International Journal of Emerging Engineering Research and Technology
Volume 5, Issue 2, February 2017, PP 1-11

SRYAHWA ISSN 2349-4395 (Print) & ISSN 2349-4409 (Online)
PUBLICATIONS DOI: http://dx.doi.org/10.22259/ijeert.0502001

Digital Control with a Direct Torque Control Algorithm Applied
to a Three-Phase Induction Motor using VHDL

Christian Oliveira Santin, Ednaldo de Araujo Cruz Correia, Cesar da Costa

Department of Electrotechnical Engineering, IFSP- Federal Institute of Education, SP, Brazil

ABSTRACT

This work developed a simulation of a three-phase induction motor (MIT) with via the direct torque control
(DTC) technique, which is executed in a field programmable gate array (FPGA) of the programmable logic type
using the VHDL language. This simulation platform uses MATLAB/Simulink jointly with the DSP Builder
software, on an Altera DE2 board. A specific methodology, using software configurations and a mixed
simulation, allowed the verification of the behavior of the VHDL codes before their implementations on the
FPGA device. The results of the simulations are presented and analyzed in the work.
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INTRODUCTION

Three-phase induction motors are heavily utilized in industrial applications due to their robustness,
low cost, high operating speed, and low maintenance. For better efficiency of these engines, many
direct torque control (DTC) techniques have been adopted in recent years [1, 2, 3]. In order to obtain
an accurate control of the motor drive, several control algorithms have been widely investigated
including field-oriented control, direct torque control, model predictive control, and generalized
predictive control [4, 5, 6]. DTC of three-phase induction motors has gained popularity in industrial
applications mainly due to its simple control structure. Several modifications and improvements have
been made to the original control structure in order to overcome two major problems normally
associated with DTC, namely the high electromagnetic torque ripple and variable switching frequency
[2]. It is well established that these problems are mainly due to the use of hysteresis torque and flow
controllers. For this reason, most of the methods used to overcome these problems were accomplished
by replacing the hysteresis- with the non-hysteresis-based controllers [6, 7, 8].

The study of torque control strategies in three-phase induction motors has attracted a great deal of
interest in researchers. lbrahim et al [9] presented a new proposal to drive DTC using a fuzzy
controller, and its results were simulated showing the potential of this strategy. Sandre-Hernandez et
al [10] present the implementation of the DTC for a permanent magnet synchronous machine based
on the technology of a field programmable gate array (FPGA). Pereira et al [11] propose a virtual
teaching platform of DTC of induction motors to assist in the education of undergraduate students.
Today, the rapid development in high-performance digital signal processors (DSP) not only replaced
the analog technology of the conventional control method but also provides high computing
capabilities. Recent developments in FPGA [10, 12, 13] have made it possible to combine complex
analog and digital circuits. However, in motion control systems, FPGA technology is not that popular.
Generally, VHDL codes are implemented in programmable logic devices, such as application-specific
integrated circuits and especially in FPGAs. This methodology proposal allows one to verify the
behavior of these codes before their implementations, reducing the risks of significant changes when
implemented.
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The contribution of this work is the development of a digital controller with a DTC algorithm applied
to a three- phase induction motor using VHDL embedded in an FPGA, thanks to its parallel
architecture for multiple-signal processing.

THREE-PHASE INDUCTION MOTOR
Clarke Transformation

The behavior of three-phase induction motors is usually described by their voltage and current
equations. The coefficients of the differential equations that describe their behavior are time varying
(except when the rotor is stationary). The mathematical modeling of such a system tends to be
complex since the flow linkages, induced voltages, and currents change continuously as the electric
circuit is in relative motion. For the analysis of such a complex electrical machine, mathematical
transformations are often used to decouple variables and to solve equations involving time varying
guantities by referring all variables to a common frame of reference [2, 10]. Among the various
transformation methods available, the well-known ones are the Clarke transformation and Park
transformation.

