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ABSTRACT

Asynchronous machines are well known to have natural lim
itations because of the highly nonlinearity and complexity o
their motor models. To resolve these problems, a
field-oriented control (IFOC) algorithm is applied to c
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INTRODUCTION

Three-phase induction motors are the most
widely used motors in industrial motion control
systems because of their reliability, robustness,
and simplicity of control. Until a few years ago
the AC motor could either be plugged directly
into the mains supply or controlled by the well-
known scalar V/f method. However, many
applications require variable speed operation.
The scalar V/f method can provide speed
variation but does not handle transient condition
control and is valid only during a steady state.
This method is most suitable for applications
without position control requirements or the
need for high accuracy of speed control, and it
leads to over-currents and over-heating, which
necessitate a drive; therefore, the method
becomes cluttered and is no longer cost-
effective. Examples of these applications include
heating, air conditioning, fans and blowers
(Novotny et al., 2000; Leonard, 2001).

In the last two decades, the study of speed and
torque control in three-phase induction motors

idly mainly because of
iconductors in both power
ics and in powerful
ers and digital signal processors
hese technological improvements
d the development of a very effective
AC drive control with lower power dissipation
hardware and increasingly accurate control
structures.

Casadei et al. (2013) compared the direct torque
control and direct FOC (DFOC) techniques,
emphasizing their advantages and
disadvantages. Leedy (2013) presented a

dynamic model of engines developed in
MATLAB/Simulink®. This model can be
employed in the study of the dynamic behavior
of the induction motor and can be modified to
study other topologies of motors and drives.
Horvath and Kuslits (2017) presented an
observer with a Kalman filter to implement the
IFOC technique without the need for a rotation
sensor.

Holzmidiller et al. (2017) presented a
decrease the response time
In the practical implementati
technique with a DSP, th

ntrol mesh using
The method
through simulations in

presents a digital controller with an
-oriented control (IFOC) algorithm
appliedy to " a three-phase induction motor

mbedded on a digital signal microprocessor. A
x observer is presented, and the indirect
yriented control system is implemented.

his paper is organized as follows. Section 2
provides a brief description of the three-phase
induction motor. Section 3 presents a summary
of vector control of the AC induction motor.
Section 4 provides a description of the modeling
of the indirect vector control algorithm proposed.
Section 5 describes the experimental procedure.
Section 6 presents the proposed indirect vector
control. Section 7 provides the concluding
remarks.

THREE-PHASE INDUCTION MOTOR

The AC induction motor is a rotating electrical
machine designed to operate from a three-
phase alternating voltage source. Asynchronous
motors are based on induction. The cheapest
and most widely used is the squirrel-cage motor,
in which aluminum conductors or bars are cast
into slots in the outer periphery of the rotor.
These conductors or bars are shorted together
at both ends of the rotor by cast aluminum end
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rings. For variable speed drives, the source is
normally an inverter that uses power switches to
produce approximately sinusoidal voltages and
currents controllable in terms of frequency and
magnitude (Novotny et al., 2000; Leonard, 2001).

Because of the capability of such modern
microcontrollers, it is possible to implement
sophisticated current-source inverter based on
vector control. Vector control refers not only to
the magnitude but also to the phase of variables.
Matrix and vectors are used to represent the
control quantities. This method considers not
only successive steady-states but real
mathematical equations that describe the motor
itself, so that the obtained results have a better
dynamics for torque variations in a wider speed
range (Ibrahim et al., 2015).

VECTOR CONTROL OF AC INDUCTION
MOTOR

Field-oriented control involves controlling the
components of the motor stator -currents,
represented by a vector, in a rotating reference
frame with a d-q coordinate system. In a speci
reference frame, the expression fo
electromagnetic torque of the smoo
machine is similar to the expressi
torgue of the separately excite@E

the case of induction mag @
normally performed in a referen

to the rotor flux space vector ko perform the
alignment on a refergmce frame revolving with
the rotor flux, information on the modulus and
the space anglegposition), of the rotor flux space

vector is req q o different strategies can

rame aligned

Vc

> Ccos

be used to estimate the rotor flux vector:

eDirect Field-Oriented Control: Rotor flux vector
is either measured using a flux sensor mounted
in the air-gap or using the voltage equations,
starting from the electrical machine parameters.

eindirect Field-Oriented Control: Rotor flux
vector is estimated using the field-oriented
control equations (current model) and rotor
speed measurement.

