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Abstract:

In this thesis, a model reference adaptive system (MRAS) and Luenberger observer (LO) based
speed estimator is designed to control the speed of induction motor with no mechanical speed
sensor. The proposed method involves two models, reference and adaptive model for the estimation
of rotor fluxes and speed. The identified rotor fluxes from the Luenberger observer system
(reference system) are used for the identification of rotor angular speed in the adaptive model.
Induction motor is highly sensitive to motor parameter variation at low and zero speed. To
overcome this parameter mismatch stability analysis is carried out. So that feasible range of

operation is well known.

Model reference adaptive system (MRAS) and Luenberger observer (LO) based sensorless
speed estimator was analyzed in terms of different reference input tracking capability, torque
response quickness, low speed behavior, response of drive with speed reversal, sensitivity
to motor parameter variation. The system gives good performance at low speed and both
at no load and loaded condition. From the simulation results, the rotor speed is estimated
with a steady state error of 0.4% and good transient response with rise time of 0.023 second
and settling time of 0.05 second. Rotor flux is estimated with 0.024 second rise time, 0.2%
steady state error and settling time of 0.05 second. Stator flux is estimated with 0.02 second

rise time, 2% second steady state error, settling time of 0.03 second and 17% of maximum overshoot.

The proposed sensorless vector control operation is verified by simulation on MATLAB/Simulink
and closed loop demonstration using Texas Instruments HVMTRPFCKIT with TMS320 F28035
DSP piccolo control card on 180w induction motor. From the demonstration work the rotor speed
of the motor with maximum steady state error of 0.1800537% has been achieved under no load

condition.

Keywords: Induction motor, Vector control, Direct field oriented control, MRAS, LO, Sensor-less,
Low speed, Piccolo™ TMS320F28035 Control Card
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Introduction

1.1 Background of the Study

For many decades DC motors were widely used for variable-speed drive, for their flux and
torque can be controlled in simple way, that is by varying armature current and fixing field flux.
Specifically, separately excited DC motor is much easier to control. For this reason, it is used in
areas where fast response and four quadrant operation with high performance at low speed is
required. However, existence of commutator and brushes in DC motors raises need for intermittent
maintenance. Some disadvantages occurred by the commutator and brushes are maximum cost,
unable to be used in explosive or harsh environments and under high voltages and speed the

commutator performance is poor. [34].

To overcome these drawbacks alternating current motors are a good choice as they are simple
and rugged in structure, economical (no need of frequent maintenance), they are also robust and
resistant to heavy overloading. Compared to DC motors the dimension of AC motors is smaller, this
allows AC motors to be designed with noticeably better output rating, and give a better response for
low weight and rotating mass [34]. Although it has all these advantages, its usage was limited. But
in recent years’ advancement in field of power electronics, ongoing trend toward fast switching
frequency static inverters, cheaper and more effective power converters make AC motors famous
in multi-motor systems. From different AC motor drives, cage induction motor has a better cost
advantage. It is simple and robust and cheapest of all available motors of the same power rating.
With an advancement in static converters, their outstanding speed control capabilities, variable
speed drives and torque control can compete with high performance four quadrant DC motor drives.
Field oriented control technique integrating fast microprocessors and digital signal processing
(DSP) have made possible induction motor to replace DC motors. However the sensored speed
control of induction motor still has drawbacks, that is, mechanical sensors are expensive, could
be damaged and insulation is difficult. Consequently finding ways to get riding out of these
sensors have been great interest in the research community for more than three decades. And
developing a high performance induction motor drive independent of sensor is still a hot research
area. Therefore, observers have been suggested to overcome the problems with sensors, which

gives rise to the concept of sensor-less speed control. Sensor-less speed control of induction motor
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is a better choice, as it has lower cost, reduced size of motor body, and absence of sensor cables.
For all these advantages sensor-less speed control mechanism has got many application in areas
where speed regulation and load torque immune and speed tracking is needed, although estimation

of the rotor speed is dependent on the variation of the motor parameters [34].

In sensor-less speed control of induction motor terminal voltages and currents are used to estimate
the speed [36]. This method includes open loop speed calculator and closed loop speed estimators
where the correcting feedback is used with the motor model itself to increase the estimation accuracy.
Closed loop speed estimation techniques are many in numbers, some of them are Model Reference
Adaptive System (MRAS), Extended kalman filters (EKF), Luenberger Observers(LO) and Artificial
Neural Network (ANN). All these closed loop methods are motor parameter dependent; therefore
parameter variations can decrease speed estimation accuracy. But still these observers are good

choices for fast speed estimation and, are suitable for direct use of speed feedback control.

1.2 Statement of the Problem

Sensor-less speed control of induction motors (IM) has been broadly studied and presented in many
literatures, as expelling of speed sensor brings on the aftermath of lower cost and size, higher
reliability and non frequent maintenance requirements. Observer-based analysis methods are very
universal and versatile. It provides robustness as well as higher accuracy over a wide speed range

with comparatively simple for realization [39].

Many machine (induction) control strategies have been developed. The Field oriented control
(FOC) and Direct torque control (DTC) are industrial standard. Both are high performance, but
also suffer from certain disadvantages [23, 3]. FOC uses multiple co-ordinate transformation
to decouple torque and flux components of the machine. DTC uses two hysteresis comparators
for torque and flux control and a predefined lookup-table containing the voltage vectors, which
generate the switching pulses for the inverter. The two hysteresis comparators establish very large

amount of torque ripple which worsen in the lower speed range [3].

In sensor-less speed control of induction motor, low speed and frequency performance are the main
problems [22]. Speed estimation with Kalman Filters or Extended kalman filters (EKF), Luenberger
observers or Extended Luenberger observers (ELO), Model eference adaptive controller (MRAC)
or Artificial Neural Network (ANN) are the best estimators. However, they are computationally
intensive and the choice of weighting matrices is difficult for the case of EKF and ELO, for
MRAC its adaptation mechanism is simpler to design and easy to implement but it has problems
of estimating accurately at low speed range [28, 36]. And for the ANN case training the neural
network needs to get right data for all possible cases for a high accuracy estimation and it is

application specific [33].

A lot of MRAS schemes based on rotor flux, reactive power, active power, electromagnetic torque,

fictitious quantity and back emf are available in many literatures. Rotor flux based MRAS is the

Addis Ababa University,AAiT,School of ECE 2



1.3 Literature Review Chapter 1

simplest approach to estimate the speed of AC machine drives compared to others [3].

Luenberger observer gives good estimation result at low speed (3rpm or 0.314 rad/sec) and low
frequency range [39, 33]. And as stated above, Model reference adaptive controller is simple to
design and best choice for adaptation law design, for other than low speed range. So in this thesis
basic Luenberger Observer and Model Reference Adaptive Controllers are associated to use the
advantage of Luenberger Observer at lower speed and frequency range and advantage of model
reference adaptive controller at higher speed range, for its simplicity to implement and design of its

adaptation law.

1.3 Literature Review

A comparative study among Luenberger observer, Sliding Mode Observer and Extended Kalman
filter for sensor-less vector control of induction motor drives was carried out by (Y.Zhang, Z.Zhao,
T.Lu, L.Yuan, W.Xu and J.Zhu, 2009). All the three observers show high accuracy at high speed
operation. Both Sliding Mode Observer (SMO) and Luenberger Observer (LO) can operate at very
low speed of 15rpm with full load and 3rpm under no-load condition. SMO response showed more
ripples, may be caused by the sign function. The simulation and experimental result demonstrated
that LO and SMO showed strong robustness to motor parameter deviations, such as stator resistance,
mutual inductance, and so on. At low speed range, robustness of Extended Kalman Filter (EKF)
relative to both SMO and LO was mediocre. For EKF, initial value determination of matrix Q and
R is problematic. The computational complexity of SMO and LO are nearly similar. LO and SMO
provides similar overall performance at steady state and low speed operation but SMO is resistant
to parameter variation. EKF is the most convoluted to implement it in DSP. However, EKF has best

noise immunity. LO and SMO are Pragmatical than EKF.

Sensor-less vector control and selection of observer gain for speed control of indirect vector control
induction motor drives by (S.Saha and B. Nayak, 2017) was done to compare the performance
of LO and MRAS. The Model Reference Adaptive Control scheme for speed estimation posses
slow dynamics compared to Luenberger adaptive control scheme. The input tracking capability is
slightly affected during transient state with overshoot of 14.31%. The speed overshoots to 1310
rpm for 1146rpm step input, in model reference adaptive control method. The settling time of both

methods is same(1.9second).

Model Reference Adaptive System with simple sensor-less flux observer for induction motor drive
by (M. R. Khan and A. Igbal, 2012) was studied by associating the LO with MRAS. In practical
case the voltage model fails at lower speed because of dominant effect of stator resistance and
DC drift. Therefore, they replaced voltage model by a simple closed loop observer(LO) with
proportional gain (G). A good tracking capability even at very low speed range is achieved. The
rated speed response has (Rise time 1 sec, Settling time 4 sec, and Overshoot 10%) and rated rotor

flux has (Rise time 1.5 sec, Settling time 8 sec, and Overshoot 9%).

Addis Ababa University,AAiT,School of ECE 3
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Non-proportional full-order Luenberger observers of induction motors was studied by (T.Biaton
, A. Lewicki , M.Pasko and R.Niestrdj, 2018). Among all types of Luenberger observers,
only proportional ones are commonly applied in induction motor control systems. A typical
non-proportional observer is a proportional-integral observer that provides stronger reconstruction
error attenuation than a proportional observer. The greater the number of integrators, the stronger is
compensation of reconstruction errors caused by the presence of unknown disturbances. However,

when more integrators are applied, observer’s robustness against measurement noises is less.

All of the aforementioned techniques present a good performance. But in term of fast response,
good transient, steady state response, and low speed performance of the DFOC involving LO and
MRAS with PI compensation used for the sensor-less speed estimation is superior. In addition

robustness against parametric variations, external disturbance rejection is good.

1.4 General and Specific Objective of the Study

The general objective of this thesis is to design and show closed loop practical demonstration of
Model Reference Adaptive Controller and Luenberger Observer model for speed estimation of
IM which overcomes the estimation problem at low speed, load torque variation and problems of

mechanical speed sensor, and with specific objectives of:
e Design and implementation MRAC and LO model for speed estimation
e To design PI speed and current controller for the induction motor

e Estimation of the rotor speed, rotor and stator flux

1.5 Methodology

Implementation of a sensor-less speed control of induction motor using Luenberger observer and
model reference adaptive system speed estimator is shown in Figure 1.1. In this thesis work,
Direct field oriented control method is used for sensor-less speed control of induction motor. To
overcome the problem of estimators at low speed, the Luenberger Observer and Model Reference
Adaptive Control models are designed with PI adaptation for the Luenberger gain part instead
of only proportional gain, which makes this approach different from previous works. The added
integrator makes stronger compensation of reconstruction errors caused by the presence of unknown
disturbances. Reference model (LO) is used to estimate stator flux (current) and the adaptive model
is used to estimate the rotor flux. The PI gains of the adaptive controller are calculated by finding
the transfer function from the system block diagram. The mathematical modeling of the induction
motor is derived from it’s equivalent circuit diagram. Based on the mathematical modeling overall
block diagram, simulation using MATLAB/Simulink is performed, and closed loop practical
demonstration using Texas Instrument HVMTRPFCKIT with Piccolo TMS320 F28035 control

card is carried out.