The Clarke transformation converts balanced three-phase quantities (a,b,c ) into balanced two-phase
guadrature quantities («,p ). The Park transformation converts vectors in a balanced two-phase
orthogonal stationary system into an orthogonal rotating reference frame (d, q). Figure 1 shows the
three reference frames.
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Figurel. Reference frames involved in Clarke and Park transformation

Clarke and Park transformations are mainly used in vector control architectures related to permanent
magnet synchronous machines and asynchronous machines [10]. The three-phase quantities are
translated from the three-phase reference frame to the two-axis orthogonal stationary reference frame
using the Clarke transformation as shown in Figure 2.
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Figure2. Clarke transformation from three phases to two phases
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The Clarke transformation is expressed by Equations 1 and 2:
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Where |, , I, and I, are the three-phase quantities, and |, and |, are the stationary orthogonal
reference frame quantities. When |, is superposed with |, and when!, + 1, +1 =0 the three-

phase quantities |, , I, ,and | can be transformedto |, and I, such that:
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The transformation from a two-axis orthogonal stationary reference frame to a three-phase stationary
reference frame is accomplished using an Inverse Clarke transformation as shown in Figure 3. The
Inverse Clarke transformation is expressed by the following equations:

V.=V, (5)
-V + \/3_*V
Vv, = e T F (6)
2
And
-V - \/s_*v
v, = e Tk (7)
2
Where:

V., V,, V., are the three-phase quantities, and V,, V , are the stationary orthogonal reference frame

guantities.

Ve

Figure3. Inverse Clarke transformation from two phases to three phases
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The matrix to transform the three vectors V,, V, ,and V into V_, V is [10]:

o1 1

1 — = v,
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L 2 2 J ¢

Mathematical Model of the MIT

In order to obtain a simplification of the MIT model and a reduction of the number of variables, which
describe the dynamic behavior of the motor, the three-phase coordinate system is projected to an
orthogonal coordinate plane [2, 14]. In this methodology, the three-phase system (three axes with a lag
of 120° between each other) is replaced by an orthogonal system. The MIT will be seen to consist of
only two spatially lagged 90° windings on the stator and rotor. Based on Figure 3, the new axis system
is called a8 and has indices a and .

The magnitudes involved in the fundamental expressions of motor voltage are related both to the
reference of the stator and to the reference of the rotor. Thus, it is necessary to obtain a single and
common reference for the stator and rotor. As the DTC technique controls stator quantities such as
currents, voltages, and flow, to facilitate the mathematical modeling of MIT, we adopted the stationary
reference. All the values evaluated are based on the mathematical model of the motor in a steady-state
condition. Equations 9 —13 are fundamental to the DTC strategy to calculate the stator flow linkage
and torque.

- —

Equation 9 presents the space vector of the stator voltage (v, , ) where i_  is the space vector of the

saf sap

N

stator current, v, is the concatenated stator space flow vector, R_ is the winding resistance of a
stator phase.

—
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Equation 10 shows the space vector of the rotor voltage (v, ) where R, is the resistance of one

- -

is the space vector of the rotor current, v is the

rotor phase (equivalent winding) to the stator, i s

raf
concatenated rotor flow space vector, z | is the pole pair number, w . is the mechanical speed of the
motor.
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In Equation 11y is the concatenated stator space flow vector where L_ is the stator inductance,

-

L, is the mutual inductance between stator and rotor, i, , is the space vector of the stator current,

N

and i, is the space vector of the rotor current.
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N

Equation 12 presents the concatenated rotor flow space vector (v, , ) where L is the mutual

N

inductance between stator and rotor, L, is the rotor inductance, i

, i,,, IS the space vector of the stator

N

current, and i is the space vector of the rotor current.

ap

—

Lpr::E = LHTBE:E + LrTr:E (12)

In Equation 13 m, is the electromagnetic torque where z is the pole pair number, v is the

component o of Stator flow, i

, 1s the component  of stator current, y , is the component  of Stator

flow, and i_, is the component « of stator current.

