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Abstract

This thesis considers a differential-algebraic approach to estimating the speed and
rotor time constant of an induction motor using only the measured terminal
voltages and currents. It is shown that the induction motor speed satisfies both a
second-order and a third-order polynomial equation whose coefficients depend on
the stator voltages, stator currents, and their derivatives. Further, it is shown that
as long as the stator electrical frequency is nonzero, the speed is uniquely
determined by these polynomials. The speed so determined is then used to
stabilize a dynamic (Luenberger type) observer to obtain a smoothed speed
estimate. With full knowledge of the machine parameters and filtering of the
sensor noise, simulations and experiments indicate that this estimator has the
potential to provide low speed (including zero speed) control of an induction
motor under full load. A differential-algebraic approach is also used to obtain an
estimate of the rotor time constant of an induction motor, again using only the
measured stator voltages and currents. Experimental results are presented to

demonstrate the practical use of the identification method.
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Chapter 1

Introduction

Electric machines play an important role in industry as well as in our day-to-day
lives. They are used in power plants to generate electrical power and in industry to
provide mechanical work, such as in steel mills, textile mills, and paper mills. They
start our automobiles and operate many of our household appliances; an average
home in North America uses a dozen or more electric motors daily [2].

The electric machine age can be traced to Faraday’s discovery of electromagnetic
induction in 1831. Electric machines remained largely a laboratory and demonstra-
tion curiosity until the 1870s when Thomas Edison began commercial development
of the DC generator to support electrical power distribution. A major milestone in
the history of the electric machine was the patent of the three phase induction motor
and the concept of alternating currents by Nikola Tesla in 1888. Charles Steinmetz
advanced Tesla’s concept of alternating current over the next decade so that by 1900
reliable wound-core transformers were available, opening the way for long-distance

power transmission to power induction motors. The electrification of the United



States was well under way although the process would take another 30 years to com-
plete with the final rural electric power distribution not being completed until the
1930s. The proliferation of electric machine applications closely tracked the expansion
of the electric utility grids.

Electric machines come in forms such as Direct Current (DC) machines, Induc-
tion machines, Synchronous machines and some special machines including stepper
motors, switched reluctance machines, and brushless DC motors. Electric machines
are used in manufacturing facilities, and many electric machines are integrated into
appliances, vehicles, and service machines.

In the past, DC machines were used extensively in areas requiring variable-speed
operation because the field flux and torque of DC machines can be easily controlled
by the field and armature current, respectively. In particular, separately excited
DC machines were used mainly for applications where there was a requirement of
fast response and four-quadrant operation with high performance. However, DC
machines have certain disadvantages due to the existence of the commutator and the
brushes, which require periodic maintenance. They cannot be used in explosive or
corrosive environments; the commutator limits their capability for high-speed, high-
voltage operation. Alternating-current (AC) machines do not have these problems.
AC machines have a simple and rugged structure, high maintainability and economys;
they are also robust and more immune to heavy overloading.

Variable-speed AC machines have been used in the past to perform important
roles in applications which preclude the use of DC machines, either because of the

working environment or commutator limits. The low cost of AC machines is a decisive



economic factor in multi-motor systems and among the various AC drive systems.

Induction machines have a particular cost advantage.

1.1 Induction machines

The induction motor is the most common type of AC motor. It is relatively
inexpensive to build, is very rugged, and requires little maintenance. Furthermore,
in contrast to the DC machine commutators that corrode and produce small arcs, it
can also be used in volatile environments. Single-phase induction motors are used for
residential and commercial applications, but industry relies on the three-phase motor
for its smoother operation and higher efficiency.

The induction machine can operate both as a motor and as a generator. However,
it is seldom used as a generator supplying electrical power to a load (windmills being
an exception). The performance characteristics as a generator are not satisfactory for

most applications. Thus, the induction machine is extensively used as a motor.

1.2 Control of the induction machine

Much attention has been given to induction motor control for starting, braking,
speed reversal and speed change. Open-loop control of the machine with variable
frequency may provide a satisfactory variable speed drive if the motor is to operate at
constant torque without stringent requirements on speed regulation. When the drive
requirements include fast dynamic response and accurate speed or torque control,
open-loop control is unsatisfactory. Hence it is necessary to operate the motor in a

closed-loop mode, when the dynamic operation of the induction machine drive system



has an important effect on the overall performance of the system. The induction motor
torque is dependent both on the air-gap flux and the speed, but neither the torque
versus flux nor the torque versus speed relationship is linear, which complicates the
design of the control system for induction machines.

Several techniques of controlling the induction motor are proposed in literature.

These schemes can be classified into two main categories.

1. Scalar control: (a) Voltage/frequency (or V/f) control. (b) Stator current and

slip frequency control

2. Vector control: (a) Field oriented control (FOC) [3] [4]. (b) Direct torque and

stator flux vector control [5] [6], and [7].

1.2.1 Voltage/frequency (or V/f) control

The V/f control principle adjusts a constant V/Hz ratio of the stator voltage
by feedforward control. It serves to maintain the magnetic flux in the machine at a

desired level. However, it satisfies only moderate dynamic requirements.

1.2.2 Stator current and slip frequency control

In the current-regulated technique, the three-phase sinusoidal reference currents
are compared with the instantaneous values of motor currents. The error is input to
the controllers and pulse-width modulated (PWM) logic unit. The amplitude of the
current reference is obtained from the function generator block. The stator frequency
is obtained from an encoder and the slip frequency signal. The slip frequency is de-

rived either from the output of the speed controller or from an efficiency-optimized



slip table as in the case of torque controlled drives. The controllers and PWM Genera-
tion block can be either hysteresis controllers or proportional-integral (PI) controllers

with PWM.

1.2.3 Vector control

Vector control techniques have made possible the application of induction ma-
chines for high-performance applications. The vector control scheme enables the
control of the induction machine in the same way as a separately excited DC mo-
tor. The key idea of FOC is to transfer to another coordinate system or state variable
representation, in which the model resembles that of a separately excited DC machine.

FOC was proposed by Hasse [8] and Blaschke [9]. They showed that, similar to
the expression of the electromagnetic torque of a separately excited DC machine, the
instantaneous electromagnetic torque of an induction motor can be expressed as the
product of a flux-producing current and a torque-producing current. This is done by
expressing the dynamic equations in the flux-oriented (field-oriented) reference frame.
In this case, the stator current components (which are expressed in the stationary
reference frame) are transformed into a rotating reference frame, which rotates with
a selected flux-linkage (space) vector. There are in general three possibilities for the
selection of the flux-linkage space vector, so that the chosen vector can be either
the stator-flux-linkage vector, rotor-flux-linkage vector, or magnetizing-flux-linkage
vector.

There is a strong interest by drive manufacturers to replace V/f drives by FOC
drives, because FOC has better performance, the technology is becoming mature,

and there is only minimal extra cost. The basic difference between the two solutions



from the hardware point of view is the number of sensors (currents and speed) that
are necessary. There is also a strong interest to implement FOC without any shaft
sensor for lower cost and reduced complexity. This thesis concentrates on the topic of
speed estimation in induction machines without the use of a speed sensor. The speed

estimator is needed for flux estimation in field-oriented drives.

1.3 Sensorless control of induction machine

AC drives based on full digital control have reached the status of a mature tech-
nology in a wide range of applications from low-cost to high performance systems. In
the last several years, a great effort has been made to speed and/or shaft position-
sensorless torque-controlled (vector- and direct-torque-controlled) drives. These drives
are usually referred to as “sensorless” drives, although the terminology “sensorless”
refers to only the speed sensor.

The ongoing research has been concentrated on the elimination of the speed sensor
at the machine shaft without reducing the dynamic performance of the drive control
system [10]. Speed estimation is an issue of particular interest with induction motor
drives where the mechanical speed of the rotor is generally different from the speed
of the revolving magnetic field.

The advantages of speed-sensorless induction motor drives are reduced hardware
complexity and lower cost, reduced size of the drive machine, elimination of the sensor
cable, better noise immunity, increased reliability, and less maintenance requirements.

Most hostile environments require motor operation without a speed sensor [11].



1.4 Goals of the research

Recently, induction motors are used throughout industry in pumps, fans, manu-
facturing machinery, conveyor belts drives, etc., and there are many situations where
a sensorless field-oriented controller would be a distinct advantage. For example,
a conveyor belt in a mine that brings out coal in buckets is typically powered by
induction motors running in open-loop from a 60 Hz voltage source. When power
is lost, the coal buckets must all be emptied to reduce the load so that the motors
can bring the conveyor belt system back up to speed. The availability of a sensorless
field-oriented controller capable of performing a start up under full load would greatly
reduce the down-time. Such reliable sensorless control algorithms would reveal many
more industrial applications. Even if a shaft sensor is to be used, one can foresee the
need for a control algorithm that is capable of tolerating the failure of the sensor. For
example, it would be highly desirable to let an electric vehicle proceed to a garage
for service after the shaft sensor has failed.

As mentioned before, a disadvantage of existing, high-performance control algo-
rithms for induction motors is that they require a shaft sensor to estimate the (unmea-
sured) rotor flux linkages for the “vector control” algorithm. Multiple techniques have
been proposed to estimate the speed of an induction motor without a shaft sensor,
but none has emerged as being completely satisfactory. This area has a rather large
literature, and the reader is referred to [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21]
for an exposition of many of the existing approaches. In most cases, at low speeds
there are speed estimation concerns which are responsible for poor drive performance

in that speed range.



Traditional approaches to speed sensorless vector control use the method of flux
and slip estimation using stator currents and voltages [20] [21], but this has a large
error in speed estimation, particularly in the low-speed range. Model reference adap-
tive system (MRAS) techniques are also used to estimate the speed of an induction
motor [22]. In [22], the open integration is needed which causes the accuracy and
drift problems.

The differential-algebraic approach presented in this work is most closely related
to the ideas described in [23] [24] [25] [26] [27]. In [23] [24] [25] [26], observability
is characterized as being able to reconstruct the unknown state variables as rational
functions of the inputs, outputs, and their derivatives (See [24] [25] [26] for a more
precise definition). This work obtains an algebraic (polynomial) expression for the
rotor speed in terms of the machine inputs, machine outputs, and their derivatives.
In the systems theoretic approach considered in [27], the authors have shown that
there are indistinguishable trajectories of the induction motor, i.e., pairs of different
state trajectories with the same input/output behavior. That is, it is not possible
to estimate the speed based on stator measurements for arbitrary trajectories [27].
A similar circumstance is shown here due to the fact that the "coefficients" of the
algebraic expression for the speed all happen to be zero for some trajectories. This
work characterizes a class of trajectories (or, modes of operation) from which the
speed of the machine can be estimated from the stator currents and voltages. It is
then shown how this speed estimate can be used in a field-oriented controller with
the machine operating at low (including zero) speed under full load.

Implementation of a field-oriented controller requires knowledge of motor para-

meters, in particular, the rotor time constant T to estimate the (unmeasured) rotor



fluxes. However, the value of T changes due to ohmic heating. The work presented
here gives a methodology for identifying the rotor time constant Tr without a shaft
Sensor.

Chapter 2 is a summary of existing technology of sensorless control of the induction
motor.

Chapter 3 explains the differential-algebraic approach to speed estimation of the
induction motor.

Chapter 4 shows the experimental results of the differential-algebraic approach to
speed estimation of an induction motor.

Chapter 5 explains the differential-algebraic approach to estimation of the rotor
time constant Tk of the induction motor, and the open-loop experimental result is
presented.

Chapter 6 provides conclusions and future work.



Chapter 2

Background and Literature Survey

In recent years, multiple techniques have been proposed to estimate the speed
of an induction motor based exclusively on measured terminal voltages and currents
[10] [20] [22] [28] [29] [30] [31] [32] [33]. Open-loop and closed-loop observers differ
with respect to accuracy, robustness, and limits of applicability. In this section, a

review of some existing methods is presented.

2.1 Mathematical model

Most (but not all) of the speed estimation techniques are based on a nonlinear
differential equation model of the motor. A brief summary of the model is now
presented. To begin, the construction of a simplistic model of a two-phase induction
motor is described (see Chapter 5 of [1]).

Figure 2.1(a) shows a half-cylindrical-shaped loop, which is wound around a
cylindrical-shaped iron core, and denoted as loop a. A second identical loop, de-

noted as loop b, is then wound 90 degrees from loop @ as shown in Figure 2.1(b). The

10



Rotor loop a

core

Figure 2.1: Rotor of an induction motor. Ref. [1].

currents in loops a and b are denoted as ig, and igy, respectively. The two loops are
electrically isolated.

In Figure 2.1, the notation ® means that if ¢ > 0, the current is coming out of
the page while ® means that if 7 > 0, then the current is going into the page.

The stator is constructed similarly. Figure 2.2(a) shows stator loop a which has a
half-cylindrical shape and is wound on the inside surface of the stator iron. However,
as shown in Figure 2.2(a), it also has a voltage source. Similarly, Figure 2.2(b) shows
that stator loop b is identical in form to stator loop a, but is wound 90 degrees from
loop a. The applied voltages are denoted as ug,, us, and the corresponding currents
are denoted as ig,, igp, respectively. These two loops are electrically isolated.

Combining Figures 2.1 and 2.2, a simple two-phase induction motor is illustrated
in Figure 2.3. The position of the rotor is located by a line perpendicular to rotor

loop a as shown in Figure 2.3. The flux linkages in the stator and rotor phases in
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Stator iron core Side a

Stator loop a

Rotor iron core ;G)M <

(@) (b)

Figure 2.2: Induction motor stator. (a) Stator loop a. (b) Stator loop b. Ref. [1].

Rotor loop a

Rotor loop b

Figure 2.3: Cross-sectional view of a simple two-phase induction motor. Ref. [1].
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terms of the currents and rotor position are

ASa (Ras TRb, LSas 15, OR)
Asb (PRas TRb, 1Sas isb, OR)
Ara (YRas Rbs 1Sa, iSb, OR)

Arb (Ras TRb, USas 15, OR)

Lsisa + M(’iRa COS <t9R) — iRy Sin (93))
Lsigy, + M (igasin (0r) + gy cos (Or))
LRirq + M((isqcos (0r) +isysin (0r))

LRin + M(—iga SiIl <6R) —+ igb COS <6R))

(2.1)

where M is the mutual inductance, Lg and Ly are the stator and rotor inductances,
respectively.
By Faraday’s and Ohm’s laws, the equations describing the electrical dynamics of

this system are

—di\ifa — Rgisa+usa = 0
—% — Rsisy +usy = 0
—d;\;a — Rpiga = 0
—% ~ Rpipy = 0.

where Rg and Rp are the stator and rotor resistances. Explicitly, this is

Lg%isa + M%(iRa cos (0r) —igpsin (0r)) + Rsisa = Usa
LS%igb + M%(z’Ra sin (0r) + igy cos (Or)) + Rsisy = usp
LR%Z'RQ - M%(isa cos (Ar) +ispsin (Ar)) + Rrigs = 0
LR%in —|—M%(—i5a sin (0g) + ispcos (0r)) + Rriry = O.

13



A conservation of energy argument can be used to show that the torque produced

by this machine is given by

TR = M (—igry (t)ise (t)sin(0r) + iga (t)isq (t) cos (0g)

—igpy () isa (t) cos (Or) — irp (t) isp (t) sin (Or))

so that the mechanical equation is

d
J—WZTR—TL.

dt

For a machine with n, pole-pairs, the model is modified by replacing 0 by n,0 in all
the equations and M by n,M in the torque equation only.
This model can be simplified by a change of variables. To do so, define an equiv-

alent set of rotor flux linkages as

Y ra cos (nyd) —sin(n,0) ARa

(- sin (n,0)  cos (n,0) ARb

14



so that the dynamic model of the induction motor in terms of the state variables w,

Y Ra> YRy, isa, and igy is then [34]:

dw
dt

USa

Ush

ddj Ra
dt

dY gy
dt

n,M . . TL
= JpLR (is¥Ra — i5a¥rp) — 7
M
= Rgige + ULsdiSa/dt + - dvﬁfa
R
M d
== RSiSb + ULsdiSb/dt + L_%
R

1 M .
= —T—R@/)Ra — npwi gy, + T—RZSa

1

M .
= _T_R¢Rb + npwih g, + T_Rle

where 6 is the position of the rotor, w = df/dt, n, is the number of pole pairs, ig,,

isp are the (two phase equivalent) stator currents and ¢, ¥, are the (two phase

L
equivalent) rotor flux linkages, T = R—R is the rotor time constant, o =1 —
R

M?
Tsln is

called the total leakage factor, J is the moment of inertia of the rotor and 7, is the

load torque.