Addis Ababa University,AAiT,School of ECE 4
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Figure 1.1: General block diagram of LO and MRAS based sensorless speed control of induction motor
updated from [37]

1.6 Thesis Organization

This thesis contains six chapters, including this introduction part. The remaining chapters are

organized as follows.

In the second chapter, Park and Clarke transformation, dynamic modeling and control methods are
discussed. Current and flux controller are designed. At the end of this chapter, Space Vector Pulse

Width Modulation implementation and two level inverters are also discussed.

In the third chapter, induction motor speed estimation methods are discussed in detail. Stator
current based Luenberger Observer and rotor flux based Model Reference Adaptive System are
designed. At the end of this chapter stability analysis using Lyapunov’s stability and Popov’s

hyper-stability analysis are discussed.

In the fourth chapter, the drive system is designed in MATLAB/Simulink. It is simulated for
different input values of rotor speed and flux and the simulation result is interpreted. In addition
load torque variation and motor parameters variations effect is on the performance of the model is

discussed.

In the fifth chapter, the closed loop experimental implementation set up, hardware and software
requirements, control algorithm development are discussed. Moreover, demonstration using Texas
instrument TMS320F28035 control card on general purpose AC induction motor is presented and

the output is discussed.

In the last Chapter conclusion of the overall work is concluded, and recommendations for further

work are given.

Addis Ababa University,AAiT,School of ECE 5



Induction Motor Drive

2.1 Introduction

For its relatively low cost, simple and rugged construction, non frequent maintenance requirements,
and good operating feature, induction motor is the most commonly used type of AC motor. Induction
motors range in size from a fractional horse power to about 40,000hp. Fractional-horsepower
motors are usually single phase and are used widely in home, such as refrigerators, washers, dryers,
and blenders. Large induction motors (usually above Shp) are always designed for three-phase
operation to achieve a constant torque and balanced network loading. In particular, where very
large machinery is to be operated, the three-phase induction motor is the workhorse of the industry.

In contrast to DC motors, induction motors can operate from supplies in excess of 10kV [7].

2.2 Dynamic Modeling of Induction Motor

The objective of the induction motor model is to give a ground to the simulation software and to
understand how the model is implemented. The control system and estimation procedures are
definition of a mathematical model of the machine. It is also necessary for simulation studies.
In order to model the induction motor some simplifying assumption taken are, the machine is
three-phase symmetrical, an air gap is constant, Iron losses are negligible, magnetic circuit is linear,
without a saturation effect, motor parameters (resistance, inductance) are constant, conductor skin
effect is neglected, stator windings are distributed spatially, power losses in the magnetic elements

are negligible and stator winding is star connected without a neutral conductor [9].

For good understanding of dynamic modeling different reference frame transformations should be

discussed first although not in detail.

Three Phase Park Transformation

Park transformation is a well-known conversion that transforms the three phase quantities into two
phase synchronously rotating reference frame for three phase inputs. The transformation has the

following form [32]:
[Tago] = [Taqo(8a)] [fave] @.1)
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Where the dq0 transformation matrix is defined as:

5 cos@;  cos (Gd—%”) cos (Gd—i—%”)
[Tago(8a)] = 5 | —sinby  —sin (84— %) —sin (6, + %) (2.2)
1 1 1

2 2 2

The relation between 6, and 6, is given by :

Gq =0,;+90° 2.3)
Three Phase Clarke Transformation

The Clark transformation is used to transform three phase quantities to two phase quantities. The o

-axis coincides with the phase a-axis and the -axis leads the o -axis by 90°.

p-axis

b- axis

a-axis

c- axis

Figure 2.1: Two phase variables in stationary reference frame [9]

[fapo] = [Tupo] [favc] (2.4)

The transformation matrix [Ta BO] is given by:

L
2
Tupo) =5 |0 3 -/ 25)
1 1
2 2 2

The inverse transformation is given by:

1 0 1
Tapo) "= |- /3 1 (2.6)
_% _\/g 1
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2.3 Control Methods of Induction Motor Chapter 2

The dynamic model of the induction machine for a rotor-flux oriented vector control application

can be expressed in a synchronously rotating reference frame (d-q) is given by [18]:

[ (Re | LR, RyLy, Ly, | Uy
Lsq (ch T oL e oLL? oLl | | I oL,
2 U,
I _ _ Ry Lin“R, _ L@y RyLy I Sq
4 | 1sq = De oLy T oL,L,? OLL, oLL,2 4| 4 | oL 2.7)
dr |y Reln 0 Ry, | |V 0
RyLiy _ _R 0
Yiq i 0 L Wsip 7 ] LV
Ll112

where: o =1-— 7%
For perfect decoupling control, the total flux needs to be aligned with the d-axis, so that the g-axis
rotor flux is set to zero and the d-axis rotor flux remains constant [20].

The updated model will be:

_ R; Ln12Rr RyLy, Usa
d Isd (ch.v + oLerz) @, oL,L,? Isd st
— = — (R 4 Lu’Re Lo, Usq 28
dt Isq @e (GLS torns) obr | | Ba| T 5L (2.8)
Yha Ly 0 & | |y |0
r r

As clearly seen in equation 2.8, flux and current are coupled, i.e one affect the other. So we have
to find a mechanism to make one independent of the other or simply we have to decouple them.

Asin [19], it is possible to update the existing model one more time, so that decoupling is succeeded.

1 .
d L - (cﬂ:_v + or?) 0 0 L 1 Vsa
T | = 0 ~(Get52) 0| | hy| o [ @O
Vyd L 0 —L] |V 0

. L, L, depl dcepl
where: 7, = IT'H Ts = Rfa Via* = Ugqg — VgV, qu* = Usq - Vsq -

depl Ly,
Vsd 14 B Welsq + oL T, Yy (2 10)
depl | — L, .
Viq —Welsq — oL 7, Vrd
And the electromagnetic torque equation becomes:
3pL,
TeZEETrWr sq (2-11)

Where p is number of poles.

2.3 Control Methods of Induction Motor

The speed or position control and estimation of AC machine drives are more complex than DC drives.
This complexity exacerbates substantially if high performance is in need. This complexity arises
from the need of variable frequency drive, harmonically optimum converter power supplies and in
addition, complex dynamics of AC machines, machine parameter variations and the difficulties of

processing feedback signals in the presence of harmonics [4].
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Scalar speed control

As the name indicates, it takes into account only magnitude variations and coupling effect is not
considered. Compared with vector control (to be discussed in a while) where both magnitude
and phase are controlled, it is some what inferior in performance, although easy to implement.
Scalar controlled motors widely used in industries. However their need is highly diminished
due to superior performance of vector control. Vector control (Field oriented control) has been

implemented to manage the shortcomings of the scalar [14].
Field Oriented Control

Vector control, also called Field oriented control (FOC), is a variable frequency drive (VFD) control
method. The stator currents of a three phase induction motor are transformed to a two orthogonal
components. This technique decouples the transformed components of stator current space vector:
one providing the control of flux and the other providing the control of torque. The two components
are defined in the synchronously rotating reference frame. With the help of this control technique
the induction motor can replace a separately excited DC motor. The scalar control technique is
easier to implement, but as stated above, it has the coupling effect which is responsible for the
sluggish response, this leads to instability due to higher order system effect. The main effort is to
replace DC motor by an induction motor and merge the advantages of both the motors together into

variable speed brush-less motor drive and eliminate the associated problems [35].

Variable speed or adjustable torque control of electrical motor drives are crucial components in
almost all modern industrial manufacturing processes. The best part of field oriented control is, it
decouples the torque and flux components of the machine by multiple co-ordinate transformation,
with a suitable modulator to generate switching pulses for the power converter to control the
machine. For all above mentioned reasons, this method provides very fast dynamics in speed control
loop [3]. These days field oriented control (FOC) are the best performing methods [15, 35] . FOC

is more advanced control method widely utilized in the algorithm of induction motor driving system.

FOC method is widely used for three-phase electric drive systems [11]. Using this method, we can
get three-phase AC motors acting similar to separately excited DC motors (create flux and generate
torque). Classical structure of field-oriented control for three-phase AC drives using induction
motor need a speed sensor such as shaft encoder for speed control. But installation of encoders is
difficult and costly. Likewise, this method with a flux estimator does not work in a low speed region
well, because it is very sensitive to the offset of the voltage sensor and stator resistance variation.
So sensor-less field oriented control can overcome the stated drawbacks. Advantages of sensor-less
field oriented control are Improved torque response, Reduction in size of motor and cost, Reduction

in power consumption and Dynamic speed accuracy[35].
Principles of Field Oriented Control

There are two approaches to get the flux vector, direct field oriented control(DFOC) and indirect

field oriented control(IFOC). The two methods differ in the way the rotor position is determined. In
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direct FOC the rotor flux position is directly measured from the air gap flux using a suitable sensors
or deduced from integration of the back EMF, while in indirect FOC, the rotor flux position is
obtained from slip speed computation. The major weakness of IFOC approach is, it is centered upon
the accuracy of the control gains which, in turn, depend to a great extent on the motor parameters
assumed in the feed forward control algorithm [35].
As stated in [20] the indirect field-oriented control is sensitive to some uncertain parameters. It is
give by:

6= [ (@ + o) 2.12)

where 6, and , are rotor flux position and rotor speed respectively.

As stated in the [38] structure of direct rotor magnetic field oriented FOC uses two closed loops:
the first loop is fed back by rotor flux linkage and direct axis current, and the other loop is fed back
by the rotor speed and quadrature axis current. Therefore, the accurate acquisition of the rotor flux
linkage and velocity guarantee the excellent performance of Direct FOC drive. So this method is

chosen for this thesis.

2.4 Controller Design

Induction motor dynamic model based controller can be designed from equation 2.9. Transforming

equation 2.9 to the block diagram, as in figure 2.2.

ugg | 1 1 kg | Im

OLg S el 1+ 7§
OTs 07y

Y

P1

v

p 4 PI

rotor i J d-axis stator
flux controller ¥ current controller

28
g ’ u 1 Isq v
% 4L IS S
ot i - RN PI | —%——| »| » X
= 3me¢dr OLs e L Y
Pl rotor i q-axis stator a7y O
speed contoll s
| speed contoller 29| current controller
3PLm
I
4Ly
1 I

Js+B |

Figure 2.2: Model based induction motor drives[19]

Y, is rotor flux obtained from measured motor current model and iy, is q-current measured from
the motor model. The transfer function of the plant for the controllers of the vector controlled
induction motor drives can be derived as follows [19].