ms; = %z'p [L'Dsrx i’s,ﬂ - 11{;3,9 i’sn:) (13)

VOLTAGE SOURCE INVERTER

According to [10], the topology of a voltage source inverter (VSI) is as shown in Figure 4.
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Figure4. Scheme of voltage source inverter

It is comprised of six insulated gate bipolar transistors (IGBTs) and six freewheeling diodes.
Assuming that in every instant the switching devices can accept only one of the two possible states on
(1) or off (0), the VSI has only eight possible switching states, generating six active voltage space

vectors (AVSVs) 7. aT; and two zero voltage space vectors (ZVSVS) ¥, e 7. Using the Clarke

transformation given by Equation 8, the states of the inverter can be mapped onto the a-8 complex
plane, which are shown in Fig. 5.

The space sector N is obtained from the angle o, . between the stationary reference and the stator

vs

flow (Equation 14), and is limited by Equation 15:

(14)

N———

and
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Where N is the space sector, and & is the space angle.
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Figure5. Voltage space vectors generated by the VSI
PRINCIPLE OF DIRECT TORQUE CONTROL

In Figure 6, a summary block diagram of the DTC technique is presented using hysteresis
comparators, a motor estimation model, and switching logic (vector table). The main objective of this
technique is to control the torque and the flow of the stator using the comparators, ensuring a fast
torque response. The vector table is used to select the voltage vector to be applied to the stator,
determined the switches that must be activated in the inverter (space modulation). The choice of the
voltage vector is made to maintain the stator torque and flow within the limits defined by the

hysteresis comparators. There are six possible AVSVs (v a T¢) and two ZVSVs (v, € 72), which are
chosen based on the error between the torque (r ) and flow (@ ) reference values and the spatial

sector of the stator flow (tg * (W—”} ).

\¥ea )

The selection of the optimal AVSV or ZVSV [10] is based on the optimal switching table listed in
Table 1, where the estimated values of torque and flow are used to process the torque error (r ) and
flow error (@ ).

Tablel. Table of voltage vectors to be applied to the inverter

10} r Sector 1 Sector 2 Sector 3 Sector 4 Sector 5 Sector 6
1 V2 V3 V4 V5 Ve V1
0 0 V7 VO V7 VO V7 VO
-1 Ve V1 V2 V3 V4 V5
1 V3 V4 V5 Ve V1 V2
l 0 VO V7 VO V7 VO V7
-1 v, v v, v, v, v,

The currents measured at the motor input (i,.1,) are inputs from the “motor model” block, which
estimates the torque and the stator flow at that instant, in addition to the space sector where the stator
flow is located. The estimated stator torque (m, ) and flow (v ,, ) are compared to their respective
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references (M ... ¥ .., ). Comparison errors are inputs from the hysteresis comparators (usually two

levels for the flow and three levels for the torque), which verify that the torque and flow are within
their given limits. The outputs of these comparators (r and @ ), as well as the stator flow space
sector, are inputs from the “Vector Table,” which determines the proper switching of the inverter to
maintain stator flow and torque close to its reference values. Figure 6 shows the structure of the direct
torque control system (DTC).

mdnf F
- ;‘ : " Vector ¥ Inverter
Table

Hysteresis Comparator D
(Torque)
1g()

w;uf w.;a. 1'% s8 ia ib

Hysteresis Comparator
(Flow)
my
¥.0p | Motor Model

Figure6. Structure of direct torque control system

SIMULATION PLATAFORM

The simulation platform consists of two software programs: MATLAB/Simulink and DSP Builder.
MATLAB/Simulink is responsible for simulating the power part of the drive and control, whereas the
DSP Builder software converts the MATLAB/Simulink codes to the VHDL language and allows the
loading of the codes into the FPGA device (DA COSTA, 2014).

