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ABSTRACT: A new Matlab/Simulink based simulation toolbox for studying and designing induction motor
field oriented control schemes is proposed in this article. It has advantages over other previous works published
since it is modular, flexible, interactive, easy to use, and the results are closer to the experimental ones because it
takes into account real complex effects, such as: motor core saturation, parameter variations with the speed and
temperature, sensor signal digital processing, and inverter real voltage waveforms. These results has been
successfully applied in teaching undergraduate and graduate courses at the authors’ universities for building,
identification and characterization of diverse control schemes, analysis of parameter effects, and design and test
of new controllers for field oriented control schemes in induction motors. Beside the theoretical and
computational basis of the toolbox, simulation results of an indirect field oriented control current regulated pulse
width modulation scheme are presented in the article as example. ©2009 Wiley Periodicals, Inc. Comput Appl Eng
Educ; Published online in Wiley InterScience (www.interscience.wiley.com); DOI 10.1002/cae.20396
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INTRODUCTION

The increase of factory automation has been an important factor
in worldwide industrial progress during the past several decades.
Manufacturing lines in industrial plants typically involve one or
more variable speed motor drives that serve to power conveyor
belts, robot arms, paper mills, plastic and fiber processing lines,
just to name a few [1].

Prior to 1950s all such applications required the use of DC
motor drives. But, since the 1990s the use of AC drives started to
be preferred [1]. In general AC drives often feature several
advantages over their DC counterparts, such as: lower cost and
maintenance, smaller motor size, and improved reliability [1—3].

However, the AC drives control scheme is more complex.
There are three main schemes, the scalar V/f control, the field
oriented control (FOC) and the direct torque control (DTC), each
one with several variants. In these control schemes the use of an
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inverter, controller blocks, and feedback signals processing is
involved [1—4]. Besides, the induction motor (IM) itself is not as
simple as the DC motor with separated field.

Perhaps, due to such complexity the study of AC drives is
usually performed on dynamic simulations, which involve a
lower cost than studies on a prototype but introduces some
simplifications. We have the case of the software SIMULINK®,
MATLAB® which has a power system toolbox for the study of
electrical machines [5]. Several MATLAB based machine and AC
drives simulations are also proposed in Ref. [6].

On the other hand, due to budget constraints, laboratories
associated to certain courses in engineering curricula are being
left out. They are often replaced by powerful and more realistic
simulations. For instance, a virtual electric machine laboratory
for simulating asynchronous machines, including magnetic
saturation effects, is reported in [7,8] for teaching purposes.

A Matlab/Simulink realization of DC motor for
speed control purposes is presented in Ref. [9]. They include
different control methods such as field resistance, armature
voltage, armature resistance and feedback control for DC motor
drives.
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Figure 1 Block diagram of induction motor model.

In Ref. [10] an educational software is presented for neuro-
fuzzy control of induction machines. The software has a flexible
structure and graphical user interface allowing easy changes on
neuro-fuzzy architecture and motor-load parameters.

A fully digital, real-time hardware-in-the-loop simulator on
PC-cluster, of electric systems and drives for research and
education purposes is presented in Ref. [11]. The simulator has
two main subsystems; software and hardware. The software
subsystem includes Matlab/Simulink environment, a C++
compiler and a real-time shell. The hardware subsystem includes
a data acquisition card, the control board, the sensors, and the
controlled motor.

In order to allow a deeper and more accurate study of AC
drives and machines, the main nonlinearities present in this
problem are considered in the simulation toolbox proposed in this
article. Seven modules named Set Points, Controllers, Trans-
formations, Inverters, Electro Mechanics, Sensors, and Miscella-
neous were developed, each one containing several blocks.
Beside, as example, six different FOC schemes ready to use were
included. In the simulation real complex effects are considered,
such as: motor core saturation, parameter variations with the
speed and temperature, sensor signal digital processing, and
inverter real voltage waveforms. Thus, compared to existing
simulation methods, the results obtained from the toolbox are
closer to the experimental ones, being also modular, flexible,
interactive, and easier to use. These conclusions were obtained
from teachers and students exposed to the proposed toolbox,
employed in several courses on AC drives and for research
purposes. Students and teachers were able to perform deeper
study of machines and drives, with faster simulations as
compared with previously used simulators, studying a larger
number of cases in the same period of time. Besides, the
characteristics of the toolbox developed here allowed students to
make more complex homework at their own.

