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cô  rotor slip speed (electrical rad/s) 

cOv,,,. rotor flux vector angular speed 

stator flux vector angular speed 

stator flux linkage space vector 

rotor flux linkage (stator referred) space vector 

BUPT



BUPT



1 INTRODUCTION 

1.1 Review of AC Variable Speed Drives 

Energy is the life-blood of the human civilization progress. Our dependence on 

energy, in general, and on electrical energy, in particular, is absolute. Today, the most 

developed countries produce and consume the highest amount of energy. The ability to 

efficiently use the available energy is of capital importance. About 50% of total 

electrical energy produced is used in electric drives today [1]. 

An electric drive is an industrial system which performs the conversion of 

electrical energy into mechanical energy, in motoring operation, or from mechanical 

energy to electrical energy, in generating operation. Such systems are employed to run 

various processes as: production plants, machine tools, spindles, transportation of 

goods and people, ship propulsion, rolling mills, ventilation and air-conditioning, 

home appliances, automation equipments, robotics, cranes and elevators, CD-ROM 

players, and so on [l]-[6]. 

An Adjustable Speed Drive (ASD) is a drive that runs at variable speed. A 

typical ASD contains a power electronic converter, an electric motor, a mechanical 

coupling and the mechanical load. Such a drive must achieve precise, fast, efficient 

and reliable mechanical motion control, as required by the application. 

ASD is an emerging technology pushed by the spectacular evolution in power 

electronics components and microprocessors. The significant increase in power density 

and the high integration level in modern microprocessors helped ASD-s to become a 

very competitive technology. The growth in motor drives has exceeded 25% over the 
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2 Direct Torque Control of Sensorless Induction Machine Drives 

past 10 years and the world market for ASD-s is still growing rapidly. By far, AC 

drives dominate the marketplace with 4.85 billion USD sales in 1998, [7]-[9;. 

Adjustable speed induction motor drives have reached the status of a mature 

technolog}' in a broad range of applications ranging from low-cost solutions to high-

performance drive systems. Modem industrial ASD-s with induction machines have to 

fulfill many demands related to: accuracy of speed control, wide speed range, torque-

speed characteristic. sensor or sensorless operation, dynamic response, control 

methods, braking, efficiency optimization, self-commissioning, fault detection and 

handling. electromagnetic interference, harmonic generation, interfacing to other ASD, 

application software, etc. [8], [9 . 

Today, the induction machine is recognized as the workhorse of the 

electromechanical conversion systems. The preference for induction machines is due 

to their low cost. constructive simplicity, reliability and ruggedness. The cage rotor 

induction motor covers a wide power range. from 0.5 kW to 10 MW, while wound 

rotor machines may handle even higher powers. Induction machines have two 

limitations that are important issues at high powers: rather poor power factor and 

lower efficiency than the synchronous machine, at powers above 1 MW, [l]-[6]. 

Motion control systems have traditionally been developed using permanent 

magnet DC servomotors with high-bandwidth current regulators and has made the 

high-bandwidth electromagnetic torque control a de facto standard for servo drives. 

Similar dynamic capabilit>' is also possible with induction machines, since, like DC 

machine, the induction machine poses very small transient inductance. There are three 

basic measures of motion control performance: command tracking accuracy, response 

quickness and disturbance rejection or dynamic stiffness, [5], [6^. 

Motion control with induction motors is a challenging theoretical problem, 

since its dynamic model is nonlinear, time-variable, the rotor quantities are most often 

non measurable and the physical parameters are sometimes imprecisely known. In this 

context, motion control means torque, speed and/or position control. In induction 

machines, torque control requires also flux control and very fast torque control is the 

key for high performance motion control. 
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Introduction 3 

There are two basic techniques for induction motor control: 

• The scalar control, known as voltage/frequency (V/f) control or current-slip 

frequency control. The scalar control is an open loop speed control systern and 

provides variable speed vvith low precision and modest dynamic performance. 

This method is based on a simple, steady state model of the machine and 

sometimes includes slip frequency and load torque compensation. 

• The Vector Control, also known as Field Oriented Control. It is based on a 

dynamic machine model and includes the indirect vector control, the direct 

vector control and the direct torque and flux control. The vector control was 

developed as a closed loop speed/torque control system and provides fast and 

precise motion control. 

From the point of view of how the mechanical quantities are sensed and how 

the motion control is achieved, there are two research trends: 

• Motion control with motion sensors that employ different motion sensors to 

detect the rotor speed or position. These sensors are expensive and unreliable. 

Wide speed ranges, typically above 1:1000, can be achieved using motion 

sensors. 

• Motion control without motion sensors, known as sensorless control. In this 

case, the mechanical quantities are estimated rather than measured. Currently, 

speed ranges of above 1:100 can be obtained in this way. 

Research efforts in this area are devoted toward developing high performance 

vector controlled sensorless ASD-s. The very low speed range operation is still a 

challenging problem and various solutions are proposed to overcome the difficulties 

that occur at very low speeds and to provide fast, robust and accurate motion control in 

a wide speed range. 
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15 Direct Torque Control of Sensorless Induction Machine Drives 

1.2 Vector Control of Induction Machine Drives 

Vector control or Field Oriented Control (FOC) implies independent control 

(decoupled control) of flux and torque, or of flux current component and torque 

current component trough a coordinated change of the supply voltage amplitude, phase 

and frequenc). This is achieved by orienting the stator current with respect to the rotor 

flux. so that to realize the decoupled torque and flux control, [2]-[5 . 

There are three requirements for vector control [5]: 

• An independently controlled current that accounts for the torque production. 

• An independently controlled, or constant value of the field flux. 

• An independently controlled spaţial angle between the flux axis and the 

magneto motive force (MMF) axis. 

If these requirements are met at every moment, the torque will follovv the torque 

component of the stator current and instantaneous torque control will result. If these 

conditions are only met for steady state conditions, only steady state torque control 

will result. 

The stator current vector is controlled such that its component along the rotor 

flux vector (the flux component) controls the rotor flux magnitude, while its 

component orthogonal to rotor flux vector (the torque component) controls the 

electromagnetic torque. In vohage source inverters, the desired current is impressed by 

means of current regulated puise width modulation techniques (CRPWM). 

The vector control of stator currents and voltages results in control of the spaţial 

orientation of the electromagnetic field in the machine and has lead to the term Field 

Orientation Control (FOC), [l]-[6]. 

Since the induction machine is a high order, cross-coupled dynamic system, the 

torque and flux control is realized by adequate decoupling between the torque 

controller and the flux controller. The most important sub-variants of vector control 

are: indirect vector control, direct vector control and direct torque and flux control [1]-

[5]. These are shortly described next. 
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Introduction 5 

1.2.1 Indirect Vector Control 

The indirect vector control blocic diagram for induction machine drives is 

presented in Figure 1.1. It is based on the slip speed cô  equation, using estimated or 

measured rotor speed CO;-: cô  = cô  - co .̂ The reference torque and rotor flux, T* and 

\\i* that enter as primary references are translated into reference currents in rotor flux 

reference frame by a current decoupling network. The reference currents are converted 

to stator frame by a coordinate transformation that uses the field position and are 

realized by current regulation and PWM. 

The field position is obtained by summing the rotor position signal O,, and the 

slip position signal Ĝ . The slip speed is derived from the reference currents and its 

position is obtained by integration. The rotor position is measured or estimated. 

Basically, the indirect vector control is a feedforward type scheme. The stator 

current only is controlled in closed loop, while the torque and flux control is indirectly 

achieved by means of the decoupling network and current control. This scheme 

achieves high performance control at low speeds, but is rather sensitive to parameter 

detuning. There are two types of indirect vector control: uncompensated flux response 

indirect controller and compensated flux response indirect controller [5]. 

Figure 1.3 Direct Torque and Flux Control for induction machine drives 
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6 Direct Torque Control of Sensorless Induction Machine Drives 

1.2.2 Direct Vector Control 

The direct vector control block diagram for induction machine drives is 

presented in Figure 1.2. This scheme employs closed loop control of torque, flux and 

stator current. The measurement of rotor position is eliminated by making other 

measurements directly on machine electrical quantities. The slip relation is no longer 

used and the field angle is directly determined by calculation from measured electrical 

quantities. The advantage of this approach is elimination of the position sensor, that is, 

sensorless implementation. This leads to increased complexity of the control and 

estimation system. 

Basically, the direct vector control is a feedback type scheme. It employs torque 

and flux controllers. These controllers replace the decoupling network and produce the 

reference cuiTent vector. The current control is achieved in the same way as for 

indirect vector control, by means of CRPWM. 

Current controllers may be implemented in stator frame, as shown in Figure 

1.2, or in rotor flux frame. In both cases, PI controllers with decoupling are 

recommended, [5]. For sensorless implementation, a state obser\'er, that uses the 

measured currents and voltages, is implemented. In general, the direct vector control is 

less sensitive lo parameter detuning than indirect vector control. 