The mathematical model can also be written in state-space form as (see [35] [36])

dw
dt
Wra
dt
Wy
dt
dig,
dt
dZ Sb

dt

n,M . ) T
JpLR (ispV pa — isa¥Rp) — 7L

1 M .
—T—RZ/)Ra — NpWYP gy + T—R@Sa

1 M .
—T_Rwa + npwip, + T_Rsz
5 , 1
T_R¢Ra + Bnpqu/}Rb — Y1Sa + U_LSUSCL
B

O'LS

15

) 1
T_wa — Bnyw g, — Yise + ——Usp.
R

2.7)
(2.8)
(2.9)

(2.10)

(2.11)



R 1 1 M?
and v = 5 4~ " have been used to simplify the

Th bols 3 =
e symbols /3 oLsLp ocLs oLsTkr Lp

expressions.

2.2 Speed estimators

The system of equations (2.7) — (2.11) (or (2.2) — (2.6)) is the starting point for
the model based approaches to speed estimation.
Several techniques [20] [28] [37] estimate the fluxes by pure (unstable) integration.

That is, rewriting the equations (2.3) and (2.4) as

Lg

Upa = 77 (50 — Rsisa — 0 Lsdisq/dt) (2.12)
- Lg , :
Y = 5 (usp — Rsisy — oLsdisy/dt), (2.13)

the fluxes ¢, and ¢, can be obtained by integrating equations (2.12) and (2.13).

The angle ¢ of the rotor flux vector is defined as

¢ = tan ™! <¢Rb) (2.14)

and its derivative is

@ _ {bwaRa — 77Z)Raqvbl-2b

2.15
AT AT 9
Replace ¢, by (2.5) and 1, by (2.6) to obtain
Mt ier — b
@ _ nyw + M Ypaiso ~ Vrisa (2.16)

dt TR 1/%(1 + w%%b
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Substituting (2.15) into (2.16) and rearranging, the motor speed can be obtained from

W

_1 V¥ re — VraV o _ M Ypaisp — Yrpisa . (2.17)
n, Yo, + Tr Y, + %

In (2.17), ¢p, and v p, are obtained by (2.12) and (2.13), which are functions of
measured voltages and currents. This result indicates that the instantaneous rotor
speed can be obtained from the measured voltages and currents.

This method requires knowledge of motor parameters. Calculating ¢, and ¥,
based on equations (2.12) and (2.13) requires the pure integration of sensed variables.

This is an unstable estimation and leads to problems with initial conditions and drift.

2.3 Extended Kalman filter techniques

The Kalman filter algorithm [38] has been used for the estimation of parameters

of an induction motor [39] [40] [41], and for the speed estimation problem [42] [43].
Kalman filter techniques are based on the complete machine model. The dynamic
model for an induction motor in the state space, choosing ig., isy, V., and Vg, as
the state variables, is given by equations (2.8), (2.9), (2.10), and (2.11) . In the dy-
namic model of an induction motor, if the dimension of the state vector is increased
by introducing the mechanical speed as an additional state variable, the state model
becomes nonlinear (otherwise, the angular speed of the rotor is considered as a para-
meter). The extended Kalman filter is used if speed estimation is desired using the
nonlinear model. The extended Kalman filter is based on linearizing the nonlinear
model about its current operating point. The linearization is performed by assuming

the motor speed is constant during the sample time. The corrective inputs to the
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dynamic models of the stator, the rotor, and the mechanical subsystems are derived
based on minimizing a quadratic error function. The error function is evaluated on
the basis of predicted state variables, and the noise in the measured signals and in
the model parameter deviations should be taken into account.

This approach reduces the error sensitivity and also permits the use of models
of lower order than the machine. Experimental verification of this method using
machine models of fourth and third order is reported in [43]. This relaxes the extensive
computation requirements to some extent; the implementation requires floating-point
signal processor hardware [44].

Section 3.8 will discuss speed estimation using extended Kalman filter methods in

detail.

2.4 Least-squares method

The least-squares method treats the speed w as an unknown constant (slowly
varying compared to the electrical variables) parameter and finds the estimated speed
& that best fits the measured/calculated data (i.e., ugq, Usp, i5a, G5p, disq/dt, digy/dt)
to the “steady-state” equations of the motor (i.e., dw/dt = 0) [12] [18] [45]. For this
approach, it is convenient to use the mathematical model of the induction motor in
the state-space form (2.8), (2.9), (2.10), and (2.11). The least-squares approach is
used to find the value of estimated speed & that best fits the equations (2.8), (2.9),
(2.10), and (2.11) . However, as the fluxes are not available measurements, the first
step is to eliminate the flux linkages v 5,, ¥, and their derivatives di g, /dt, di g, /dt.
The four equations (2.8), (2.9), (2.10), and (2.11) can be used to solve for ¥ p,, Vg,

di) ,/dt, di g, /dt, but one is left without another set of independent equation to set
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up a speed estimator. A new set of independent equations is found by differentiating

(2.10) and (2.11) (assuming motor speed w is constant), respectively, to obtain

d2i5a ﬁ dwR d'lpr d/LSa 1 dusa

_ B dip, _ 2.18
i @ O T Yo (2.18)
i B dipg, dyp disp 1 duss

_ B B a , 2.1
dt T at P g Y a T ols di (2.19)

Substituting di g, /dt, di) g, /dt, which are in terms of ug,, tsp, isa, isp, dise/dt, and

digp/dt into equations (2.18) and (2.19) results in the least-squares regressor equation

given by
d? | isa ( LS) d | sa Rs iSa d | USa 1 USa
oLs— +(Re+ 22 ) = + =2 —— — =
di LSt Tr ) dt i.5b Trn 1.5t di Ush Tr Usp
d | —tsp —1sb —Usp
=nyw | oLs— + Rg — . (2.20)
dt | . .
1Sa 1Sa Usq

The system of equations (2.20) is now in terms of the measured/calculated quantities
USa, USh, 1Sa, 15y, dise/dt, digy/dt, d*is,/dt, d*isy/dt, the known motor parameters,
and the unknown speed w.

The least-squares approach requires that one measure ug,, sy, t5q, tsp, COMpute
dise/dt, digy/dt, d*ig,/dt, d*isy/dt over a short time interval where the speed is ap-
proximately constant, and take the speed estimate w that best fits (2.20) for the
present and past values of time. This approach assumes that the parameters are

known, fixed in time, and the speed is constant.
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Figure 2.4: MRAS block diagram.

2.5 Model reference adaptive system (MRAS)

The schemes included in this group consider the motor speed as an unknown
"constant" parameter and use the techniques of adaptive control to estimate this
parameter [10] [22] [31] [32]. This method is based on the comparison between the
outputs of two estimators. The estimator that does not involve the quantity to
be estimated (the rotor speed w) is considered as the induction machine reference
model given by equations (2.3), (2.4), and the other estimator, may be regarded as
the adjustable model represented by equations (2.5), (2.6). The error between the
estimated quantities obtained by the two models is used to drive a suitable adaptation
mechanism which generates the estimated rotor speed w. Figure 2.4 shows a general
block diagram for this approach. Some schemes compare the rotor fluxes to generate

the error signal which is used to estimate the rotor speed.
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In general, w is a variable, and the models are linear time-varying systems. How-
ever, for the purpose of deriving an adaptation mechanism, it is valid to initially treat
w as a constant parameter of the reference model.

An estimator for ¢y, and 15, is defined through

dipp, 1 - - M
e — — 2.21
dt TRwRa npwwa + TRZSU« ( )

A g, 1 5 .
= —— —1gp. 2.22

With e, = ¥, — U Ras €6 = Uy — U s the error dynamics are found by subtracting

(2.21) and (2.22) from equations (2.5) and (2.6) to obtain

X ) .

d | €a —7= —NyW € —1)

- — | T TP oy w—a)| " (2.23)
€ Nyl —e € VRa

where 1, 1 g, are computed from equations (2.3) and (2.4).
As w is a function of the state error, these equations describe a nonlinear-feedback

system. Choosing
t
w=K, <1/1Rb{?Ra - wRa{bRb> + KI/ (¢Rb1ZJRa - 1/’R<ﬂl’Rb> dt.
0

The stability of the system is discussed in [37]. Important issues with this algorithm
are the sensitivity to parameter variation, the ability to work under full load torque,
and the unstable estimation of 1 p,, ¥'g,. The method requires knowledge of Rg, 0Lg,

M, and Tkg.
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Peng and Fukao [32] modified the approach of [37] so that it does not require pure

integration of the flux equations. To do so, one defines

VUma £ (M/LR)dl/)Ra/dt = _RSiSa - O'Lgdiga/dt + Ugq

Uy 2 (M/Lg)dip g /dt = —Rgisy — 0 Lsdigy/dt + ugp. (2.24)

where v,,,, and v,,;, are measured/calculated quantities. Multiplying equations (2.5)

and (2.6) by M/Lg, and differentiating them with respect to time, one can obtain:

1

AVna /At = ——Vma — MWL + —(M?/Lg)dis,/dt
Tr Tr
1 1
dvmb/dt = ——Ump + NpWUmg + —(M2/LR)diSb/dt.
Tr Tr

An estimator for v,,, and v,,;, is defined through

1 1
AVpna/dt = —=—TVma — Ny + —(MQ/LR)diga/dt
Tr Tr
1 1
by /dt = — =Dty + Np@Oma + = (M?/Lg)disy/dt. (2.25)
Tr Tr
Then @ is chosen as
t
W= Kp (Uma@mb — Umb@ma) + K; / (Uma@mb — Umb@ma) dt. (226)

0

K, and K are adjusted by the designer.
In summary, this method consists in computing vy, Vmp from (2.24), Oma, Ome

from (2.25), and then using equation (2.26) to obtain the speed estimate w. This
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method avoids the integration of rotor flux. Peng and Fukao [32] also modified the

approach to make it insensitive to the stator resistance Rg.

2.6 Rotor slot ripple

The schemes included in this group are based on the fact that the rotor speed
is obtained by the ripple generated in the stator voltages and currents, due to the
reluctance modulation generated by the presence of rotor slots [46] [47]. The rotor
slots presence can be taken into account considering the air gap length variable while
modelling the induction machine. The air gap modulation is responsible for two
harmonic components in the stator voltages and in the stator currents. The speed
detection can be performed by measuring the rotor slots harmonics frequency either
from the stator currents or from the stator voltages.

The stator currents and voltages are pre-filtered by means of band-pass filters
where the center frequency can be tuned on the rotor slots’ harmonic. Once the
frequency of such harmonic is detected, the rotor speed can be derived. In some
schemes, a spectral analysis of one phase current is performed using a Fast Fourier
Transform (FFT) method to detect the rotor slots” harmonic frequency, and the pre-
filtering stage is performed digitally.

In other schemes the stator voltages are used, and the pre-filtering is performed
by means of Switched Capacitor Filter (SCF) in which the center frequency is tuned
using the synchronous frequency and the rotor slots’ frequency is detected by a Phase-
Locked Loop (PLL) [47] or by a frequency-to-voltage converter (FVC) [48].

If a suitable analog electronic detection circuitry is available, the rotor slots ripple

method has a behavior which is very close to methods using the measured speed.
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However, the rotor slots ripple method has a steady state error of about 1%, inde-
pendent of the speed, under any load conditions [49]. It also has a dead zone at very
low speed (below 50 rpm) due to the limits of the FVC used. It can not properly

operate at zero speed.

2.7 Summary

A large variety of sensorless controlled AC drive schemes are used in indus-
trial applications. Open-loop control systems establish the desired machine flux by
maintaining the stator voltage-to-frequency ratio at a predetermined level. They are
particularly robust at very low and very high speed. However, they satisty only low
or moderate dynamic requirements. Small load-dependent speed deviations can be
compensated for by incorporating a speed or rotor frequency estimator.

High-performance vector control schemes require a flux vector estimator to iden-
tify the spatial location of the magnetic field. Field-oriented control stabilizes the
tendency of induction motors to oscillate during transients, which enables fast con-
trol of torque and speed. The robustness of a sensorless drive can be improved by
adequate control structures and by parameter identification techniques.

Speed estimators and the MRAS method are based on equations (2.3) and (2.4).
The accuracy and drift concerns of an open integration at low frequency exist [28] [37].
These problems can be avoided by using a first-order delay element instead of an
integrator, which eliminates an accumulation of the drift error. However, this entails
a severe loss of gain in 1, at low stator frequency, while the estimated field angle lags

considerably behind the actual position of the rotor field. It also makes the integration
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ineffective in the frequency range around and below the corner frequency of the first-
order delay element. If the drive is operated close to zero stator frequency for long
periods of time, the estimated flux goes astray, and speed estimation is lost [44]. The
modified MRAS method [32] does not require the pure integration, but the slowly
changing speed compared to the electrical variables is assumed.

Least-Square methods [12] [18] [45] and the extended Kalman filter method [42]
[43] treat the speed w as an unknown constant (slowly varying compared to the elec-
trical variables) parameter. The convergence of the extended Kalman filter method
is not reported in [42].

Other methods such as [50] [51] are very sensitive to the parameters.
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Chapter 3

Speed Sensorless Control of the
Induction Motor Using
Differential-Algebraic Speed

Estimator

3.1 Observers

The results in this thesis are a combination of the rather new development of
differential-algebraic methods and the classical Luenberger observer methodologies.
A brief summary of the Luenberger observer is given and illustrated by estimating
the speed in a permanent magnet DC motor. The permanent magnet DC motor is

also used to illustrate the differential-algebraic approach to speed estimation.
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The theory of state estimation from measured data dates back to the early 1960s.
Luenberger considered the problem of estimating (a linear function of) the state in
multi-input and multi-output linear systems. The Luenberger observer [52] provides
solution for linear systems where a constant system matrix and fixed parameters are

assumed.

Luenberger observer

Consider a linear time-invariant system given in state-space form as

d‘Zi“ — Az (t)+ Bu(t) (3.1)
y(t) = Cx(t) (3.2)

where x is n x 1 state vector, u is r X 1 input vector, A is an n X n system matrix, and
B is an n x r distribution matrix, y is m x 1 output vector, and C' is m x n output
matrix.

Assume that only the input vector u (t) and the output vector y (¢) can be mea-
sured.

Define a state estimator system by

di ()
dt

=Az(t)+ Bu(t)+ L(y(t) —y(t)) (3.3)

() = Ci (1) (3.4)
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Subtract equation (3.3) from (3.1), and (3.4) from (3.2) to obtain the estimation error
system given by

e(t) = (A—LC)e (t)

where e (t) = x (t) — 2 (t) . This implies that the error approaches zero asymptotically
as t — oo provided that eigenvalues of gain matrix A— LC are located in the left-hand
side of the complex plane.

It is well known that a gain matrix L can be found that arbitrarily places the

eigenvalues of A — LC' if and only if the pair (C, A) is observable [53], i.e.,

C
CA

rank

I
3
—
@
(@)
~

cAn!

Example 1 Consider the following model of a permanent magnet DC motor given

by ) ) ) o ) ) )
0 0 1 0 0 0
Slow | =lo g —t|] o |+] &g |u) GO
11/ J 0 0 0 11/ J 0
L
y(t)z{l 0 0} w (3.7)
T1/J
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where the load torque 71 is modelled as an unknown constant parameter. The state

of the system is defined as
0

A

z w

TL/J

With the obuvious definitions for A, B, and C, the system equations can be written as

dz
— =Az+B ) )
o z+ Bu (t) (3.8)

The output is
y(t) =C-z. (3.9)

Define a speed and load-torque (Luenberger) observer by

% — A2+ Bu()+ Ly () —§ () (3.10)
g = 2 (3.11)
where o
4
A
3

Define the estimation error state to be

€1 9—@

A A~

E= | e | = w—w
€3 TL/J—%L/J



Subtract the system (3.10) from the system (3.8) and (3.11) from (3.9) to obtain the

system of equations describing the error dynamics as

de

o Ae— 0

7 e—L(y(t)—9(t)

= (A-{C)e
where ~ _
—{y 1 0
A—1C=| —¢ —f/J -1 - (3.12)

—{3 0 0

The rank of the observability matrix is

C 1 0 0
rank | CA | =rank | 0 1 0 = 3.
CA? 0 —f/J -1

This system is observable. A gain matriz ¢ can be found that places the eigenvalues

of A —(C' in the left-hand side of the complex plane [53].

