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ABSRACT

This paper deals with the development of an algorithm for speed control of the induction motor by
means of the DSP core microcontroller TMS320F28069M, which perform a digital treatment of
the voltage and electrical current signals measured to estimate the rotor speed and close the control
loop. The algorithms consider the operating limits and the characteristics of the DSP, together
with an interface that allows monitoring the estimated speed, and modifying the operating point
and the constants of the PI controller, the controller output is assigned to an output of the DSP
PWM_DAC which is connected to an ABB ACS800-U1 frequency converter in remote mode to
carry out the motor speed change by means of a V / F control law.
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RESUMEN

Palabras Clave: Este articulo presenta el desarrollo un algoritmo para el control de velocidad del motor de induccion
mediante el microcontrolador con nicleo de DSP TMS320F28069M, el cual realiza el tratamiento digital
de las sefales de voltaje y corriente medidas para estimar la velocidad del rotor y cerrar el lazo de control.
Los algoritmos consideran los limites de operacion y las caracteristicas del DSP, en conjunto con una
interfaz que permite monitorear la velocidad estimada, y modificar el punto de operacion y las constantes
del controlador PI, la salida del controlador es asignada a una salida del DSP PWM_DAC la cual se
conecta a un convertidor de frecuencia ABB ACS800-U1 en modo remoto para realizar el cambio de

velocidad del motor mediante una ley de control V/F.

Convertidor de frecuencia,
control V/F, PWM.

control algorithms, and the development of embedded
systems capable of applying control techniques with

Introduction

The microcontrollers such as the family ™ C2000
[1], become widespread when the technology matures
its manufacture. Also when the characteristics of the
applications are needed to efficiently solve the tasks of
digital signal processing. Usually, requiring reinforced
architectures and extension of the instructions repertoire
of the MCU types as DSP's.

The induction motors are frequently used in industrial
applications [2] for its simplicity, reliability, and low cost.
Accompanied by the advances in power electronics,

*Corresponding author.

optimum performance in energy efficiency, accuracy,
and control quality [3].

Our research aims to develop a speed control using a
frequency converter in remote mode, acting as the
final control element. Whereas the sensorless control
technique incorporated an embedded system [4],
using this control technique programmed in the DSP
TMS320F28069M. Great advantages can be obtained in
terms of input data processing since each data must be
transformed according to complex formulas. This can be
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achieved since they are designed for high-performance
repetitive and numerically intense tasks, the high speeds
that these devices provide an efficient way of processing
data [5].

Materials and methods
TMS320F28069 and control methodology

LAUNCHXL-28069M: 1t is a complete low-cost
development board for Texas Instruments Piccolo
F2806x devices [6]. The selected LAUNCHXL-28069M
kit presents high efficiency of hardware and software
needed to develop applications in motor control where
development can be evaluated at academic or research
level [7].

The board performs data acquisition for further
processing, which makes it possible to estimate the
motor speed for the implementation of the control loop
[8]. The low-cost 32-bit Piccolo™ TMS320F28069
microcontroller from Texas Instruments offers a solution
to control the speed of a motor from the sensorless
technique. The manufacturer's technical documentation
offers different support macros to be applied specifically
in the motor control branch from the C2000 family of
real-time control MCUs ™ [9].

Control methodology: The control of an induction motor
used is known in the literature as "sensorless control"
and allows to bring the induction motor to a stable state
through simple schemes fed by voltage, current making
the estimation and control of the rotor speed [10].

The control developed is based on the principle of the
loop shown in Figure 1 where the value of the rotor speed
depends on a magnetic flux and speed estimators. The
estimation of the stator magnetic flux based on the voltage
model, the stator current based with its proportionality
with the rotor speed by means of Clarke's transformations

[11].
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Figure 1. Scheme of the sensorless control proposed.

The sensorless control proposed is the scaling which is
based in such a way that, when the frequency is reduced,
the voltage is reduced proportionally, that is, with a
constant Voltage/ Frequency or simply V/Hz command
law [10]-[12].

Clarke's Transformation: For the development of the
control, Clarke's transform converts the time domain
components of a three-phase system, Figure 2, into two
components of an orthogonal stationary frame (af) [13].

3-phase

Quadrature: 2-phase

CLARKE | g

Figure 2. Clarke's Transformation [13].

Flow Estimator: The induction motor model can be
expressed in the fixed reference frame d-q by equations
according to Figure 3 [14].

Ry wy Vo Ly Ly WarV¥rg R, .

Ly WV R, .
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Figure 3. Induction motor equivalent circuit. (a) d reference frame. (b) q reference
frame [14].

According to Figure 3, the equations in the d-q frame of
reference can be obtained according [15]:
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d
Vsdq - Rslsdq + Eipsdq - Iwglpsdq (1)
0= Rrird + i(p[lrd —](W - wr‘)‘prd
q dt q g q (2)

q’sdq = Lsisdq + Lmirdq
lllrd.q = Lrlrdq + Lmlsclq

According to the above is calculated in [15], the rotor flux
linkages in the two d-q reference frames as shown below.