Basic concepts of AC drives considered in the simulation
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toolbox are exposed in the second section of this article. In
third section, the proposed Matlab/Simulink based simulation
toolbox is described. Its blocks consider the effects of the core
saturation and motor parameter variations with the speed and
temperature, as well as the effects of the feedback signal
processing and inverters actual voltage waveforms. An example
of AC drives built-in based on the proposed toolbox is studied in
fourth section, presenting the simulation results. Finally some
conclusions are drawn in fifth section.

BASIC CONCEPTS ON AC DRIVES

In this section we describe in a general form all the phenomena
involved in the developed toolbox. We explain, from theoretical
viewpoint, all the modules included in the toolbox for induction
motor studies. Based on these equations toolbox modules were
developed as explained in the third section.

Induction Motor Model (Electro Mechanics)

In this study we employ the model of the induction motor based
on references [1—6,12,13], including internal and external
perturbations. The model consists of three modules: flux and
current model (FCM), thermal losses model (TLM), and electro-
magnetic torque model (EMTM), as shown Figure 1. These
modules are described in what follows.

The FCM solves the induction motor voltage equations,
taking into account a stator reference frame. The d—g equivalent
circuit is used [13], but considering time-varying parameters due
to skin effect in rotor impedance [14], influence of temperature on
stator and rotor resistances and rotor leakage inductance
variations due to the slip. The equations describing the FCM
for stator and rotor are the following:
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where R, L, o, V, I, and ¢ denote resistance, inductance,
electrical frequency, voltage, current, and flux respectively,
referred to rotor and stator on d—q axes. As mentioned before
parameters of these equations are time-varying taking into
account the following aspects.

« Stator winding resistance Ry depends upon its temperature
0, according to the following equation

Ry = Ry[1 + 0.004(6, — 69)] (23)

where 0 is the environmental temperature.

» Rotor winding resistance R, exhibits the same variation with
temperature as stator winding but also is a function of the
slip s, due to skin effect [14]. Its variation is given by the
following the relations:

R: = Ry[1 +0.004(0; — 09)], R0 =K; — K2v/s (2.4)

» The rotor leakage inductance L;, varies with slip, due to skin
effect too [14], and can be calculated using the formula:

Ly = K3 — K4/s (2.5)

Parameters K;, K,, K5, and K; can be obtained from
manufacturer’s technical bulletin data or by means of no load
tests [15,16].

¢ The magnetizing inductance L, is considered as a function
of the magnetizing I, current with a per unit typical curve
given by

meu = m313n + KmZIrzn + Kmllm + KmO (26)

In this equation, the coefficients depend upon the type of
motor [13].

Based on the knowledge of stator and rotor currents and the
value of the corresponding parameters, the TLM determines the
electrical losses in the motor stator, rotor and core. The electrical
analog thermal model, with lumped parameters, for stator, rotor
and core is shown in Figure 2. This module calculates the hot spot
temperature of the stator winding, magnetic core and rotor
winding, having as inputs the corresponding losses. Each node is
assigned to a thermal capacitance C and the heat flowing through
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thermal nodes is
[15,17—19,24].
The corresponding thermal state space equations are:

passed through thermal resistances R

B = LIPy — Goaba + Gusb]
B — L [P, + Gy — Gisbs + ]

dd_9[, = CLr [Pl' + Grses - Grrer}

(2.7)

where P,, P, P, are the magnetic core, stator winding, and rotor
winding losses, respectively, Gy, = 1/Ra + 1/Rs, is the total
core thermal conductivity, G,s = G = 1/Rs, is the mutual
thermal conductivity between magnetic core and stator winding,
Gy = 1/Ryy + 1 /Ry is the total stator winding thermal con-
ductivity, Gy = Gys = 1 /Ry, is the mutual thermal conductivity
between rotor winding and stator winding, Gy, = 1 /Ry + 1 /Ry is
the total rotor winding thermal conductivity, and C,, C;, C,; are the
corresponding magnetic core, rotor winding, and stator winding
thermal capacitances.