3.2 Differential-algebraic state estimation

The idea of the differential-algebraic approach to state estimation is to find an
algebraic equation that the unknown state variable must satisfy. That is, a polynomial
equation in the unknown state variable whose coefficients are in term of the inputs,
outputs, and a finite number of their derivatives. The following examples are used to

illustrate the approach.
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Example 2 Consider the system [23]

i‘z = Uu
Yy = I

which is in state-space form. Suppose an input-output description, i.e., a description

directly relating u and y is desired. The original set of equations is equivalent to
y—a1=0, y—a5=0, iy —u=0. (3.13)
It is now possible to eliminate the derivative of xo by forming

d . . ..
P (7 — 23) + 225 (22 — u) = §j — 2zou. (3.14)

Tt

From this construction it follows that p = 0 whenever the equations of (3.13) are
satisfied. The last equation of (3.14) can be replaced by p = 0 to get the system

description

y—a1=0, y—a3=0, §j— 2zu=0. (3.15)

From (3.14) it follows that every solution of (3.13) also solves (3.15). If, moreover,
it is known that x4 # 0, then the converse is also true and (3.13) and (3.15) are

equivalent. It is now possible to form

o (§ — 2wau) — 2u (§ — 23) = zaij — 2uy, (3.16)
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and it readily follows that

y—x1 =0, §—2xu =0, 29 — 2uy =0 (3.17)

is equivalent to (3.15) if also u # 0. Finally form

i (5 — 2x9u) + 2u (223 — 2uy) = §° — 4u?y, (3.18)

to conclude that, provided uxs # 0, (3.13) is equivalent to the following system de-
scription

i =4ty =0, y—x1 =0, §j— 2w9u = 0. (3.19)

The left-most equation of (3.19) is an input-output relation, while the middle and
right equations show x1 and xo can be computed from the input and output. Further,

the unmeasured state variable x4 can be estimated by x5 = ij/2u.

Example 3 A standard mathematical model of a permanent magnet DC motor is

gien by
di .
LE = —Ri— Kw+v (3.20)
J(fl—c; = Kpi— fw—1p (3.21)

where R, L represent the resistance and inductance, respectively, of the armature, K,
1s the back emf constant, K1 = K, is the torque constant, J, f are the rotor moment

of inertia and the viscous friction coefficients, respectively. Tp, is load torque and v is
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supply voltage. The load torque is assumed to be constant so that it satisfies

dr L
—0 22

Simply solving (3.20) for w gives a differential algebraic estimator for the speed as

V — Ldi/dt — Ri
w = .

i (3.23)

This differential algebraic estimator has no stability issues associated with it, but it
18 noisy as the derwative of the current is required. In this example, a Luenberger
type observer is combined with a differential-algebraic observer to obtain a smoother

estimate compared to that of the previous example. Proceeding, consider an observer

defined by
dw : o .
JE = Kpi—fo—7p+0 (w—0) (3.24)
drp, .
- _ - 2
pm Uy (w—w) (3.25)

where w in (3.24) and (3.25) is obtained from (3.23). Subtracting (3.24) from (3.21)

and (3.25) from (3.22), the error system is given by

e 1
€ (&
g Hl = T ' (3.26)
t ()] —52 0 ()]

A ~ A A~ .
where e1 = w — W and ea = 71, — 7. The gains {1 and {5 can be chosen to make the

system stable so that ey = w — w — 0, with @ being a smoother estimate than w.
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It is now shown that the differential-algebraic approach does not work for a per-

manent magnet synchronous motor.

Example 4 A mathematical model of a permanent magnet synchronous motor is

given by [13]

diSa

Ls = —Rgisgq + Kpwsin (ny,0) + usg, (3.27)
i

LS% — —Ryisy — Kyw cos (n,0) + usp (3.28)
d

Jd—C: = Ky (—isasin (n,0) + isy cos (n,0)) — fw — 71 (3.29)

where 0 is the position of the rotor, w = df/dt, n, is the number of pole pairs, Lg
1s the stator phase self-inductance, Rg is the resistance, J is the moment of inertia,
K, is the torque/back-emf constant, f is the coefficient of viscous friction and Ty, is
the load torque.

At zero speed, i.e., w = 0, the two current equations (3.27) and (3.28) do not
contain any information about the rotor angle 6. However, the rotor angle is required
to control the motor torque as equation (3.29) shows, and consequently the method is

not applicable to the permanent magnet synchronous motor at zero speed.

3.3 Speed estimation in an induction motor

The contribution of this thesis is the development of a new algorithm to estimate
the speed of an induction motor [54]. This new approach is now presented.
The starting point for the speed sensorless design proposed in this thesis is a

(two-phase equivalent) state-space mathematical model of the induction motor given
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in the space vector form [13]. Specifically, let ig = isq + jisy, ¥, = Ypq + j¥ gy, and
Ug = Ugy + jusy. The induction motor model given in (2.7) — (2.11) may be rewritten

as

d . s . .
s T ig(l"J”PWIh)QR'_WQS*‘gzg@S (3.30)
d 1 . M
aln = g (o gnewTR) ¥, + i (3.31)
dw n,M . TI
P Lndispt = — 3.32
dt JLg LECHY, J (3.32)

where 6 is the position of the rotor, w = df/dt, n, is the number of pole pairs, igq,
igp are the (two phase equivalent) stator currents and p,, ¥, are the (two phase
equivalent) rotor flux linkages, Rs and Rp are the stator and rotor resistances, M
is the mutual inductance, Lg and Ly are the stator and rotor inductances, J is the

moment of inertia of the rotor, and 7, is the load torque. The symbols

Lpr M?
T, = =8 — 1
"= R 7 LsLp
M Ry 1 1 M?

b= oLsln |~ oLs  oLsThILn

have been used to simplify the expressions. T is referred to as the rotor time constant

while o is called the total leakage factor.
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3.4 Algebraic speed observer

To develop an algebraic speed estimation, the rotor fluxes and their derivatives
must be eliminated from the system equations as they are not measurable. Proceed-
ing, differentiate (3.30) to obtain

. B d d . 1 d

—5is = 7 (1 = jnpwlg) — ¢, —jn Pﬁi/)R —Ygls 5 Ug (3.33)
dt Tr dt— dt dt oLg dt

d
Using the complex-valued equations (3.30) and (3.31), one can eliminate ¢, and ag R

from (3.33) to obtain

j_;is =- TLR (1 — jnpwTk) (%25 + L — 25 Us) ﬁT]\j (1 = jnpwTr)ig
_7%15 + ULLS%QS - % (jt_s + yig — i u ) fl—j (3.34)
Note from (3.30) that
jt_s + s — isus ji (1 = jnpwTr) ¥,
and this is zero if and only if ) p R) = 0. Solving (3.34) for dw/dt gives
dw (1 —jnpwTr)®> 1— jnpwTx
- jnpl2 inpTn
% (1— jnPWZR)iS - W%Zs I’ ULLS%HS - 5_;15 55

¢ + VL U
S Yis — LSS
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If the signals are measured exactly and the motor satisfies its dynamic model, the
right-hand side must be real.
Breaking down the right-hand side of (3.35) into its real and imaginary parts, the

real part has the form

dw

i (UsSa, Ush; i5a,isp) W + a1 (Usa, Ush, 150, isp) W + Ao (Usa, Ush, i5a,is) - (3.36)

The expressions for as (Usa, Usp, i5a; isb) » @1 (Usas Ush, i5a; isp) ; and ag (Usa, Usp, i5a;isp)
are given in section 3.7.1. Their steady-state expressions are derived in section 3.7.2.
If one considers a speed observer designed by

dw

% = 0 il ao, (3.37)

then its stability must be ascertained, that is, if & (tg) # w (to), will © (t) — w (¢)?
It is shown in section 3.7.5 that (3.36) [equivalently, (3.37)] is never stable in steady
state. Consequently, equation (3.37) cannot be used as an observer unless it is stabi-
lized.

On the other hand, the imaginary part of (3.35) must be identically zero leading

to a second degree polynomial equation in w of the form

q(w, 1) £ qa(Usa, Ush, i5a, i5p)w* + q1(Usar Ush, 50, 15)W + Go(Usas Ush, 154 i5p) = 0.
(3.38)
The expressions for ga(wsa, Ush, 15a;isb), @1 (Usa, USh, L5as Tsp) » and o (Usas Ush, Sasisp)

are given in section 3.7.3, and their steady-state expressions are derived in section
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3.7.4. There are two solutions to equation (3.38), and at least one of these two solu-
tions must track the motor speed. This equation does not have any stability issues,
but a procedure is required to determine which of the two solutions is correct. Fur-
ther, there are situations when the speed cannot be determined from (3.38). For
example, if ug, = constant and ug, = 0, it turns out that ¢s = ¢ = ¢ = 0 and w is
not determinable from (3.38) (see section 3.7.6 where this is shown in detail). On the
other hand, if the machine is operated at zero speed (w = 0) with a load on it, then
g2 = 0 and ¢; # 0, and a unique solution is specified by (3.38) (see section 3.7.4 where
this is proved in steady state). In fact, for low speed trajectories, consider equation
(3.38) written in the form

(o + q1) w4+ qo = 0. (3.39)

At low speeds, defined by |gw| < |g1], equation (3.39) reduces

Giw+qo =10

and w is uniquely determined by w = —¢qg/q1. Section 3.7.7 shows that, in steady
state, |qow| < |qi if (Trnpw)? < 1.
If g2 # 0, the correct solution of (3.38) can be determined as follows: Differentiate

equation (3.38) to obtain a new independent equation given by

dw

=+ Gow? 4 drw + go = 0. (3.40)

(2¢ow + 1)
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Next, dw/dt is replaced by the right-hand side of equation (3.36) to obtain a polyno-

mial equation in w given by

g(w) = 2q2a2w3 + (2(]2(11 + q1az + QQ) w2 + (2(]2&0 + q1a1 + ql) w + d1Qao + Q(). (341)

g(w) is a third-order polynomial equation in w for which the speed of the motor is
one of its zeros. Dividing* g(w) by ¢(w) from (3.38), g(w) may be rewritten in the

form

g(w) = (2q2a0w + 2q2a1 — 2102 + G2) q(w, 1) +71 (Usa, Ush, 184, Lsp) W

+70 (Usa, Ush, T5a, Lsp) - (3.42)

where

71 (USas Ush, 150, 15b) = 2¢500 — G2q101 + Qa1 — 2¢2Goas + G5 as — G1d2 (3.43)

and

70 (Usa, Ush; i5a,156) = G2q1G0 + G2Go — 2¢2Go@1 + Goq1a2 — Goda- (3.44)

If w is equal to the speed of the motor, then both g(w) = 0 and ¢(w) = 0, and one

obtains

71 (USas Ush, 1Sa, tsp) W + To (Usa, Ush, 15as isp) = 0. (3.45)

*Given the polynomials g(w),g(w) in w with deg{g(w)} = ny,deg{q(w)} = ngy, the Euclidean
division algorithm ensures that there are polynomials y(w),r(w) such that g(w) = y(w)g(w) + r(w)
and deg{r(w)} < deg{q(w)} —1 =n, — 1. Consequently, if wy is a zero of both g(w) and ¢(w), then
it must also be a zero of r(w).
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This is now a first-order polynomial equation in w with a unique solution as long as
71 (Usa, Ush, isa, isp) (the coefficient of w) is nonzero (It is shown in section 3.7.8 that
r1 # 0 in steady state if ¢o # 0). A purely algebraic estimation for the speed is then
given by

—qo/q1 ifga =0 See (3.38)

A
w =

—ro/r1 if g #0 See (3.45).

3.5 Stable dynamic speed observer

The coefficients of r; and ry contain third-order derivatives of the stator currents
and second-order derivatives of the stator voltages and, therefore, noise is a concern.
Rather than use this purely algebraic estimator, it is now shown that it can be
combined with the dynamic model to obtain a smoother (yet stable) speed estimator.

Dividing the right side of the differential equation model (3.36) by ¢(w, t) (g2 # 0),

one obtains

asw? + a1w + ag = %q(w, t)+aw+p (3.46)
2
where
a=a; — axq/ ¢ (3.47)
and
B = ap — asqo/qe. (3.48)

Then, as ¢(w,t) = 0, equation (3.36) may be rewritten as

dw

= = althw + (1), (3.49)
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which is a linear first-order time-varying system. With
@(t, tO) iy eftto a(r)dr
the fundamental solution of (3.49), the full solution is given by (see [55])

w(t) = ®(t, to)w(0) —I—/ O(t,7)B(T)dr.

to

Consequently, a sufficient condition for stability is that «(t) < —x < 0 for some
x > 0. It is shown in section 3.7.5 that o > 0 in steady state, so the system is never
stable in steady state.

For the case that g2 # 0, consider (3.49) to be the induction motor “model” and
the solution w of algebraic estimator (3.45) to be the “measurement”. Then, let an

observer be defined by
— =a(t)w+ () +{(w—w). (3.50)

If ¢ —a(t) > k > 0 for all ¢, then the estimator (3.50) is stable with a rate of decay of
the error no less than k. As this estimator is the result of integrating the signals «/(t),
B(t), and w from (3.45), it is a smoother estimate than the purely algebraic estimate
of equation (3.45).
In the case where g2 = 0, the right side of equation (3.36) can be divided by
q1w + qo = 0 to obtain
dw

— =c(t) + L (w—a). (3.51)
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If ¢ > k > 0 for all ¢, then equation (3.51) is stable with a rate of decay of the error
no less than x.

Collecting this together, the estimate of speed proposed here is defined as the
solution to the observer

&
d_o; L 00° + a0+ ag + L (w — Q) (3.52)

where
—qo/q1 if g2 =0 See (3.38)

A
w =

—ro/r1 if ga #0 See (3.45).

In section 3.7.4 it is shown that in steady state ¢; # 0 if ¢ = 0, while in section 3.7.8

it is shown that in steady state r # 0 if g5 # 0.

3.6 Simulation results

As a first look at the viability of the proposed speed sensorless observer, simu-
lations are carried out. Figure 3.1 shows a block diagram of the sensorless control
system. In this system, a current command field-oriented controller is used [13] with
the induction motor model being equations (3.30), (3.31), and (3.32). The speed
observer (3.52) is used with the estimated speed w fed back to the current command

field-oriented controller.
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Figure 3.1: Sensorless speed control system.

Here a three-phase (two-phase equivalent) induction motor model is simulated

using the machine parameter values

n, =2, Rg =5.12 ohms, Rr = 2.23 ohms, Lg = Lr = 0.2919 H, M = 0.2768 H,

J = 0.0021 k-gm?, TL rated = 2.0337 N-m, Iy = 2.77 A, Vigax = 230 V.

Figure 3.2 shows the simulation results of the motor speed and speed estimator
under full load. From ¢ = 0 to ¢t = 0.4 seconds, a constant ug, is applied to the motor
to build up the flux and the motor is considered to be held with a brake so that
w = 0. At t = 0.4 seconds the brake is released, and the machine is running on a low
speed trajectory (wmax = b rad/s) with full load at the start. The estimated speed @
is used in the field-oriented controller as shown in Figure 3.1. In this simulation, the
observer gain £ in equation (3.52) was chosen to be 1000.

Figure 3.3 shows the simulation results of the motor speed and stabilized speed

estimator under full load for a zero speed trajectory. From ¢t = 0 to t = 0.4 seconds, a
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Figure 3.2: Actual speed w and estimated speed @ (using differential-algebraic
method) with the motor tracking a low speed trajectory (wmax = 5 rad/s) with full
load at the start.
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Figure 3.3: Actual speed w and estimated speed w (using differential-algebraic
method) with the motor tracking a zero speed trajectory (w = 0) with full load at
the start.
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constant ug, is applied to the motor to build up the flux and the motor is considered
to be held with a brake so that w = 0. At t = 0.4 seconds, the brake is released, and
the machine is controlled to a zero speed trajectory (w = 0) with full load at the start.
w is used in the field-oriented controller as shown in Figure 3.1. In this simulation,
the observer gain ¢ in equation (3.52) is chosen to be 1000.