5y Ler_Lzm 1 Lr EAY
Ve = — 7 a7 Ve

Lm Lm
. (3)
BV LS Lr — Lm. ;3 Lr BV
qu =7 L qs + L "yqs

And the angle is calculated as:

o Ve
6, =tan {W“J (4)
. dr

In this way the flux linkage was obtained with their
respective angle as described is [15], necessary for the
estimation of the rotational speed.

Speed estimator: The open-loop speed estimator is
derived based on the mathematical equations of the
induction motor in the stationary reference frame and the
flux linkages along with the angle calculated above [16].

. - di
0=R,ij +o X, + —dr
dt
di’ (5)
0=R,ii, — 0, +—=
dt
s _ s '8
A'l.lr - Lrldr + Lmlds (6)
A, =La, +L i

According to the above is calculated in [15], the speed in
the rotor by equation 8.

_ %9, (7)
R
] Lm § o8 s s
mr =0, - (}C' )3 T, (?"drlqs - l'quds) (8)

Design of the main control algorithms of the system
and description of the final adapted control element

Frequency inverter: To control the plant in the proposed
system adopted a frequency converter ABB ACS800-Ul
[17], which is configured in remote mode and control
scale the speed change according to the signal from the
control system implemented in the DSP as shown in
Figure 4 [18].

ANALOG
INPUT
EAL+

DSP
TMS320F28069

FREQUENCY

PWM_DAC VARIATOR

Figure 4. Frequency inverter diagram.

The frequency inverter is controlled by an analog input
which comes from a PWM_DAC output of the DSP,
the voltage level at the input corresponds to an output
frequency of the inverter therefore a speed. Figure 5
shows the coupling circuit.
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Figure 5. Signal Amplification Circuit PWM_DAC

Description of the main algorithm of the open-loop
control system: The algorithm and code described was
developed in the CODE COMPOSER STUDIO (CCS)
programming environment with CCS language. Figure
6 shows the block diagram of the algorithm executed to
generate each work cycle of the PWM module, with which
the analog reference at the inverter input is controlled.

Respuestas, 25 (2), pp. 6-15 , 2020,

ISSN 0122-820X - E ISSN: 2422-5053 8



Edison Andrés Caicedo-Penaranda, Henry Alfonso Sepulveda-Pacagui, Luis David Pabon Fernandez, Aldo Pardo-Garcia, Jorge Luis Diaz-Rodriguez

DSP28X_Proyect h HEADER FILES

main()

!

GENERAL
SETTINGS

Y
MODULE ePWM -

SET TO SAMPLE
FREQUENCY 10 kHZ

L J

PROGRAMMABLE
INTERRUFTION

l

WORK CYCLE
GRADUATION
PVW/M

SAMPLING TIME

A

_DAC

\ TARGET
SPEED

Figure 6. Block diagram of open-loop operation.

The algorithm and code described was developed
in the CODE COMPOSER STUDIO programming
environment with CCS language. Figure 6 presents the
diagram of the algorithm executed to generate each
work cycle of the PWM module with which the analog
reference at the inverter input is controlled.

Implementation of the control technique:For the control,
the voltage and current signals must be acquired, which
are normalized into P.U. values. according to the base
value of each one, then a digital filtering is done with a
FIR filter to the voltage and current signals that feed the
induction motor. Then Clarke transformations are applied
to the filtered signals, to estimate the flux linkages angles
at the flux estimation block. Thus, firstly determining

the above, we proceed to estimate the motor speed in
revolutions per minute (rpm) sending the signal to the
PI controller, which gives a response according to the
speed set point that changes the duty cycle of the physical
output PWM_DAC of the DSP, thus closing the control
loop [19].

A. Acquisition and filtering of voltage and current
signals: In Figure 7, the algorithm implemented for the
configuration of the ADCINAX as an analog input for
reading current and voltage is described by means of a
block diagram [19].

DSP28X_Proyecth

MODULE CLOCK
CONFIGURATION

ADC

h 4
ADCx CONFIGURATION

SAMPLE
WINDOW

SAMPLING

CONVERSION
CONTROL FREQUENCY

v

WORK CYCLE
INTERRUPTION

Y

ADCO - ADC5
READINGS

'

I FILTERED I

|

Figure 7. Acquisition algorithm.

The Finite Impulse Response (FIR) digital filter is based
on obtaining the output exclusively from the current
and previous inputs [20]. The FIR coefficients can be
generated by the MATLAB filter design and analysis tool
(FDATool), in which the type of filter is added which is low
pass, the filter order which is set to 196 and the sampling
frequency which is 10KHz with a pass frequency of 120
and cut-off frequency of 250Hz figure 8.
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Figure 8. Coefficient calculation (FDATool).