Figure 1.2 Direct Vector Control for induction machine drives 
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Introduction 7 

1.2.3 Direct Torque and Flux Control 

The Direct Torque and flux Control (DTC) realizes the control directly, without 

intermediate current controllers. Its block diagram is shown in figure 1.3. Like the 

direct vector control, DTC employs a state estimator to calculate the actual torque and 

stator flux. The torque and flux control is achieved by means of nonlinear bang-bang 

controllers, while the current control is replaced by an adequate switching strategy îhat 

directly generates the inverter switching signals. 

This scheme provides extremely fast and robust torque and flux control. It is 

simple and does not employ coordinate transformations and puise width modulation. 

However it exhibits large torque ripple and annoying acoustical noise if operated at 

low sampling frequencies. Comparative results between DTC and direct vector control 

demonstrated that both strategies are viable and exhibit comparable performance, each 

with its own advantages and limitations [10]. 

The DTC strategy makes the subject of the present thesis. The objective is to 

develop alternative DTC schemes that offer superior performance and operate in 

sensorless drives. In particular, the problem of maintaining the DTC advantages (fast 

dynamic response and robustness) and reducing the torque, flux and current ripple is 

addressed. 
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Figure 1.3 Direct Torque and Flux Control for induction machine drives 
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8 Direct Torque Control of Sensorless Induction Machine Drives 

1.3 Sensorless Control of Induction Machine Drives 

State Estimation 

A sensorless drive is an ASD that realizes motion control (torque, speed or 

position control), without using motion sensors to detect the mechanical quantities. In 

general, the motor's terminal quantities are measured and an estimator is employed to 

calculate the unknown mechanical quantities. 

Sensorless speed and torque control of induction machine ASD-s has become a 

vvell-established technology in a broad range of applications. The field has developed 

to a point where sensorless control is not considered a major diffîcult}^ excepting in 

the low speed range. Many commercial drives include some sort of sensorless speed 

and torque control. However their performance at very low speed is poor [1T. 

In sensorless drives, quantities that are estimated are the stator and rotor fluxes, 

the electromagnetic toque and the rotor speed. The stator currents and voltages are the 

only measured quantities and the estimation is performed by a digital signal processor. 

Induction machines are high-order nonlinear systems. The classical approach to 

induction machine modeling for vector control is to determine linear, time-variable 

state space models, under simplifying assumptions. The most important nonlinearities 

that remain unmodeled are the magnetic saturation, iron loses, that account for half of 

the total machine losses, and the presence of slots. These effects act as disturbances or 

model uncertainties, deteriorating the system's perfomiance. 

There are t\vo possible approaches of this problem: either developing advanced 

nonlinear models, or employing robust control and observation techniques. While the 

former approach offers a unique theoretical fascination and challenge, the later is very 

attractive for practicai implementaţion of high performance motion control systems. 

The estimation of internai state variables of the induction machine is based 

exclusively on measured terminal voltages and currents. Low cost, medium 

performance sensorless drives employ simple open-loop estimators. High-performance 

drives employ complex observers based on flill order state space models. 
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Introduction 9 

There are two categories of state observers: linear observers and nonlinear 

observers. The most important linear observers for state estimation are: fliil order 

linear observers, known as Luenberger observers and reduced order observers. 

The nonlinear observers for induction machine state estimation are: 

• The Extended Kalman Filter (EKF). It is the extension to nonlinear systems of 

the optimal linear filter that minimizes the mean square estimation error, known 

as Kalman Filter. This filter assumes perfect system knowledge and requires 

precise information on noise statistics. 

• The Variable Structure Observer or Sliding Mode Observer (SMO). It is a 

nonlinear state observer supported by the theory of Variable Structure Systems. 

It possesses excellent robustness over a specified magnitude range of system 

parameter uncertainties and disturbances. 

• The Neural Network Observer (NNO) or Fuzzy Neural Observer (FNO). These 

belong to the area of Artificial Intelligence. These observers require intensive 

training for each particular application without need of detailed information on 

system's model. Performances displayed by NNO-s are only moderate. The 

application of these techniques in ASD-s is at the begirming and shows 

promising potential. 

The EKF appeared to be the ultimate solution for sensorless drives. It has the 

advantage that is able to handle nonlinear systems and copes well with the fifth order 

complete model (2.15)-(2.20) of the induction machine. 

However, EKF has limitations. It suffers from lack of inherent robustness, 

perfect knowledge of the system model and noise characteristics are assumed, it does 

not guarantee adequate bandwidth for disturbance rejection. The EKF implementation 

involves significant computation complexity and requires powerful processors. Recent 

studies have demonstrated the superiority of other observers, over EKF [12]. 

The speed estimation is the most difficult part of the estimation process. There 

are two categories of speed estimators in induction machine drives: 

• Estimation based on fundamental excitation includes all methods that employ 

the fundamental components of stator voltages and currents. By proper 

processing of these quantities, the speed information can be extracted. These 
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10 Direct Torque Control of Sensorless Induction Machine Drives 

methods are not able to provide speed estimation at zero stator frequency. The 

most important methods in this category are presented in Chapter 6. 

• Estimation based on magnetic saHency and signal injection includes methods 

that use as test signals injected high frequency flux or current components. 

Some methods detect the speed related harmonics caused by rotor slots, while 

other methods detect the magnetic saiiencies caused by the main flux saturation. 

These methods provide accurate speed estimation at zero stator frequency. 

Methods in the second categor)' appear to be very promising, since they provide 

speed estimate at zero frequency. However, there are problems at high speeds, since 

injected high frequency components cause torque ripple, loss increasing and acoustical 

noise. This constitutes a major drawback that makes them unattractive. 

Sensorless control 

Apart from the vector control strategies, there are other control techniques that 

are employed ibr motion control in ASD-s. 

Variable Structiire Conti'ol (VSC), due to its disturbance rejection, strong 

robustness, order reduction and simple implementation by means of power converter, 

is one of the most promising control philosophies for electrical drives [13]. 

Variable Structure Control forces the system's trajectories to intersect a surface 

of the state space, designated b>' the designer. After intersection, system's trajectories 

are constrained to this surface for all subsequent time, via the use of high speed 

switching controls. The most important characteristics of VSC are: 

• The surface can be selected so that the system is robust to system parameters 

changes and disturbances as long as system's trajectories lie along the surface. 

• If the system's nonlinearities and disturbances are bounded, then the system can 

be forced to behave like a linear system by the use of VSC. As long as the 

system remains in sliding mode, it emulates a reduced order system. 

• The control algorithm is very simple in most cases. 

The feedback linearization control achieves decoupling and linearization of the 

induction machine dynamics by using nonlinear state transformations [14], This 

method is relatively complex, but appears very promising [1]. 
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1.4 Thesis Objective 

This thesis is devoted to direct torque and flux control of sensorless induction 

machine drives. It provides an insightflil analysis of DTC sensorless drives and 

attempts to develop several new concepts related to: (1) induction machine state 

estimation and (2) direct torque control. 

Solutions for induction machine state estimation are discussed in two chapters 

that present existing solutions, as well as new solutions of linear and nonlinear state 

observers. Speed observers are introduced next, while the last chapter approaches the 

DTC. New DTC solutions based on VSC are presented. 

The most important objectives of this thesis are: 

• Analysis of the classical DTC and development of alternative high perfonuance 

control strategies that maintain the advantages of DTC and reduce or eliminate 

its shortcomings. 

• Development of high performance state observers that may be operated in wide 

speed range induction machine sensorless drives. In particular, the very low 

speed range performance is targeted. 

• Building and testing a high performance induction machine sensorless drive 

that uses concepts previously developed. 

Nevertheless that the sensorless control of induction machine drives is a very 

popular subject and the literature devoted to this topic is very rich. Herewith, only 

solutions considered the most representative, that show the best results in terms of 

DTC sensorless control, were presented under the title "State of the art". Solutions that 

are not confirmed by meaningful experiments, or that claim spectacular experimental 

results, without theoretical fundaments, were neglected. 
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2 INDUCTION MACHINE MODELING 

2.1 Introduction 

The induction motor is recognized to be the workhorse of the industrial 

electromechanical conversion systems. Induction motors are simple in structure, 

robust, reliable, require little maintenance, can be operated in difficult environments 

and their cost is substantially less than for DC motors. AII these features make them 

attractive for use in today's industrial drives and possibly to remain so in the future. 

Convenţional induction motor drives are supplied from the constant voltage and 

frequency industrial power grid and are limited only to driving loads which require 

nearly constant speed or, at best, several discrete speeds. Operating such a 

convenţional drive on a wide speed range below the rated speed is rather difficult and 

involves a significant degradation of the motor efficiency. The problem has been 

overcame by using variable voltage-frequency power supplies that allow operating the 

motor below and above the base speed. 