Figure 3.4 shows the whole trajectory chosen to have a maximum speed of 5
rad/sec, to do a speed reversal, and to have zero speed at the end.

To consider the effect of noise in the simulation, a 20 kHz PWM inverter is in-
cluded. Low-pass analog filters (third-order, 100 Hz cutoff) are used (simulated)
before the voltages and currents are sampled. Such a filter limits the applicability
to speeds where the electrical frequency is below the filter cutoff. The sample period
was 1 us, which is not possible using the standard processor technology in commercial
electric drives. However, such a step size is found to be necessary in order to use (sim-
ulate) a PWM inverter and then compute third-order derivatives of the currents and
second-order derivatives of the voltages to estimate the speed for feedback control.

The interest here is in low-speed sensorless control of the machine with full load.
The trajectory is chosen to have a maximum speed of 5 rad/sec, to do a speed reversal,
and to have zero speed at the end as shown in Figure 3.5. The induction motor model
for the simulation is based on equations (3.30), (3.31), and (3.32). Along with the
stator currents, the estimated speed w is fed back to a current command field-oriented
controller [13] [1]. Figure 3.5 shows the simulation results of the motor speed and
the stabilized speed estimator under full load. The full load is on the motor from
t = 0.4sec to t = 16sec, that is, even during the zero speed part of the trajectory.

From ¢t = 0 to t = 0.4 seconds, a constant ug, is applied to the motor to build up the
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Figure 3.4: Actual speed w and estimated speed @ (using differential-algebraic
method) with full load on the motor.

Speed in rad/s
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Figure 3.5: Actual speed w and estimated speed @ (using differential-algebraic
method) with full load on the motor drived by PWM inverter.
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Figure 3.6: Commanded voltage and the filtered PWM voltage.

flux, and the motor is considered to be held with a (mechanical) brake so that w = 0.
Figure 3.5 shows at t = 0.4 seconds the brake is released and the machine is running
on a low speed trajectory (wmax =5 rad/s) with full load. In this simulation, the
observer gain ¢ in equation (3.52) is chosen to be 1000.

Figures 3.6 and 3.7 shows the voltage ug, and current ig, corresponding to the

trajectory in Figure 3.5.
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Figure 3.7: The measured current and the filtered current.
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3.7 Dynamic and steady-state coefficients of speed
estimator and speed estimation proofs in steady
state

3.7.1 The dynamic expressions for as (usq, U, isq, i), @1(Usa,

USh, 15a, tsp) and ag (Usa, Ush, 1Sa, 15b)

The dynamic expressions for as, a; and ag are given here.

Let
A L d*is, . d*igy Y disa, . digy
= 7 — 1 —_—, =1 — —_—,
1 Sy Sa” gy 2 b~ S
d (i%, + 12 . .
Ag ﬁ (Sa Sb) 7 A4 é %a—f—léby
dt
. . dugy, . dug
As 2 ugpise — Usaish, Ag & igg—= — igp—z,
5 SblSa SalSh 6 Sa” g S
d22'5' d2i5b
A7 & ig,—2 4ig—=,  Ag = ugaisa + Uspise,
7 Sa™ S 8 SalSa SblSh
. dus, . du
Ag = ZSQ—S‘FZsbﬂ, AlOéu?S'a—i_u?S'lr (353)
dt dt
such that

—n2BM (ﬁA4A5 n A4A2>

T (GAS A, — ﬁASY n (i& + A2>2)

a2(USas Ush, 150, i5p) = (3.54)
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np
2 2
inR ((%Ag + ’}/A4 — iAg) + (iAE) + A2) )
1 1 BM dA?
~(Tpy +2) A2+ | ~Try? — = —2
X(4< R+2) 3+(4 i 2TR+7> dt
1 M
+ (yTr +2) A3 + §TRA7A3 + 2y (’Y - ﬁT_) Aj
R
1., dA2

. . A
a1 (Usa, Ush, iSa, Isp) =

1
+ —— (vTgr +4) A2 As

TrA7 Ay + =Thr—=
+v1RrA7 4+2 R oLs
1 1 2
“ole 2+ §TRV AsAg + OQ—L%A4A10
2 [BM 1 Tp 1
— | — — 27| AyAg — —TrA; Ay — ——=AyA
+0LS(TR ’Y> s = U Anrdrds = ro o Aeds
Tr Tp 1 Tp 1
L NAQA + —— A ———AsA
GLS,Y o 4+ LsaLS 9 8+O’L50’L5 6475
T Tr dA,
+O_LSA6A2+ O'LS dt A5 (355)
1

. . A
ap (uSm Usy, 1Sa ZSb) -

npTh ((%Ag Py — 7 As) + (s As + A2>2>

M 1
X ((6 + 72) A Ay — A7 Ay + §A1A3 + v A1A4

T3

1 8M 11 1

—— —— Ay Ay — ———yA3A5 — —— A A
T oLs T3 4 T gLy 2 T G
—LAA +1LAA+ LAA—LAA
oLg T 20Lg 6% IYGLS 6% o2L?, 678

1 1 1

———AgAs + ——AgAy — — A1 Ag ). .
+02L§ 9 5+0Ls 9A2 oLs 1 8> (3.56)
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3.7.2 The steady-state expressions for as (ugq,, usy, isq, i), a1(
USastshs Sasisy) and ag (Usq, Usp, 15a, 1)

The steady-state expressions for as(tsa, Use, isasisp); 01(Usa, Ush, isasisy) and
ao(Usq, Usp, isa, tsp) are now derived.

In steady state, let (see [13])
Usa + jusy = Uge’s*

isa + jisy = Lge?“s".

The complex phasors Ug and Ig are related by

I, = Us
1g = , :
. 1+ &
Rs + jwsLs | ——%
1+] oS
P
A Rp 1
Here S, = oot = F5oTs SO that
_ Us
Ls= SowsT
. 14+7SowsTRr
Rs + jwsLs [ 1+jSwsTh }
Us
(R + Sodam) + j2os )
1+S52weT?, 1+52weTh
Re+ (1-0)Sw LsTr n .wsLs(1+052w3T3)
Uy =|U |2 S 1+S2wgTh J 1+S52w3 T2
Ysls = |Ysg

-
ot (osaLsty )2 AL (s h)
ST T IESRETR, (1+52272)

o1



The real power is equal to

P = uSaiSa+quiSb
= R (Usl3)
2 (I—U)SszsTR
s (Rs + S

:

14+S2WiTh (1+520272)°

The reactive power is equal to

Q = usyisa — Usaish
= In(Usls)
Usl

9 wsLg (1+0S2wstl%)
1+52wiT2

:

L+S2ST (1+520272)°

In steady state
%+t = |l
ud, +udy = |Usgl”

d (i%a + Z%b)

di =0

02

(3.57)

(3.58)



Let

1 2
den £ TlpTR ((5143 + ’)/A4 — > + (O'—LSA5 + AQ) >
<(1_g> 145202, sws )2 n ( ws )2

oTr 1+S2 o 1+S%w 2T2

(1-0)Sw2LsTr \? | wil?(1+05%w% 72)° 2
(s + OS2+ )’

= n, T [Ug/* (3.59)

<1+S2ws
Remark Recall that it was pointed out following equation (3.35) that den = 0 if

and only if ‘QR‘ =0.

The steady-state expression for as(usq, Usp, isa, isp)

As a result, in steady state the two terms of as(ugq, Usp, i5q,%5p) are

1 1 1 | | | |
den pﬁM A4A5 = _% iﬁMT (Z%a + Z?S’b) (quZSa — uSaZSb>
wsLg(14+0S%2w2 T3
_ _nQBMaL |—S’4 = Sls_szw2T2S R)
den (R + (I_U)SWELSTR)2 n wi L3 (1+052 ) 2
’ SR (1+520272)
1 L . diSa . diSb
den pﬁ 442 den pﬁ (lsa+25b) (sz s
1, , 2
= ———mBM Ls|® (—ws |Ls|?)

n2BMwg Usl*

.
den (( Re + (1—a>5w%LsTR>2 N w%L%(HUSQw%T%)Z)

14+S%wiTh (1+520273)
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Adding these two steady-state expressions to get

4
—nf) Us]

2
((Rs + (1—0)SwzsLsTR>2 n ngg(lJras%stlg)Z)

L+ 52T, (1+520272)

a2(USa, Ush, i5a, sp) =

ws(1—0)2 1
X3 2 272) N o
02 (14 S2wiT?)  den

(3.60)

The steady-state expression for a;(ugs,, Usp, isq,isp)

In steady state, the first, second, fourth, seventh, ninth, thirteenth, and eigh-

teenth terms of a;(ug,, Usp, isq,isp) are all zeros, i.e.

1 n, 1n d (i3, +i%)\°
P (T NA2 = P (T 9) [ 22Z8a T 7Sb ) _
4den( RY +2) 43 4den< RY )<

. . 2
mp (Lp o BM dA} _mp (1., 5, BM d (%, + i)
den (4 = 2Tg L dt den \ 4" %7 275 7 dt
1 ny 1n g, . dPigy\ d (i3, +i%,)
P TeA Ay = LT —2 Sa T lse) _
2den” TP T 2den <ZS dt + s dt dt
1& RdAg _ 1 Ny TRd (szdfiia _ ZSadfﬁb)
2den " dt 2den dt
2
1 Np d( ws |Lg] ) 0
2 den dt o
np 1 1 ny (24 3Try) d(i%, +i%) ,
I — 2 _T A A = — a wiSa
denoLg ( * 2 RV) e den  oLg dt (Usaise + Uspisy)
=0
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1n, Tg 1n, Tp (. dus, . dugp d(i%a + Z?S‘b)
—5 5 7 oAz = —5 a + isp =0
2denoLg 2denoLg dt dt dt
np TR dA2 np TR d (Z.Sb dfjt . dZSb) . '
— Ay = o — USq =0.
denoLg dt 57 den oLg dt (tsisa = usaisn)

The third term of a;(usq, Usp, i5a, isp) 1S

P (4T + 2) A2 =

den

disa . digy\’
o at

"tp T 2 (1

a n(’Y R+ )(ZSb
n

= 22 (4T + 2) o L

_ np (VTk + 2) w§ |Us|*
den ((Rs + (1—o)Sw2SLSTR)2 I ngg(1+aS2ng§)2)2

1452w T (1+520273)

The fifth term of a4 (usq, Usp, isq, isp) iS

1 BMYN , 1 BMY .y o
——2nyY (7 T > Af = 2, (’7 i ) (%, + i%)

den Tr
2nyy (7 - %“_> |US’
== 2 .
(1-0)Sw3LsTr ngQ 1+052w§T2)
den ((RS + 1452 52T2 > 1+52 2T2)

The sixth term of a;(usq, sy, i5q, isp) 1S

1 1 o dig, . d* , ,
%anTRAW‘LL = %”pVTR (Zsa dts +isp Sb> (1%, + %)

1 4
= —%WTR% Ls|

—nyyTrwS Us!*

2\ 2°
den <Rs n (1a)5w25LSTR>2 N w2 L2 (140522 TE)
L+S%wgTh (14520273
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The eighth term of a;(ug,, Usp, isa,isp) IS

1 1 1 fyTR +4 . diSa . diSb . .
—— Th+4)AgAs = ——— 2 g, L — g,
den ULSnp (T +4) 4245 den oLg * <ZSb a (uspisa = Usaisp)

1

_ 2 . .
- %O—LS Ttp (’YTR + 4) (_CUS |lS| ) (quZSa - uSaZSb)

4 wsLs (1408522 TE)

1
_O'LS np (’YTR + 4) ws |QS| 1+S2w25T12_2
= —.
(1-0)Sw% LsTr 2 w%L%(l—l—aSQw%T}%)
den | ( Rs + @57 + =
Wslp <1+52wSTR)

The tenth term of a1(us,, Usp, isa,isp) iS

1 2n 1 2n
- p _ P 2 -2 2 2
272410 272 (1% + %) (USa+U5b)
den 02 L%, den o?Lyg
- : 22np2 ’ls|2|gs’2
den o?Lyg
2n 4
0-2;2 |QS|
_ S
21,eTr \ 2 w2L2(1+US2w2T2)2 '
den (RS+ (lfﬁ)sw% S;R) + sLd S2R
1+S2wSTR (1+Szw23T12%)

The eleventh term of a;(us,, Usp, isa,isp) iS

1 2n,
den oLg

BM 1 2n, [AM . . .
— 2y | AyAg = P —2 2 +i2
( T Y 4418 den oLs T y (ZSa + ZSb) (usazSa + quZSb)

S

2n M 4 (1-0)Sw?%LsT,
2 (- ) il (s + 5t

den ((RS + (I_U)SW%LsTR>2 i wQSL%(1+USQwQSTI%)2)2'

1+82W5 Ty (1+520272)°
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The twelfth term of a;(usa, Usp, i5a, isp) iS

_J}nETRJ%AS - _din ZPZ? (isadigi:a + ‘dedit > (Usalisa + Uspish)
- din ZPZR (—we |ls|2) (Uusalisa + Uspisy)
B o5 Trw U " (Rs + %)
(e ) )
The fourteenth term of a1 (us,, Usp, isq, isp) iS
din ?ZR7A9A4 = din ZPZZ%V (iSa% + i%%) (z%a + Z%b)
= ﬁ?ﬁ:’ﬂt}s (uspisa — Usaisy) | Lg|?

4 wsLs(1+05%w2T2)

ZPL;VW Us|

— 1+S2wiT2
(1-0)Sw%LsTr 2 3L3 (1+052 ) 2
S
den (RS + 1+52w3 T3 ) + (1+52 2Tz)
The fifteenth term of a;(ugq, tsy, isq, isp) iS
p+ R A . . . .
9418 — — 73 Ws (UshlSa — USalsh) (USalsa + Usylsy
den o2L?, ~den 02 L2 ( a alsh) (Usalsa )
npTr |U |4 R+ (1-0)Sw% LsTr wsLs(lJro-Szw%TI%)
_ G2L?9 S |8 S 1+S2w2ST122 1+52w%T1%
= .
den (Rs + (1U)SW§LSTR>2 + wiLs (1o S?wiTh)
1+S2wiT2 (1+52w§T12%)2
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The sixteenth term of a;(usq, Usp, i5a, tsp) 1S

1 ’erTR

1 ’erTR <’LS dqu . duSa
den 02L2 “

den 12 Tl 25b7> (uspisa — Usalss)
1 n,T,
'pIR R . . . .
= wg (Usalsa + Uspisy) (Uspisa — Usalsy)

den 02L2
inRw |U ’ R+ (1—0)SwiLsTr ‘*’SLS(1+US%;%T§>
G'ZL% S |\YLg S 1+S2w%T12% 1+S2w%T§
- 2\ 2°
den (R + (1‘7)SW%LSTR>2 W%L%(1+052w25T]2%)
S 1+S2w%'T12{ (1+52W2ST}2%)2

——— A A5 =

The seventeenth term of a;(ugq, sk, isa,isp) 1S

1 inRA A 1 inR (is dqu . duSa) (Z_de’isa —is di5b>

= —1
den oLs % den olg a at dt dt
1 inR 2 2
= — We (Ugqlsy + Ugp? I
den oLs s( SalSa Sb Sb) |_5|
_ npTr T -0 SwSL T
- 2
(1-0)Sw%LsTr 2 W%L%(1+US2MET}%)2
den ((RS T ) + (1+520273)"

Finally, substituting these steady-state expressions into the expression for a; (ugq, tsp,

isa,isp) , one obtains

4
S _ ny |Us|
a1(Usa, Usb, 50, Isp) = 5 )
( Rs + (ka)Sw%LsTR) wiLE(1+05%w3TE)
L+S%wi T (1+520272)"

2w (1—0)*(1—5) .
02 (14 S2wiT3) den’

(3.61)
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The steady-state expression for ag(us,, Usp, isa,isp)

Similar to above analysis, in steady state, the third, fourth, sixth, ninth, and

fourteenth terms of ag(ugq, s, isq, isp) are all zeros, i.e.