B. Implementation of flow and speed estimator: After
implementing the filter, Clarke's transformation to
voltage and current is performed, and the algorithmic
implementation of the flux estimator is based on what is
described in [13]. Figure 9 shows a block diagram of the
flux estimator where the above equations are applied, but
in their discrete form.
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1; NN ww' Trns. ) |
QurentModel
eV, Y
/ sV
o) e » Uy
N V] e P
Ve ¢ #qu
R s
lv* l

Figure 9. Flow Estimator Algorithm [13].

For the implementation of the speed estimator at the
algorithm level it is done from the equations described in
[13], but in a discrete way.

s ;\'S i
_ dr,pul qs.pu qr.pu_ds,pu
O‘)r,pu - mc‘pu Kl

pu
(i ) 9)
1[0, .00 =0, (k-1
‘”w(k):E( T J - (10)

Results and analysis
Functionality and validation tests

Figure 10 shows the assembly carried out where you can
see the frequency converter used.

Figure 10. Mounted system (experimental setup).

A. Voltage and current signals obtained: Figure 11 shows
the three-phase voltage and current signals obtained
from the power input of the induction motor, where the
voltage signal delivered by the frequency converter is
highlighted.
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Figure 11. a) Electrical current acquired signal. b) Voltage acquired signal.

The signals are displayed with the help of the CODE
COMPOSER STUDIO software in your graphic
environment. Figure 12 shows the digitally filtered signal
with the proposed FIR filter
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Figure 12. a) Current filtered signal. b) Voltage filtered signal.

B. Validation of flow and velocity estimation: TTo make
the speed estimation it is necessary to obtain the electrical
parameters of the induction motor obtained with the help
of measuring instruments such as Fluke 123 and Fluke
434 which is in accordance with the IEC 61000-4-7
standard. The results are:

Rr = 13.6212
Rs = 71)

Lr = 0.0334H

Ls = 0.0334H

Lm = 0.5791H

Figure 13 presents Clarke's transformations of current
and voltage respectively.
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Figure 13. Electrical current and voltage Clarke transformation.

The in Figure 14 presents the flux angle of the induction
machine which varies from 0 to 2*pi, found with the flux
estimation block [13].
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Figure 14. Magnetic flux angle.

Next you can see the flow of the rotor in the stationary
axis g-d which is the output of the estimator used [13].
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Figure 15. Estimated rotor flux d-¢ reference frame.

Figure 16 validates the correct operation of the open-loop
speed estimation since changes are made in the work
cycle of PWM_DAC and therefore the speed from 900
rpm to 2700 rpm.
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Figure 16. System response to speed changes.

Input and output signals

D. Closed-loop speed control system monitoring:
Through the monitoring interface proposed, a target
speed of 1800 Rpm is established. It is worth noting that
this target speed is the real speed of the engine validated
with the digital tachometer. Figure 19 shows yk.
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2000 Figure 21 changes the set point from 1800 rpm to 1100
rpm in order to visualize the speed change from one
2000 | | point to another, thus presenting the controller directly
5 with a speed change.
1000 | 1
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Figure 17. System modeling.
120048 4
A PI controller is simulated and tuned in Matlab s
according to the plant model obtained previously in
figure 18 presented. T |
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&+ 404565 +0921 7 + 100521 ]
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Discrete PID Controller Transfer Fen Scope
. N b)
Figure 18. Simulation of the problem.
Figure 21. a) Speed change. b) Actual measured speed
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Finally, a change is made to the speed above the nominal
one to completely validate the system implemented at
2150 rpm as can be seen in Figure 22, such approach by
the interface can also be used in the educational context
[23]- [26].

2003450
508585
1

n%

2us1Ens
Ret= 20006

Figure 22. a) Speed change. b) Actual measured speed.

Conclusions

The designed system with the use of the tools provided
by Texas Instruments are suitable for signal filtering and
flux estimation of the electric machine. Becoming a vital
process in the success of the proposed sensorless control.
However, the errors in the estimation at low frequencies
must be taking into account.

The development of the sensorless control proposed
involves a high level of accuracy in the acquisition
of the signals, their correct sequence of phases, the
appropriate transformation to values per unit with a
system of congruent bases. Since the adequate treatment
of the sensed signals becomes a fundamental issue of the
operation of the proposed algorithms.

The proposed PI controller, and later developed in CCS
language, presented an appropriate and advantageous
behavior. Since, having 2 control loops only reduces the
elapse time in terms of performing times and does not
overload the program memory. Thus, optimizing and
adapting to other proposed stages within the same board.

The TMS320F28060 device, based on bit field structures,
allowed to adopt the algorithms in a suitable way and to

have a sensorless controller with an excellent behavior
and a low cost.

The accomplishment of several R&D projects within the
University of Pamplona with the accompany of several
organizations [21]- [27], has allowed the development
of this research. We consider that this work will
contribute to reducing the gap between the technological
development and foreign dependence, in terms of develop
and implementation of variable speed drives (VSD)
and multilevel converters (MLC). We hope that with
the progress of the R&D projects will allow to obtain
autochthonous prototypes that can be apply directly to
the local and national industry.
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