For the d-axis current controller designing as clearly seen Uy, is an input and /Iy, is output to the

Addis Ababa University,AAiT,School of ECE 10



2.4 Controller Design Chapter 2

corresponding part of plant as shown in figure 2.2. Using the above stated concept the controller

can be designed as follows:

1 1
OLg S+ 1 1- 0
O-TS O-Tr

—> lsd

Usg_y)

A 4

Figure 2.3: D-axis current controller block

Let the transfer function from Uy, to Iy; be Gi4(s) : then

1 1

Isd oL 5L
Gl = gy M = (2.13)
Ol TR T
For g-axis current controller :
1 :
» - Sq
OLg S+ 1 ,1-0 >
OTs 07

I oL, oL
Grqls) = L = : = : 2.14
W) =73, st e s Biien @19

For rotor flux controller :

i Lm

sd—» ’SUrd
1+ 7S

Figure 2.5: Rotor flux controller block

Ly
Vrd T
Grx(s) = . 2.15
flx( ) Isd s+ 7;% ( )
For speed controller :
I 3PLm 1

Sq—

> (6))
4Lr rd Js+ B r

Figure 2.6: Speed controller block
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k
, T 3PL,, v,
Gop(s) = = —In_ \yhere : k = 2—m¥rd (2.16)
Isq s+ E 4Lr
The transfer function of current is give by:
I 1 1
Gis)=>=— b =% 2.17
=y = I NN & @17
ki
C(s):kp—l—? (2.18)
After some rearrangement the PI controller will be
k, (s + ,’:—’)
C(s)= ——"~ (2.19)
s
1 k, (s + ,f—')
Gi(s)C(s) = ——2L—x L (2.20)
st s T
Applying a pole-zero cancellation to equation 2.20
ki , —0T
2o L+ —0% (2.21)
k, O T, T,
k, = BW.0L (2.22)
T+ 1T, —OT,
ki = M.BW.GLS (2.23)

OT,T,
where BW, bandwidth of the controller.
All the above computed controllers are in continuous time domain. But for real time applications,
they all must be converted to discrete time domain.
Controller design in discrete time domain involves some steps. First calculating the open loop
transfer function of the plant, then deriving the loop gain of the control system using a pole-
zero cancellation method and finally deducing the parameters of the controller for the specified
bandwidth.

Block diagram of the current controller in discrete time domain is given in figure 2.7.
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Decoupling
Term

I. T Vs Is
> T C(s) J%’ GZOH(S) " G|(S)

v

Figure 2.7: Current controller block-diagram [19]

PI controller in discrete form for T sampling time:
STEP 1: The open loop transfer function of the plant in discrete time domain can be computed as

follows: Applying Z-transfom (backward Euler) to equation 2.18

kl‘ TZ

C(z) =k, + p— (2.24)
After some rearrangement equation 2.24 will be

k,+kiT)z—k

C() = ATk (2.25)
z—1

1—exp(—T

Gon = f( ) (2.26)
I(z)
=C(2).Z|G .G 2.27
L) (2)-Z[Gzon (5)-Gi(s)] (2.27)
k —oT,

L) (kp+kD)ng G i)l —exp(— =575 T)) (2.28)

Ali(z) Lot +7,—07)  (z—1)[z—exp(—ZLE=0%)]

OT, Ty

STEP 2: Deriving the loop gain of the control system using a pole-zero cancellation method.

k, T+ T, —OT,
= _— 2.29
k, + kT exp( o7 T, ) ( )
writing k, interms of k;:
| exp(- ST kT o)
Pl —exp(— EORT) .

Substituting equation 2.29 into equation 2.28:

r+ s S
IS(Z) _ (kp +kiT)TrTs (1 o eXp(_T Gr’frf.?-r T)) (2 31)
AL(z)  L(t+t—o07) (z—1) '

STEP 3:

Deducing the parameters of the controller for the specified bandwith:

Addis Ababa University,AAiT,School of ECE 13



2.5 Space Vector Pulse Width Modulation Chapter 2

The closed loop transfer function is

(kp+kiT) 7,7, (1—exp(— TLE=0BT))

I : — : Otrts
*S(Z) _ Ly(t+1,—07Ty) I 2.32)
I*s(z) 14 (kp k)57, (1—exp(— TEB=05T))

OTrTs
Ly(t+7,—07;)

The bandwidth of the first order system is given with its corresponding representation in discrete

time-domain is [19]:

BW . 1—exp(—BW.T)

Z|G S = 2.33
(Gzon( )s+BW z—exp(—BW.T) (2.33)
Comparing equation 2.32 and 2.33 results in:
1— —BW.T)|L —
ky+ kT = L NEs(% + % — 0%) (2.34)
TrTs (1 - exp(— T;-J;T;;E:FTS T))
Substituting equation 2.30 into equation 2.34:
1 —exp(—BW.T)IL o1,
T 7T
exp (—%T) [1—exp(—BW.T)|Ls(T, + T, — OTy)
k, = (2.36)
T T, (1 —exp(— g T))
With the same procedure flux controller gains :
1— —BW.T
ki = exp( ) (2.37)
L,T
exp (—%T) [1 —exp(—BW.T)]
ky = ’ (2.38)
(1 — exp(—%T)) Ly
Speed controller gains :
1 —exp(—BW.T)|B,»,
i, — L= exp( )] (2.39)
T
exp (—%T) [1 — exp(—BW.T)|B.
k, = “ (2.40)

(1 —exp (—%T))
2.5 Space Vector Pulse Width Modulation

Space Vector PWM (SVPWM) refers to a special technique of determining the switching sequence
of the upper three power transistors of a three-phase voltage source inverter (VSI). In power
electronic converters, the electrical energy frequency is converted from one level of voltage/current/

into another using semiconductor-based electronic switch. Application areas of power electronic
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converters are improved much in semiconductor technology, they offer higher voltage and current
ratings as well as better switching characteristics. The main advantages of modern power electronic
converters are higher efficiency, less weight, smaller dimensions, fast operation, and higher-power
densities. The switches are operated only in one of two states, either fully ON or OFF, unlike
other types of electrical circuits where the control elements are operated in a linear active region.
This is the best characteristics of these types of circuits. There are many modulation techniques
available now a days, but the SVPWM technique is the most popular technique due to its efficient
DC bus voltage use and easy implementation [1]. To reduce the harmonic contents in the inverter
output, SVPWM based Voltage source inverter circuit is a best choice. In this method, a revolving
reference vector is used to provide the reference voltage. The voltage magnitude as well as the
frequency of the reference vector are used to efficiently control both the line voltage magnitude as
well as the line frequency. Thus, the effective THD can be minimized by the introduction of this

control technique at the inverter side [14].

The idea of the SVPWM relies on depiction of the inverter output voltage as space vectors. Space
vector depiction of the output voltages of the inverter is realized for the implementation of SVPWM.
Space vector at the same time represent three-phase quantities as one rotating vector, therefore each
phase is not considered on an individual basis. The three phases are taken as only one quantity.
The space vector depiction is valid for both transient and steady state conditions in contrast to
phasor representation, which is valid only for steady state conditions. The rotating air-gap MMF
in a three-phase induction machine brought the concept of space vector. By supplying balanced
three-phase voltages to the three-phase balanced winding of a three-phase induction machine,
rotating MMF is produced, which rotates at the same speed as that of individual voltages, with an

amplitude of % times the individual voltage amplitude [1].

SVPWM is a relatively new and popular technique in controlling motor devices. In the space
vector PWM method, the output voltage is approximated using the nearest three output vectors
that the nodes of the triangle containing the reference vector in the space vector diagram of
the inverter. When the reference vector changes from one region to another, it may induce an
abrupt change in the output vector. In addition we need to calculate the switching sequences and

time of the states at every change of the reference voltage location. The space vector is defined as [1]:

2 i j4m
fx:§ fateTfrtesf, (2.41)

where: f,, fp, fc could be three phase voltage,current or flux quantities.
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beta-axis
(010) (110)
7 2 4
f" . Sector 11 \“\
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Figure 2.8: Voltage space vector locations corresponding to different switching states [1]

A circle inscribed inside the state map corresponds to sinusoidal operation. The area inside the
inscribed circle is called the linear modulation region or under-modulation region. As seen in
Figure 2.8, the area between the inside and outside circle of the hexagon is called the nonlinear
modulation region or over-modulation region. The concepts in the operation of linear and nonlinear
modulation regions depend on the modulation index, which reflects on the inverter utilization

capability.

The Space vector pulse width modulation technique has the following some additional advantages,
such as third-harmonic injection ability, better DC-link utilization and less commutation losses as it

prevents unnecessary switching.

2.6 Implementation of space vector PWM

The target of the SVPWM control of the inverter switches is to synthesize the desired reference
stator voltage space vector in an optimum manner with objectives of constant switching frequency
fs, Smallest instantaneous deviation from its reference value and Maximum utilization of the

available dc-bus voltage.

The relationship between the switching function and the phase voltage is given by [32]:

Van 2 -1 =1 |71,

Vdc
V| =5 [-1 2 =] |T (2.42)
Ven -1 -1 2 T.
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Vs

Vref
T2 T

4-)05 Th V1 .

Figure 2.9: Voltage space vector locations corresponding to different switching states [9]

SVPWM implementation procedures :
e Determine angle (&) and reference voltage V. from the input voltage components.

e Determine the sectors.

Determine the adjacent space vectors V; and V5.

Determine time duration T, Tj, Ty using sampling time and angle (o) .
e Determine the switching time duration at any sector.

Step 1 : In the SVPWM, the three phase output voltage vector is represented by a reference vector
that rotates at an angular speed of @ =27 f. The SVPWM uses the combinations of switching
states to approximate the reference vector. A reference voltage vector ( Vs ) that rotates with
angular speed in the plane represents three sinusoidal wave forms with angular frequency in the
coordinate system. The three phase voltages could be described with only two components and
in a two dimensional plane. The magnitude of each active vector is 2‘% The active vectors are
indicated by the hexagon boundary. The locus of the circle projected by the space reference vector
depends on the occurrence of 8 possibilities. i.e 2° = 8 of which 2 are idle, i.e (000) and (111) as
indicated on the figure 2.9.