=0

11 11 [ dPisa . dPigp)\ d(i%, +1%)
7 -A1A4A3 = 3 15b — 18aq
2den 2den dt dt dt

1 1 d?ig, d%i
—A1A (iSb s —15q ZSb) (Z%’a +Z%b) =0

den7 L alen7 dt dt
1 11 1 1 1 d(i], +1i%,)
- T 5 A A A = — _ Sa Sb . Y — " . _ O
denoLg g 1 denolLg 27 dt (uspisa — Usalse)
111 11 1 [ dusgy, . duse) d(ig, +1i%)
9 613 = Sa —18p =0
2denoLs 2denoLg dt dt dt
1 1 1 1 d2i3a d2i5b
___A A - . —1 a a. a ) - O
denoLg ' s denolLg (ZSb dt ts dt ) (Usalsa + Uspise)

The first term of ag(ugq, Ush, isq, isp) 1S

1 BM 9 1 BM 9 . diga . digp 5 5
— | — A Ay = — | — — 15,
den ( T]% T ) 24T den < TI% T L dt 's dt (ZSa + ZSb)

1 BM 9 4
=—— (= I
den ( T2 T >w5 L]
- <€“_A]2;[ + 72) ws |Ugl*

= 5
den <(Rs + (1—a)sw25LSTR)2 I wzng(HoS?ngg)z)

L+S205TR (1+520273)"
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The second term of ag(ug,, Usp, i5a, isp) 1S

1 1 d%ig, d%i digq di
——A7A2 = <Sa _ZS +i5b—ZSb> (iSb 's _iSa ZSb)

den ~den dt dt dt dt
I 4
= ——wql|l
den S |—S’
4
_ _W% Ul
- .
(1-0)Sw2LsTr \ 2 ngg(lws%ng)Z
den(<R5+ T 7T ) + (1+520272)°

The fifth term of ag(usq, Usp, isq, isp) iS

L L BMy L LM e ey
denoLs T2 *° ~ denoLg T2 (130 + 7% (uspisa — Usaisy)
11 BM

~ denolLgs T}

=77 Ul

oLg T}%

1 Ls|? (uspisa — usaisy)

4 wsLg (1+032w%T12_2)
1+52wiT2

2\ 2°
den (Rs " (1g)sw2SLSTR>2 " WL (1405202 TE)
1+52w5Th (1+520272)"

The seventh term of ag(usq, Usp, i5a, sp) 18

1 1 1 1 . dige . digy
“denoLs 2T “denoLs | <ZS” at S
R

= oL

Sw2LsTgr

4 (1-0)
s Il (Rs + 5B

> (uSaiSa + quiSb)

Yws |Ls]? (Usaisa + Uspisy)

5 -
den ((RS i (1—U)Sw25.LSTR>2 n ngg(HoS?ng}%)z)

L+8205 Ty (1+520272)°
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The 8th term of ag(usa, sy, isa, isp) 18

= %JLLSW% Ls|” (uspisa — Usaisy)
] o e o
(e o) - 2o
The 10th term of ag(tga, sy, isa;isp) 1S
1 1

= den ' oLg I Ls|” ws (usaisa + wspisy)

1-0)Sw2LgT
s |Uslt (Rs + (50550 )

N 1+52w%T3E
= .
(1—0)Sw3LsTr 2 WZSL%(1+USZLU2STI%)2
den <<RS MRS ) + (1+520273)"
The 11th term of ag(uga, tsh, isa, isp) 1S
1 1 1 1 . dqu . duSa . .
—————FAsAg = — 15a —1 USalSe + Uspl
den 02[%, 678 den O-QL% (5 dt Sb dt ( Sals Sb Sb)
1 1

. . 2
. ws (Usalsa + Uspisy)
272
den o2 L%

4 2
(7 1—0)Sw3 LT,
__021 L%'o“s |—S| (RS ( ) == R‘)

1+52w3 T2
= —
den (Rs + ud)SM%LSTR)? + Wi L5 (o523 Th)
1+S2W%T% (1+S2w25T1%)2
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The twelfth term of ag(uga, tsp, isa, isp) 1S

1 1 1 1 . duSa 1 . dqu ( . . )
S = ———— | dgg—— +igp——— | (Uspiga — Usq?
den 02L§ 9T den 02L§ Sa ot SO at 018 SalSb

= -5 Ws (UsSblSa — USalsh
den O'2L§

2
1 7 4 wSLs(l—&—aSszSTI%)
T FEEWs Us| 1457273

2\ 2°
den (Rs n (1U)Sw25LSTR>2 n WA L2 (140523 TE)
14+S2WTh, (1+520373)

The thirteenth term of ag(usq, Usp, i5a, isp) 1S

L 1 AAs — 1 1 i duSa+Z_ dqu i %—’i %
denols 22 denolLg \ °* dt ' " dt STa T gt

_ __w?g |iS|2 (quiSa — USaiSb)

4 wsLs(l—l—USZw%T}%)
1+52wiT2

3-
den ((RS + (1_U)SW25LSTR>2 + w23L2S(1+052w%T}%)2>

L+ 523 T (1+520272)°

iw% |Us]

Finally, substituting these steady-state expressions into the expression for ag (ugq, tss,

iga,isp) , one obtains

4
—|Us|

2

((Rs + (1—U)Sw23LsTR>2 n wQSLg(HaS%gT;)Z)

L+S2wS T (1+520272)°

ao(Usa, Ush, LSa; Tsp) =

wh(1—0)*(1—-25) L1
02 (14 S2wiT3) den’

(3.62)
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3.7.3 The dynamic expressions for ¢, (ugq, usy, isa, i), ¢1(Usa,
Ush, 15as 15p) and qo (Usa; Ush, 1Sa, 5p)

The dynamic expressions for g2, ¢; and ¢ are give here.

o 1 T2
@2 (Usa, Usp, iSas Tsp) = N2 X (ZO-LSTJZ%Ag — TrAsAs + —2- AyAyg

O'LS
BM 1 , dA2
+ ( TR + 2’)/ 40L3TR di

M M
- (—6— - 7) o LsyTr AL + (6— - 27) T§A4A8)
Tr Tr

+ O'LsTI%Ag + 2T§A2A5

(3.63)

. ) 1 1 1
q1(Usa;, Ush, i5as isp) 2Ny X | —Ta=yAzAs — Ta——AgAg + =TaA3As
2 O'LS 2

LR d,
2 dt dt
pM 2 2
+ TRGLS 2T— + TR’)/ A2A4 — TR"}/AQAg
R

+ ’)/T]%A4A6 + O'LsT}% A3 + O'Ls’)/T]% A4

- O'LsTI%AQA'y - TI%A5A7 + 26MA4A5

dA T%
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. 1 1
o (Usas Ush, i5a, isp) = — §ULSTRA3A7 — 0LsTryAsA7 + TrA7As — O'—LSA4A10
1 1 M
+ ZTRrA3Ag + TryAsAg — ——TRAsAg + _hM + 27y ) AsAsg
2 O’LS TR
1 1
— (TR’Y + 1) ZO’LsAg + <§TR’Y + 1) A3A8
51 N1 s (M ,
P oy T ) moLe ™t 1 (222 ) 6rgvA
+<TR Y RY 40 S + Tr v | oLgyAy
— (TR’Y -+ 1) O'LSAg — (’YTR + 2) A2A5 — ULSTRAIAQ

T
— TrA A5 — TrAyAg — —2- A Ag. (3.65)
O'LS
where A; to Ay are expressed in (3.53).

3.7.4 The steady-state expressions for g (uga, Usp, i5a,%s8), G1(
USa, USh, 15a;1sp) and qo (Usa, Ush, 5a; L5b)

The steady-state expressions for go(usga, Ush, i5a,%s6); q1(Usa,Usp, i5a,isp), and
Go(Usa, Ush, isa, tsp) are now derived. These expressions are then used to show that
e > 0forw#0,q =0 forw=0, and ¢; # 0 if g = 0.

Steady-state expression for ¢s(us,, Usp, isa,isp)

In steady state, the first, second and fourth terms of qs(us,, tsp, isq,isp) are all

Z€eros, i.e.,
1 1 d (i, +i%)\’
ZniaLST,%Ag = an,aLST; (—S g7 SLYAR G
d (%, + 13 : :
—n ThA3Ag = —niTEM (usalsa + uspisy) =0

dt
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2 (_BM p dA]
”p( Tn +27) 1o ksTa g

. . 2
o BM 1 2 d (1%, +1%)
2 ) coLgr2 e T _ g
np( TR+7)405R dt

The third term of ga(usa, Usp, i5a, isp) 1S

2T2 2T2
oLs B A Ay = oLs (2?9(1 + ZSb) (U%a + “%b)

”2T1% 2 2
= Rl
";%Tz% Us |4

~.
oLg (Rs N (1_0)sngSTR>2 . w312 (140523 T3)
15203 T3 (14520272’

The fifth term of ¢a(ugq, sy, isa, isp) iS

di digy\?
2 __ . Sa . Sb
n O'LSTRA n ULsTR (ZS(, dt —1Sa—— dt )

= nigLSTé (—WS |ls|2)2

2 2,2 4
nioLsThwe |Usgl
2\ 2°
(Rs n (1—J)Sw25LSTR>2 n w3 L3 (1405202 TE)
1+5%03TE (1+52272)°

The sixth term of go(tsa, Usp, i5a,%5) 1S

di di
212 22 . Sa . Sb . .
2in3A2A5 = 2inR (sz a 1Sa i (uspisa — Usais)
279 4 wSLS(1+0S2wQST]§)
_2inRWS |QS| 1+52wiT2

2\ 2°
(RS + (1U)Sw2SLSTR)2 4 w%L?g(1+US2w25T1%>
T 23 TE (1+52272)’
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The seventh term of ga(usa, Usp, i5a,isp) 1S

M M
n; <—6T— + ’Y> oLsyTAL = n; (_BT— + ’Y) oLy T (i3, + i%b)Q
P R

1—0)Rs 4
712((,5 | >T12?.|Qs|

oTr
2\ 2°
<Rs n (1—a)sw2SLSTR> n w2 (1405202 TE)
L+ 52T (1+520272)°

The eighth term of ¢o(usq, Usp, i5a, i5p) 1S

sM pM . .
TL2 ( T - 2 T]%A4A8 - TL; —T - 2’7 TR ( g + ZSb) (USaZSa + quZSb)
R R
—n ((271} + UTR) T2 ’US|
- 2
(1—-0)Sw%LsTr 2 WALl (1+052w2 T2)2
((RS + 1+52‘wS25T§_) + = (Sl 522 T%S)zR

(1—0)Sw%LsTr
X <RS + 1T S%u%TI% .

Finally, substituting these steady-state expressions into the expression for ¢s (ugq, tsp,

isa,isp) , one obtains

TR Us!*
R (1—0)Sw? LsTr | ? w213 (140520373 2
g S + 1+52w%T12% + (1—‘,—52&)%']}%)2
xw%LS (1-0)*(1—29)
1+ S2W3T3

Q2 (Usas Ush, T5a, 1sp) =

(3.66)

With w # 0, it is seen that ¢ > 0, and g, = 0 if and only if S = 1 (which is equivalent

tow =0).
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Steady-state expression for ¢;(us,, Usp, isa,isp)

Similar to the above analysis, in steady state, the first, third, fifth, sixth, and

twelfth terms of q1(usa, Usp, isq,isp) are all zeros, i.e.,

1 1 d (i%, + 1% . .
—57%7%143145 = —57%7%% (uspise — Usalsy) =0

1 1 d (72 2 d dus,
§in123A3A6 = §in]2% (50 + iss) (i5a Uusy . dug ) _0

dt at
1 dA, 1 o d%ig o dFigy ) d (1%, +1%,)
- LT2—A:— LTZ »toa Sa Sb:
oI LSERT s = oIS R(ZS” AT dt 0
o, dAy o Pisa . s\ 4 | o
TLpO'Ls’}/TRWAzl =nyoLsyTx ( isp g ey, (1%, + %)
d(—ws|Lsl*) o .
= npaLgyTé% (Z%a + Z%b) =0
dA, o dig, . dPigy . .
—in}ZzWAz; = —infz (ZSbT - ZSaT (Usalsa + Uspisy)
d —Wg l 2 . .
= _in]%—( dt| s ) (Usalsa + Uspisy)
=0.
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The second term of ¢ (uga, Usp, i5a, T5p) 1S

_?ﬁ AgAg = —Zpgf (isa deb — igp dz:a) (Usqlsa + Uspisy)
= _%EST}% (usaisa + Usyisy)”
TR (R + SR
oo (rs+ ) Ay
The fourth term of ¢ (us,, Usp, isa, isp) iS
TR = i Th (8 + %) (1 2 — i)

= ”p’YTJ%WS ’ls\2 (Usalisa + Uspisy)

nyyTiws |Usgl* (Rs + M)

1+S2wiT2
B 2\ 2°
(R n (10)Sw§LsTR>2 | ALR(1Hos2uTR)
S 1+S2wiT2 (1+52w2ST}2{)2

The seventh term of ¢;(usq, sy, i5a; isp) iS

M
nylroLg <2BT_ + T372) As Ay
R
dt dt
—npwsTroLg (2% + TR’yQ> |QS|4

N
(( Ro+ t5nsdsm)? w@L@(uasaszT;y)

1+52wiT2 (HSQW%T}%)z

M . dig, . di . )
=n,TroLs (2% + TR’Yz) (ZSb—S —i8aq Sb) (%, + %)
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The eighth term of ¢ (us,, Usp, isa, isp) iS

o odig, . di
—inIQﬂAgAg = —infﬂ (z gb—s b

prai ZSaW) (Usalsa + Uspisy)

= n,Thyws |ls!2 (Usalsa + Uspisy)

nyThyws Usl* (RS + —(I_U)SW%LSTR>

. 1+52wiT2
- —.
(R n (1a)5w25LSTR>2 n W2 L2 (1405202 TR)
ST IEsETy (1452272’

The ninth term of ¢;(ugq, tsh, isa, isp) 1S

digg di d%ig, d?i
—ny0 LsThA2 A7 = —npo LsTh (iSbi - Z'Saﬁ) (isa LA ZSb)

= —ny0LsTws |Ls|* w3 | Ls|”

—npwgaLgTI% |QS|4

-
((Rs + (1_”)SWQSL5TR>2 n wzsts(l'f'USzW%T}%)Z)

L+S2w3 T (1+520272)°

The tenth term of ¢;(ugq, tsh, isq, isp) 1S

2 2 . . . d%sa . d2i5b
_"pTRA5A7 = —inR (USblsa - USaZSb) tSa + 188

dt dt
4 wsLg (1+0'52w§T123)
1+S2wiT2

5.
((Rs " (1g)sw2SLSTR>2 4 ngg(uos%ng)Q)

1+5%wiTh (1+520272)"

”pTIQ%W% |Us]

69



The eleventh term of ¢ (usq, Usp, isa, isp) 1S

2npﬁMA4A5 = 2np6M (Z%a —+ Z?S’b) (quiSa — uSaiSb)

4 wsLg (1-&-052&125'1%)

l1—0o
- 2np o ’QS| 1+S2W23T12;:
= —
(R n (1—a)sw2$LSTR>2 N w2 L3 (1+0S2w3TE)
S 14+5%wi T (1+52.272)°

The thirteenth term of ¢ (us,, Usp, isa, isp) iS

odig, . di . dug, . du
inéAgAg = in]% (ngd—‘z — ’Lsad—ib) (Zsa df + igp d:b>

=n,Th (—ws |ls\2) (—ws (uspisa — Usalsy))

4 wsLS(1+032w%T§>

in}%W% \Us|

. 1+Szw%Tﬁ
- —
(RS n (1o)sw§LSTR)2 n W2 L2 (140523 TE)
14+S2W3T], (1+520273)"
The fourteenth term of ¢; (ugq, ts, isa, isp) 1S
n, T? n, T? du du
PR AsAy = 2L (ugpisa — tsaisy) | is SR kL
O'LS O'LS “ “ “ dt dt

2
2,272
9 4 wSL5<1+0'S' wSTR>
—npws T |Us| ( 1452272

oLg ((Rs n (1—a)Sw2SLSTR>2 n ngg(1+aS2ng§)2)2

14+S52w3 T3 (1+S2W§T§)2
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Finally, substituting these steady-state expressions into the expression for ¢ (ugq, tsp,

isa,isp), one obtains

U 4
. . nyws [Ug|
@1 (Usa, Ush, i5as isp) = 5 N
o (Rs+ (lfa)SngSTR) n w2 (140522 TE)
1+S2wiTh (1+520273)"

Le(1—0)%(1—wiT2(1—S)?
1+ S2wiTy,

If w=0, then S =1 and ¢;(usa, Usp, isa, tsp) 7 0.