The EMTM calculates the electromagnetic torque 7, based
on the values of currents and flux linkages referred to the stator
[1—-6,12,13] utilizing the expression given by

TE = ISP((Pds’qs - (pqsids) (28)

where p is the number of poles.

Finally, the well-known mechanical load model used in
Refs. [1—6,12] considers the electromagnetic torque 7, and load
torque T}, as inputs, and the rotor angular speed o, as output. The
equations are

do, 1 do

(T, —Fo,—-T,) S =
@ o~ For—Tn) g = o

(2.9)

where 0 is the rotor angular position.

Inverters

All AC drives feed the machine through an inverter whose
type depends on the speed drive scheme. There are two main
inverter types, the voltage source inverter (VSI) and the current
source inverter (CSI). The pulse width modulation (PWM) as VSI
and the current regulated PWM (CRPWM) as CSI are widely
used in FOC schemes with sinusoidal modulation. DTC instead
is known by the use of a voltage selection table feeding a
VSI [1-4].

The PWM is a VSI fed by the control voltages, usually with
sinusoidal waveform and then sinusoidal modulation. Different
current controllers can be designed as inner loop whose output
feeds the inverter [2]. Figure 3 shows the block diagram of a
PWM inverter used in a FOC scheme.

Conversely to VSI the CRPWM is a CSI and includes
the current controller. It is fed by the output of the outer speed
or flux controller loops. Here two main controllers are studied,
the hysteretic (CRPWMH) and the sub-oscillatory one
(CRPWMS) as it can be seen in Figures 4 and 5, respectively
[2]. The hysteretic method guarantees a good dynamic
behavior. It is simple, and it can be developed in an analog or
digital way.

On the other hand, the sub-oscillatory or stationary
controller is probably the most used method. The CRPWM with
sub-oscillatory controller is shown in Figure 5.

The inverter used by DTC schemes has two main blocks, a
look-up table and the inverter itself, as seen in Figure 6 and
Table 1 [2].
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Table 1 DTC—Classic Look-Up Table
') T S, S, S Sa Ss Se
FI TI Vs V3 V4 Vs Ve Vi
= Vo vy Vo v, Vo v,
TD Ve Vi Vs V3 Vy Vs
FD TI 1A v, Vs Ve Vi V,
— v, Vo 12 Vo Vs Vo
TD Vs Ve Vi Vv, V3 Vy

FI/FD, flux increase/decrease; TD/=/I, torque decrease/
equal/decrease; S,: stator flux x sector; @, stator flux controller
output; 7, torque controller output.
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Coordinate Transformations

In order to control a three-phase induction motor a two coordinate
control scheme is usually used, as shown in Figures 8 and 9.

To convert sinusoidal signals from a two-phase control
scheme output signals into a three-phase motor signals a
transformation is needed, as well as the inverse operation
[1—4,6]. To this extent Clarke Transformation is used and shown
in Figure 8 where the a axis of the three-phase system is aligned
with the axis d of the two-phase system.

To transform signals from two-phase system to three-phase
system a 7, .3 transformation matrix is applied using the
following relationship:

Isa

The stator flux sector is determined with the vector flux isa | _ 100 ; To ) — 100
position p. Based on the sector and controller output of torque and isq| — | 0V3/3-v3/3 l.Sb 727 1 0v3/3-3/3
flux, the look-up table determines the vector voltage output *
according to Figure 7. (2.10)

Enable Code ; A !
>, " k :
- Look up ! Qs Qs i

—  wble [—* vy |
Sy —» L,: i
Qi Qs Qs ; Q4 Qs Q2 i
P O A
QG Q@ Qo i
ab 1 = Closed ! M;_ i
> 0= Opened i Inverter :
Figure 6 DTC—Optimal table inverter.
a b V3 V2
(010) (110)
S \ S, >
! ! \2 \
Tl 011 (100)
Vs Vi
(001) (101)

Stator flux position

Figure 7

Vector voltage (a, b, c) output

Classic sectors input and vector voltage outputs.
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Figure 9 Park transformation applied to stator current.