After installation, the DSP Builder software adds two sets of new functional block libraries to the
Simulink software: (i) Altera DSP Builder Advanced Blockset and (ii) Altera DSP Builder Blockset.
The DSP Builder software integrates the MATLAB/Simulink in a single environment, which allows
simple and direct: (i) automatic implementation of the DTC application in VHDL,; (ii) simulation of
the created system; (iii) conversion of the algorithm into RTL code; (v) creation of the project in the
Quartus Il software and simulation of the generated RTL code using the same test vectors used in
SIMULINK; (vi) compiling of the project; (vii) loading into the FPGA hardware; (viii) testing of the
device with the created DTC algorithm. Figure 7 illustrates the design flow with the
MATLAB/Simulink and DSP Builder software.

System Level Simulation VHDL/RTL Implementation System Level Verification of
of Algoritmo DTC Hardware Implementation
Algorithm ’ S— ] System-Level

Modeling Single Simulink Representation i Verification
|
\ Synthesis, Place and Route l/
™| RTL Simulation e
MATLAB/Simulink DSP Builder Hardware

Figure7. Design flow with the MATLAB/Simulink and DSP Builder
DTC Strategy Simulation

According to the DTC structure shown in Figure 6, the motor model block, estimation of flow and
torque block, current acquisition, and inverter block are performed and simulated in the
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MATLAB/Simulink environment. Stator torque and flow controls are performed using the torque
hysteresis comparator and flow hysteresis comparator block, which are, along with the vector table
block, implemented and simulated in the DSP Builder software.

In the DTC control algorithm block, the motor model calculations and their respective comparisons
with their reference values are performed, in addition to determining the space sector where the flow
is. The outputs of the hysteresis comparators, in addition to the spatial flow sector, are inputs to the
part of the program responsible for the inverter switching table. This table indicates the best
alternative for the DTC at that instant and triggers the inverter keys to maintain the desired control.

The simulated inverter uses ideal switches, since the IGBT transistors are considered as ideal keys for
the frequency level used in the simulation. The switching frequency chosen was 20 kHz. The
instrumentation part (A/D converter) was performed and simulated in the MATLAB/Simulink
environment. Stator currents enter as binary data in the DTC control algorithm. For resolution of the
AJD converter, 16 bits were assumed. The sampling frequency used in the A/D converter was 40 kHz.
The control algorithm that controls the motor based on the DTC strategy has been divided into two
parts. The first part, responsible for calculations, operates at a frequency of 40 kHz. The second part,
which contains the inverter switching table, operates at a frequency of 20 kHz. Parameters of
induction motors used in the simulation are listed in Table 2. Figure 8 shows the DTC strategy
simulation.

Table2. Parameter of Induction motors

Rated Power 1.5 hp Rotor Inertia 0.027 kgm
Pole Pairs 2 Mutual Inductance 0.33615 H
Stator Resistance 756 O Coefficient of Friction 0.000124
Stator Inductance 0.35085 H Reference Torque 10 N.m
Rotor Resistance 3.84 O Reference Flow 08 Wb
Rotor Inductance 0.35085 H Load Torque 6 N

J m—l_szd Torque

)| L. R ? ™

d.r vDC ZE:'L : p—" :@m
|

nverter Induction Motor
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DTC Control Algorithm A/ D Converter

Figure8. DTC strategy simulation

Test Results Simulation

In order to verify the proposed DTC strategy, simulation results are presented. The Altera DE 2 board
with a Cyclone Il device is used to execute the DTC control algorithm. Fig. 9 (a) shows the
simulation result of the DTC algorithm for positive and negative references of the magnitude of the
estimated stator flow and its reference. Fig. 9 (b) shows the simulation result of the DTC algorithm for
positive and negative references of the estimated electromagnetic torque and its reference. To perform
the test of DTC, a positive reference torque is applied to the induction motor with a reference of 0
N-m during the initial time, and 10 N-m at 0.25 s.
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Figure9. (a) Simulation results of stator flow estimated, and (b)Electromagnetic torque estimated by the
proposed DTC algorithm