The analysis of induction machine for constant speed drives is typically done by 

means of the steady state per phase equivalent circuit. This model proves to be 

inadequate when dealing with dynamic electromechanical processes encountered in 

adjustable speed drives (ASD). In order to drive the induction motor at any speed in a 

certain speed range and also to manage fast transients, complex control systems are 

required. It is well known that high performance control systems require adequate 

knowledge and modeling of plant dynamic model. Furthermore, sensorless AC drives 

employ advanced state observation techniques based, once more, on the plant dynamic 
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14 Direct Torque Control of Sensorless Induction Machine Drives 

model. Although simple in structure, the induction machine owns the most complex 

dynamic model when compared to other electric machines and is the most challenging 

in teims of control engineering. 

In the next sections, the induction machine modeling begins with the defmition 

of space vectors and continues with the development of state space dynamic models. 

Models that account for saturation effects and iron losses are also presented. 

2.2 Space Vector Deflnition 

In order to describe and study the mechanical motion of different objects it is 

necessar} to defme a space-time frame that allovvs to specify objects' positions and the 

time flow. Such a space-time frame is called reference system or reference frame. Any 

reference system can be fixed or in relative motion with respect to other reference 

systems. Finding an absolutely fixed system is an exceptionally difficult problem. 

According to classical Newtonian-Galilean' mechanical principles, the space 

and time are absolute and invariant and the motion laws are the seime for all inerţial 

reference systems. With a ver>' good approximation, the Earth is such an inerţial 

reference system and this is the primary reference system in the following induction 

machine study. AH reference frames used herewith are two-dimensional complex 

frames (complex planes) and all mobile frames exhibit only rotar\' motion with respect 

to stationar> references. Any fixed frame with respect to Earth is called stationary 

re ference frame or stator reference frame and is identified by "a" and orthogonal 

axes. The rotating frame attached to the rotor is the rotor reference frame. A reference 

frame can also be attached to a vector and, in this case, inherits the name of that 

\ ector. For example, a reference frame attached to rotor flux space vector is a rotor 

flux reference frame. A useftil generalization is the arbitrary reference frame that 

' Galileo Galilei 1654-1642. Isaac Newton 1642-1727 
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represents a reference system rotating with undefined, arbitrary angular speed. 

Herewith, all rotating frames are identified by and orthogonal axes. 

The concept of complex space vectors is a very powerful tool and an essential 

aspect of electric machines analysis. It provides a compact notation, easy algebraic 

manipulation, very simple graphical interpretations and often a very logical and 

straightforward development of concepts that are difficult to develop using real 

variable analysis. In the case of induction machines, a very convenient and compact 

form of the machine equations is obtained and there is a great deal of manipulative and 

conceptual value in their use [1] - [6\ 

Consider a symmetrical three phase winding located in the stator of an 

elementary two pole electric machine, with the configuration shown in Figure 2.1. In 

this case, the winding placement is conceptually shown with the symmetry axes of the 

equivalent inductors directed along the real magnetic a, b and c axes of the windings. 

In complex notation, with respect to a stationary (a, P) reference frame, the three 

phase axes are defmed by the respective unity vectors i , a and a . 

i = l . 
.271 

a = e ^ 
- j -

2n 
a = e (2.1) 

phase b 

Figure 2.1 Stator winding of an induction machine and associated magnetic axes 

BUPT



16 Direct Torque Control of Sensorless Induction Machine Drives 

A generic three phase systern, related to the stator winding shown in Figure 2.1, 

can be uniquely described by a complex space vector and a zero sequence 

component Xp. 

x' ax, ^ a'x^) (2.2) 

(2.3) 

where x^. .v̂ ,, x,- are the phase variables and superscript "5" denotes the stator reference 

frame. In Figure 2.1 the stator current space vector is represented, but, in general, 

Xa,b.c can be any quantity related to that winding, such as voltage, flux linkage, etc. 

In terms of stationar>' complex reference frame (a, P), the space vector x̂  is 

= ^a + Ap (2-4) 

J_ 
V3 

In most practicai situations the neutral connection of the three phase system is 

opened so that the zero sequence component xq equals zero. In this case, from (2.4a), 

the real component of x̂  is Xâ Xa- In voltage source inverter analysis, however, this is 

not true and the zero sequence component must be taken into account. 

Equations (2.2) to (2.5) defme the {a, b, c) to (a, P) coordinate transformation. 

The choice of 2/3 coefficient in (2.2) is somewhat arbitrary; this value is usually 

selected in order to maintain the length of the voltage and current vectors equal to the 

magnitude of the phase voltage and current sinusoids from the sinusoidal steady state 

operation. Another choice is to use the coefficient V2/3 in order to obtain a power 

invariant transformation. 

The inverse relations, for finding the phase variables associated with the space 

vector x', are obtained from the projections of this vector to respective {a, b, c) axes 

with xy=0. 

X, x , = ^ e { a ^ x ' ) , x ^ = m e i a x ) (2.6) 
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The complex space vector x' defined by (2.2) to (2.5) is represented in 

stationary reference frame (a, P). A generalization of interest is to represent the same 

vector in an arbitrary reference frame defined by (d, q) axes, rotating with angular 

speed (£>g=dQJdt, as shown in Figure 2.2. In {d, q) coordinates, denoted by 

superscript "e the vector is 

(2.7) 

where is the arbitrary {d, q) frame position with respect to stationary (a, (3) system. 

Using the well known Euler's relation e^^^ =cos(6^) + 7sin(0g), in terms of {d, q) 

coordinates, the space vector x is 

X = x , + j x ^ (2.8) 

x^ = x^ cos(e^) + Xp sin(e,) (2.9a) 

x ^ = s i n ( e , ) + X p cos(0,) (2.9b) 

In matrix notation, (2.9) is 

im [x 1 
(2.10) 

' C O S ( 0 , ) s i n ( 0 j ' 
-s in(0,) cos(0J_ 

The inverse transformation from {d, q) frame to (a, P) frame is 
s e /0e 

X = x - e ^ 

cos (0J -x^ sin(0J 

Xp =x^ sin(0J + x^ cos(0J 

(2.11) 

(2.12a) 

(2.12b) 

(l)e = dt 

Figure 2.2 Transformation from stationary (a, P) to rotating {d, q) reference system 
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In matrix notation, (2.12) is 

"cos(0J - s i n ( e j ' 
sin(e,) cos(e,) 

In order to simplify the formulas and for clarity, whenever this is not confusing, 

the superscripts and denoting the respective frames, will be dropped. 

The transformation (2.2) from (a, b, c) to (a, P) together with transformation 

(2.7) from (a. (5) to {d, q) is a general coordinate transformation from a three phase 

system to a tvvo phase rotating one, known as the Park transformation. From (2.2) and 

(2.7) the space vector defmition, in {d, q) system, is 

x' ax, •^g'x^) (2.14) 

The inverse Park transformation could be easily obtained from (2.11) and (2.6). 

Although (2.14) appears to be ver>' compact, the digital implementation 

requires more operations than (2.2) and (2.7) computed separately. For efficiency 

reasons, in practice, the preferred relations are (2.5), (2.9) for direct Park 

transformation and (2.13), (2.6) for the inverse Park transformation. 

It must be noted at this point that the space vector concept represents a spaţial 

and time variaţie entity. The best analogy is that with the revolving field (air gap flux 

densit> ) which, being spaţial in nature, is sinusoidally distributed spatially even for 

arbitrar}' temporal values of stator winding current and travels with finite speed from 

one phase to another around the air gap when the winding current is modified. 

Mathematically speaking, the complex vectors respect the complex numbers algebra 

rules. 

AII definitions presented imply a great degree of generality. The generic 

variable can be replaced with any stator and rotor quantity and the arbitrary system 

can be any rotating reference frame. Furthermore, the space vector concept can be 

generalized to any three phase power supply and three phase load. Although not 

distributed in space, such a load circuit behaves exactly in the same way as a motor 

load. It is permitted and a common practice, therefore, to extend the space vector 

approach to the analysis of equivalent lumped parameter circuits. 
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2.3 Space Vector Modeling of Induction Machine 

2.3.1 General assumptions 

Most induction machines are designed to operate from a three phase power 

source of altemating voltage. For ASD-s, the source is normally an inverter that uses 

solid-state switching devices to produce approximately sinusoidal voltage and currents 

of controllable magnitude and frequency. 