To transform from three-phase signals system into a two
phase one, the following transformation is applied
isa 10
iv | = | —1/2V/3/2

. 10
{’F“} Tys=| —1/2v/3)2
ise —1/2—/3/2

s —1/2—3/2
(2.11)

The Park transformation manages non-sinusoidal
signals and it is used in control schemes (e.g., FOC) where
amplitude and frequency of the sinusoidal wave are separately
controlled. This transformation handles two-phase signals, but
expressed in a different reference systems as shown in Figure 9
[1-4.6].

In Figure 9 p, is the position of the x—y reference system
with respect to the d—g system.

The coordinate shift from a rotating system to a fixed system
considers an e’ transformation matrix and is given by

{isd} _ ot {isx} _|cospy —senp, {isx}
isq Isy senp, COS P, isy |

ot — {cos P, —sen pg}

senp, oS P,
g

(2.12)

whereas the coordinate shift from a fixed system to a rotational
system considers the inverse transformation e Pz, which is the

following
. , -1
|:l'sx:| — P |:l.sd:| _ COSp, —senp, |:l'sd:| 7
iy isq senp, €osp, isq
sen p, isd
Cos Py | [ isq

Tsx cos p,
Iy —sen py

Feedbacks Signal Processing

(2.13)

Sensor processing signal issues are also considered in the toolbox
developed for simulation. Hall-effect current sensors, and their
filters, and A/D converter quantization process, are taken into
account. For the incremental encoder case, as speed sensor,
filtering and quantization processes were considered.

There are several current control loop which are digital.
Others, like the one used in the CRPWM inverter, are developed
in an analog way. Digital loops involve the sampling and
quantization processes. Due to the small sampling period used
at present (from 40 to 300 ps), it is possible to neglect the
errors present when sampling frequency is small. However, since
we work with digital numbers which can only take integer
(discrete) values, the quantization process and its influence in the
system dynamics needs to be considered. Besides, the AC drives
use filters due to the inverter harmonics presence. Its presence
affects the dynamic behavior of the system, which is considered
here.

The current sensor could have three components, the sensor
itself, a filter and an A/D converter. The A/D conversion considers
the sampling, fixing and quantization processes. Usually, a
Butterworth filter is also considered to improve the wave quality
and to prevent aliasing effects considering a cutoff frequency. Its
transfer function is
G(S) — 5 KSC
(1/2mfoc)"s% + 1.41(1/2mfoe)s + 1
where fq. is the filter cutoff frequency and K. its gain.

The A/D converter considers a gain and a quantizer to
achieve integer numbers. The converter gain is given by

2nh7 1

Uced

(2.14)

Keony =

(2.15)

where nb is the bits number and u.q is the converter maximum
tension [20—22].

To measure rotor speed an Incremental Encoder with three
pulse channels, is usually used. Two methods are considered by
the speed driver in order to obtain the speed from the pulse
signals; the frequencymeter and the periodmeter. The use of
the frequencymeter method is considered for high speeds. The
pulse number nps for the sampling period Ty, is determined by

TSV
nps = ?wr (2.16)

where o is the corresponding angle for each pulse, determined by
o = 2.1t/nenc, with nenc the number of pulse encoder per
revolution. Finally we obtain

Tsnenc

nps = ,
P o o

(2.17)



Due to the dependences of the total angle and the angle o of
each pulse, this method introduces a quantification error which is
higher for higher speeds. Thus, in this case a Butterworth filter
(with cutoff frequency fjs) is also considered in order to improve
the wave quality [20—22].

The use of the periodmeter method [20—22] is considered
for low speeds. A high frequency clock is used to determine rotor
speed through the expression

o
Tenc

o = (2.18)
where T, is sampling period of the clock determined by
Tene = nu/for, Wwith npe being the clock pulse number of
frequency fi,r. From these equations, the encoder speed output is
determined as follows:

Zﬂﬁlf
nenc

Npt = ([ON (219)
Finally, the speed of change from periodmeter to frequen-

cymeter is denoted as w.