Fig. 10 (a) shows the simulation result of the DTC algorithm for positive and negative reference of
stator currents. In Figure 10 (a), a change can be observed between two phases at a time equal to 0.25
s due to the change in the torque direction of the motor. The period between the instants 0.3 s and 0.4
s shows the behavior of the phase currents when the velocity is reduced. In Figure 10 (b), the rate of
growth of the motor speed is changed at 0.1 s when a load of 6 N-m is coupled to the shaft. At a time
of 0.25 s, the torque reference changes direction, causing the motor speed to decrease and after a short
time interval it change its direction of rotation.
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Figurel0O. (a) Simulation results of three-phase stator currents, and (b) Motor Speed by the proposed DTC
algorithm

CONCLUSION

This paper has presented the digital design and simulation of the DTC strategy using VHDL language.
A DSP design for motor control has been developed and simulated for the particular case of the DTC
algorithm of a three-phase induction motor. A specific methodology, using software configurations
and a mixed simulation, allowed the verification of the behavior of the VHDL codes before their
implementations on the FPGA device. The methodology defined the digital adaptation of the DTC
algorithm, taking account of the influences of digitization on computed values. An optimized DSP
algorithm and a specific fixed-point format have been studied and defined. The implementation,
which proved that the DTC strategy, was accomplished using the combination of a
MATLAB/Simulink and DSP Builder software. This project addressed a way of structuring and
simulating a DTC algorithm. The target technology was FPGAs, which have been growing steadily
and has been taking up space in the industrial market worldwide

International Journal of Emerging Engineering Research and Technology V5 e 12 e February 2017 9



Christian Oliveira Santin et al. “Digital Control with a Direct Torque Control Algorithm Applied to a
Three-Phase Induction Motor using VHDL”

REFERENCES

[1] K. Yazid, M. S. Boucherit and K. Bouchoune, “ ANN — based DTC scheme to improve the
dynamic performance of an IM drive” , 7 th International Conference on Power Electronics,
Machines and Drives (PEMD 2014), pp. 1-6, 2014.

[2] D. Casadei, G. Serra, A. Tani and L. Zarri, “ Direct torque control for induction machines: a
technology status review”, 2013 IEEE Workshop on Conference Electrical Machines Design
Control and Diagnosis (WEMDCD), pp. 117-129, 2013.

[3] W. Tao and Z. Liang, “Simulation of vector control frequency converter of induction motor based
on Matlab/Simulink”. 3™ International Conference on Measuring Technology and Mechatronics
Automation, vol. 3, pp. 265-268, China, 2011.

[4] X. Zhang; X. Xie and R.Yao, "Field oriented control for permanent magnet synchronous motor
based on DSP experimental platform”, Control and Decision Conference (CCDC), 2015 27th
Chinese , pp.1870-1875, May 2015.

[5] D. Luczak; K. Nowopolski; K. Siembab and B. Wicher, "PMSM laboratory stand for
investigations on advanced structures of electrical drive control,” Methods and Models in
Automation and Robotics (MMAR), 2015 20th International Conference on, pp.596-601, Aug.
2015.

[6] F. Niu; B. Wang; A.S. Babel; K. Li and E.G. Strangas, "Comparative Evaluation of Direct Torque
Control Strategies for Permanent Magnet Synchronous Machines," in Power Electronics, IEEE
Transactions on, vol.31, no.2, pp.1408-1424, Feb. 2016.

[7]1 P. Matic, S. N. Vukosavic, “Direct Torque Control of Induction Motor in Field Weakening
Without Outer Flux Trajectory Reference”, International Review of Electrical Engineering, Vol.
6, No.3, June 2011.