In stationary reference frame Vq and Vg are given as [24]:

Van
Vie| 2|1 =3 —3
=z Vi (2.43)
Vsﬁ] 3[0 g =2
cn

From equation 2.43 we can determine V. and angle() ,then :

Vier| = \/Vea® +Vig? (2.44)

a=tan"! <Vﬁ> (2.45)

s

Step 2 : The process of switching the electronic devices in a power electronic converter from one
state to another is called ‘modulation’. The modulation index (MI) shows the mode of operation i.e

under modulation or over modulation. In order to determine the modulation index we have to first
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2 Vac

. The modulation

determine the fundamental peak value of the square phase voltage wave i.e
index can be express as [24]:

Vre f

MI = (2.46)

Vmax _six_step

Sector number determination

Determination of switching time and sequence, is sector knowledge dependent. So based on the
position of reference vector there are eight switching states, but only six are active. Two active or

idle states at a time are not allowed.

Table 2.1: Sector number determination

sector | angle

1 0° < a<60°
60° < o < 120°
120° < a0 < 180°
180° < o < 240°
240° < a0 < 300°
300° < a < 360°

AN | N | B W]

Duty cycle determination

As in [1], the duty cycle of the different space vectors are calculated using the ‘equal volt -second
principle’. It states, the product of the reference voltage and the switching time must be equal to
the product of the applied voltage vectors and their duty cycles, with assumption that the reference
voltage remains fixed during the switching interval. When the reference voltage is in sector I, the
reference voltage can be synthesized by using the vectors V,,V;, and Vj (zero vector), applied for

time 7, T, and Tp respectively. Hence, using the equal volt-second principle, for sector I

VierTs = ViTi + Vo T + Vo T (2.47)
T,=TT+1L+T (2.48)
The space vectors are given as:
io 2 i0 2 iz
Vref = }Vref‘ e, Vi= gvdce ) Vo= gvdce 3, Vo = 0 (249)

substituting equations 2.49 into equation 2.47
ia 2 i0 2 i
Viep| €T, = gVdce T+ EVdce 3Ty (2.50)
Expanding equation 2.50 then, separating real and imaginary part results in the following equations.

2 2 T
T3 [Viey | cos & = 11 S Vie + T3V cos (5) 2.51)

Addis Ababa University,AAiT,School of ECE 18



2.7 Inverter Chapter 2

2
T3 Viey| sin e =155 Vaesin (%) (2.52)

where:
[0° < o <60°

Solving for 71,75 and Tp from equation 2.51 , 2.52 and 2.48:

V3T, V3T, V3T,
Ty = W (*ﬁVaﬁLVﬁ), T = o <\6Va*Vlg>, T, = Voo Vﬁ

Determine the switching time of each transistor (S; to Sg)

In space vector PWM implementation, there are many alternatives for switching patterns, It should
be arranged in such a way that switching losses are minimum. So the suggested way is, the two
adjacent active vectors and two zero vectors are used in each sector. So for proper implementation
every single switching period starts with one zero vector and end with another zero vector during

the sampling time.

Table 2.2: Switching time of each transistor

Sector | Upper switches(Sy,S3,Ss) Lower switches(S4, S6,52)
1 | Si=2+1+2 Sy="0
S3="2+T Se=2+T
S5 =" S$=R+Ti+%
2 [ Si=%+m Si=%41
S;=0414+2 Se=10
§s=1 S,=04+14+2
3 |85="0 Sa=T+T+%
Ss=0+1+2 Se =12
Ss="D 41 S$=2+T
4 51:% S4:%+T1+%
S3=24+m Se=S1=2+T
55:%+T1+% 52:%
5 | Si=2471 Se=l4T1
Sy =" Se=R+Ti+%
Ss=0+1+% $=7%
6 |Si=%+n+% Sy=12
S3="1 Se=%+T1+%
S5:%+Tl 52:%+Tl

2.7 Inverter

Inverter is the power electronic circuit, which converts the DC voltage into AC one. The output

voltage can be controlled with the help of drives of the switches. The pulse width modulation
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techniques are most commonly used to control the output voltage of inverters. Such inverters are

called as PWM inverters. Inverters can be broadly classified into Voltage Source Inverter (VSI) and

Current Source Inverter (CSI).

When the DC voltage remains constant, then it is called Voltage Source Inverter (VSI) or Voltage

Fed Inverter (VFI). When input current is maintained constant, then it is called Current Source

Inverter (CSI) or Current Fed Inverter (CFI). Some times, the DC input voltage to the inverter is

controlled to adjust the output. Such inverters are called Variable DC Link Inverters. Inverters are

used in variable frequency AC motor drives.

o [

24

s} Sk

Js|<

2sI<

—=—V,

— [ e—

YK

Figure 2.10: Two-level inverter [8]

Table 2.3: VSI and CSI comparison

VSI

CSI

VSl is fed from a DC voltage source having

small or negligible impedance.

CSl is fed with adjustable current from a DC

voltage source of high impedance.

Input voltage is maintained constant

The input current is constant but adjustable.

Output voltage does not dependent on the load.

The amplitude of output current is independent
of the load.

VSI requires feedback diodes.

The CSI does not require any feedback diodes.

The commutation circuit is complicated

Commutation circuit is simple as it contains

only capacitors.

Power BJT, Power MOSFET, IGBT, GTO with

self commutation can be used in the circuit.

They cannot be used as these devices have to

withstand reverse voltage.
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Model Reference Adaptive System and
Luenberger Observer

3.1 Induction Motor Speed Estimation Methods

Many induction motor speed estimation methods are proposed in different literature, some of them

are discussed as follows.
Slip calculation

Rotor speed can be determined from slip speed @y, using the relation @, = ®, — @y),.

slip speed is given by [4]:

(14 057) Lyigg
Tr (Wsd - O-Lsisd )

For indirect field oriented control @, signal can be obtained directly as a control variable. For high

Wyp = (3.1)

efficiency machines, near synchronous speed, accurate computation of slip speed is difficult, as the
signal magnitude is small and dependent on machine parameter. In addition direct integration of

machine terminal voltages at low speed bring up a problem to synthesize @y, and o, signals.
Direct synthesis from state equations

The stationary a-f3 reference frame dynamic equations of a machine can be rearranged to figure

out the rotor speed directly [14].

6, = arctan <%ﬁ ) (3.2)
Vra
Differentiating 3.2 results in:
do,
= — 33
) dr WOy p (3.3)

This method similar with slip calculation method. This synthesis method is highly parameter

dependent and it gives poor accuracy of estimation.
Model reference adaptive system(MRAS)

Asin [16, 13, 12] rotor speed can be computed by the Model Reference Adaptive Systems (MRAS),
where the response of the a reference model (voltage model) is compared with the response of the
adjustable or adaptive model (current model) until the errors between the two models approach to

zero. In practical implementation the rotor flux synthesis based on voltage model is difficult, in
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particular at low speed, pure integration of the voltage signal is still problem[4]. Model Reference
Adaptive System (MRAS) speed estimation algorithm is still valid if, instead of pure integration,
the corresponding back EMF signals are compared through some low pass filter. However, error
of estimation due to parameter variation at low speed exacerbates. The detail will be discussed in

section 3.4.
Speed adaptive flux observer(Luenberger observer)

As in [21, 18, 17, 23, 4] speed adaptive flux observer works as the name indicates, the flux will be
observed from the reference model and speed will be adapted in adjustable model and associated
to work as model reference adaptive system. An observer is an estimator that uses a plant model
(partial or full) and a feedback loop with measured plant variables. Gain G (Luenberger gain)
is used to take care of current or flux estimation part and Lyapunov’s direct stability analysis is
used to drive the speed adaptation algorithm. Although estimation accuracy is highly improved
by Luenberger observer, parameter variation is still the headache (particularly rotor and stator

resistance). The estimation accuracy is low as the speed gets closer to zero.
Extended Kalman filter

As stated in [33, 18, 36] the extended kalman filter (EKF) is a full order stochastic observer for the
recursive optimum state estimation of a non-linear dynamical system in real time using signal that
are corrupted by noise . The statistics of noise and measurements are given by 3 covariance matrices
: Q, R and P where Q is system noise vector covariance matrix 5x5, R is measurement noise vector
covariance matrix 2x2, and P is system state vector covariance matrix 5x5. So computation of the
stated matrices is complex. Due to its high complexity and high computation time, even with
a powerful DSP, it takes much time and difficult to apply in real time, particularly for fast speed

variations. In addition parameter variation is still a problem that makes accuracy poor at low speeds.

3.2 Luenberger Observer

As in [36] Luenberger Observer (deterministic) was first introduced by David G. Luenberger, it is
an improvement of rotor speed estimation that operates on the principle of a speed adaptive flux
observer. Observers those are dependent on induction motor model, have accuracy problems at low
speed. For non-linear systems (in this case induction motor), the Luenberger Observer can be used
to observe the rotor flux. Luenberger observer uses induction motor model and a feedback loop
with measured stator current and rotor flux. The observer gain matrix must be designed based on
Lyapunov’s asymptotic stability theory, and the observer must be faster than the observed system.
Luenberger speed estimator is the most attractive approach, due to its design simplicity [S]. The
principle of Luenberger observer consists in duplicating the real system and in correction of its
state based on the real system output feedback [15]. This observer is used to estimate the rotor
flux components and rotor speed of induction motor by including an adaptive mechanism based on

the Lyapunov’s stability theory [11]. Generally, the equations of the Luenberger Observer can be
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expressed as follow [10].
)i—Aic—l-Bu—i-G(y—y) 3.4)
y=ck
where the symbol ~ denotes estimated values and G is the Luenberger gain matrix. A is state
matrix, B is input matrix, C is output matrix, u is input, y is measured output, and X is state vector
of the system. To ensure stability in all speed ranges, the trend is to select the observer poles
proportional to the motor poles (the proportionality constant is k > 1). If the poles of the induction
motor are given by Ay, the observer poles Ay are selected as: Ay o = k* Ay . To ensure that the
estimation error vanishes over time, we should select the observer gain matrix G so that (A — GC)
is asymptotically stable. Hence, the observer gain matrix should be chosen so that all eigenvalues

of (A-GC) have negative real parts [18].
Stater Current Based Luenberger Observer Design

Luenberger Observer replaces the most widely used voltage model of the induction motor as it
replicates the whole system and calculates all variables. Further, the states of the system are
corrected through the negative feedback of the comparison between the original system and the
observer output. Usually, the input of the system is voltage vector, state variables are currents and
rotor flux and output is also the current [23]. Stator and rotor flux estimation is one of the crucial
factor that determines the stability and dynamic performance of the drives operation [22]. The
stator voltage equation can be expressed as [29]:
dy;

Vv = RY .s - Ucom 3.5
A Sis + = + » (3.5)

Yy = / (Vs — Ryl — Ucomp)dt (3.6)

where Ucomp 18 compensation for disturbances like offsets, unbalances, and errors in the estimated
induced voltage. The errors are resulting from either the voltage signal or from the current signal,
and the major source of error is a mismatch of the model parameter .