Steady-state expression for qo(us,, Usp, isa,isp)

Similarly, in steady state, the first, fifth, ninth, tenth, eleventh, fifteenth and

sixteenth terms of qo(usa, Usp, isq, iss) are all zero, i.e.,

1 1 d (72 2 d?ig, d2i
—§ULSTRA3A7 = _§ULSTR_(ZSGC;— ZSb) (isa 1S Yig, ZSb) —0

1 1 d(i2 2 dug, . d
§TRA3A9 = §TR (lsad: i) (isa o5 "’ZSbﬂ) =0

1 1 d -2 -9 2
—(Twy +1) goLs A3 = — Ty + 1) JoLs <M> 0

1 1 d (i%, + i% . .
(—Tm + 1) AsAg = (iTm + 1) M (Usalsa + uspisy) =0

2 dt
BM N1 dA? BM N1, d(i3, +i%)
B 9y —Tpy?) —oLg—2 = (5 — 2y — Tpy? ) SoLg—Se —1s0)
( T, TR | qoksTy T, e ) qoks 7 0
1 dA2 1 d (igpdhe — jg, %)
—§GL5TR? = —§0L5TR dt =0
o dis, . dPi . ‘
—TrA1As = —Tg (%Sb d: - l&%) (uspise — Usalsy) = 0.
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The second term of qo(usq, Usp, isa, isp) 1S

LSh———

. . o dPis, . d%i
—0LsTryAL A7 = —0LsTrY (z%a + Z?%) (Zsad—: 4 d:b)

= —0LsTry|Ls|” (—w% ’ls|2)
oLsTryw? |Ug|"

5
((Rs N (1a)sw§LSTR>2 N ngg(uas%ng)z)

1+S2W T, (1+520373)
The third term of go(usa, Usp, i5a, isp) 1S

Pig, . d%g
7
dt SO

TrA7As =Ty (isa b) (Usalsa + Uspisy)
= —Trw? |ls|2 (Usaisa + Uspisy)

2 4 (170’)5&)2 LsTr
—Trwy |Us| (RS + —q—1+52w%T}2%

.
((Rs + (1_“)SWQSL5TR>2 n wzsts(1+oSQw%T;)2>

L+S2w3 T (1+520272)°

The fourth term of qo(usa, Usp, isa, isp) iS

1 1 ) )
—U—LSA4A10 = T ols (Z%a + Z%b) (u?S'a + U%b)

1 2 2
= ——|L*IU
- sl 1|

1 Us|*

_ULS (

s
R + (1G)Sw2sLSTR)2 wiLE (140523 TE )
1S3 T}, (1+520273)"
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The sixth term of qo(tsa, Usp, i5a,isp) 1S

‘ . . du . du
TryAsAy = Try (i3, + %) ( isa 50 1 gyt
dt dt
= —Try|Ls)? ws (uspisa — Usaisy)
4 wSLS(1+a'S'2w25T}2%>

o —Tryws |Us| 1+522T2
— .
(1—0)Sw3LsTr 2 w%LQS(1+JSQw%T§>2
((RS ey ) * (14520273
The seventh term of qo(usa, Usp, i5a,isp) 1S
1 1 . . . duSa . dUSb
——TRrAgAg = ———Tr (Ug4lse + Uspi 154 1
L. rAsdo T R(ss+5b5b)(s o s
Trws . . . .
= oLs (Usalsa + Uspisy) (Uspisa — Usalsy)

|U |4 R +(1fU)Sw23LSTR wsLs(l-‘rUSzw%Té)
Trwg 1% S 1+5202T2 1+5202T2

2\ 2°
oLs (Rs+ (1_a)sw2SLSTR>2 w3 L2 (140523 T3)
L+S%wi T (1+520272)"

The eighth term of qo(usa, Usp, i5a,i5) 1S

M M ‘ . ‘ ‘
—6— + 27 ) AyAg = —6— + 2 (Z%a + Z%'b) (Usalsa + Uspisy)
TR TR

M : :
= (—ﬁT— + 27) | Ls|* (usaisu + uspisy)
R

M 4 1—0)Sw2 LsT
(5 + ) I (7 + 2™

.
((Rs + (IU)SW%LsTR)Q n w%L%(uaszsz;)Q)

1+S52wi T (1+520273)"
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The twelfth term of qo(usa, Usp, isa, isp) 1S

BM
<T—R — ) oLsyA] =
- ’Y) oLgy |ls|2 |ls|2

(BT—ARJ - 7) oLsy|Usg|*

5-
((Rs 1 (1a)5w25LSTR>2 n ngg(HaS%ng)Z)

_ 7) oLy (i, +i%)°

SESSE

1+5%w5Th (14520273

The thirteenth term of qo(usa, Usp, isq, isp) 1S

. d . . d 2
— (Tpy+1)0LgA2 = — (Tpy + 1) oLg (sz 's 25*’)

a5
— — (Try + 1) oLsw? |Ls[*
—(Tgy + 1) oLsw%|Ugl*

5.
((Rs + (1—U)SwzsLsTR>2 n wzsts(lJraSzw?ST}g)Z)

L+S205 T (1+520272)

The fourteenth term of qo(ugq, Ush, i5q, isp) 1S

. dig, Codi . :
—(YTr+2)AsAs = — (7Tr +2) (Zde—i — Z&zd—ib) (uspisa — Usalsh)
= (YT + 2) ws | Ls|? (uspisa — Usaisy)

4 wsLg (1-&-052&125'1%)

(VTr + 2)ws |Us|

N 1+52w? T3
= —.
R 4 (Qo)sedleT\? | w38 (1023 T;)
s L+S2wS T (1+52.272)°
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The seventeenth term of qo(usq, Usp, isq, isp) 1S

B o dis, . digy . dusy . dug,
—TrAsAs = —Tg <25b i > <’Lsa il dt>

= Trw? | Ls|? (Usaisa + uspisy)

Tng ’QS|4 <Rs I (1—a)Sw2SLSTR>

lJrS%)ZSTf2
= —.
<Rs n (1a)sw‘g2L52TR)2 n ngg(HO—s%gZIg)
14+52wg Ty (1+S2w§T§)
The eighteenth term of go(usq, Ush, i5q, isp) 1S
TR 4o TR (gyise — tsnion) (iga DLt — g, LSa
———As5Ag = ——— (Usplsa — USalsh) | s — 15
oLg oLg ¢ ¢ ¢ dt dt
TRCUS . . . .
= — (tspise — Usalsy) (Usalsa + Uspisp)
O'LS

U ‘4 R +(1—a)sw2SLSTR wsLs(1+0S2wiTE)
Trws 18 S 1+5%w2 T3 1+5203 T},

5
oLs <<RS+ (1U)SW%LSTR>2_’_“’ZSL%(1+USZ“’25T12%)2)

14+52W3T], (1+520273)

Finally, substituting these steady-state expressions into the expression for go(usq, wsp,

iSa,isp), One obtains

—|Ug/*

o ((RS + M)Q T w§L§(1+oS2ngg)2>2

1+52wiTh (14520273

Qo (Usas Ush, 15a; 15p)

(WhLs(1—0)"(1-5)
1+ S2w2T3

(3.68)
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3.7.5 Steady-state value for «

The purpose of this section is to show that steady-state value for « is always
positive.

To compute the steady-state value of «, note that by (3.47)

o= a; — CL2Q1/Q2-

It is then easily seen that a; > 0, asq; < 0, and ¢ > 0, so that in steady state a > 0.

That is, the system (3.49) is never stable in steady state.

3.7.6 If us, = constant and ug, = 0, w is not determinable
from ¢uw? + quw + g =0

The purpose of this section is to show if ug, = constant and ug, = 0, it turns out

that ¢ = ¢1 = go = 0 and w is not determinable from (3.38) . In this case,

d2i5 inSb diS diSb
A = 1 2 e g,—=— =0, Ay =igp—2 —igq—br =0,
1 Sb™ 7 o~ 2 b~y Sa~
d (i3, + 2 . . .
A3 - ( Sadt Sb) = Oa A4 = (Z?S'a + Z%b) - Z2Sa7
dugy, . dug,
As = Sa — Usalsy = 0, Ag = igq—— — 1 =0,
5 USHLSa — USalsSh 6 Sa~ Sb™
d2i5 d2i55
A = igg—= 4 igp—— =0, Ag = Ugalse + Uspisy = USalsa,
7 Sa = + 25 It 8 Sals SbLSh Sals
. dus, . dugp
Ay = g 0t 15b i =0, Ay = U?S'a + U?% = U?}a-
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M T2 M
G2 = TLIQ) ——ﬁ + Y O'LS’}/T}%Ai —+ —R A4A10 + —6 - 2’7 T]%A4A8
TR oL TR

M T2 M
= n’Thig, _hM +v ) oLsyTh + R R 5— —2v ) T3Rs
p TR TR

0

g1=n,x0=0

M 1 M
L + 2y ) AsAs — —A4A1o L (2 v ) oLsv AL
Tr Tr
M R M
( bM + 27) Rgit, — —2i%, + (6— - 7) oLsvis,
O'LS
0.

Tr

. R R .
= 4 7) Rgzéa oLs Sa 5 O-LS’YZ%VG

O'LS O’LS

(3.69)

Since ga = ¢1 = qo = 0 in this case, w is not determinable from (3.38).

3.7.7 (Trnyw)’ < 1= || < |qi

The purpose of this section is to show that in steady state, |gw| < |qi1| if
(Trnyw)? < 1. That is |gw| < |g1| at low speed.

In steady state,

ny lws| Ls (1 — 0)* |Ug|*

2
(( Re+ (1a>Sw%LsTR>2 n w%L%(HUS%%T;%)Z)

14+52W3T (1+520273)

|Q2W’ =

(TRan)2
o (1+ S2wiT3)

7



and

np|ws| Ls (1 — 0)* [Ug|*

2
((Rs + (1—<7)SW25LSTR>2 n ngg(lJras%stlg)?)

14+52w3 T3 (1+S2w25T12%)2

|(1 — (TRnpw)z)‘
o (14 5°weTR)

|Q1| =

Their ratio is then
(TRnpw )2
1 — (Trnyw)”

|€Z2w| .

|6]1|

which shows that (Trn,w)’ < 1 = |gw| < |q1].

3.7.8 The steady-state expressions for r(ugs,, usp, igq,75,) and
70 (USa, USh; T5asisH)

It is now shown that the steady-state value of r; in (3.43) is nonzero.
Substituting the steady-state values of ¢o, ¢1, qo, a2, a1, and ag (noting that ¢; = 0

and ¢ = 0 in steady state) into (3.43) gives

—|U4|"

6
((RS + (1“’>SW'éLsTR>2 n w%L%(1+aS2w§T§)2)

1+S2w3 T3 (1+s2ng§)2

y 1 P ong(1— o) Wi
1+ S%wiT?

71 (USas UShs 15a, Lsh) =

1
X (1 +T}2%w§ (1 — 8)2)2 X %

where den is given by (3.59) in section 3.7.2. It is then seen that m # 0 in steady

state.

78



Substituting the steady-state values of go, ¢1, qo, a2, a1, and ay (noting that g = 0

and ¢ = 0 in steady state) into (3.44) gives

Ug|"

6
((RS + (IU)SM%LSTR>2 + w%L%(1+US2w%T§)2>

1+S?wiTh (1+520272)"

y 1 3ng(1—a)6w§L§(1—S)
1+ S2wiT?3 ot

T0(USas Ushy 18a, Lsp) =

1
X (1 —}-w%Té X (1 — S>2)2 %

where den is given by (3.59) in section 3.7.2.

In steady state, according to (3.45) the motor speed w can be found by

ro  wg(l—=2.9)
W= ——=—-"""7
T1 np

3.7.9 Steady-state speed

Substituting the steady-state values of as, ai, and ay, it is seen that a?—4asag = 0,

so that the steady-state value of the right-hand side of (3.36) may be rewritten as
agw? + ayw + ag = ag (w + al/(2a2))2 =0
where ay is nonzero by (3.54). In steady state the motor speed can be solved by

w = —ay1/(2az).
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On the other hand, the steady-state solutions of (3.38) are

— /a2 — 4
1 é QI + 2Q1 QQQO = w (3.70)

q2

W

P P 2 —
A TH — VG 4¢2q0 =1/ (T}%ngw) ) (3.71)

2qo

%]

That means in steady state motor speed can be uniquely determined and equal to w.

3.8 Speed estimation of induction motor using ex-

tended Kalman filter (EKF)

The Kalman filter algorithm has been used both for the parameter estimation
of the induction motor [39] [40] [41] and for speed estimation [42] [43]. Here, the
extended Kalman filter approach to speed estimation is presented to compare with

the differential-algebraic method.

3.8.1 Extended Kalman filter algorithm

The extended Kalman filter algorithm [38] is calculated using a microprocessor
so that a discrete-time model of the motor is needed. Equations (3.72) and (3.73)

represent the discrete-state model and output model respectively,
z(k+1)=flzk),u(k)]+wk) (3.72)

and

2 (k) = hz (k)] + v (k) (3.73)



where

w(t) = noise matrix of state model (system noise)

v(t) = noise matrix of output model (measurement noise).
The process noise w (k) is characterized by

E{w(k)} = 0

E{w(k)w()'} = Qb Q@>0.
The measurement noise v (k) is characterized by

E{wk)} = 0

E{v(k)v(j)"} = Réy; R>0.
The initial state is characterized by

E{x(0)} =

E{(z (0) — o) (z (0) — &)} = P

where F (-) denotes the expected value and
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In this model f [z (k) ,u (k)| is the state-space model of the motor. The extended
Kalman filter relinearizes the nonlinear-state model about each new estimate of the
state as it becomes available. From the above dynamic model, the rotor speed can
be estimated by the extended Kalman filter algorithm as follows

1. Prediction of State
T(k+1k) = flz(k/k),u (k)] (3.74)
2. Estimation of Error Covariance Matrix
P(k+1k)=® (k+1,k) P(klk)® (k+1,k)+Q (3.75)

where

O (k4 1,k) = 'WTs (3.76)

Ts = sampling time

07 [ (), u(h)
Ox ‘

F (k]

3. Computation of Kalman Filter Gain

K(k+1)=Pk+1k)H (k+1)[HE+D)Pk+1E)H (k+1)+R(k+1)]
(3.77)

where
oh[r (k)]

Hk+1) = =
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4. Update of the Error Covariance Matrix

Ph+1k+1)=[—K(k+1)Hk+1)]P(k+1k). (3.78)

5. State Estimation

Fh+1k+1)=2(k+1k)+K(k+1)(z(k+1)—h[Ek+1]k),k+1]). (3.79)

3.8.2 Dynamic model of an induction motor

A (two-phase equivalent) dynamic mathematical model of an induction motor is

given by equations (2.7) — (2.11) and repeated here

dw n, M Tr

OLS

1 1 M?

and _ D . o L
7 iLn (i56% Rra — 150U Rp) 7
disa B , 1
W = Tr 7vaa + ﬁnpw¢Rb — YSa + oLs USaq
di 16 . 1
d—ib = T—R%zb — Brpw g, — Visy + —F—Usp
A gy 1 M
dap 1 M
7}% = —T—R@DRb + npwih g, + T—RZSb
The symbols
L M? M
TR:—R,O'::[— , = Jf}/:&_’_
RR LsLR ULsLR O'LS

have been used to simplify the expressions.
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3.8.3 Rotor speed estimation by EKF

Here the extended Kalman filter is used to estimate the rotor speed of the in-

duction motor. Let the state variables be defined as follows

[ T ] [ 1Sa ]
To )
(k)= |23 | = ¥ Ra
L4 ()

L x5 . L w .

Then, the mathematical model of induction motor can be described as

z(k+1)=flz(k),u(k)]+w(k).

So the extended Kalman filter prediction equation is given by

z(k+1) = (1-Tsy)m (k) + TST%x3 (k) + TsnyBzy (k) x5 (k) + UTE usa (k)
pa(k+1) = (1—Tey)as (k) — Tsn,Bas (k) a5 (k) + Tg%m (k) + (;Tf uss (k)
ra(k+1) = Ts%xl (k) + (1 - %) vy (k) = Tsnyaa () x5 (F)
ra(k+1) = TST%R@ (k) + Tsmys () w5 (k) + (1 - %) 24 ()

where T is sampling time.