The induction machine has a three phase stator winding as the one shovvn 

simplified in Figure 2.2. The turns in each coil are distributed so that a current flowing 

trough the stator winding produces an approximately sinusoidally spaţial distributed 

flux density around the air gap periphery. The most common type of induction 

machine has a squirrel cage rotor which can be conceptually replaced with a three 

phase sinusoidally distributed winding, similar with the stator winding. The wound 

rotor machines, on the other hand, have a true three phase rotor winding, similar with 

the stator one. 

The induction machine modeling for vector controlled ASD-s is based on 

several assumptions [l]-[5]: 

• The air gap is uniform and the machine is symmetrical from electromagnetic 

perspective. This assumption is true in today's induction machines. 

• The stator and rotor windings are sinusoidally spaţial distributed along the inner 

periphery of the stator and the outer periphery of the rotor, respectively. This 

assumption implies that the flux density has sinusoidal distribution along the air 

gap periphery and is true to a certain degree in all machines. 

• The slotting effects are neglected, so that the windings can be visualized as 

being of negligible depth and located in the air gap. This in an idealization since 

all machines have slots in both sides. 

• Space harmonics of the stator and rotor flux, arising from the placement of the 

actual conductors in the discrete slots (harmonic leakage flux), are neglected. 
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• Magnetic saturation and iron losses are neglected. This will be assumed in 

derivation of general induction machine modeis, but in the last sections, 

advanced modeis that take into account saturation and iron losses will be 

developed. 

• Windings' resistances are assumed constant or very slowly variable compared 

with machine's dynamics. In the drive implementation, the resistances 

deviation from nominal values will be taken into account and compensated for. 

• End winding effects, magnetic anisotropy effect and skin effect are neglected. 

• The permeabilitv of the stator and rotor iron is assumed to be infinite. 

The modeling and analysis of induction machines can be done using real three 

phase quantities in stationary {a, b, c) reference frame. Analyzing the machine 

physical structure and using the Maxwell^ electromagnetic field theory, the three phase 

model could be obtained. In this case, the machine's electromagnetic model consists of 

six circuits with extensive amount of coupling between them, making the analysis 

rather complicated. This model is not used anymore in electric drives analysis. 

A significant simplification and system's order reduction from six to four is 

obtained if the analysis is carried out in terms of real variable {d, q) differential 

equations. The approach involves the topic of referenced fi-ame theory and constitutes 

an essential aspect of machine analysis. The real variable orthogonal model is used 

mostly when the externai constraints are unsymmetrical (single phase operation, 

unequal parameters, failure analysis, etc.). 

In those situations when the fundamental polyphase symmetry is retained, 

analysis can be conveniently carried out in complex vector form. The resuh is that the 

model is reduced to a powerful and compact second order complex variable model. 

This order reduction permits considerable simplification and is especially valuable in 

the constant speed analysis when the electrical equations reduce to linear differential 

equations with constant coefficients - linear time invariant dynamic model. Equivalent 

circuits that correctly represent the machine model are also easily derived using 

James Clerk Maxwell 1831-1879 
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complex vector modeling. Therefore, the space vectors based modeling of induction 

machine has become the standard approach in the analysis and synthesis of ASD-s. 

The literature dedicated to induction machine modeling and vector control is 

ver} rich and detailed [l]-[5]. Different machine models and equivalent circuits are 

thoroughly derived and in detail analyzed, valuable conclusions are presented. AII 

authors conclude that the best way to approach the induction machine control is 

throughout the complex space vector analysis. The same procedure is adopted 

herewith. Only the most important space vector based models are presented in the 

following subsections. State space models are derived and analyzed from the 

perspective of ASD design and control systems engineering. AII models and 

equivalent diagrams are valid in transient operation if not otherwise specified. 

2.3.2 The Induction Machine General Model 

As mentioned before, the space vector model can be developed starting with the 

analysis of the physical machine and using the Maxwell's equations and the space 

vector theory [l]-[5]. This derivation is skipped herewith. 

An induction machine with zero applied rotor vohage (short-circuited rotor) is 

considered. The induction machine space vector general model in arbitrary reference 

frame rotating with cô  angular speed, including the mechanical equations is 

+ (2.15) dt 

^ = + y(co, - co, )V|/ (2.16) 
dt 

(2.17) 

(2.18) 

Te=\pi'\>sdhq-^s,isd) (2.19) 

(2.20) 
p dt 
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whcrc 

Ltn, Lr 

(OE = 

Oir = cB/dt 

Te 

TL 

is the stator voltage space vector, 

is the stator current space vector, 

is the rotor current (stator referred), 

is the stator flux linkage space vector, 

is the rotor flux linkage (stator referred) space vector, 

are the stator and rotor (stator referred) resistances, 

is the magnetizing inductance, 

is the stator inductance, 

is the rotor inductance (stator referred), 

the stator and rotor (stator referred) leakage inductances, 

is the arbitrar> reference frame speed, 

is the rotor electrical speed and 0;. is the rotor position, 

is the electromagnetic torque, 

is the load torque, 

(c = + 

ir = hd + 

/?„ Rr 

J is the rotor and load inerţia 

p is the number of pole pairs, 

Equations (2.15) to (2.18) represent the complex vector electromagnetic model, 

(2.19) is the torque equation and (2.20) is the mechanical model. The entire model 

represents a fifth order, nonlinear, cross-coupled, dynamic system, which cannot be 

analytically solved. The complex vector equivalent "T" circuit, corresponding to 

electromagnetic model (2.15) - (2.18), is illustrated in Figure 2.3. 

Rs ^sa 
JYYYYV 

U, 

JOie\Us 

JYYYYV 
Rr 

Figure 2.3 Induction machine equivalent circuit in arbitrary reference frame 
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y/s 
He 

0). 

Figure 2.4 Induction machine space vector diagram in arbitrary reference system 

The space vector diagram of the induction motor, with the stator flux vector 

aiongside the "^f' axis, is represented in Figure 2.4. The diagram is valid for both 

transient and steady state operation. In transient operation the relative position of the 

space vectors changes because each individual vector rotates with different 

instantaneous angular speed. 

The rotor current, rotor flux and rotor parameters are stator referred using the 

turn ratio (the ratio k=N/Nr between the number of tums in stator and rotor windings). 

This means that the real rotor flux has been multiplied with the turn ratio, the real rotor 

current with its reciprocal, N/Ns and the real rotor resistance and leakage inductance 

with (Ns/Nrf. It can be shown that the selection of turn ratio between the stator and 

rotor circuits of the (d, q) model is essentially completely arbitrary when the machine 

is operated with zero applied rotor voltage [4]. 

It is of interest to detail the general model for some particular reference frames. 

Depending on application requirements, it may be useful to rotate the reference system 

synchronously with the rotor or with one of the complex vectors denoting stator or 
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rotor flux, current or voltage. While (2.17) to (2.20) are reference frame invariant, 

equations (2.15) and (2.16) turn out to be simpler. 

In stator reference frame, with 0)^=0, the electromagnetic model is 

dvj 

dt —s " i - i 

d\\i 

In this case, the equivalent circuit is illustrated in Figure 2.5. 

(2.21) 

(2.22) 

(2.23) 

(2.24) 

Rs 
JYTYYV 

U. 

b 

Lro 
JYYYY\. 

Rr 

e 
Figure 2.5 Induction machine equivalent circuit in stator reference frame 

In rotor reference frame, with (0̂ =00;., the electromagnetic model is 

d\\f 
u, = RA, + + /cD^vi; 

dt ^ 

d\]j 

(2.25) 

(2.26) 

(2.27) 

(2.28) 

In this case, the equivalent circuit is illustrated in Figure 2.6. This time, the 

rotor equation (2.26) has become speed independent. Another choice of interest for the 

reference frame is the rotor flux reference frame with the rotor flux speed. In 

this case the model is similar with (2.15) - (2.20), with cô  replaced by co^. 
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R. 

Ir 

Figure 2.6 Induction machine equivalent circuit in rotor reference frame 

Regardless of the reference frame, the model still remains nonlinear. It is well 

known that the electromagnetic time constants are smaller than the mechanical time 

constants. Based on this observation, the fifth order system can be divided in two 

separate subsystems, a fast electromagnetic system and a slow mechanical system. The 

electromagnetic system (2.15) - (2.18) is linear and contains the rotor speed only as a 

time variable (assumed slowly variable) parameter. This is a fourth order, linear time 

variable dynamic system. The mechanical system (2.20) is also linear and the algebraic 

torque equation (2.19) remains the only nonlinear connection between those two 

systems. 

Equations (2.17) and (2.18) are linear algebraic relations between currents and 

fluxes and, eventually, will be eliminated together with two complex variables. Before 

that, several useful relations are directly derived from (2.17) and (2.18), as follows. 

The stator and rotor currents, in terms of stator and rotor flux, are 

LL-L' 
(2.29) 

LL - Li 
(2.30) 

From (2.29), the relations between stator flux, rotor flux and stator current are 

(2.31) LX. - Li m = — 1̂1/ + £ Is 

— L I 
(2.32) 

The model presented so far allows the induction machine to be easily analyzed 
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in either transient or steady state operation, regardless of the supply method used. 