MATLAB BASED SIMULATION TOOLBOX
DESCRIPTION

The different modules of the Matlab/Simulink based
simulation toolbox developed in this study are shown in
Figure 10a.

Each component of the proposed simulation toolbox
designed and implemented in this article is explained in detail
in what follows.
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1. SET POINTS module: Allows choosing different test
signals such as step, ramp, S type signals, etc., as can be
seen in Figure 11a.

These blocks represents the main command signals used in
closed-loop motor control studies, considering: single step,
double step, saturated ramp, ramp and step, two way double
ramp, single way double ramp, S starter and three-phase power
supply. All the windows associated to these signals ask for
the time of the different periods composing the command signals
and amplitudes. As example, the window associated to double
step box is shown in Figure 11b.

2. CONTROLLERS module: It considers a simple PID
controller as well as a sub-oscillatory (see Fig. 5), hysteretic
(see Fig. 4) and synchronic PID controllers, as shown in
Figure 12a. These controllers can be used in any of the
control loops of the FOC schemes shown in Figure 10b. For
instance the hysteretic PID controller is used in the flux and
torque control loops in the DTC scheme.

In all cases the controller parameters shall be defined as well
as some practical values like the saturation voltage. In Figure 12b
the window corresponding to the synchronic PID controller is
shown as example.

3. TRANSFORMATIONS module: Considers the Clarke and
Park transformations, as seen in Figure 13 and explained in
coordinate Transformations Section.

These blocks do not require any parameter definition and
they are based on relationships (2.10)—(2.13). All of them are

a IM FOC SCHEMES TOOLBOX
Set Points Controllers T2-=3 S Hedmnahari
F Transformations .
Iiscelaneous Sensars
b IM FOC SCHEME EXAMPLES
"0 "o "0
directFOCCRPYWIWS dired FOCCRPWIWH directFOCPWIW
indirectFOCCRPWIIS indirectFOCCRPWIIH  indiredFOCPWHK

Figure 10 Matlab/Simulink based simulation toolbox main window.
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i
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2

ok Cancel

Help

Figure 11 SET POINTS module. (a) General view. (b) Double step data input window.

fixed matrices, which in the case of the Park transformation
depends on the rho value (p,).

4. INVERTERS module: It is shown in Figure 14 and
simulates the different types of PWM inverters as
explained in Inverters Section.

These blocks consider the power electronic converters that
usually feed the induction motor in vector control systems. Each
window needs the definition of the commutation frequency,
the regulator parameters and the DC voltage bus. In Figure 14b
the window associated to PWM inverter is shown as illustrative
example.

5. ELECTROMECHANICS module: It is
Figure 15a.

exposed in

The Simple Load module simulates the mechanical load on
the motor axis. The Load with Perturbation module allows the
possibility of including load disturbances at any instant of the
simulation.

The input signals of the IM block are the three-phase
voltages, u,, up, U, the magnetizing current iy, (in order to
determine the magnetizing inductance), the rotor speed ®, and the
stator revolving field speed ®,. The rotor speed comes from
the mechanical load modules and the rest of the inputs from the
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a
2Ne m
PID

»la= Hla=® Mlsx*

uao ¥ uao ¥ uao
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i Al 3l
»lc* ¥lc* 3| lb
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Hic 3IC ¥la

PID Hysterethic PID

Suboscilatory Controller

Controller

Synchronic Controller

Block Parameters: PI Synchronic Controller X

Subsystem [magk)

Parameters
Proporcional Gain

|50
Integral Gain

2

Dernvative Gain

0

gaturation in

'd

QK Cancel

Help

Figure 12 CONTROLLERS module. (a) General view. (b) PID synchronic controller data input window.

control system. The IM input window asks for the motor
parameters and the mechanical load for the total inertia. The
outputs are the three currents i,, iy, i., and the motor torque M.,
which is the input to the mechanical load module. A module
considering the possibility of load disturbances is also included,
asking for the load mechanical characteristic and the time for the
application of the disturbance.

As additional information Figure 15b shows the window
corresponding to IM module.