[8] S.N. Pandya, J. K. Chatterjee, “Torque ripple reduction in direct torque control based induction
motor drive using novel optimal controller design technique”, Power Electronics, Drives and
Energy Systems (PEDES) & 2010 Power India, 2010 Joint International Conference on , vol.,
no., pp.1,7, 20-23 Dec. 2010.

[9] S. O. Ibrahim, K. N. Faris and E. A. Elzahab, “Implementation of fuzzy modeling system for
faults detection and diagnosis in three phase induction motor drive system”. Journal of Electrical
System and Information Technology 2 (2015)27-46.

[10] O. Sandre-Hernandez, J. J. Rangel-Magdaleno, R. Morales.Caporal, “Implementation of direct
torque control for a PM synchronous machine based on FPGA™. 13" International Conference on
Power Electronics (CIEP), pp. 155-160, 20-23 june, 2016.

[11] W. C. A. Pereira, M. L. Aguiar, G. T. Paula, , J. R. B. A. Monteiro, G. H. Bazan, M. F. Castoldi
and D. S. Sanches, “ Virtual Platform of direct torque control of induction motor to assist in
education of undergraduate students”. 2015 IEEE 24" International Symposium on Industrial
Electronics (ISIE), pp. 814-818, 01 october, 2015.

[12] T. Barlas and M. Moallem, “Developing FPGA-based embedded controllers using

Matlab/Simulink”. Book Factory Automation, Publisher: In Tech, chapter 27, pp. 543-556, edited
by Javier Silvestre —Blanes, 2010.

[13] C. Da Costa, M. Kashiwagi, M. H. Mathias, “Digital Systems Design Based on DSP Algorithms
in FPGA for Fault Identification in Rotary Machines”. Journal of Mechanics & Industry
Research, v. 2, p. 1-5, 2014.

[14] J. M. D. Murphy, F. G. Turnbull, F. G. “Power Electronic of AC Motors”. Franklin Book
Company, ISBN 0080226833, 524 pages.

10 International Journal of Emerging Engineering Research and Technology V5 e 12 e February 2017



Christian Oliveira Santin et al. “Digital Control with a Direct Torque Control Algorithm Applied to a
Three-Phase Induction Motor using VHDL”

AUTHORS’ BIOGRAPHY

Christian Oliveira Santin, was born in S&o Paulo, SP, Brazil. He received the B.Sc.
degree in Electrical Systems Technology from the IFSP — Federal Institute of Séo
Paulo, SP, Brazil in 2014. He is currently student of electronic Engineering. His
research interest includes Artificial Neural Network, microprocessor, machine
monitoring, and FPGA.

Ednaldo de Araujo Cruz Correia, was born in S&o Paulo, SP, Brazil. He is currently
student of in Electrical Systems Technology from the IFSP — Federal Institute of Sdo
Paulo, SP, Brazil. His research interest includes microprocessor, machine monitoring,
electrical machine, and FPGA.

Cesar da Costa, was born in Rio de Janeiro, RJ, Brazil. He received the B.Sc. degree
in electronic and electrical engineering from the CEFET-RJ, Federal Center of
Technological Education Center Celso Suckow da Fonseca and Nuno Lisboa
University in 1975 and 1980 respectively. He received the M.Sc. degree in mechanical

\ engineering from Taubate University, Taubate, SP, Brazil, and the Ph.D. degree in
mechanical engineering from UNESP- Universidad Estadual Paulista Julio de Mesquita Filho,
Guaratingueta, SP, Brazil in 2005 e 2011, respectively. He did sandwich doctoral stage, PDEE-
CAPES, in the IST-Institute Superior Tecnico, Lisbon, Portugal in 2009. He is currently post-doctoral
and professor of automation and control engineering in the IFSP — Federal Institute of Education, SP,
Brazil. His research interests include Fuzzy controller, Artificial Neural Network, machine
monitoring, diagnostic, electrical machines and FPGA.

International Journal of Emerging Engineering Research and Technology V5 e 12 e February 2017 11