With these algorithms, the stator
induction machine are separ
torque-producing compone
transformation to a d-q ¢

On this reference eto

e component
mponent is on the
fol system requires the

to calculate and control the variables.
echnique is described in this work.

machine performance, the Clarke
transformations are needed (Guo et al.,

phase stationary (o, B) reference frame (Fig. 1a),
while park transformation is the change from a
two-phase (a, B) reference frame to a rotating (d,
q) reference frame (Fig. 2b). The Clarke and
Park transformations are mainly used in vector
control architectures related to permanent
magnet synchronous machines and
asynchronous machines, respectively (Sandre-
Hernandez et al., 2016).

(a)

Vb

Ve

q \ VB Vap
d
\ 7
Vq\\/ Vd
7
c a
Va
(b)

Figure 1. (a) Stationary frame A-B-C to (a, B ) transformation; (b) (o, B ) axes to synchronously

rotating frame d-q axes transformation.
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MODELING OF THE INDIRECT VECTOR
CONTROL ALGORITHM

Figure 2 presents the basic scheme of torque
control with the proposed IFOC algorithm.
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| > > >
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Figure 2. Schematic diagram of IFOC algorithm

Two-phase currents are fed into Clarke and Park
transformation modules. The projection outputs
of the Clark block are indicated with ig, and igs.
These two current components provide the input
of the Park transformation that gives the current
in the d, g rotating reference frame aligned wij

components ig, and ig.
components are compare
reference) and iy (the tor
torque command iy is the outp
regulator. The flux mand iy, indicates the
right rotor flux co nd for every speed
| value. The current
8 Vgrer AN Vger - They are
erse Park transformation,
uts are Vet and Vg , Which are the
ts of the stator vector voltage in the q,
| reference frame. These are the
inputs of the space vector pulse-width
modulation (PWM). The outputs of this block are
the gate signals that drive the inverter. The main
block of the vector control is the current model
block. This block needs the rotor resistance and
rotor inductance parameters, and the accuracy
of these parameters greatly affects the

ance o ol.

components id and iq are the d-axis and
e rotor currents, respectively, and vd

V,=Ri,+ph,—wA, (1)

v,= R +ph,—wh, (2)

0 =Riig+ prg—(ws—w,)A, (3)
0 = Riiy+ ph,—(ws—w, )N, (4)
Here,

Rr - rotor resistance;

Rs - stator resistance;

Ad - d-axis component of stator flux; [q - g-axis
component of stator flux; ws - stator angular
frequency;

Wr - rotor angular frequency;

p - differential operator.

According to Novotny et al. (2000), the torque
equation in d-q coordinate is given by Eq. 5.

L .
I;z = np L_m()bdrzqs) (5)
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Here,
n,-induction motor’s pole-pair;
L., L.- parameter of induction motor.

The electromagnetic torque is proportional to the
product of rotor flux linkage and the stator g-axis
current. This resembles the torque expression of
the DC motor, which is proportional to the
product of the field flux linkages and the
armature current. If the rotor flux linkage is kept
constant, the torque is proportional to the torque-
producing component of the stator current (Guo
et al, 2017). The Clarke and Park
transformations are used to obtain the rotor flux
Adr and the stator g-axis current ies .

EXPERIMENTAL PROCEDURE

Figure 3. Experimental setup.

27F control board from
used to demonstrate the
the TMS320F28027F
oller and to provide a hardware tool
he IFOC algorithm to be embedded.

TMS320F28027F is a 16-bit microcontroller unit
with a multiplier/accumulator unit (DSP features),
32 Kbytes of flash memory, and 6 Kbytes of
RAM. Its main characteristics are 60 MHz CPU,
16.67 ns instruction cycle,
multiplier/accumulator unit with eight 40-bit
accumulator PWM channels, seven 12-bit A/D

The experimental tests were conducted using
the following equipment: (1) three-phase
induction motor EMsynergy®, model 800006,
squirrel cage, power 0.0184 hp (13.6 W), torque
0.116 Nm, 4 poles, 14.7 V, 1121 rpm, (2) rotary
and incremental encoder Omron®, model E6A2-
CW5C, 200 pulses per revolution, (3) data
acquisition board, National Instruments®, model
NI USB-6216, (4) DSP control boar

motor drive
Instruments, (6) three-phase
(0.5 cv, 4 poles, 1680 rp
supply, (8) PC running a

Figure 3 shows thegexp ental'Setup.

converter channels (3 ys conversion time), and
capture/compare peripherals with 32-bit timer
(100 ns of maximum resolution). The BoostXL-
DRV8301 board from Texas Instruments was
used for the three-phase voltage power stage.
The current sensing board was designed to
sense the line currents. Only two-phase currents
in this application were detected.