6. SENSORS module: It contains the simulation of the
current acquisition system (including the filters), the
encoder and the gearbox for simulating the mechanical
transmission. There are three blocks involved as seen in
Figure 16a; the encoder sensor block (for simulating the

inherent characteristic of this transducer such as the
quantization error and its pulsed waveform), the current
sensor block (that includes the filter and the A/D converter)
and the gearbox position module (including the speed to
position conversion).

The encoder window ask for the number of pulses per
revolution, the cutoff frequency of the encoder filter, the
periodmeter parameters, the sampling period and the processor
clock frequency. The current data acquisition system needs the A/
D converter analog voltage and number of bits and the filter
frequency (see Feedbacks Signal Processing Section). The
gearbox position block only asks for the gearbox ratio.
Figure 16b illustrates the window associated to the encode sensor
module as example.
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Figure 13 TRANSFORMATIONS module. Park and Clarke transforma-
tions.

7. MISCELANEOUS module: Simulates the flux level
selector, and the slip and angle calculation for the indirect
and direct field oriented control schemes respectively (see
Fig. 17a).

The Direct FOC block calculates the rotor flux vector angle.
Its inputs are the currents i,, i,,, and the rotor speed ®,. The outputs
are the reference frame angle p,, the estimated magnetizing
current i, the estimated electromagnetic torque M., and
the frequency ;. It asks for the estimated rotor time constant 7},

the torque constant and the number of poles of the motor. The
Indirect FOC block calculates the slip o, for the indirect
field oriented vector based upon the two current components
isx, Isy and the rotor speed .. It asks for the estimated rotor time
constant and the number of poles of the motor. The Flux Selector
block is used for choosing the constant torque operation zone or
the constant power operation zone. It needs the nominal motor
speed and the nominal excitation current. In Figure 17b the
window corresponding to Flux Selector module is shown as
example.

Based on the seven modules already explained different
control schemes can be implemented for the IM. The toolbox
developed include six different FOC schemes for IM (see
Fig. 10b) that can be chosen by the user as ready to use examples
or as a starting point to develop new control strategies, such as
DTC. In the next section only one of these FOC scheme is
simulated in detail to see how the toolbox works in general.

CASE STUDY

Simulation results of a speed drive control based on indirect FOC
CRPWMS scheme are reported in this section. The following
blocks were adjusted with the values of the parameters indicated
in what follows.

o Set Point: A speed reference type Up-Down Ramp of
amplitudes [0 180 180 O]rad/s and instants of time
[0 25 35 50] s was used in the simulation.

A i la*
i uan p . uan p
b It Juao uan
ic* Ic*
sie ubn p " ubn p subo ubn
Iy Ib
ucn p ucn Auco A
p " PYM
CRPWHMS CRPWIMH Inverter
Inverter Inverter

Subsystem [mask)

Parameters
DC tenzion [)

|82

Triangular wave frequency [Hz)

(5000
Triargular wave amplitud V)

{10

o]

Cancel

Help |

Figure 14 INVERTERS module. (a) General view. (b) PWM inverter data input window.
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Motor de Induccidn [mask)
[resciibe el molor de induccidn bil&sico con sus pardmetos dndmicos.

Farameters

Prlies number

[4

Rotor parameters vanation coefficient
[ 0.0m 0.0077 0.001]
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[nosz

Stalos leakags inductance (H]
[0.o037

Staloe razisbence [ohim]

|038

Dperation stabor lenpesabura ['C)
|7

Dipsation oo lempenaturs [°C)
|7

Phate naminal tersion (W)
[220/5qn3)

Hermiral eguency (Hz]

]

ok |[ caneel |

Help

Figure 15 ELECTROMECHANICS module. (a) General view. (b) IM data input window.

Simple  Load: Electromechanic torque vector of
[23 23 23]Nm, speed vector of [0 80 200]rad/s, load
inertia of 2.6 kg m?2, motor inertia of 0.79 kg m>2, and zero
active torque load and initial rotor speed.

Induction Motor: Four poles, rotor dependence parameters
(K, K>, K3, and Ky) of [0.0825 0.0144 0.000344 0.000135],
magnetizing inductance of 0.0205 H, stator leakage
inductance of 0.0006745 H, stator resistance of 0.0385Q,
75°C of running temperature for the stator and rotor, 220/
\/ 3 nominal voltage, and 60 Hz.