However, if an attempt to develop a control system and a state estimator for an 

induction motor drive is made, the model tums out to be somehow unsystematic and 

inetTicient. It contains too many variables (four complex), and too many equations, 

some of them algebraic. 

Elimination of tvvo complex variables using (2.17) and (2.18) tums out to be an 

important simplification and systematization, and produces the state space models of 

the induction machine. The selection of the tu o variables to be removed is carried out 

taking into account the control system requirements and the control strategies adopted. 

In most cases, the rotor current is not accessible for measurements (in squirrel-cage 

t> pe motors), is not controlled and is disregarded. In most cases, the stator current is 

measured and appears either as a state variable and/or as output. In general, when 

stator flux control is desired, the rotor flux is eliminated and the stator flux model is 

obtained. When rotor flux control is desired, the stator flux is eliminated and the rotor 

flux model is obtained. If both stator and rotor fluxes are defmed as state variables and 

the stator current is output, the stator flux-rotor flux model, or, simply, the flux model 

is found. The last model is the most appropriate when saturation effects are 

considered. Models involving the magnetizing flux are also possible, but are not 

discussed herewith. 

Furthermore, the selection of reference frames is made in the same way, taking 

into account the control requirements. In general, stator flux orientation and control is 

carried out in stator or stator flux reference frame, while rotor flux orientation and 

control is carried out in rotor flux reference frame. 

The above considerations on induction machine state space models are valid if 

the machine is supplied from a voltage source, in general, and from a Voltage Source 

Inverter (VSI). in particular. If the machine is supplied from a Current Source Inverter 

(CSI), it is natural to select the stator current as the input and the voltage as the output. 

In this case different models can be obtained. 

The most important state space models for the induction machine are developed 

next. These models are appropriate for machines supplied by voltage source inverters. 
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2.4 State Space Models of Induction Machine 

Control systems engineering is a vast, well established and advanced scientific 

domain with a variety of powerful methods and a long history of successful industrial 

applications. Therefore, it is natural to exploit those methods in designing induction 

motor control systems. 

Control systems theory requires dynamic systems to be modeled in standard 

canonic forms [7], [8]. For multivariable linear systems like the induction motor's 

electromagnetic model, the typical canonic form is the so-called state space model. 

The advantage of using state space forms is that the considerable achievements of the 

linear control theory can be directly applied once the model parameters have been 

identified. 

The generic state space model of a linear multivariable dynamic system is 

— x = Ax + Bu (2.33) 
dt 

y = Cx (2.34) 

where xeiR" is an «xl state vector, is an rxl input vector, ye^l'" is an mxl 

output vector, A i s the nxn system matrix, Be'^"'"' is the nxr input matrix and 

CG^JÎ'"''" is the mxn observability matrix. 

The state trajectory is obtained as a solution of state equation (2.33) for a given 

input vector u(t) and a known iniţial state xo. 

x(t) = e^'xo + je''"-'>Bu(T)dT (2.35) 
o 

This equation is difficult to be evaluated in most practicai situations. 

The system's eigenvalues, or poles, are solutions of the characteristic equation 

de t (5 / - ^ ) = 0 (2.36) 

where le^JH"''" is the nxn unity matrix and "det" is the determinant of the respective 

matrix. The number of eigenvalues represents the system's order. 
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A very important topic in control systems analysis and design is the stability 

concept. Quaiitatively, a dynamic system is described as stable if starting the system 

somevvhere near its desired operating point implies that it will stay around that point 

ever after that. Fundamental defmitions for nonlinear systems stability are given in 

Appendix. Nonlinear systems stability analysis is performed by means of Lyapunov 

stability theory, also summarized in Appendix, [8]. 

A linear time-invariant system (2.33) is stable if and only if all its eigenvalues 

have negative real parts. Linear time-invariant systems are either asymptotically stable, 

or marginally stable, or unstable as can be seen from the modal decomposition of 

linear system solution (2.35). 

In the case of induction motors, several state space models will be presented in 

subsequent sections. In all cases, if not otherwise specified, the system's input is the 

stator voltage vector u = û  and the system's output is the stator current vector;; = 

while the state vector x remains to be specified. The generic structural block diagram 

of the induction machine state space model (2.33) - (2.34) with input u = us and output 

y = is is presented in Figure 2.7. 

Us 

Figure 2.7 General block diagram of the induction machine state space model 
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2.4.1 The Flux Model 

The flux model (stator flux-rotor flux model) is obtained by using (2.29) and 

(2.30) to eliminate the stator and rotor current from (2.15) and (2.16) and incorporating 

the stator and rotor flux vectors into the system's state vector, x = ^]^(superscript 

denotes the transposition). 

The induction motor flux model in arbitrary reference frame is 

d . 1 . ^ 4 , 
VI/ = - ( + / C O ^ ) v i / + + u . 

dt 
VI/ = VI/ -{— + j{(ii-(0.))\\) 

LTg-' TU 

1 L^ i VI/ —vi; 
' Ln-' LLg-' -S 

(2.37) 

(2.38) 

(2.39) 

where a is the leakage coefflcient 

LA - Li 
LsK 

and T ^ - L J R ^ are the stator and rotor time constants, respectively. 

The state space model is described by the following complex matrices 

(2.40) 

A = 

/ I 

L^ 1 

LJr^ 

(2.41) 

C = 
La L L (5 

B= 1 O (2.42) 

The structural block diagram of the flux model, with space vector variables, is 

shown in Figure 2.8 [9]. The flux model is a second order complex (fourth order real) 

linear time variable system. The variable parameter is the rotor speed cô  represented in 

Figure 2.8 as an additional input. Equation (2.37) is the voltage model and equation 

(2.38) is the current model. 
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K 

Voltage model Voltage model 

yco< 

LJa 

Current model 

Tra T^ 

J((X)e-(iir) 

(O, 

Figure 2.8 Structural block diagram of the induction machine flux model 

The system's complex eigenvalues 51.2 are solutions of the characteristic 

equation det(5/ - A ) = 0, that is 

det 
1 

LXg 7; a 

= 0 (2.43) 

It is of interest to write the model in particular reference frames where either 

stator equation (2.37) or rotor equation (2.38) become speed independent, while the 

output equation (2.39) remains the same. 

In stator reference frame, with C0e=0, the flux model is 

1 

dî 
VU = 11/ + 

Ta-' LT(5-'-

d L 1 
— vj/ = — ^ v i ; - ( /cojvi/ 
dt-' LTg-' TG ' 

In rotor reference frame, with C0e=c0r, the flux model is 

d K 1 — m =—^vj; u; 

(2.44) 

(2.45) 

(2.46) 

(2.47) 
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Figure 2.9 Eigenvalues trajectories for stator reference frame - left and rotor reference 

fi-ame - right, for cô  = O to 314 rad/s 

Eigenvalues trajectories of a 4 kW induction motor (Machine 1, Appendix B). 

with rotor speed as parameter, modified from zero to base value (co,,v = 314 rad/s), are 

presented in Figure 2.9 for both stator reference frame (left) and rotor reference frame 

(right). Figure 2.9 shows the locus of 51,2 solutions of equation (2.43) (above the real 

axis), as well as the locus of their complex conjugates (below the real axis). An 

important propriety is that the four eigenvalues always add to a constant real value that 

is independent of the rotor speed [4^. 

It must be noted that, regardless of the reference system, the model remains 

time variable, speed dependent. In sensorless drives, when state observers have to be 

implemented, but the rotor speed is yet unknown, this is an important disadvantage. 

State observers, based on the flux model as it appears here, have to be speed adaptive 

observers. On the other hand, the fact, that only flux linkages are present, is an 

advantage when saturation is included within the model. 

2.4.2 The Stator Flux Model 

The stator flux model contains as states the stator current and the stator flux 

linkage vectors, x = The rotor current and rotor flux are eliminated from the 

general model using (2.28) and (2.30). 
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The induction motor stator flux model in arbitrary reference frame is 

1 1 1 . 1 1 

dt 

dt 

T^o T^G 4 a T^ 4 a 
(2.48) 

(2.49) 

The state space model is described by the following complex matrices 

A = 
- ( — + — + y(co,-co,)) - — ( — - y c o , ) 

T a T a L.a T, 

- R . 
r 

- M 

C= 1 O B = 
4 a 

(2.50) 

(2.51) 

The structural block diagram of the stator flux model, with space vector 

variables, is shown in Figure 2.10. Again, the stator flux model is a second order 

complex (fourth order real) linear time variable system with rotor speed cô  as adaptive 

parameter. Equation (2.49) is the voltage model and equation (2.48) is the current 

model. The eigenvalues are the same as for flux model (2.43). Indeed, the eigenvalues 

are an intrinsic characteristic of the physical system and, since the modeled motor 

remains physically the same, they are unique, regardless of the model - Figure 2.9. 