Rearranging equation 3.5 :
Vs —d% Ucomp

. dt 7
pu— 3-
Is R, 3.7

The stator and rotor flux linkage is given by the following well known equations.

Vs = Lyis+ Ly (3.3)
W, = Lyi, + Ly (3.9
Rearranging equation 3.9:
. Wr - Lmis
S ) 3.10
i L (3.10)
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Substituting equation 3.10 in to equation 3.8 results in:

L
W = Lyis + Loy ("’L”l> 3.11)
T
Rearranging equation 3.11:
Ly Ly?\
Ws:fv/r'f‘ Ls_f Iy 3.12)
r r
Substituting equation 3.7 into equation 3.12
dy
Lm Lm 2 Vs —Tdar Ucomp
= — Ly—— 3.13
IIIS Lr Wr + ( s Lr > ( RS ( )

After some rearrangement equation 3.13 becomes as in [16, 20]:

dV 1 N .
dlltfs == o1 (_llfs + krllfr) + Vs - Ucomp (314)
K

where : k, = %’:’ Ucomp = G(is — is) or Ucomp = G' (W5 — Ws)

To correct the estimated stator flux deviation, to compensate error arising from pure integrator at
low speed and to provide a wide speed range operation of the observer, the voltage model is adapted
through a PI compensator [29, 30, 25, 20]:

K, ! .
Ucomp = | Kp+ =L / de| (v',—v')) (3.15)
Tr Jo

where K, is proportional gain and 77 is reset time.
The coefficients K, and K#’ are computed such that, at low frequency, the adjustable model stands
alone, while at high frequency the reference model prevails.

The a and B components of equation 3.14 are as in [16, 20]:

dy; 1 N N . 2

CIZOC = o1, (_Ws(x +krlllr(x) + Vi — G(lsoc - ls(x) (3.16)
dlﬂyﬁ 1 N N , 2

dt ot (=Vsp +krWip) +Vip — Glisp — Lsp) (.17

From equation 3.16 and 3.17, rotor flux expressed in terms of stator variables: as in [16]

. [ oL;.
Yra = EWS(I - k. Lso (3.18)
N [ oL; .
Vg = kj%ﬁ T B (3.19)

After both stator and rotor fluxes are estimated, it is possible to estimate the stator current as shown

below.

2 | ke
Isqg = a‘l’m - a%a (3.20)
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R 1 k
g = —— g — —— | 321
IsB oL, Ysp oL, Vi ( )

Figure 3.1 summarizes equations 3.16 to 3.21:

L)

Figure 3.1: Luenberger observer(Flux estimator) updated from [1]

Figure 3.1 shows how LO observes rotor flux from measured phase current and voltage.

3.3 Observer gain selection

The Luenberger gain matrix is obtained by an expression that ensures the proportionality between
the induction machines’ eigenvalues and that of estimator’s based on a G proportionality coefficient
[10]. The observer gain G is chosen in such a way that, it imposes a fast dynamics for the observer
[26]. As stated in [23] the gain G is designed to shift the observer poles to negative real values to
ensure the stability of the observer system.

As stated in [38, 10, 26] observer gain could be expressed as::

T
1 J
_ |8 &S| | & 812 g &2 (3.22)
g3l +g4J —812 811 —8» &1
1 0 0 -1
Where: 1= J=
0 1 1 0
The dynamic model of induction motor in stationary reference frame is given by:
Lo aip 0 a3 a14 0y Lsa gSLOi
Uy
d |1 0 —a140y, I %
d |5 | _ aip aiy ais sB + | oLs (3.23)
dt |y a0 asxn a4 | |Vra 0
VB 0 a3 —axn ass VB 0
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where:
RI‘LIH —_— —_— Lm
ajp =axn = ( GLL >, a3 =axu = /o, 414 = a3 = Gr
L R,
az) = aq = y (43 = a34 = Wgip = O,  A44 =0A33 = — -
Matrix A of equation 3.23 can be simplified to:
aid  apl+aisd
A= 3 (3.24)
az1l  azzl +azsJ
The characteristic equation of the induction motor is given by:
|Aim —A| = (3.25)

Substituting values of equation 3.24 in to equation 3.25 and computing the determinant:

Aim—anl  — (a3l +ajal)
—aztl  Aiy — (a3l +azsJ)

(Aim — annl)(Aim — a3l — azaJ) —azi (a3l +asJ) =0

The characteristic equation of the observer is given by:

| Aol — (A —GC)| =

Aip —a I+ Gl — (a3l +ayaJ)
—a31l+Gol Ay — (azzl+azl)

(Ao —anl +GiI)(Mip — a3zl — azad) — (a3l + Gol ) (a3l +asJ) =0

As stated earlier the eigenvalues of the observer are proportional to those of the motor:

)Llo = k* A«im

(3.26)

(3.27)

(3.28)

(3.29)

(3.30)

(3.31)

Substituting equation 3.31 into equation 3.30 so that we can compare the result with equation 3.27.

(klim —alll-l-Gll)(k)Lim — a331—|—ag4J) — (a311—|—G21)(a13I+a14J) =0

(3.32)

Comparing equations 3.32 and equation 3.27 as in [27] results in the following equations.

gn=1-k(an+axs), gn=(1-kKao, gi=(1-Fk) (a

ais ais

+””>—@, gn =52

aig
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k is a constant obtained by pole placement method. The larger the value of k, the faster the
convergence of the observer will be, but if k is too large, the system would be very sensitive to
noise signal, and results in reduced stability [28]. k is within a range of [1 — 1.5] as given in [15]
and k=1.3 is selected for the proposed observer.

Since the proposed observer estimates primarily only flux, it is enough to take only the rotor speed

independent first term of the obtained Luenberger gain matrix [27].

3.4 Model Reference Adaptive System(MRAS)

Model reference adaptive system is effective speed estimation schemes over the other speed
estimators such as extended Kalman filter (EKF), adaptive full order observer, reduced-order
observer and Luenberger observer (LO) [3]. Nowadays, speed construction using proportional
integral closed loop estimation schemes based on the model reference adaptive system was in
interest particularly in the last decade, and it has been widely used for IM sensor-less speed control

because of its relatively simple algorithm [28].

In adaptive system, in addition to the basic feedback structure, explicit measures are taken to
automatically compensate for variations in the operating conditions, for variations in the process
dynamics or for variations in the disturbances, in order to maintain an optimal performance of the

system.

The reference model is a realization of the system with the desired performance. The basic
philosophy behind Model Reference Adaptive Systems is to create a closed loop controller with
parameters that can be adjusted based on the error between the output of the system and the desired
response from the reference model. The control parameters converge to ideal values that cause
the plant response to track the response of the reference model asymptotically with time for any

bounded reference input signal [6].
Rotor Flux Based MRAS Speed Estimator Design

The rotor flux based MRAS speed estimator design is done with comparison between the estimated
rotor flux of the voltage model (reference model) and estimated rotor flux of the current model
(adaptive model) of the induction motor. A variety of MRAS schemes based on rotor flux, reactive
power, active power, electromagnetic torque, fictitious quantity and back emf are available, but
rotor flux based MRAS is the simplest approach to estimate the speed of AC machine drives [3].
Vector control by rotor flux orientation remains the most widely used as it offers high dynamic

performance for a wide range of applications [18].

3.5 Stability Analysis
Popov’s Hyperstability Analysis

As in [12] to insure the hyperstability of the given system, two conditions must be fulfilled. First,

the linear time-invariant forward path transfer matrix [S/ —A]f1 must be strictly positive real and
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second, the nonlinear feedback (which includes the adaptation mechanism) must satisfy Popov’s
criterion for stability. Popov’s criterion for stability requires a finite negative limit on the input or
output inner product of the nonlinear feedback system.

Asin [37, 12]

d T -1 — @y T Lm 's
e I B e R (3.33)
dt _W}’[)'_ L Wy 7 _Wrﬁ_ Tr | LsB |
- o 1. 7 S
r —= —Q r Lm N
L I e N T L (3.34)
dt _W}’ﬁ_ L Wy 7 _Wrﬁ_ Tr | LsB |

Subtracting equations 3.33 from 3.34:

i Cy | _ _% —Or | ey, 0 —Cor l,/\/ra 3.35

dt |e I S o " e 0 ) G-3)
Vi r T YrB or Vi

deV/r:AeV/r_eerlilr (336)

T
where: ey, = {ﬁ/w ~VYea Wp— 1//,,3} epr = O — O,
A core problem of model reference adaptive system is to identify its PI controller adaptation

mechanism. As in [37] it is possible to define Popov’s inequality as:
t
w20, n(0.0) = [ Ay (DA > 3’ (3.37)
0

where 7 is a bounded positive constant.

Defining the symbols as follows:

AY () = ey, A0(t) = —ep Y (3.38)
T L T
where: J = = |, p
. 0 V= Vo VY
Substituting equations 3.38 into equation 3.37:
t
n0.0) =~ [ eyrewrdvdr = —p? (339)
0
/ T 0 —1 T
TI(OJ) = / [l/?ra —Vra li/rﬁ - Wrﬁ} ((D,* d)r) [1 0 ] [VAfra IAI/rﬁ] dt > *YOZ
0
tn
N0.0) = [ (@) (W, — Vg Wig)dr = 37 (3.40)
0
t
M(0,1) = /d)r(wirﬁ Vo =V aWyp)dt > =1’ (3.41)
0
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where:
t
712 = YOZ - / wr(wir[} ‘/Afia - l//iroc ‘/A/;'ﬁ)dt
0
The rotor flux equations of the reference model are :
{Wia =V ‘Ifiﬁ = ‘I?rvg}

Finally, the validity of the Popov’s inequality of 3.41 can be verified provided that the adaptation

mechanism of the rotor speed can be obtained by the following expression.
t
&= ki [ (W W~ Wi Wig )t (3.42)
0

As stated in [38, 27], to enhance the dynamic performance of the speed estimator the proportional

term is added to equation 3.42. Then the speed adaptation mechanism becomes:

t
& = kp (W Vi — W Wig) + s [ (W30 — W2 Wi ) (3.43)
0

Then the error signal input to the PI controller is given by:
o = (lp:ﬁ lAlel‘.OC Vo VA/;[})
Lyapunov’s Direct Method for Stability Analysis

The basic philosophy of Lyapunov’s direct method is the mathematical extension of a fundamental
physical observation: if the total energy of a system is continuously dissipated, then the system,
whether linear or nonlinear, must eventually settle down to an equilibrium point. Thus, we may
conclude the stability of a system by examining the variation of a single scalar function. This

method can be summarized in the following three statements. For estimation error e, if

e V(e) is positive definite.

dV(e)

.dt

is negative definite.