84



In addition, the output matrix is as follows

where
. (k) _ Z'Sa
15 (K
hlz (k)] = "
isp (k)

This model is nonlinear. Therefore, the extended Kalman filter has to be used to
estimate the speed. In this case, the angular speed of the rotor is considered as an
unknown constant (slowly varying compared to the electrical variables) parameter.

The estimation of the error covariance matrix is given by
Pk+1k)=®(k+1,k) P(klk)® (k+1,k)+Q

where

O (k+1,k) = WTs
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F K] 5
[ 0 £ Bnas() Baa(k)
0 —y —Bmas(k) L —Bay(k)
20 = mpas (k) —aa(k) | (3.80)
7o s (k) —7- w3 (k)
0 0 0 0

The Kalman gain K (k + 1) is given by

K(k+1)=Pk+1UkH (k+1)[HE+D)Pk+1E)H (k+1)+R(k+1)]

where H [k + 1] is:

The updated covariance is given by

Pk+1lk+1)=[I-Kk+1)HKk+1)]P(k+1lk).

The state estimation is given by

G+ 1k+1)=a(k+1k) + K (k+1) (2 (k+1) — h[& (k+ 1k)  k +1]).
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Figure 3.8: Sensorless speed control system using extended Kalman filter.

3.8.4 Simulation results of on-line speed estimation using

To verify the extended Kalman filter speed estimation method, simulations are

carried out. Here, a three-phase (two-phase equivalent) induction motor model is

EKF

ug “Sal agi3g ks
Current » Inverse DQ u o ¢r5¢ uso? INV
Control q Transform Sb= Transform us3'
Y iS
_ a
pa [ i 3¢/2¢
Transform | Transform [
! P
Field |ea—
» Angle |
& Extended |5
Kalman Filter

simulated using the machine parameter values

Figure 3.8 shows a block diagram of sensorless speed control system using an
extended Kalman filter. In this system, a current command field-oriented controller

is used [13] with the induction motor model being equations (3.30) , (3.31) , and (3.32).

[max =

2, Rg = 5.12 ohms, Rp = 2.23 ohms, Lg = Ly = 0.2919 H,

0.2738 H, J = 0.0021 k-gm®, 71 ,4teq = 2.0337 N-m,

277 A, Vipax =230 V.
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Estimated speed @ (using extended Kalman filter) is used here and fed back to the
current command field-oriented controller. The system noise w (k) , white noise with
covariance () = 0.0001, is added to the input voltage ugs, and ug,. The measurement
noise v (t) , white noise with covariance R = 0.0001, is added to the measurement ig,
and 7g,. The initial value Fy is chosen to be 101.

Figure 3.9 shows the simulation results of the motor speed and speed estimator
under full load. From ¢ = 0 to ¢t = 0.4 seconds, a constant ug, is applied to the motor
to build up the flux, and the motor is considered to be held with a brake so that
w = 0. At t = 0.4 seconds the brake is released and the machine is running on a low
speed trajectory (wmax = 5 rad/s) with full load at the start. The estimated speed @
is used in the field-oriented controller as shown in Figure 3.8.

Figure 3.10 shows the simulation results of the motor speed and stabilized speed
estimator under full load. From ¢ = 0 to t = 0.4 seconds, a constant ug, is applied to
the motor to build up the flux and the motor is considered to be held with a brake so
that w = 0. At t = 0.4 seconds the brake is released and the machine is controlled to a
zero speed trajectory (w = 0) with full load at the start. & is used in the field-oriented
controller as shown in Figure 3.8.

Figure 3.11 shows the whole trajectory chosen to have a maximum speed of 5
rad/sec, to do a speed reversal, and to have zero speed at the end.

To consider the effect of PWM noise in the simulation, a 4 kHz PWM inverter is
included. Low-pass analog filters (third-order, 500 Hz cutoff) are used (simulated) be-
fore the voltages and currents are sampled. The interest here is in low-speed sensorless
control of the machine with full load. The trajectory is chosen to have a maximum

speed of 5 rad/sec, to do a speed reversal, and to have zero speed at the end as
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Figure 3.9: Actual speed w and estimated speed & (using EKF) with the motor
tracking a low speed trajectory (wmax = b rad/s) with full load at the start.
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Figure 3.10: Actual speed w and estimated speed @ (EKF) with the motor tracking
a zero speed trajectory (w = 0) with full load at the start.
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Figure 3.11: Actual speed w and estimated speed @ (using EKF) with full load on
the motor.
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shown in Figure 3.12. The full load is on the motor from ¢t = 0.4sec to t = 13sec,
that is, even during the zero speed part of the trajectory. From t = 0 to ¢t = 0.4
seconds, a constant ug, is applied to the motor to build up the flux, and the motor
is considered to be held with a (mechanical) brake so that w = 0. Figure 3.12 shows
at t = 0.4 seconds the brake is released and the machine is running on a low speed
trajectory (wmax = 5 rad/s) with full load. The estimated speed w is fed back to a
current command field-oriented controller.

The extended Kalman filter also works in simulation on a low trajectory with full
load. However, the extended Kalman filter assumes the motor speed is "slowly vary-
ing" parameter compared to the electrical variables while the differential-algebraic
method does not make this assumption. Further, the design premise of the extended
Kalman filter assumes all noises are uncorrelated white noises, which is never true
in a induction motor drive system. The differential-algebraic method neglects the
noise. This is an issue with the method. The extended Kalman filter is also based
on linearizing a nonlinear mathematical model of the induction motor about its cur-
rent operation point. Thus there is an inherent assumption of "small" perturbations
and, as such, there is no guarantee that the extended Kalman filter converges. The

differential-algebraic method is a stable speed estimator.
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Figure 3.12: Actual speed w and estimated speed @ (using EKF) with full load on

the motor driven by PWM inverter.

3.9 Summary

This chapter introduces a new differential-algebraic approach to speed estima-
tion of an induction motor based on the measured stator voltages, currents, and their
derivatives. This method entails using an algebraic estimate of the motor speed to
stabilize a dynamic speed observer. It also shows that some trajectories are indis-
tinguishable because the “coefficients” of the algebraic expression for the speed all
happen to be zero. This new observer does not requires any sort of “slowly varying”
speed assumption and is stable. Simulation results show that this method has the

potential for speed estimation at low speeds under full load.
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Chapter 4

Experimental Results of
Differential- Algebraic Speed

Estimator

To verify the differential-algebraic method, experiments are carried out. A three-
phase, 0.5 hp, 1735 rpm (n, = 2 pole-pair) induction motor is used for the experiment.

The parameters of the induction motor are

n, =2, Rg =5.12 ohms, Rr = 2.23 ohms, Lg = Lr = 0.2919 H, M = 0.2768 H,

J =0.0021 k-gm?®, 71 sated = 2.0337 N, Loy = 2.77 A, Vipax = 230 V.
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4.1 Open-loop experiments with PWM inverter

4.1.1 Experimental setup

Figure 4.1 shows the experimental setup. An ALLEN-BRADLEY AB1305 PWM
inverter shown in Figure 4.2 is used to drive the induction motor shown in Figure
4.3, and a 4096 pulse/rev optical encoder in Figure 4.3 is attached to the motor for
position measurements. The sensor board shown in Figure 4.4 is used to measure the
stator voltages and the stator currents. This board provides 3 voltage and 3 current
measurements. The measurements are electrically isolated from the drive. The real-
time computing system RTLAB shown in Figure 4.5 from OPAL-RT with a fully

integrated hardware and software system is used to collect data [56].

4.1.2 Open-loop experimental results without load

Simulation results show that the speed observer (3.52) requires small step sizes
(1 ps) to accommodate the derivatives of the measurement. The RTLAB could only
sample the data at 100 pus without computational overruns.

Two solutions of equation (3.38)
q(w, ) £ ga(usa, Usp, i5a; i56)w” + G (Usa, Ush, isa, Lsp)w + Go(Usa, Ush, i5a; isp) = 0.

are

w1

i+ VG — 4 =1 = VG — 4
= and wy = ) (4.1)

2¢o 2¢2
Simulations show that if the induction motor runs open-loop without load on it,

w = wj in equation (4.1) is the motor speed.
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Figure 4.1: Open-loop experimental setup.

£00) ALLEN-BRADLEY

Figure 4.2: Experimental setup of AB1305 inverter.
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Figure 4.4: Voltage and current sensor board.
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Figure 4.5: Experimental setup of RTLAB machine.
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noise.

Also, it is shown in section 3.7.9 that in steady state, w; is the correct solution.
w1 contains only second-order derivatives of stator voltages and currents so it has less

In the observer

do A .

E:azuﬂ—#ald)—l—ao—kf(w—dj)

(4.2)
with ¢ large enough, ¢ (w — @) dominates. So equation (4.2) may be simplified to

Collecting this together, the estimate of speed used for the open-loop experiment
without load is defined as the solution to the observer

A
T -
where

W = W1

_~a + @i — 44290
2qo .

The stator voltages and currents along with the rotor position are sampled at 10

kHz (100us). Filtered differentiation (using digital filters) is used for calculating the

motor speed and the derivatives of the stator voltages and currents.
Figure 4.6 shows the experimental result of motor speed and estimated speed when
the machine is driven by the inverter to the rated speed wyqe = 2760/n, = 188 rad/s.

Figure 4.7 shows the experimental result of the motor speed and the estimated
speed while the machine tracks a high speed trajectory. In this experiment, at ap-

proximately t = 0.5 sec, the inverter drives the induction motor from zero speed to
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Figure 4.6: Actual speed w and estimated speed & when the motor tracks step speed

command open-loop.
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Figure 4.7: Actual speed w and estimated speed @ when the machine tracks the high
speed trajectory open-loop.
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rated speed. From ¢t = 1 to 1.9 sec, the inverter maintains the motor at constant

rated speed, and then decelerates the machine to zero speed from ¢t = 1.9 to 2.4 sec.

4.2 Closed-loop experiments with field-oriented con-

trol

4.2.1 Experimental setup

Figure 4.8 shows the experimental setup for field-oriented control. A 10 kHz
PWM inverter from SEMIKRON is used to drive the induction motor, and a PWM
generator board is designed and built to drive the inverter (shown in Figure 4.9). A
4096 pulse/rev optical encoder is attached to the motor for position measurements. A
0.5 hp BALDOR BC202 DC motor is coupled to the induction motor as a mechanical
load. This drive can vary the maximum motor torque as a function of the control
signal voltage. The real-time computing system RTLAB from OPAL-RT with a fully
integrated hardware and software system is used to provide the control signal [56].

Figure 4.10 shows the connection between the induction motor and DC motor.

4.2.2 Closed-loop experiment with field-oriented control at

high speed trajectory

Figure 4.11 shows the experimental result of the motor speed and speed estimator
with the motor under full load. From ¢t = 0 to ¢ = 0.4 seconds, ug, = 10 V and
usy = 0 is applied to the motor to build up the flux. At ¢t = 0.4 seconds, the field-

oriented controller is used to control the machine running on a high-speed trajectory
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Figure 4.8: Closed-loop experimental setup.

Figure 4.9: Experimental setups of PWM signal generator and inverter.
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Figure 4.11: Motor speed w and estimated speed w with the motor tracking a high
speed trajectory (Wmax = 94 rad/s) with full load at the start.
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(Wmax = 2715 = 94 rad/s) with full load. In this experiment, the motor speed w is fed
back to the field-oriented controller rather than w. The stator voltages and currents
are collected and sampled at 120 us.

During the period ¢ € [0.4 0.5, a third-order Butterworth filter with cutoff fre-
quency of 20 Hz is used to filter the measured stator voltages and currents, which
have a low frequency less than 2 Hz. The estimated speed @ is calculated according
to equation (3.52) repeated here

dw 5 .

E:ang—i-al&)%—ao—kﬂ(w—w)

where

.| /a1 ifg =0 See (3.38)
w =

—ro/r1 if ga #0 See (3.45).

During the period ¢ € [0.5 1.9], a third-order Butterworth filter with cutoff fre-
quency of 60 Hz is used to filter the measured stator voltages and currents. The
estimated speed @ is calculated by equation (4.3).

During the period ¢ € [1.9 2.0], a third-order Butterworth filter with cutoff fre-
quency of 20 Hz is used to filter the measured stator voltages and currents, which
have a low frequency less than 2 Hz. The estimated speed w is calculated by equation
(3.52) .

Simulation results show that when the machine runs with full load at the begin-
ning, there is a short time (0.05 sec), the actual motor speed alternates between w;
and ws, which are defined by equation (4.1) . So between t = 0.4 and t = 0.5, a
speed observer (3.52) has to be used. However, this observer (3.52) does not track

a high speed trajectory because (3.52) requires a small step size (1us) but the data
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are sampled at 120 us. For high speed, the stator voltages and currents change much
faster than at low speed so the third-order derivatives of stator currents is too noisy

to be used to estimate the speed.

4.2.3 Closed-loop experiment with field-oriented control at

low and zero speed trajectory

Figure 4.12 shows the experimental results of the motor speed and speed esti-
mator with the motor under full load. From ¢t = 0 to ¢ = 0.4 seconds, ug, = 10 V
and ug, = 0 is applied to the motor to build up the flux. At ¢ = 0.4 seconds, the
field-oriented controller is used to control the machine running on a low-speed tra-
jectory (Wmax = b rad/s) with full load. In this experiment, the motor speed w is fed
back to the field-oriented controller rather than w. The stator voltages and currents
are collected and sampled at 120 pus. A third-order Butterworth filter with cutoff fre-
quency of 30 Hz is used to filter the measured stator voltages and currents, which have
frequencies less than 2 Hz for this low speed trajectory. The speed observer (3.52) is
used to obtain the estimated speed @w. Simulations indicate a significant improvement
in tracking if faster sampling rates are possible.

Figure 4.13 shows the experimental results of the motor speed and speed estimator
with the motor under full load. From ¢ = 0 to ¢t = 0.4 seconds, ug, = 10 V and ug, = 0
is applied to the motor to build up the flux. At ¢ = 0.4 seconds, the field-oriented
control is used to control the machine running at a zero speed trajectory (w = 0) with
full load. The motor speed w is fed back to the field-oriented controller. The stator
voltages and currents along with the rotor position are collected and sampled at 120

us. A third-order Butterworth filter with cutoff frequency of 30 Hz is used to filter
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Figure 4.12: Motor speed w and estimated speed @ with the motor tracking a low
speed trajectory (wmax = b rad/s) with full load at the start.
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Figure 4.13: Motor speed w and estimated speed @ with the motor tracking a zero
speed trajectory (w = 0) with full load at the start.
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the measured stator voltages and currents, which have frequencies less than 2 Hz for
the zero speed trajectory. A speed observer (3.52) is used to obtain the estimated
speed w. Simulations indicate a significant improvement in tracking if faster sampling

rates are possible.

4.3 Summary

In this chapter, experimental results are presented to verify the differential-
algebraic approach to speed estimation.

When the machine runs open-loop without load on it, the simplified speed observer

(4.3)

where

—q1 T/ q% —4g2q0
2qo

W =wi =

can be used. This observer does not require a small step size. However, when the
induction machine runs with the load on it, this method does not work because the
motor speed is not always equal to wy, it alternates between w; and ws, which are

defined by equation (4.1).

If the induction motor runs at the low speed trajectory with load on it, the speed

observer (3.52)
&
£28 00 + @+ ag+ L (w— )

dt
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where
—qo/q1 if g2 =0 See (3.38)

A
w =

—7“0/7"1 if q2 7&0 See (345)

has to be used. This observer requires small step size (1 us) which is not possible

using the standard processor technology in commercial electric drives.
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Chapter 5

Differential- Algebraic Approach to

Speed Sensorless Estimation of Tp

This chapter presents a differential-algebraic method to rotor time constant T
estimation of an induction motor, using measured stator voltages and currents. That
is, this method does not require speed information. Experimental results are presented

to demonstrate the practical use of the identification method.