Rs 

Voltage model Current model 

yco. 

LTa 

K 

i - l 

Lo 

co. 0), 

Figure 2.10 Structural block diagram of the induction machine stator flux model 
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In stator reference frame, with C0e=0, the stator flux model is 

— + yo) , ) / ,+-—(— - yco, )v|/ + — (2.52) 

d + (2.53) 
dt-

In stator flux reference frame, with cô ĉoţ̂ ,̂ the {d, q) frame rotates with stator 

flux angular speed and for stator flux orientation the flux has only real component 

In stator flux reference frame, the stator flux model is 

4 i s = + + K^^s - «r ))is + - J^r + (2.54) 

d 
j ^ ^ s ^ . + H s (2-55) 

The model (2.54), (2.55) is employed whenever stator flux orientation and/or 

stator flux control is desired. This is the case for direct torque and flux control. The 

very simple voltage model (2.53) is the basic equation for simple stator flux 

estimators. However, as will be discussed later, the precision of flux estimation is ver> 

poor if only (2.53) is employed for that purpose. 

2.4.3 The Rotor Flux Model 

The rotor flux model contains as states the stator current and the rotor flux 

linkage vectors, x = [/y, The rotor current and stator flux are eliminated from the 

general model using (2.27) and (2.30). 

The induction motor rotor flux model in arbitrary reference frame is 

+ ^ + )is (2.56) 
dt T^g T^g L^L^g T^ L^g 

^ - ^ - ( f + -/(«e - co. (2.57) 
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The state space model is described by the following complex matrices 

A = 

1 - a . , 

(2.58) 

C = 1 O B = O (2.59) 

The structural block diagram of the rotor flux model, with space vector 

variables. is shown in Figure 2.11. Equation (2.56) is the voltage model and equation 

(2.57) is the current model. Once more. the stator flux model is a second order 

complex (fourth order real) linear time variable system with rotor speed (ô  as adaptive 

parameter. 

Figure 2.11 Structural block diagram of the induction machine rotor flux model 

In stator reference frame, with 03^=0, the rotor flux model is 

4 a LJr dt 

dt-' T-' ' T 

L L u T 
(2.60) 

(2.61) 
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In rotor flux refer ence frame, with 00^=0)the rotor flux model is 

+ ^ + (2.62) 
dt TG TG LLG T LG 

(2.63) 

where co,̂  is the rotor flux vector angular speed. 

The rotor flux model is employed whenever rotor flux orientation and/or rotor 

flux control is desired. This is the case of classical direct and indirect vector control. 

The current model (2.61) is used for rotor flux estimation, provided that the rotor 

speed is known. In rotor flux orientation ( ^ = vjî )̂, (2.63) is also used for rotor flux 

estimation and to calculate the rotor flux slip speed cô  

(2.64) 

AII state space models presented so far do not contain the rotor current as state 

variable. The reason is, that in most cases, the rotor current is not accessible for 

measurements and is disregarded. However, when wound rotor motors are used, for 

example in dual feed motors, adequate models, based on rotor current measurement, 

can be developed in a similar way. 

2.4.4 Models Including Saturation 

In previous sections the magnetic nonlinearity has been neglected. In the 

general induction machine model, the flux-current relations (2.17) and (2.18) are linear 

with constant inductances. In this kind of linear modeling, the iron of both the stator 

and the rotor is assumed to be of negligible reluctance. The main inductance L,„ 

remains to be inversely proporţional with the air gap reluctance and is mostly 

influenced by the length of the air gap. In practicai design, it would generally be 

inefflcient to operate at maximum flux levels, which would produce negligible iron 

reluctance. A considerable increase in torque output can be achieved for a given 

machine frame by operating at flux densities in the stator and rotor for which the iron 

BUPT



36 Direct Torque Control of Sensorless Induction Machine Drives 

reluctances are significant in comparison with the air gap reluctance. Thus, 

considering the effects of magnetic saturation would bring an improvement in the 

machine modei [10]-[12]. 

It is assumed first that the saturation is predominantly dependent on the radiaily 

directed air gap flux and the leakage fluxes have a negligible effect on saturation. This 

implies that the B/H curves are functions of the resultant magnetizing current oniy. 

The effect of main path magnetic saturation is associated with the main inductance L^, 

whiie the leakage inductances are considered constant [10], [12\ 

The magnetization functions represent the flux-current functions and the 

magnetization (main) flux vector can be obtained from tests in the form 

(2.65) 

where the magnetizing current vector is =[s+Lr and is its magnitude. 

In this case L„, is current dependent and incorporates the main-path saturation 

effects. It can be determined from the same tests either as a function of magnetizing 

current magnitude, as in (2.65), or as a function of main flux magnitude 

The stator and rotor inductances L̂  and Lr are 

= + (2.66) 

= + (2.67) 

Recalling the general modei (2.15) to (2.18) and replacing (2.66) and (2.67), the 

general induction machine model including saturation effects is 

+ (2.68) at 

^ = + y(fo, -co,)V|; (2.69) 
at 

"l^KiDu^KiimX (2.70) 

(2.71) 

The equivalent circuit of the saturated induction machine is shown in Figure 

2.12 where LUim) is the transient magnetizing inductance defmed as 

= ^ (2.72) 
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Rr 

Figure 2.12 Induction machine equivalent circuit including saturation effects 

It is evident that the saturated model is almost identical with the linear model, 

with the only difference that the main inductance is function of the magnetizing 

current. In the same way as the rotor speed is, the inductances are now time variable 

parameters and the model is linear time variable. State space modeling remains 

entirely the same with the difference that any controller or observer based on those 

models has to be speed and inductance adaptive. The inductances adaptation law is 

(2.66) and (2.67). 

From the vector control perspective, however, (2.65) is not adequate because, in 

general, the rotor current is not measured or estimated. The control quantities are the 

torque and flux, (stator, rotor or main flux). In general, that flux is kept constant or is 

slowly modified for high speed operation and its value is known at any moment by the 

control system. It is, thus, advantageous to determine the main, stator and rotor 

inductances as flinctions of the main flux magnitude \\)m. 

(2.73) 
IN, 

= + (2.74) 

= + (2.75) 

Now, the flux-current equations are 

(2.76) 

(2.77) 

In practice, (2.73) is approximated by ratios of polynomials, by exponentials, or 

can be memorized as a look-up table with linear interpolation between points [10 . 
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The model presented so far assumed that the leakage fluxes have a negligible 

effect on the state of saturation in the rotor and stator iron because these fluxes are 

mainly circumferentially directed across the tooth tips, while the main flux is radiaily 

directed across the air gap. In highiy saturated machines this assumption is incorrect. 

In fact. the flux densities in the stator teeth and yoke are dependent primarily on 

the total stator flux linkage that results from the air gap flux plus the leakage flux. 

Similarly, the flux density in the rotor iron depends on the rotor flux linkage that is 

derived from the air gap flux minus the effect of the rotor leakage flux. The additional 

magnetizing current /j, required by the stator iron is mainly dependent on the stator 

tlux linkage ij/̂  and is structurally modeled by means of a nonlinear inductance Lsi(\\fs). 

Saturation in the rotor iron is similarly dependent on the rotor flux linkage and is 

represented by the nonlinear inductance Lr,{\\ir)- The main L^ inductance remains linear 

and accounts only for the air gap reluctance. 

Typical curves for and Iw(M r̂) are presented in Figure 2.13 [11]. The 

equivalent circuit including these elements is presented in Figure 2.14. 

V|/,v 

Figure 2.13 Typical saturation characteristics Lsi(\\is) - lef^ and Ir/(v|/r) - right 

Lsa 
jmY\ 

b, 

- o -

A r m ^^ /V 

Figure 2.14 Equivalent circuit of highiy saturated induction machine 
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The leakage inductances L^a and Lra account for the leakage flux that is present 

in air and nonmagnetic parts: end windings connections leakage, plus slot leakage. 

plus differential leakage. They have the same name and the same significance with 

leakage inductances in Figure 2.4. where the iron permeability was considered infinite 

and. the iron reluctance was neglected. In Figure 2.14, the iron effects are accounted 

for by Ls,{\\>s) and ^̂ {M r̂)- Obviously. diagram 2.14 reduces to 2.4 when L ,̂ and L ,̂ are 

removed. that is. when the iron permeability is considered infinite. 

For any instantaneous values of winding currents, the flux linkages may still be 

represented by their fundamental space vectors in spiţe of magnetic saturation. 

(2.78) 

%=^ni^>r ) i r (2-79) 

(2.80) 

where ^ is the air gap flux vector. 