Then the equilibrium at the origin is globally stable. Now applying the Lyapunov’s stability analysis
to guarantee the stability of the model reference adaptive controller over a wide range, it is possible
to select a positive definite V as in [21] containing the state and speed error as shown in equation
3.44.

A 2
Veelet (& —ar)” (3.44)
A
where: A = positive constant
Assuming ®, is constant and differentiating equation 3.44 with respect to time:
dv 2. do,
— = éTe+eTé+%(w,—w,)d—tr (3.45)

Addis Ababa University,AAiT,School of ECE 29



3.5 Stability Analysis Chapter 3

X =Ax+ Bu (3.46)
% =A%+ Bu+G(Cx—Cx) (3.47)
Taking the difference of equation 3.46 and 3.47

¢ = (A+GC)e— A% (3.48)

Substituting equation 3.48 into equation 3.45

dv 2 dé,

- = (e"(A+GC)T —£TAAT)e+e" (A+GC)e — T AAS + (& —0)— = (3.49)
After some rearrangement:
dv 2 d o,
= (A+GO) + (A +GC) e~ T Mi— M e+ IAco,d—“t’ (3.50)

Selecting appropriate value of gain G so that the first term is negative definite and setting the

remaining terms to zero:

2 dd,
—eTAME—TAATe+ ZAw,—— =0 (3.51)
A dt
where:
A — 0 @, — O P i r N i v i T
- o, — o, 0 x_[lllrtx Wrﬁ} e_{ll/roc_lllra lI/rﬁ_l//r[3:|

Substituting the above matrices into equation 3.51 and rearranging, results in:

d(br 1 ~y N A~y oA

a7 (‘I/rﬁ Yia = Vra Vfr;a) (3.52)
Or

L1 NV IR

o, = x/(‘lfrgllfra—‘l/m%ﬁdf (3.53)

To enhance the dynamic performance of the speed estimator the proportional term is added.
= ky (W Wi~ VWi ) + i [ (9000 — Wl ) (3.54)

k, and k; are gains designed using Matlab /SISOTool, using the transfer function of the plant with
designing constraints. The constraints considered are:
Percent of overshoot < 5%, Settling time < 2% seconds, Rise time < 2% seconds.

Using equation 3.34 and 3.54, it is possible to draw the following block-diagram.
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1
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Figure 3.2: Adjustable model and adaptation mechanism system updated from [1]

The following block-diagram is obtained from equations 3.16 to 3.21, 3.34 and 3.54.

v
Us— 45 h yf?’a
| | Reference Model | | w v
I
:= (Luenberger Observer) ! 1B
[ S A
i
) A ) SUi’"oc
s— :
|| Adjustable Model | | I
[ Py
]
(
O = /
S ————— N
i Adaptation i ea)
i| Mechanism ||
~ I\“‘-— ———————— J
Wy [ PISpeea |
'|_Controller_|:
D ———E /3

Figure 3.3: Model reference adaptive system updated from [37]

As shown in figure 3.2 and 3.3 both LO and the adjustable model require measured phase current,

and the estimated speed is feedback to the adjustable model.
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Simulation Results and Discussion

4.1 MATLAB/Simulink Modeling

Simulink is a well-known extension to MATLAB that allows engineers/users to rapidly and
accurately build computer models of dynamical systems using block diagrams. It is capable of
analyzing linear and nonlinear system models. That makes MATLAB/Simulink the best choice
to use it for analyzing the proposed overall model. Analyzation of the system is started from
modelling the overall block diagram, in such a way that each block diagram is modelled to represent
its algorithms. Almost all block diagrams are available in the Simulink library, that is what makes
MATLAB/Simulink one of the powerful engineering tool. After the block diagram is implemented
in Simulink accurately, with appropriate ordinary differential equation and discrete or continuous
time or both solver, depending on the nature of the model, behavior of the dynamic system can be

analyzed.

4.2 Model of Associated MRAS and Luenberger Observer

A Simulink model of sensorless speed control of induction motor drive was developed by using
existing components in simulink. The induction motor and the two- level inverter are used from
the existing models. The direct Field Oriented Control (DFOC), space vector pulse width modula-
tion(SVPWM) and the proposed flux observer and speed adaptation model is implemented using
the theory outlined in Chapter two and three of this thesis and is shown in Figure 4.1. The induction
motor used in this thesis is, a three phase squirrel cage type, with rated power of 180W and speed

1800rpm, parameters are given in Table 4.1.

Table 4.1: Parameters used for simulation

Stator resistance 1.7984Q Kiw 10
Rotor Resistance 1.588Q Kpia = Kpig 200
Stator Inductance 0.3943H Kia = Kiyg 4
rotor Inductance 0.3947H Kpmras 17800
mutual Inductance 0.387H Kimras 4
Moment of inertia | 0.0067kg.m> PWM Frequency | 5KHz
Viscous friction 0.001N.m.s Kpy 1980
Kpo 18 Kiy 1
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Discrete
2e-05 s.
ROMerEd itorﬂue '—b Tm
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e
Inputs Vector control SVPWM and Inverter Induction motor outputs
S  {wr est isa Isa
isb Isb
-T- — flx_r_est
usa Usa
theta usb Usb

MRAS and Luenberger Observer

Figure 4.1: MRAS and Luenberger observer simulink model

The over all block diagram of the proposed controller indicated in figure 1.1 is implemented in
matlab/simulink as shown in figure 4.1. At the very beginning rotor speed and rotor flux is placed,
next the vector control part is shown, then after, SVPWM and inverter block is indicated where
appropriate three phase input voltage and current is made ready. Next the induction motor is
indicated. Finally, the observer part is implemented. Matlab Simulation of the proposed sensor-less
speed control of induction motor drive was primarily carried out to measure the performance and
robustness of the designed model. The performance of the designed model is highly dependent on

the parameters of the IM to be controlled. So, the motor parameters should be well known.
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Figure 4.2: Over all proposed system MATLAB implementation

The proposed MRAC and Luenberger Observer is used to analyze: Stator and rotor flux, Rotor

speed, Torque response and sensitivity to motor parameter uncertainty.
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4.3 Stator and Rotor Flux Analysis

For the Field oriented controller to work properly, the rotor flux must be estimated with a good
accuracy. Because the park and clarke transformation are rotor flux position dependent. If the flux

position is estimated wrongly, then everything fails.
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Figure 4.3: Estimated stator and Rotor Flux

Rotor flux is estimated with 0.024 seconds rise time, 0.2% steady state error and settling time of
0.05 seconds. Stator flux is estimated with 0.02 seconds rise time, 2% steady state error, settling

time of 0.03 seconds and 17% of maximum overshoot.
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Figure 4.4: Estimated Stator and Flux Position (clockwise direction)

As shown in figures 4.3 the estimated stator flux has overshoot on the transient state due to high
starting inrush current, but the estimated rotor flux does not have. Rotor flux position is estimated
with a good accuracy, which is good input for the estimation of rotor speed. In figure 4.4 the stator
and rotor flux position in motoring mode is estimated with a good accuracy except a slight phase

difference.
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Figure 4.5: Estimated Stator and Rotor Flux Position (counter clockwise direction)

As shown in figure 4.5 stator and rotor flux position is estimated with a good accuracy except a
slight phase difference in regenerative mode. So it is possible so proceed to the speed estimation

part.
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4.4 Speed response Analysis

Under this speed analysis part, the proposed MRAS and Luenberger observer based sensorless

speed control of induction motor drive performance is tested in terms of:

o Different reference input tracking capability

Low speed behavior
e Response of drive with speed reversal

e Torque response quickness

Sensitivity to motor parameter variation

Step input tracking capability

Knowledge about the performance of an estimator, based on its ability of making the estimated
speed to converge to the set point, especially during the transient period is crucial. This criterion is a
well accepted as a primary indicator when measuring the performance of an estimator. It shows the
converging ability of the estimated rotor speed to the actual one. The set point tracking capability
of the proposed estimator can be analyzed by varying the speed reference of the system without

altering the motor parameters.
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Figure 4.6: Speed response for step input

As shown in figure 4.6 the rotor speed is estimated with steady state error of 0.4%, rise time of
0.023 second, settling time of 0.05 second and the difference between rotor speed and estimated
speed is 0.02rad/sec. This shows the good performance of the proposed estimator during transient

and steady state.

Addis Ababa University,AAiT,School of ECE 38



4.4 Speed response Analysis Chapter 4

Different reference input speed tracking capability
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Figure 4.7: Speed response for different inputs

As shown in figure 4.7 the estimator tracks step, sinusoidal, and pulse inputs with a good accuracy.
This implies the motor can work over a wide speed range. As frequency increase the observer can
not reconstruct the states accurately, so the speed can not be tracked accurately as shown for the

2Hz and 5Hz sinusoidal inputs.
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Low speed behavior
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Figure 4.8: Low speed response for different inputs

Figure 4.8 illustrates the speed variation from -10 rad/sec to zero and zero to 10 rad/sec, speed

response for variable step input ranging from -10 rad/sec to 5 rad/sec and zero speed response. The
proposed model shows maximum of 0.022 rad/sec steady state error at zero speed, and 0.05rad/sec
when running at 10 rad/sec and -10 rad/sec, and its low performance even at 0.3 rad/sec is great as

error quickly converges to zero.
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Response of drive with speed reversal
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Figure 4.9: Torque, current, speed and flux position relationship
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As shown in figure 4.9 ramp input speed signal decelerating over 0.2 - 0.8 second and constant
between O - 0.2 second and 0.8 - 1.0 second. Since the input speed signal is decelerating over 0.2
- 0.8 second, the torque is negative over this interval, and is more negative than the g-axis stator
current. The phase sequence of current is changed at 0.21 second approximately to change the

direction of the speed of motor. The rotor and stator flux position flips.

4.5 Torque response analysis

As stated earlier the main goal of field oriented control is to decouple rotor flux and stator current, so
that it is easier to control the electromagnetic torque using quadrature stator current alone keeping
the direct axis rotor flux constant. In figure 4.9, 4.10 and 4.11, it is shown that the dynamic behavior
of torque control is satisfactory and fully decoupled, enabling the fastest possible accelerations,

deceleration, and reversing. So torque is directly controlled by the stator quadrature current.
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Figure 4.10: Torque, current and speed relationship

As shown in Figure 4.11, to test the torque response quickness 8Nm load torque is applied between
0.2 and 0.22 seconds as shown in the first figure , this results a drop in motor speed for a moment.
This happens because of the mismatch in the torques, i.e. the developed torque is less than the
load torque. To compensate for this mismatch, the controller increases the developed torque then
the motor speed increases and gets back to the set point. In the second figure a 20Nm load torque
is applied between 0.2 and 0.4 seconds, there is a reduction in speed between the indicated time

intervals, although over rated load torque is applied the estimator does not release tracking.
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Figure 4.11: Torque effect on speed response

4.6 Sensitivity to motor parameter variation

Time (seconds)

It is well known that the estimator’s robustness is highly induction motor parameters dependent,

since the estimator model is directly extracted from the induction motor’s dynamic equations.