5.1 Introduction

The speed sensorless controller proposed in Chapter 3 requires the value of Tg,
which can vary due to Ohmic heating. A method is now presented to estimate Tx
without a speed sensor. Multiple techniques have been proposed to estimate Tg
without a speed sensor. Refs. [17] [57] combine parameter identification and speed
estimation. A least-squares method is used to identify T and w simultaneously in [17]

and is based on the transfer function of the induction motor, which is only valid
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during constant speed operation. Ref. [57] also assumes constant speed operation.
The work presented here uses a differential-algebraic approach to identify the rotor
time constant Tk without the motor speed information. It also shows that during

the steady state, Tx is not identifiable, i.e., dw/dt # 0 is required to identify TF .

5.2 Differential-algebraic approach to T; estima-
tion

The Tx estimation is based on equations (3.38) and (3.45), which are repeated
in (5.1) and (5.2) below,

q(w) £ qa(Usa, Ush, i5a, isp)w +q1(Usa, Ush, i5a; i5p)W + G0 (Usas Ush, i5a, isp) = 0, (5.1)

71 (Usas Ush, Lsas tsp) W+ To (Usas Ush, isa, tsp) = 0, (5.2)
where
71 (Usay Ush, 154, isp) = 2¢5a0 — G2q1a1 + G2G1 — 2G2Goas + q1as — q1de (5.3)
and
70 (UsSas Ush, 15a,i5b) = G2q1a0 + Gado — 2G2001 + Goq1a2 — Godo- (5.4)

Equation (5.2) is a first-order polynomial equation in w with a unique solution as

long as 7 (the coefficient of w) is nonzero (It is shown in section 3.7.8 that r; # 0 in
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steady state if g2 # 0). Solving w from equation (5.2) to obtain
w=—ro/r1. (5.5)
Replace w in equation (5.1) by (5.5) to obtain
@215 — qrort + qort = 0. (5.6)

This turns out to be a twelfth-order polynomial equation of Tx, which can be rewritten

as
12

ZQ’ (Usar Ush, i5ays isp) Th = 0. (5.7)

=0
Solving equation (5.7) gives Tg. The coefficients C; (usq, sy, isq, isp) of (5.7) contain
third-order derivatives of the stator currents and second-order derivatives of the stator
voltages and, therefore, noise is a concern. For time intervals for which Tk does not
vary, equation (5.7) must hold identically. In order to smooth out the noise in Cj,

(5.7) integrated the data collection for the interval [t; t2] to obtain

12

t2
1 o Z-
Z /C@' (Usa;s Ush, isa;isp) | TR = 0. (5.8)
t1

i=0 ta— 1

There are 12 solutions satisfying equation (5.8), but the simulation results show
that there are always 10 conjugate solutions. The other two solutions include the
correct value of Ty, while the other one is either negative or close to zero. This will

be illustrated in the experimental section, section 5.4.
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5.3 Ty is not identifiable in steady state

5.3.1 In steady state, TR is not identifiable by differential-

algebraic approach

In steady state, solving equation (5.2)

1 (USa, Ush, 1Sas 1sb) W + T0 (Usas Ush, 18a, Lsp) = 0

gives the motor speed

w=—0 28T (5.9)

—|Us|"”

6
((Rs O szz<1+osng,%)2)

1452w T, (1+520373)"
1 S ond(1-0) Wil
“\1 + S2WAT? 8 o4
str

1 (Usq, Ush, i8a, Lsh) =

1
X (L+ Tl (1 S)) " x ——

Ug|"

6
((Rs + “‘“>Sw2sLsTR>2 n “’QSL?S(lJraSZw%T}%)Q)

14+5%WiTh (1+520272)"

y 1 3n§(1—0)6wf§L§(1—S)
1+ S2w2T?

T0(USas Ush, 18a, Isp) =

x (1+wiT2 x (1-9)%)" x —
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in steady state (see section 3.7.8). Replacing w in equation (5.1)

. . 2 . . . .
@2 (Uga, Ush, 18a, Lsp)w” + ¢1(USa,r Ush, L5a, Lsp)W + Go(Usa; Ush, i5a; Tsp) = 0

by (5.9) to obtain

2(1-29) 1-8
w5 ) +Q1ws( )+QO=0- (5.10)

2
n, Ny

q2

The steady-state expressions of g2, ¢1, and go are given by equations (3.66), (3.67),

and (3.68) in section 3.7.4 and repeated below,

4
@ = ”;%Tz% Us|
2 = —
(1a)Sw§LsTR)2 W LE (140523 TR )
7 ((RS T * (1+520272)"
Xw%LS (1-0)*(1-29)
1+ S2wiT?
o ((Rs 4 (1—a)sw2%L52TR>2 n wQSLZS(1+aSZw2S€§)2 2
1+5%wgTh 14520273
(Ls(- 0)* (1 - w?T%(1-S)%)
1+ S2wiT?
4
" - U
o 2
(1—0)Sw%LsTr 2 WQSL%(1+US2M§TI%)2
g ((RS + 1+S’2w%T123 > + (1+S2w23T12%)2

xw%l}s (1-0)*(1-29)
1+ S2wiTh
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Replacing ¢, g1, and qo in (5.10) by their steady-state expressions, one obtains

T2 (wi(1-8) —wi(1-9)%)+1-1=0

= T2x04+0=0
That is, in steady state (5.1) and (5.2) hold independent of the value of Tk.

5.3.2 In steady state, Tp is not identifiable by the least-

squares method

Vélez-Reyes [16] [17] [18] have used least-squares methods for simultaneous pa-
rameter and speed identification in induction machines. In this approach dw/dt is
taken to be zero. At constant speed, a linear (in the parameters) regressor model can
be found. Specifically, consider the mathematical model of the induction motor in
(3.34) repeated here

d? 1 , d 1 BM

arls =TT, (1 —jnpwTk) (dtls tls — 7 Us> + 72 (1 —JnpwTg)ig

d L b 1 d gnpTr d n 1 dw
— _— i
VS T o dt S T T gl \ s TS T s )

In steady state, dw/dt = 0 so that this equation reduces to

& 1 ‘ d 1 BM
—3ls =~ T (1 — jnpwTk) (dtzs + yig — Lsus> T2 (1 — jnpwThr)ig
d 1 d
BRETE R T o4
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where ig = ig, + jisy and ug = ug, + jugy. Decomposing equation (5.11) into its real
and imaginary parts gives
d?ig, 1 digq Rs . . 1
= | —— — —isa + —Usa
dt TR dt OLS 5 OLS 5

+ diSb RS o 1 d’isa i 1 duSa
nyw | ——— — ——1i —ugp | —
P dt  oLs oL ) T ar T oLs di

(5.12)
and
inSb 1 diSb RS o L 1
= = | - — ——1 —U
dt TR dt ULS 50 ULS 5t
diSa RS . i 1 digb i 1 dqu
— Npw | — — ——1Sa —USq | —
b dt ULS S ULS S 7 dt ULS dt
(5.13)
where

Rg 1 1 M? Ry 1—-01

720L5+0L5TRLR_0LS+ o T_R

The goal here is to estimate Ty without knowledge of w. So, it is now assumed the

motor parameters are all known except for Tx. The set of equations (5.12) and (5.13)

may then be rewritten in regressor form as

y(t) =W (t) K. (5.14)

114



Here K € R?, W € R?*% and y € R? are given by

a | UTn

Npw

disa : disp, :
W) 2 Ls=8* —uga + Rsisa 0Ls 3% — usy + Rsigp

di : di :
Ls=3t —ugy + Rsisy —0Ls 5% + usq — Rsisa

and
dug, d?ige dig,
N dt oL Rs=5;
y(t) =

dusp dPisp _ disp
dat oLs dat Ry dt

The regressor system (5.14) is linear in the parameters. The standard least-squares

approach is to collect data at times ¢t = 0,7,2T,--- , NT and compute the solution

to

RwK = Ryw (5.15)

where

Ry £ ENZ W (nT)W (nT)

n=1

Ryw £) W' (nT)y (nT).

n=1
A unique solution to (5.15) requires Ry, to be invertible. However, Ry, is never

invertible in steady state! To show this, let

isp(t) —iga (1)

isa (t) gy (t)

D(t) =
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In steady state, the determinant of D (t) is
det (D (1)) = i, (t) + i, (t) = |Ls[*.
and a simple computation shows
D ()" D(t) = [Ls|* Iaxe.
Multiply both sides of equation (5.14) on the left by D (¢) to obtain

D(t)y(t) = D)W (K
Rows[lsf' —wsP || —wsLs[lsf+Q  Rsllsf =P |
o Lsw} |Is* — wsQ Rs[Is* =P  oLswsIsf*—Q

(5.16)
where P and @) are given by (3.58) and (3.58) in section 3.7.2 and repeated here

A . .
P = wugglse + uspise

= R. (Qslg)
2 1—0)Sw2 LgT
s (Rs + S5

= > (5.17)
<RS + (1U)SW25LSTR>2 "%L%(l*"SQW%Tz%)
1+5%wETh (14520273
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A . .
Q = uspise — USalsh

= In(Usls)
s
= s i . (5.18)
w2 L% (1405202 T3
(1+520272)°

2 2
(1—0’)SwSLsTR
(RS + 14520212

Further, in steady state, it is also true that (see section 3.7.2)

; diSa_i disp g [Lg|?
Sb dt Sa dt S |19
dt
i3q T 15 = |ls|2-

Use (5.17) and (5.18) to replace P and () in (5.16) to obtain

L (1= 0)wsLs | SPWETR SwsTr

D)W (1) = o (5.19)
1+ S2wiTy SwsTr 1
|IS|2 (1 —O') CUSLS SWSTR
D(t)y(t) = —ws (5.20)
1+ S2wiT?

1

That is, D (t) W (t) and D (t) y (t) are constant matrices.

Further, it is easily seen that the determinant of D (¢) W (¢) is zero, i.e.,

0.

det (D (£) W (1))
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In steady state, D (t) W (t) is a constant matrix whose determinant equal to zero.

Also

Rpw = (D (nT)W (nT))" (D (nT) W (nT)))

WT(nT)D* (nT) D (nT) W (nT)

N
n=1
N
n=1

= LD W nT)W(nT)

= [Is|* Rw.

Because det(Rpw) = 0, it follows that det(Ry) = 0 showing that Ry is never
invertible using steady-state data.

Also,

Rpwy = ))T (D (nT)y (nT)))

W (nT)DT (nT) D (nT)y (nT)

3 wor
2

= |Ls/° Z W (nT)y (nT)

n=1

= [Is|* Ryw.

118



Further, it can be shown

Rw = Rpw/|Ls
= N (D (0)W (0))" (D (0) W (0)) / |Lg|?
NLP (1 —0)?w?L? | S*w§Tf SwsTr

2,22 )
1+ S2weT7, SwsTr 1

where D (0) W (0) is taken from (5.19).
Also,

Ryw = Rpwy/|Ls?
= N(D ()W (0)" (D(0)y(0)))/|Ls|*

NIL (1= o) wdI} | SwsTn
1+ SQw?gT}%

1

where D (0) W (0) and D (0) y (0) are taken from (5.19) and (5.20).
By inspection, K = [0 ws]” is one solution to (5.15). The null space of Ry is

generated by

—1/T;
/T (5.21)
SUJS
so that all possible solution are given by
0 —1/Tx
+ o
wg SLL)S

for some o € R.
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Remark 1 The Morse-Penrose (pseudo-inverse) solution [58] to (5.15)
RwK = Ryw

18
wg SwsTr

K=—&F#+- .22
[T 2212 (5.22)

1

the solution K in (5.22) can be written in the form

0 —1/Tg
+ o
Wgs Swg
for
SwiT3

14+ S2wWiTE

In summary, solving (5.15) using steady-state data leads to an infinite set of

solution and so Ty is not identifiable by this method.

5.4 Experimental results

To demonstrate the viability of the Tk estimator (5.8), experiments are carried
out. A three-phase, 0.5 hp, 1735 rpm (n, = 2 pole-pair) induction motor model is
used for the experiment. An ALLEN-BRADLEY PWM inverter is used to drive the
induction motor. Given a speed command to the inverter, the inverter will produce

PWM voltage which drives the induction motor to track the speed trajectory. Here
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a step speed trajectory

0 t<0
Wref =

2760/n, = 188 rad/s ¢t >0
is chosen. The stator currents and voltages are sampled at 10 kHz. The real-time
computing system RTLAB from OPAL-RT with a fully integrated hardware and soft-
ware system is used to collect data [56]. Filtered differentiation (using digital filters)
is used for the derivatives of the voltages and currents. Specifically, the signals are
filtered with a third-order Butterworth filter with cutoff frequency of 100 Hz. The
voltages and currents are put through a 3 — 2 transformation to obtain the two phase
equivalent voltages ug,, us, which are plotted in Figures 5.1, and the corresponding

two phase equivalent currents ig,, is, are plotted in Figure 5.2.

Using the data {ug,, usp, isq, 56} collected between 0.84 sec to 0.91 sec, the quan-
tities duSa/dt, duSa/dt, disa/dt, digb/dt, dziga/dt2, d%gb/dtz, d3i5a/dt3, d3i5b/dt3 are
calculated and used to evaluate the coefficients in equation (5.8). Solving equation

(5.8) one obtains the 12 solutions

TR = 0.1064
Trs = —0.0576 + j0.0593
Trs = —0.0037 4 70.0166
Trr = —0.0072 4+ 50.0103
Try = 0.0125 + 50.0077
Tr11 = 0.0065 + 70.0018

Try = —0.0186
Tre = —0.0576 — 70.0593
Tre = —0.0037 — 50.0166
Trs = —0.0072 — 50.0103
Tr10 = 0.0125 — 50.0077
Tri12 = 0.0065 — j0.0018.
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Figure 5.1: Sampled two phase equivalent voltages ugg, tsp-

151

10+

8
£ °f T
<
=0
c
g i |
S -5 'sa
O
-10 - W 1
i w W uu |
_20 L L L L L

0.85 0.9 0.95 1 1.05

Time in Seconds

Figure 5.2: Sampled two phase equivalent currents ig,, 5p.
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Tk should be a real positive number, so T = 0.1064 is the only possible choice. This
compares favorably with the value of T = 0.11 obtained using the method developed
by Wang et al [59] where a speed sensor is also used.

To illustrate the identified Tk, a simulation induction motor model is used with
the measured voltages as input. Then the simulation’s output (stator currents) are
used to compare with the measured (stator currents) outputs. Figure 5.3 shows the
sampled two phase equivalent current ¢g, and its simulated response igy_gm. The
phase a current ig, is similar, but shifted by 7/ (2n,) . The resulting phase b current

1sp—sim from the simulation corresponds well with the actual measured current igy,.
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Figure 5.3: Phase b current ig, and its simulated response igp_gim-
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5.5 Summary

This chapter presents a differential-algebraic approach to estimating the rotor
time constant without a speed sensor. The experimental results demonstrate the
practical use of this method. This method is not applicable in steady state. It is also

shown that a standard least-squares approach is not applicable in steady state.
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Chapter 6

Conclusion and Future Work

6.1 Conclusion

This research produced a differential-algebraic approach to speed and parameter
estimation of an induction motor. The speed estimator entails using an algebraic
estimate of the speed to stabilize a dynamic speed observer. This work presented a
characterization of the observability of the rotor speed of an induction motor based
on input and output measurements (stator voltages and currents). This was done
in terms of the speed being the solution to some polynomial equations whose coeffi-
cients were functions of the input/output measurements and their derivatives. The
singularities of these algebraic equations (i.e., whether or not the leading coefficient is
zero) were characterized under steady-state conditions. The algebraic estimate of the
speed was then used to stabilize a dynamic (Luenberger type) speed observer. The
new observer does not require any sort of “slowly varying” speed assumption and is
stable. This sensorless speed controller shows potential for speed estimation at low

speeds under full load.
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The speed observer requires the value of Tx, which can vary due to Ohmic heating.
Differential-algebraic approach was also used in the rotor time constant Ty estimation.
It shows the potential for the estimation of Tg without motor speed information. This
parameter estimation method does not require any sort of “slowly varying” speed

assumption, but rather requires dw/dt # 0.

6.2 Future work

The differential-algebraic approach to speed and rotor time constant T estima-
tion is computationally intense. Also, the algebraic speed observer and Tk estimation

includes the third-order derivative of the stator current. Future possible work includes

e Finding a way to simplify the computation and reduce the order of the derivative

of the stator current.

e Studying on-line estimation of Tk and using the estimated T in the speed

estimator.

e Closed-loop experiment where the estimated speed is fed back to the field-

oriented controller.
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