From Figure 2.14, the flux-current equations are obtained as follows 

+ = (2.81) 

+ = (2.82) 

where L̂  and L̂  are constant inductances. 

After some simple manipulations, the currents are 

is= Ţ] f ' (2.83) 

l l - L I 
(2.84) 

where L\ = 4 -f - ) / a n d L\ = L̂  + ( 4 4 - L i ) / 4 , . 

The similarity with (2.29) and (2.30) is evident and now (2.83) and (2.84) can 

be used to eliminate two variables from the general model and to determine the state 

space models, in the same way as (2.17) and (2.18) were used before. In this case only 
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L* and L* are time dependent, while the other inductances are constant. AII 

considerations regarding the state space models remain the same. 

For example, the flux model of the highly saturated induction machine is 

T = - ( y f - + M + H/̂  + (2.85) 

^ H/̂  = M;̂  - + yK - (2.86) 
~ LJn—' LJa dt 

^ (2.87) 
L L -L 

2.4.5 Models Including Core Losses 

Core losses, together with saturation, are the main effects of non-ideal nature of 

the magnetic core. In general, in vector control literature, core losses are almost always 

neglected, although they account for a significant part of the total losses in induction 

motors and their omission can cause the loss of decoupled torque and flux control. 

The common approach in steady state analysis of induction machine is to model 

the core looses with an equivalent resistance. In induction machines, most of the core 

loss occurs in stator and it is assumed, for simplicity, that core losses are concentrated 

in stator only. The core losses are modeled by a short-circuited, flctive stator winding, 

with stator referred resistance Rpe and leakage inductance Lpea [10], [13]. There is no 

need for a similar rotor winding provided that the above assumption holds. 

The equations that describe the core loss winding are 

di^ d^ 
Q = RpdFe + ^ + (2-88) 

L - L F e = i s + i r (2.89) 

where the magnetizing flux ^^^ = includes the saturation effects as in 

(2.65) and [f^ is the core loss current. 
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Figure 2.15 Induction machine equivalent circuit including core losses and saturation 

The space vector equivalent circuit of the induction machine, including core 

losses and saturation effects, is shown in Figure 2.15. 

The leakage inductance of the core loss winding, Lf^cr, is very small, in general 

Tfrg = Rpe^ ^Feo < 0-003 s and, at the same time, adds certain unnecessary complexit>' 

to the model [13]. Therefore, it can be neglected. In this case, the core loss winding 

model is 

(2.90) 

Eliminating the core loss current ife from (2.88)-(2.90) and adding the stator 

and rotor equations, the general model of the induction machine, including core losses 

and saturation effects, is 

d\\i 

dt 

d\\f 

Rr-
Q = -Rfe (L + i. ) + + U^e + -f-)^^ 

(2.91) 

(2.92) 

(2.93) 

(2.94) 

(2-95) 

where, for clarity, L„ was used instead of L„{\\i„), but it will be recalled that L„, is a 

variable parameter. 
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The model represents a third order complex (sixth order real) linear time 

variable dynamic system. Determination of state space models, using the same 

procedure as before, is straightforward. 

For example, the flux model, with stator, rotor and main fluxes as independent 

states, X = vj^]^, input Us and output /j, is 

^ ^ = _ ( A + + ^ ^ + (2.96) 

d R R 

-tM^. + (2.97) 

^ ^ R f e ^^ ^ 1 1 1 ( ^ F e i j - ^ l — r ^ - j^e (2-98) 

(2-99) 

The system's complexity has increased, but the model can be easily 

implemented within a digital control system using the Digital Signal Processors 

available todav. 
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2.5 The Electromagnetic Torque 

P = (2.101) 

The induction machine is an electromechanical energy converter. The active 

power flowing into an n phase induction machine is clearly the instantaneous product 

of the voitages across and currents through the n phases of the machine. Considering 

the three phase short-circuited rotor machine, the power and torque are as follows. 

The apparent power S, in terms of space vectors, is 

S = ̂ iiX-P + jQ (2.100) 

where superscript denotes the complex conjugate. 

The active power P, flowing into machine, is the real component of S. 

3 
2 

The reactive power Q is the imaginary component of S. 

(2.102) 

The electromagnetic power Pe,„ is the one that accounts for energy conversion 

(2-103) 

The electromagnetic torque is the electromagnetic power divided by the 

mechanical rotor speed cO;;,==coyp 

(2.104) 

Apart from equation (2.19) that defmes the torque in terms of stator current and 

stator flux, several other forms are possible. Two torque defmitions of interest, which 

can be easily derived from (2.19), (2.29) and (2.31), are given below. 

(2-105) 

(2-106) 
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3 VOLTAGE SOURCE INVERTER MODEL 

3.1 Solid State Inverters 

The solid state switching inverter is a power electronic DC-to-AC converter, 

that is, a static device that transfers energy between a DC source and an AC load. The 

process of conversion is called inversion and the inverter produces approximately 

sinusoidal voltage and currents, of controllable magnitude and frequency, which are 

used to drive an AC motor at variable speed. The control of the energy flow between 

the DC source and the AC load is achieved in a quantized fashion, by means of a puise 

vvidth modulation fUnction [l]-[4 . 

Inverters for motion control applications are subjected to operaţional and 

parametric conditions fixed by the electrical machines that are connected to these 

converters as loads. Regardless of type, electric machines have common characteristics 

that are important considerations for power converter topology, modulation functions 

and control, as follows: 

• The load is inductive. 

• The load is active; they contain sources of induced electromotive force, EMF. 

• The load requires two directions of power and current flow. 

• The load is dynamic; it requires large variations in power and direction of 

power flow, depending on the specific application. 

In ASD-s with induction machines the power inverter must accomplish a dual 

control flinction: changing the fundamental frequency of the output voltage and 

adjusting the voUage amplitude. Variation of stator fundamental frequency of an 

induction machine changes the speed of rotation of the magnetic field in the air gap 
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and. therefore. also the rotor mechanical speed. In order to maintain the magnetic flux 

density in the machine unchanged. the adaptation of the stator voltage magnitude 

directly proporţional to the frequency is mandatory whenever the machine is operated 

below base speed. For high-speed applications, when the machine is operated in field 

weakening region, the voltage is constant and only the frequency is increased. 

From the point of view of the DC power supply, two basic inverter classes, 

which are totally different in their behavior, are currently in use: 

• The Voltage Source Inverter (VSI) is supplied from a constant DC voltage bus 

and generates a vvell-defmed switched vohage waveform. The resulting load 

current waveform is then govemed by the motor load and speed. 

• The Current Source Inverter (CSI) is supplied from a constant DC current bus 

and generates a well-defmed switched current waveform. The resulting load 

voltage waveform is now govemed by the motor load and speed. 

Both t>'pes can be operated in either six-step mode or in Puise Width 

Modulation (PWM) mode, with the later being more advantageous and widely used in 

ASD-s. Each type has advantages and limitations. The CSI is robust in operation and 

reliable due to insensitivity to short circuits and a noisy environment, but needs 

symmetrical devices as far as blocking voltage is concemed. The VSI is more prone to 

reliability problems in a harsh environment, with output short-circuit and simultaneous 

conduction of two devices in one leg being the most dangerous, but does not need 

reverse blocking devices, favoring the modem devices such as IGBT-s and GTO-s. 

Traditionally, the CSI has found widespread practicai application in large 

power industrial and traction drives, whiie the VSI has been used for low and medium 

power applications. However, over the past years, the current controlled voltage source 

PWM inverter has graduaily been superseding the CSI technology, especially since the 

availabilit}' of GTO-s extended the applicabiiity of tum-off devices in VSI-s up to the 

highest power levels. 

In most ASD-s the power is obtained from the constant frequency AC supply 

grid. This requires the use of an AC to DC converter and a DC link circuit. In VSI-s 

the DC bus is maintained voltage stiff by the use of a large capacitor. From the line 

converter perspective, two basic VSI topologies, shown in Figure 3.1, are used today. 
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Figure 3.1 Modem voltage source inverter topologies 

While the PWM inverter itself is always bidirecţional, the nonregenerative 

front-end diode rectifier in Figure 3.1.a is a cost-effective solution for low power 

drives. In such drives, in order to eliminate the energy retumed from the motor side, a 

power dissipation circuit, as a chopper in series with a power resistor, is connected to 

the DC bus. The back-to-back system in Figure 3.1.b gives regeneration capability 

with the price of increased complexity. The topology in this system can be either two 

level or mulţi level. The three-level inverter, used in high voltage and high power 

applications, gives better harmonic performance without increasing the switching 

frequency. Unity power factor operation with sinusoidal line currents is also possible 

with the back-to-back converter. 

In CSI-s, the DC bus is maintained current stiff by the use of a large inductor. 