Induction motor parameters are altered by variations in temperature and saturation levels of the

machine. Parameter variations tested in this thesis are the stator and rotor resistance. Among these

parameters, stator resistance variation has large influence on the estimator’s performance [13],

supportive result in figure 4.12c and 4.12d. Rotor resistance has minimum effect but as the variation

increases, the effect on the estimator’s performance gets significant [13], supportive results are

obtained and shown in figure 4.12a and 4.12b.
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Figure 4.12: Effect of rotor and stator resistance variation on tracking capability
Addis Ababa University,AAiT,School of ECE 43


Ditpeace
Arrow

Ditpeace
Arrow


Experimental Implementation

5.1 Introduction

The High Voltage Digital Motor Control (DMC) kit (HVMTRPFCKIT), is one of the crucial
material to learn and experiment on digital control of high voltage motors. The kit contents and

hardware details are discussed.

5.2 Kit Contents

The major parts of the kit are: F28035 controlCARD, High Voltage DMC board, 15V Power
Supply, AC power Cord, Banana Plug Cords and USB-B to A Cable.

5.3 Features of HVYMTRPFCKIT

The following are some of the features of the HVMTRPFCKIT kit [31]:

Three-Phase Inverter Stage to control high voltage motors, PFC stage rated for 750W, which can
be used to increase the efficiency by shaping the input AC current and regulate the DC bus for
the inverter to the desired level, Rectifier stage is rated up to 750W power and Auxiliary Power
Supply Module (400V to15V & 5V module) which can generate 15V and 5V DC from rectified
AC voltage or the PFC output (input Max voltage 400V).

5.4 Hardware Overview

The motor control board is divided into functional groups, so that the user can easily understand the
complete motor drive system. The functional groups are named as macro blocks. List of the macro

blocks and their functions are explained as follows:

e [Main] - ControlCARD connection, jumpers, communications (iso0CAN), Instrumentation
(DAC’s), QEP and CAP connection and voltage translation.
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e [M1] - AC power entry takes AC power from the wall/mains power supply and rectifies it.
This can then be used for input of the PFC stage or used to generate the DC bus for the

inverter directly.

[M2] - Auxiliary power supply, 400V to 5V, and 15V module can generate 15V,5V power for
the board from rectified AC power.

[M3] - Isolated USB Emulation, provides isolated JTAG connection to the controller and can

be used as isolated SCI when JTAG is not required.
e [M4] - Two-phase interleaved PFC stage can be used to increase efficiency of operation.

e [MS5] - Three-phase inverter, to enable control of high voltage 3-phase motors.

[M6] - DC power entry, generates 15V, 5V and 3.3V for the board from DC power fed through
the DC-jack using the power supply shipped with the board.

[Main]-BS5
Inv-BUS Input

PFC-2PhiL Macro

[M4] [Main]-TB3
Motor Connector
Terminal Block
Inverter3Ph-HV-
3Shunt Macro
. [M5]
[Main]-P1
AC Power Input o fh w -
Aux Power : _ C2000
Supply Module %14 P s Control Card Slot
[m2] '

Iso-USB-to-JTAG
AC-Power Entry [M3]

[M1]

) [M3]-JP1
[Main]-BS1 DC-PwrEntry Macro USB Cable connector
Rectified AC Out [Mé]

Figure 5.1: Inner view of HVMotorCtrIPFC Kit [31]

5.5 Powering the Board

The board contains two power domains

e The low voltage controller power domain that powers the micro-controller and the logic

circuit present on the board.

e High voltage power delivery line that is used to carry the high voltage and current like the

DC power for the Inverter also referred to as DC Bus.
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5.6 Hardware Resource Mapping

Figure 5.2 shows the various stages of the board and illustrates the major connections and feedback

values that are being mapped to the C2000 MCU.

C2000 MCU [-vdc DC-Bus ~ Inverter
A
CPU M—-B% L i, 15V | — E] 2H E‘ 3HE]
32 bit — @——L L 71 [12H 2H | _I —I
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2] PwM-3Bm>>» 3L phase || vojtage
3: CHbSRE sensin
- — o—a oO—a fb g
e QEP H—
16>
I L
(a) C2000 MCU (b) High Voltage DMC

5.7 C2000 M

Figure 5.2: Three-phase Induction Motor Drive Implementation [2]

CU

The C2000 controller family of devices perform the in need computation power to run complex

control algorithms along with the right mix of peripherals to interface with the different components
of the DMC (Digital motor control) hardware like, enhanced pulse width modulator (ePWM),
analog to digital converter (ADC), enhanced Capture (ECAP), Quadrature Encoder Pulse (QEP),
and so forth. The DMC Library provides configurable blocks that can be reused to implement

new control strategies. I[QMath Library enables easy migration from floating point algorithms to

fixed point thus accelerating the development cycle. Therefore, with C2000 family of devices, it is

easy and quick to implement complex control algorithms (sensored or sensorless) for motor control

[2]. Some advantages of C2000 controllers:

e Favors system cost reduction by an efficient control in all speed range implying right dimen-

sioning of power device circuits.

e Advanced control algorithms reduce harmonics generated by the inverter, reducing filter cost.

e Decreases the number of look-up tables that reduces the amount of memory required.

5.8 Development of Control Algorithm

The proposed system algorithm has initialization and interrupt subroutine module.

Initialization module

Tasks performed by initialization module are DSP setup, variable initialization, interrupt source

selection and enable and waiting loop which waits for indefinite time length until the interrupt sub
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module sends the interrupt starting signal.

Interrupt subroutine module description:

The interrupt module is the main module where field oriented control algorithm is implemented.
It updates stator voltage values in order to ensure the regulation of stator currents and rotor
mechanical speed to their reference input value. Tasks performed by the Interrupt subroutine
module are: Reading ADC output current value and scaling it up, Coordinate transformation, Rotor

speed estimation ,Speed and current control and SVPWM algorithm.

(‘Start )

\ Current & DC bus
Measurement
Select level and
activate Y
J|Excute phase voltage
“| reconstraction
! ! |
] Perform Clarke Estimate > Estimate
Disable and reset transformation flux & 6 Speed
all CPU registers
A
Perform park 8
y transformation
Enable Flag
and ISR Y
Excute speed & b
current controller | r
module
i
Select required Excute inv.park
system and module transformation &
parameters svpwm drive
based on level selected ‘
Calculate switching
function
\
end end

Figure 5.3: Flowchart of the proposed system

5.9 Experimental Setup

The experimental setup of the proposed sensor-less speed control of induction motor is shown in

Figure 5.4.
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Figure 5.4: Experimental setup of the proposed system

The experimental setup consists of, any computer supporting code composer studio, to run the
control algorithm, induction motor, the HVDMCMTRPEFC kit connected to the computer by USB
cable through the FTDI driver. The source code on the computer is debugged and loaded to the
piccolo TMS320F28035 controller through the stated cable. The low voltage controller power
domain generates 15V, 5V and 3.3V, that are used to power the controller card connected to the
board, the logic, and sensing circuit assembled on the board. This power is obtained from Auxiliary
Power supply module [M2]. DC bus power is high voltage line that feeds voltage for the inverter to
generate three phase AC voltage to feed and control the motor. [Main]-BS5 and [Main]-BS6 are

respectively the power and ground connector input of the inverter.
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Figure 5.5: Experimental block diagram for speed control of IM updated from [31]
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5.10 Experimental Results

The objective of this experimental demonstration is to control the motor speed using Pulse Width
Modulation technique to generate appropriate sinusoidal voltage, that is used to feed the motor
via the DSP kit, which is used to rotate the motor with any desired speed and direction. The rated
speed is 1800rpm. The reference input speed is in pu.

The six control signals generated by the PWM are shown in Figure 5.6.

M 40.0usT A" Ch1 7 5-00mA

B Ch2 5 —i1.30v
B+> 0.00000s L2y §§’-5§'-’:7'°“

1S 6.00 A ;
B ChZz r —1.30v V. 10 Feb 2020
14:37:26

(¢c) PWM3-H and PWM3-L (d) Angle difference between H and L

Figure 5.6: Modulated pulse signal taken from oscilloscope

Appropriate stator current and voltage generated by the control signal are given in figure 5.7a and

5.7b, which are used as input to the motor for a better operation of the estimator.
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Figure 5.7: stator phase current and voltage taken from code composer studio
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Figure 5.8: Modulated pulse signal taken from code composer studio
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(a) Input,estimated and Actual rotor speed taken from code composer studio
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5.10 Experimental Results Chapter 5
rVariables ¢ Expressions ¥ iill Registers HE | XRB|ct|e ~=0
Expression Type Value Address

- EnableFlag unsigned int 1 0x00009349@Data
= |sw unsigned int 1 0x00009343@Data
2= |srTicker unsigned long 22528652 0x0000936A@Date
- dlog.prescalar int 5 0x0000944B@Data
- |dRef long 0.09999996424 (Q-Value(24))  0x00009358@Data
®- |qRef long 0.04999995232 (Q-Value(24))  0x0000935A@Date
- VdTesting long 0.1999999881 (Q-Value(24)) 0x00009354@Data
- Vg Tlesting long 0.1999999881 (Q-Value(24)) 0x00009356@Data
> (2 pispd struct <unnamed:> {Ref=8388065,Fbk=8385024,... (0x00009480@Data
> & CLA1 Register Group
= SpeedRef long 0.4999899864 (Q-Value(24)) 0x0000935C@Data
= se1. West long 0.4990897179 (Q-Value(24)) 0x00009518@Data
= se1.WestRpm long 1799 0x0000951C@Date

5758 +25 +50 +75 +100 +125 +150 +175
sample

(b) Estimated rotor speed taken from code composer studio

(c) Actual rotor speed 1732rpm

Figure 5.9: Speed response for 1800rpm input

A shown in figure 5.9a steady state error of 3.2409666rpm is achieved.
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LEEB e XR & i Y= 0

== Variables “Z Expressions & il Registers

Expression Type Value Address
- EnableFlag unsigned int 1 0x00009349@Data
= |sw unsigned int 1 0x00009343@Data
0= |srTicker unsigned long 54233452 0x0000936A@ Date
- dlog.prescalar int 5 0x0000944B@Data
- |dRef long 0.09999996424 (Q-Value(24))  0x00009358@Data
0= |qRef long 0.04999995232 (Q-Value(24))  0x0000935A@Date
- VdTesting long 0.1999999881 (Q-Value(24)) 0x00009354@Data
- VgTesting long 0.1999999881 (Q-Value(24)) 0x00009356@Data