CRPWMS: proportional gain 50, integral gain 10, saturation
voltage of 10V, CD bus voltage of 295V, 2kHz frequency for
the triangle wave with an amplitude of 10'V.

Indirect FOC: with a rotor time constant 7, of 0.155 and
four poles.

Flux Selector: with 182.5 rad/s nominal angular rotor speed,
and a nominal magnetizing current of 22 A.

Matlab Simulation Parameters: 50 s stop time, 0.002 fixed
step calculation method of ODES5 (Dormand-Prince) in
automatic mode.

a b Block Parameters: Encoder Sensor X

Speed change from frequencymeter to periodemeter [rad/s]

Cancel Help

dnwr wr k Subsystem [mask]
Encoder E Saanieis
Pudse number per revolution
Sensor
qcita wr K 50
Sampling perod of the frequencymeter (seq)
G ea‘rt.mx ]D.DE
Position
Filter cut frecuency (Hz)
qnia ia K |5000
qnib b K Clock frecusncy of the penodimster (kHz)
dnic ick [12000
Current ok ]
Sensor

Figure 16 SENSORS module. (a) General view. (b) Encoder sensor data input window.
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rho
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b ______

Mock Parameters: Flux Selector
Subspsbem [mask]

Palarsiers
Mecharical angular speed [rad/s]

Cocsl | He | |

Figure 17 Miscellaneous module. (a) General view. (b) Flux selector
data input window.

* Thermal Parameters: The following thermal parameters
were used in the study:
G, =400.21, 1/Q, Gy, = G,s = 2635.1, 1/Q,
Gy =0,1/Q, Gis = G, = 0.5167, 1/Q,G,, = 88.74,
1/Q, G, = G, =0, 1/Q, C, = 640,000, pF,
C, = 16,883, uF, C, = 85,685, uF
e Sensor Parameters: Other parameters used in the simu-
lations for current and speed sensors are:
nenc = 5,000, o, = 150rad/s, T, = 0.0005s,
fos = 100Hz, fir = 1,000kHz, K. = 0.33,
foc =1,000Hz, nb = 12, ueq = 10V

d
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45 50
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25 30 35 40
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20 25 30 35 40 45 5D
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Figure 19 Results without considering sensors signal processing. (a) Set
point and actual speed. (b) Speed error.
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Figure 18 Block diagram for the case study.
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Figure 20 Results considering sensors processing. (a) Set point and actual speed. (b) Speed error.

In Figure 18 is shown the block diagram corresponding to  parameters utilized and the motion sensor and current data
the case studied in this article. acquisition system were designed as in Refs. [20,22]. The
The speed and excitation controller were designed with the  simulation program was implemented with and without consid-
method explained in Ref. [23], the current limits and inverter ering the effects of the speed sensor and the current data
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Phase a current (A)
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Figure 21 Phase a current. (a) Without considering the sensors signal processing. (b) Considering the sensors signal

processing.

acquisition system. In Figure 19a the comparison between the
speed reference and the speed response without considering
the sensors signal processing is depicted. In Figure 20a the same
comparison is done but considering now the sensors signal
processing. Figures 19b and 20b show the speed error in both
cases.

Figures 21 and 22 show the evolution of current and voltage
on phase a, with and without considering the sensor processing
effects. A time interval from 30 to 30.1 s was chosen to show in
detail the waveforms obtained from the simulations considering
all the effects already described. From these figures it can be seen
that current and voltage waveforms, with and without considering
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Phase a voltage (V)
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Figure 22 Phase a voltage. a: Without considering the sensors signal processing. b: Considering the
sensors signal processing.

the sensor dynamics, are quite close to real waveforms found in PEDAGOGICAL AND TECHNICAL ADVANTAGES
experimental setups.