In this study, torque and rotation were estimated.
The IFOC algorithm was implemented and
tested, depending only on the knowledge of the
induction motor parameters and the sensors that
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measure the voltages and currents of the power
supply. Table 1 shows the parameters of the

three-phase induction motor.

Tablel. Parameters of the three-phase induction motor

Parameter Value
J(Kg.ml) 0.0766
L (H) 0.030
f(Hz) S0

n, 2

Parameter | Value
R.(Q) 1.8242
R (Q) 1.2314
L (H) |0.00545
L:. (H) | 0.00345
THE PROPOSED INDIRECT VECTOR

CONTROL ALGORITHM

The block diagram of the IFOC algorithm
embedded in the DSP microcontroller is shown
in Fig. 4. The different stages of the algorithm
proposed of indirect vector control are discussed
here.

1) Two out of the three-phase stator currents are
measured by means of the current sensors.
These measurements provide ia , ib , While ic is
computed as

iy =—a-p.

2) The three-phase currents are convérte
a two-axis time-variant syste '
provides the variables ia g
ia , b , and ic (Clark
transformation allows the nu
be reduced in the
electrical machiner
inductances in the sta

3) The two-a
(e, 1891

variant coordinate system

a time-invariant rotating

e rotor flux. The knowledge

r flux angle is necessary to execute

rmation, which provides the ig and iq

. For steady state conditions, id and
iq are constant.

4) Error signals are computed starting from the
reconstructed values of i; and i, and their

reference values. The i, reference controls rotor

flux, while the iq reference controls the torque
output of the motor. The error signals constitute

the input of the PI contr rovide v,

oltage vectors

drature voltage values, v, and vg.

) The v, and vy values are transformed back to
three-phase values, Vrefl, Vref2, and Vref3,
constituting the voltage reference for the space
vector PWM block, which can be used in

calculating the new PWM duty cycle values to be
applied to the motor.

RESULTS AND DISCUSSION

This experiment was performed to verify the
response of the IFOC control to changes in the
speed reference and load. Variations up to 1000
rom were made considering 200 rpm as the
operating point. Figure 5 shows the result of
IFOC control response tests on measured and
estimated speed changes.

The speed response of the motor without load
reached the reference (Fig. 5). Figure 6 shows
that the speed of the motor with load also
responded well to the variations that were made
(reference speed). The value estimated by the
controller was very close to the value measured
in the motor.
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Figure 4. Block diagram of IFOC algorithm
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Figure 5. Results of the estimated and measured speed changes with load.
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Figure 8. Graph of torque estimated by the system with

Figure 7 shows the behavior of the torque at
different speed levels without load, and Fi
shows the torque response of the moto

load.

The torque varied (Figs. 7 and 8 use
rotation of the motor shaft rolled
guantity. The control syst varied the

torgue to keep the rotation a
to the reference value (set point
rotation falls below, the reference value, the
system increases th@jtorque to increase the
i t otation is above the
system decreases the

torq he rotation. The torque
pe as a result of the Kp (proportional
gain) Ki (integral gain) variables of the

—integral controller. By increasing
the Ki value, the control system became
susceptible to oscillations; that is, the rotation of
the motor shaft could oscillate. The Ki value is
analogous to the spring elastic constant
(Hooke's Law). By increasing the Kp value, the
damping of the system was increased; that is,
while Ki is analogous to the properties of a spring,
Kp is analogous

% operties of a damper. The Kp and Ki

hould be used so that the system does not
scillate (undermined) or have response delays
(super-dense). A sub-damped system becomes
unstable when it oscillates. An over-stepping
system causes delays in response. The IFOC
control responded well to the variations that
were made (load and reference speed).
CONCLUSION
This paper presents a vector control IFOC
algorithm for three-phase induction motors. The
operating principle of the IFOC control was
studied, and the control responses to speed
reference changes and to torque were observed.
The proposed IFOC algorithm was implemented
and tested. In comparison with the DFOC, in the
IFOC control, no sensors or modifications are
required in the motor, since the rotor flux and
speed are estimated based on the mathematical
model and measurements of the motor currents.
The experimental results demonstrated the
efficiency and feasibility of the proposed IFOC
algorithm.
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