> #pispd struct <unnamed> {Ref=6710452,Fbk=6710112,... 0x00009480@ Data

> @ CLAT Register Group
- SpeedRef long 0.3999894261 (Q-Value(24)) 0x0000935C@Datz
©: se1.West long 0.3998875618 (Q-Value(24)) 0x00009518@Data
- se1.WestRpm long 1440 0x0000951C@Data

% Add new expression

(a) Input,estimated and Actual rotor speed taken from code composer studio

1500 ]

1440 ~

(rpm)

1380 A

w_est

1320 A

1260 |

7245 +25 +50 +75 +100 +125 +150 +175
sample

(b) Estimated rotor speed taken from code composer studio

(c) Actual rotor speed 1424.6rpm

Figure 5.10: Speed response for 1440rpm input

A shown in figure 5.10a steady state error of 0.36671148rpm is achieved.
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®=Variables % Expressions % i Registers LEEE e R R et|e v =B

Expression Type Value Address
= EnableFlag unsigned int 1 0x00009349@Data
= |sw unsigned int 1 0x00009343@Data
= |srTicker unsigned long 27139886 0x0000936A@ Date
= dlog.prescalar int 5 0x0000944B@Data
o |dRef long 0.09999996424 (Q-Value(24))  0x00009358@Data
- |gRef long 0.04999995232 (Q-Value(24))  0x0000935A@Date
- VdTesting long 0.1999999881 (Q-Value(24)) 0x00009354@Data
- Vg Testing long 0.1999999881 (Q-Value(24)) 0x00009356@Data

* (2 pispd struct <unnamed> {Ref=-5033350,Fbk=-5028880... 0x00009480@Data

» 2 CLAT Register Group
0= SpeedRef long -0.2999898791 (Q-Value(24))  0x0000935C@Date
- se1.West long -0.3000025749 (Q-Value(24)) 0x00009518@Data
= se1. WestRpm long -1081 0x0000951C@Data

%= Add new expression

(a) Input,estimated and Actual rotor speed taken from code composer studio

-780
-880 -

-980

-1080

w_est {rpm)

1180 1
1280 |

+25 +50 +75

+100 +125 +150 +175

sample

5051

(b) Estimated rotor speed taken from code composer studio

Pm

-y

.
-
-
B
-

ANl

(¢) Actual rotor speed -1070.9rpm

Figure 5.11: Speed response for -1080rpm input

A shown in figure 5.11a steady state error of 0.04570488rpm is achieved.
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- Variables ¢ Expressions # i Registers ElEE] 4+ X% rirle Y= 0
Expression Type Value Address
- EnableFlag unsigned int 1 0x00009349@Data
& |sw unsigned int 1 0x00009343@Data
e |srTicker unsigned long 35787207 0x0000936A@Date
& dlog.prescalar int 5 0x0000944B@Data
e |dRef long 0.09999996424 (Q-Value(24))  0x00009358@Data
e |qRef long 0.04999995232 (Q-Value(24))  0x0000935A@Date
& VidTesting long 0.1999999881 (Q-Value(24)) 0x00009354@Data
& VgTesting long 0.1999999881 (Q-Value(24)) 0x00009356@Data
> (2 pi_spd struct <unnamed> {Ref=1677102,Fbk=1676808,.. 0x00009480@Data
> @ CLA Register Group
¢+ SpeedRef long 0.09998971224 (Q-Value(24))  0x0000935C@Data
= se1. West long 0.0996799469 (Q-Value(24)) 0x00009518@Data
- sel.WestRpm long 358 0x0000951C@Data

% Add new expression

(a) Input,estimated and Actual rotor speed taken from code composer studio

560
460 A

360

(rpm)

260 H

w_est

160 A

T T
8776 +25 +50 +75 +100 +125 +150 +175
sample

(b) Estimated rotor speed taken from code composer studio

(¢) Actual rotor speed 360.8rpm

Figure 5.12: Speed response for 360rpm input

A shown in figure 5.12a steady state error of 1.115155224rpm is achieved.
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6.1 Conclusion

In this thesis work, design and implementation of MRAS and Luenberger observer based speed
estimator that can overcome the problems arising from mechanical speed sensor and motor
parameter variation for speed control of induction motor has been investigated. The performance
of the proposed MRAS and Luenberger observer was analyzed in terms of input tracking,torque
response quickness, speed response at low speed and effect of parameter variation . It was observed
that the estimator has good input speed tracking and torque response. The performance for
parameter sensitivity showed that the MRAS and Luenberger observer response degrades as the
uncertainty of the motor parameter variation increases. Input speed tracking ability of the proposed
model is good. The system gives good performance at no load and loaded condition. Hence, it can
work with different load torque conditions and with parameters variation. It was observed that
among all parameters the stator resistance variation highly affect the observer performance. It was

observed that stator resistance variation leads to instability of the MRAS and Luenbeger observer.

From the simulation results it is possible to deduce that MRAS and Luenberger observer based
sensor-less speed controller of induction motor can estimate the rotor speed with a steady state
estimation error of 0.4% and good transient response with rise time of 0.023 second and settling
time of 0.05 second. Rotor flux is estimated with 0.024 second rise time, 0.2% steady state error
and settling time of 0.05 second. Stator flux is estimated with 0.02 seconds rise time, 2% steady

state error, settling time of 0.03 second and 17% of maximum overshoot.

It is shown that the dynamic performance, rotor flux and torque control are satisfactory and fully
decoupled, enabling the fastest possible accelerations, decelerations, and reversing with the given

torque limit.
Closed loop demonstration is carried out using Texas Instrument, Piccolo TMS320F28035 control

card. With no load, maximum steady state error of 0.1800537% and good transient response has

been achieved.
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6.2 Recommendation Chapter 6

6.2 Recommendation

1. Due to the non linear characteristics of the induction motor,linear controller such as PI type
controller fails to give optimum performance. So a better result can be obtained if sliding

mode or fuzzy logic controller is used.this controller is also sensitive to parameter variation.

2. Above the rated speed , the controller can no longer maintain constant flux . So to control the
motor speed above the rated speed Field weakening method is used. Therefore, operation of

the proposed system can be extended to field weakening region.
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Appendix A

Technical background

Equation 3.6 can be rewritten in stationary reference frame as:

Via = [ (Via = Roisa — Ueomp.a )t M

lllsﬁ = /(Vsﬁ - Rsisﬁ - Ucomp,ﬁ)dt 2
Equation 3.15 can also be rewritten in stationary reference frame as:
KP v i
Ucomp,a = Kp + TI /dt (V/ s, v S,a) (3)
Kp v i
Ucompvﬁ = KP + ?I /dt (ll/ B v sﬁ) “)

Once the stator flux linkages in equation 1 and 2 are calculated, the rotor flux linkages based on the

voltage model are computed as:

R | ol .
Yyrg = E so — Trlsa )
R 1, oL, .
Wip = W — s ©
_ Wrﬁ
6, =tan"! () (7
Yy

Discrete time analysis

From equation 3.33, it is possible to extract the rotor flux linkage dynamics in synchronously

rotating reference frame as:

Ay Ly 1
B} 8
dt T, Isd T, Vrd ®)

As in [3], applying backward Euler-based approximation on equation 8:

vd(k) = Wa(k—1) Ly, 1
V= Y= D) _ gy Lot ©)
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where T is the sampling time. Rearranging equation 9

T, L,T \ .
Wrd(k): (Tr+T> Wrd(k_1)+<fr+T>lsd(k) (10)
dVse
T (11)

where e;q back emf

Equation 3.6 can be discretized as follows:

dWYsq _ Ws(x(k) - Wsa(k_ 1)
dt T

= e5q(k) (12)

Assuming that the dynamics of the mechanical system are much slower than the dynamics of the
electric variables, we may assume that the motor back emf does not change during an observer
sampling period[1].

esa(k) = esq(k—1) (13)

So it is possible to write equation 12 as:

dYso o V/sa(k)—llfsa(k—l) _1 B
dr T = 5(esalk) +esa(k—1)) (14)

Rearranging equation 14

Vialk) = alk— 1)+ 5 (exall) + esalk— 1) (s)

Following the same method:

Vi () = Wip (k= 1)+ 2 (eqp () + explk— 1) (16)

The back emf can be determined from equation 1 and 2: differentiating both equations with respect

to time:
dy, ;
B — eak) = Vialk) — Reisalk) ~ Ueomp.a () (17
dy; -
=8 = e (k) = Vi (k) — Raigp (k) ~ Uromp,p (k) (18)

PI control laws are discretized as follows:

dUcomp,Oc d (KP (st,ot - lljis,ot)) d (% f (st,a B ll/isva) dt)

e dt * i (19)
vy Ky v i
L T ) L G G L)
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dUCUmP a leVS o dlI/lS [0 Kp ]
9 — K B . B _r vV o 1 21
dt p( dt dt + T; (v 5, Vsa) 2D
du, dy’ dy' K ,
comp,ﬁ S?ﬁ Svﬁ P Vv 1
—" =K — — — 22
d P( dt dt )+ T (Vs —¥p) 2
'y, Ay,
= = : 23
dt dt @3)
dUcz)m N K, v i
i 1 Ve Vi) @9
dy’, B dwiv B
—E — - 25
dt dt (23)
dUcompp _ Kp (-, i
dt T (‘V P WSﬁ) e
Applying backward Euler approximation to equations 24 and 26:
Ucom ,(x(k) - Ucom ,(x(k - 1) K, v i
L T £ = ?f (I// s,a(k) -y s.,oc(k)) (27)
Ucomp,ﬁ (k) - Ucompﬁ (k - 1) o Kp v i
- =7 (Ve - v ) 28)
After some rearrangement:
TK ;
Ucomp,a (k) = Ucomp,a(k—1) + ATIP (Vo) =y o (k) (29)
TK v ;
Ucomp,ﬁ (k) = Ucomp,ﬁ (k - 1) + TI‘D (W s, (k) -y 5,8 (k)) (30)

Speed estimator

From equation 3.33, it is possible to determine rotor flux linkages ¥, and y,:

Then it is possible to determine the magnitude and the rotor flux angle from the current model.

Y= \/ Wra2+lllrﬁ2 (31)

6, = tan”! (‘”) (32)
Vra
Differentiating equation 32 with respect to time:
46 Wad%ﬁ -y, dYyqg
sec?, ¢ = ~dr TP dr (33)
dt V2,
2
sec’f, = < v ) (34)
Vra
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Substituting equation 3.33 into 33:

1
v,

Discretizing equation 35 gives:

, . Ly, . .

00(8) = i | (b= 100 = V= D) = 2 (Wi 1)~ Y R 1)

Tl
(36)
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