Figures 21 and 22 are just a zoom of the true current/voltage
waveforms to show in detail the waveform of those signals. The
whole current/voltage signals were not shown for the sake of The software has been successfully used in several courses in
space. The interval 30 to 30.1s was chosen as representative of ~ Cuba (CIPEL-ISJAEP) and Venezuela. In Cuba, at undergraduate
the steady state regime. The influence of the sensor dynamics is  level, the software has been used in the course Automated
clearly appreciated since Figure 21b exhibits more harmonic  Electrical Drives II given in the semesters 2006—2007,
content and the instantaneous values are larger as compared with ~ 2007—2008, and 2008—2009, covering 45 student on
those in Figure 21a. average per course. Thus, 135 students in total have been exposed

Pedagogical and Educational Issues
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to the software to develop laboratory work associated to the
course.

At graduate level (master degree program), the software was
used in the course Control of Positioning Systems during
the years 2007 and 2008, covering 36 students in all. The
software was also used in the development of an E.E. Master
Thesis in 2006.

In Venezuela, the software is being used at graduate level in
laboratory courses as well as E.E. Theses, as part of the Master
degree program given by CIPEL in three Venezuelan universities.
Thirty students have been exposed to the software during
2007—-2008 period.

Compared to existing simulation methods, the results
obtained from the toolbox developed here are closer to the
experimental ones, being also modular, flexible, interactive, and
easier to use. These conclusions were obtained from teachers and
students exposed to the proposed toolbox, employed in several
courses on AC drives and for research purposes. Students and
teachers were able to perform deeper studies of machines and
drives, with faster simulations as compared with previously
used simulators, studying a larger number of cases in the same
period of time. Besides, the characteristics of the toolbox
presented here allowed students to make more complex home-
work at their own.

Technical Advantages

The current Matlab/Simulink software includes a toolbox for
electrical drives containing limited models for electrical
machines and control components since they are mainly linear
and do not consider nonlinear phenomena whose influence in
machine’s behavior may become important. Some of these
phenomena are indeed considered in the proposed toolbox.

One of the phenomena taken into account here is the rotor
inductance and resistance variations due to skin effect. This effect
exists and it is intentionally emphasized by manufacturers to
increase the starting resistance (improving the starting torque)
and to lower the resistance during the normal operation
(achieving high efficiency). Something similar is obtained for
the rotor inductance. The effects are not relevant in steady state
regime studies but they make an important difference (produces
large errors) while studying transient periods, for example, in
control of electrical machines under FOC or other control
schemes.

If rotor resistance is considered constant and equal to the
nominal value the starting torque results much lower than the true
one and it may happen that under high load torque the motor is
not able to start in the simulation. On the contrary, if rotor
resistance is considered constant and equal to the starting value
the steady state regime speed will be lesser than the real one. The
proposed software considers in a simple fashion this variation since
the rotor resistance is made a function of the square root of slip.

Another improvement of the presented toolbox has to do
with the encoder to measure the speed. This device is based on
counting the number of pulses that can take only integer values.
Different counting methods give raise to different quantization
errors that may be important when determining the dynamical
behavior of the control system. The quantization error and the
sampling period are considered in the proposed toolbox.

Besides, the nonlinear nature of power converters, partic-
ularly the inverters, is also taken into account in the proposed
software. This makes the simulation process faster.

Finally, as far as evidence of the toolbox advantages is
concerned, we would like to mention that from Figure 19b an
error different from zero in the transient response and during the
stabilization is observed. This is due to field orientation loss. In
fact, notice that the orientation block has a fixed rotor time
constant 7, of 0.155, which is different from the true rotor time
constant which varies due to speed and temperature variations of
L, and R, respectively. This error is not observed in Figure 20b
when these variations are really considered.

CONCLUSIONS

A new Matlab based simulation toolbox for the study and design
of IM FOC schemes was presented in this article. The system is
modular, flexible, interactive and easier to use. The obtained
results are closer to the experimental ones since it considers the
effects of core saturation and parameter variations of the
induction motor due to the speed and temperature, as well as
the effects of the sensor signal digital processing and inverters
real voltage waveforms. As example, simulations results of a
FOC CRPWMS scheme using the developed toolbox were
presented, from which the advantages of the proposed toolbox
can be appreciated.

In the near future, additional controllers’ blocks will be
included considering: synchronous current control, fuzzy logic,
neural network, sliding mode and adaptive passivity based
controllers. The design of an OBSERVER module is also
currently being developed.
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