P,, kW 1.08
Nominal speed N, min”' 1430
Supply frequency f, Hz 50
Stator resistance R, Q 10
Rotor resistance R,, Q 6.3
Stator self inductance L,, H 0.4642
Rotor self inductance L,, H 0.4612
Mutual inductance L,,, H 0.4212
Moment of inertia J, kg-m’ 0.02
Pole pairs number p 2

The structure of conventional DTC control is
illustrated in Fig. 1. Regarding fuzzy DTC control shown
in Fig. 2, we will replace the blocks of hysteresis
comparator modules and DTC control selection table by a
fuzzy inference system that we have built and tested. To
compare the both control approaches, we simulated these
modules on MATLAB / Simulink with Xilinx generator
system. The results are illustrated in Fig. 19.

Note that there is an improvement in the
electromagnetic flux and torque obtained by the fuzzy DTC
control compared to that obtained with the conventional
DTC control with a significant reduction in ripples. Table 3
shows the performance in terms of resource consumption,
obtained during the implementation of architecture of fuzzy
DTC control on VIRTEX 4 FPGA given by architecture
presented in Fig. 2.
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Fig. 19. Electromagnetic torque and stator flux obtained by XSG
simulator for DTC (a) and fuzzy DTC (b)

2,

T2 14 16 18

Table 3
Resources used on FPGA circuit by fuzzy DTC control algorithm
Target device: ML402 Virtex-4 xc4vsx35-10ff668

Logic utilization Used | Available | Utilization
Number of Slice Flip Flops 1,365| 30,72 4%
Number of occupied Slices 1,620 15,36 10 %
Total Number of 4 input LUTs 2,453 30,72 7 %
Number of bonded I0Bs 58 448 12 %
Number of FIFO16/RAMB16s 12 192 6 %
Number of BUFG/BUFGCTRLs | 4 32 12 %

We note that the proposed architecture optimizes the
use of the hardware resources of FPGA card (10 % of Slices
and 7 % of LUTs), moreover this architecture considerably
reduces the logical components used compared to
architectures presented in [15, 16].

The maximum clock frequency is set by the synthesis
tool equal to 231.64 MHz, which corresponds to a
minimum period of 4.317 ns. In contrast, in [16] the
maximum clock frequency is 54 MHz using DSPACE
(Digital Signal Processing and Control Engineering). In
[17] the minimum period is equal to 50 ns. We see that
execution time is too long compared to FPGA due to
sequential processing of DSPACE.

Table 4 presents the hardware resources consumed in
this architecture compared to previous work in the same
research axis.

Table 4
Comparison of the resources consumption
Logic References
utilization [7] [18] [19] [14] |Proposed
. Xilinx |Altera Altera Xilinx .
gﬁf’; device | Virtex-| DE- | CYCLONE |Virtex- Vﬁ;‘;{’_“l
4 115 11 4
Embedded
multiplier 9-bit - 80 57 - -
elements
Total logic 10.346 [ 6.931 | 3256 | 2.909 | 2.836
elements
Total
combinational |18.594 | 6.491 2.549 7411 | 7.686
functions

3
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Validation of hardware architecture of proposed
fuzzy controller. After simulation step, the proposed
hardware architecture of fuzzy controller was validated by
co-simulation hardware on the ML402 target peripheral
equipped with a VIRTEX4 FPGA circuit.

This step is dedicated to implement the control
algorithms on a development board integrating an FPGA
component. It is mainly intended for the verification and
validation of digital implementation of control algorithms
on FPGA targets in «Hardware in the loop» simulation
environment as shown in Fig. 20.
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Fig. 20. Hardware in the loop validation of fuzzy DTC controller

Once simulation and timing analysis are done, the
procedure of hardware co-simulation in XSG makes a
bitstream file from the hardware prototype and a point to
point Ethernet block for Hardware-In-the-Loop (HIL)
procedure (Fig. 21).

Puxsealpba  anglelis)|

b i ot

‘Flow Estimator

Fig. 21. Fuzzy DTC HIL point to point Ethernet block

The created block (Fig. 20) substitutes the architecture
hardware that was constructed before (fuzzy DTC).

The point-to-point Ethernet blocks are linked to
inverter and IM to run a HIL (Fig. 22). In this situation
the models of motor and inverter are simulate in
MATLAB/Simulink environment, and XSG architectures
of Fuzzy DTC are achieved in the ML402 FPGA device.
The HIL validation is executed by connecting the target
device to PC via an Ethernet cable.

Fig. 22. Fuzzy DTC point to point Ethernet hardware in the loop
process

Figure 23 show the waveforms of speed, torque and
flux of IM controlled by fuzzy DTC control with
co-simulation.
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Fig. 23. Behavior of IM flux, torque and speed

The spectral analysis by MATLAB with Powergui
FFT analysis tool of electromagnetic torque obtained by
conventional DTC (Fig. 24) proposed in [14], the
neuronal DTC (Fig. 25) proposed in [7] and by fuzzy
DTC (Fig. 26) in steady state shows the existence of
harmonics along the spectrum of electromagnetic torque
obtained by conventional DTC unlike electromagnetic
torque obtained by Fuzzy DTC. Table 5 shows the root
mean square (RMS) error and the maximum ripple band
of electromagnetic torque and stator flux for conventional
DTC, the neuronal DTC and fuzzy DTC approaches.

The results of Table 5 show that DTC based on
intelligent techniques considerably reduces the ripples of
electromagnetic torque and stator flux compared to
conventional DTC. Fuzzy DTC architecture gives the best
results in terms of hardware resource consumption and in
terms of electromagnetic torque ripple elimination.
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Fig. 24. Spectral analysis of electromagnetic torque obtained by
conventional DTC
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Fig. 25. Spectral analysis of electromagnetic torque obtained by
neuronal DTC
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Fig. 26. Spectral analysis of electromagnetic torque obtained by

fuzzy DTC
Table 5
Torque and flux ripples
RMS error | max/min
Electromagnetic Conventional DTC 0.0367 2.164
torque, N-m Neuronal DTC 0.0314 0.955
’ Fuzzy DTC 0.0096 0.827
Stator flux Conventional DTC 0.0024 0.250
magnitude, Wb Neuronal DTC 0.0011 0.090
Fuzzy DTC 0.0017 0.171
Conclusions.

1. The aim of this work was, first of all, to improve the
dynamic performance of the direct torque control applied
to induction motor supplied by a voltage inverter by
introducing of a fuzzy inference system. Secondly, to

materialize the feasibility and to judge the quality of
proposed control.

2. In this article, we mainly describe the development,
implementation and validation of hardware architecture
on field programmable gate array for fuzzy direct torque
control of induction motor.

3. The originality of this work has been to combine the
performance of artificial intelligence techniques and
execution power of programmable logic circuits, for the
definition of a control structure achieving the best
simplicity / performance and speed / performance ratios.

4. We used unconventional control tools to implement
a switching strategy without needing the switching table
and hysteresis comparators used in conventional direct
torque control.

5. Finally, we believe that the proposed solution
improved the dynamic performance of induction motor
and greatly reduced the disadvantages of conventional
direct torque control such as torque ripples, flux ripples
and switching frequency.
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