Figure 3.2 shows two basic topologies of CSI. The thyristor phase-controlled rectifier-

inverter in Figure 3.2.a is widely used today. High power, load-commutated thyristor 

inverters for synchronous motor drives, where machines operate at leading power 

factor, are very popular in industry. For induction motor drives, the same converter has 

been used with a capacitor bank at machine terminals, for load commutation. Current 

feed, auto-sequential commutated inverters have been used for induction motor drives, 

but recently, with the advent of GTO technology, they have become obsolete. 
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Figure 3.2 Modem ciirrent source inverter topologies 

The back-to-back PWM current-source converter in Figure 3.2.b, whicli uses 

self-controlled reverse blocking devices (GTO-s), has essentially the same features as 

the voltage source topolog> presented in Figure 3.1.b. However, the voltage source 

topoiogy is superior and far more popular in industrial drive applications. 

Tradiţional converters with self-controlled devices use hard switching. Soft 

switching technology at zero current and/or zero voltage has been applied to inverters. 

It improves the converter's efficiency by minimizing or eliminating the device 

switching loss. Soft switching converters can be classified as resonant DC link, 

resonant DC pole and high frequency AC link systems. However, in spiţe of potential 

advantages, the need of extra components and control complexity are the main reasons 

that limited the expansion of resonant technology in industrial ASD-s. 

This thesis is devoted to direct torque control of induction motor ASD-s 

supplied by standard three phase voltage source inverters shown in Figure 3.1. A 

description of the standard VSI, together with the PWM strategy employed, the 

inverter nonlinearity compensation technique and other related topics are presented in 

the following sections of this chapter. 
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3.2 The Voltage Source Inverter 

The structure of the basic three phase voltage source inverter (VSI), with 

insulated gate bipolar transistors as switching devices, is shown in Figure 3.3. The 

diagram includes the inverter. the three phase active load and the DC link capacitor 

that provides a path for the rapidly changing currents drawn by the inverter. In general, 

the capacitor is of appreciable size (thousands of microfarads) and is a major cost item 

in the system. Sometimes, an inductive reactance is also present in the DC link circuit, 

in order to smooth the current peaks. The load is an induction machine modeled by its 

transient impedance in series with the counter EMF voltage. 

The three phase inverter bridge is composed from three "legs", a, b, c, each one 

containing two switching power devices and two retum current diodes. Diodes must be 

provided in order to allow for an alternative path for the inductive load current that 

continues to flow when the power devices are tumed off. At present, the choice for 

power devices is: Insulated Gate Bipolar Transistors (IGBT), MOS Field Effect 

Transistors (MOSFET), Bipolar Junction Transistors (BJT), Gate Turn Off Thyristors 

(GTO), MOS Controlled Thyristors (MCT) and fast Thyristors. 

p + ' 
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N 

TI 

T2 

1 

U, 

T4 

l / n ' ' ' y 1 T5 / k i H \ A f i V \ 

1 
Ub 

T6 
1 

ţy 

UR 

Figure 3.3 The voltage source inverter 
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In order to simplify and linearize the inverter model, the following hypotheses 

are assumed first: 

^ • The DC link voltage V̂ c is considered constant or slowly variable. In general 

the inverter switching frequency is much higher than the frequency of the DC 

link voltage ripples and this assumption is always realistic. 

• The power switching devices are assumed identical. The turn on time Tg» and 

turn off time Toff̂ vQ the same for each device. 

• The power diodes are assumed identical. The reverse recovery current, 

associated to the diodes turn off process, is neglected. 

^ • The switching process is considered ideal, with rise time, fall time and reverse 

recover>- time incorporated into Ton and To^times, respectively. 

• The voltage drop on the power devices is neglected if not otherwise specified. 

• The dead time is neglected if not otherwise specified. 

Inverter"s nonlinearities are discussed and taken into account in Section 3.5. 

During normal controlled operation, if the dead time is neglected, within each 

inverter leg, one and only one transistor must be in conduction. Simultaneous 

conduction of both transistors within one leg produces DC link voUage short-circuit, 

while simultaneous tum-off disconnects the respective load phase from the power 

supply. In order to simplify the analysis, it is useful to defme the switching signals Sa, 

Sb and Sc as binary numbers that describe the legs' states, as follows: for a certain leg x 

(x = a, b, c), the switching signal S^^ l if the upper transistor in that leg (TI, T3 or 

T5, respectively) is on and Ŝ  =0 if the lower transistor in that leg (T2, T4 or T6, 

respectively) is on. 

1 if is on 
S = X n r r • (^l) O ij T21, is on 

where index ^ is 1, 2, or 3 when x i s a , b or c, respectively. 

It must be noted that the switching signals have similar waveforms with the 

gating signals of the upper transistors, respectively, while the binary-negate of the 

switching signals have the same waveforms as the gating signals of the lower 

transistors, respectively, if the dead time is neglected. 
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Employing the switching signals, the instantaneous line-to-line voltages are 

= ' (3.2) 

= (3.3) 

= (3.4) 

The instantaneous phase voltages of the three phase load are 

= (3.5) 

= (3-6) 

= (3.7) 

if the zero sequence voltage uq = Ua+Ub+Uc is zero. 

The voltage space vector obtained from (3.5) - (3.7) and (2.2) - (2.5) is 

V = (3-8) 

; + (3.9a) 

(3.9b) 
s 

Since each switching signal can assume two discrete states, the three-phase VSI 

can only assume a total of eight distinct and independent physical states (VSI modes). 

The three phase output voltage associated with each state is regarded as the voltage 

space vector produced by the VSI, when it is placed in that particular state defined by 

{Sa, Sb, Se) triplet. When all switching signals have the same value, (O, O, 0) or (1, 1, 1), 

the output voltage is zero and the two associated vectors, Vq and V-j, are called zero 

vectors. In the remaining six modes the instantaneous output of the VSI consist of six 

active vectors equally spaced sixty degrees apart and having constant amplitude of 

l-VdJ'i. In complex notation, the six active voltage vectors are 

^k 1, 2, 3, 4, 5, 6 (3.10) 

where k is the vector count. The basic voltage vectors, identified as Vĵ  {Sa Sb Se), are 

illustrated in Figure 3.4. 
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Figure 3.4 Basic voltage vectors of the voltage source inverter 

The six active voltage vectors Vj;,k=\...6, define a hexagonal boundary (dotted 

line in Figure 3.4) which represents the VSI voUage capability, that is the maximum 

available output voltage when PWM is used. The hexagon dimensions are determined 

only by the DC kink voltage V^^- The complex plane is divided into six sectors. Si to 

Se in Figure 3.4, each of these located between two adjacent voltage vectors. 

The simplest method for VSI control is the six-step mode. This switching 

strateg}' is mostly employed for high voltage, high frequency operation, when the 

entire VSI's voltage capability is needed. Along one fundamental period of the 

reference voltage, the switching sequence is: ZrZ2-i:3-Z4-Z5-Z6- The active voltage 

vectors are successively activated, each for the duration of one sixth of ftindamental 

period. Neither zero vectors, nor modulation techniques are engaged in this process. 

Six-step operation has the merit to produce the highest possible output voltage 

vvith the lowest switching looses. However, voltage control cannot be achieved in this 

vvay. The line-to-line output RMS voltage is = 42/3-Vj^ 

always, while the machine phase RMS voltage is = = 0.471 

Furthermore, the load current is heavily distorted. Although voltage control is not 

possible, the fundamental frequency still can be modified. 
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3.3 Puise Width Modulation Overview 

Modem automated industrial applications rely on efficient and fast control of 

the electric power flow. The electric power conversion is performed by solid state 

electronic converters that operate exclusively in switched mode. These power 

converters use fast transitions of electronic switches to convert electrical energy from a 

power supply into sequences of high frequency voltage or current pulses that represent 

a target average low frequency output waveform. The actual power flow is controlled 

by the on/off ratio (duty ratio, or duty cycle) of the respective switches. The process of 

creating the desired waveform by varying the duty cycle of a sequence of high 

frequency pulses is called Puise Width Modulation (PWM) and is the basis of all 

modem power electronic conversion systems [l]-[4'. 

The switched mode operation is mandatory in order to ensure high efficiency of 

power conversion. The switching frequency should be high, in order to allow the load, 

by its low-pass filter characteristic, to attenuate the undesired side effects of 

discontinuous power flow. On the other side, upper limitations of the switching 

frequency are imposed by the increased switching losses in power devices and this 

creates a conflicting situation. Along with the switching capability of the power 

devices, any PWM strategy involves a tradeoff between the quality of the output 

current and the amount of switching looses incurred in the converter. 

Puise Width Modulation techniques for VSI have been the subject of 

considerable research in the past decades [l]-[22]. Over this period, there have been 

some trends in the development of PWM strategies, including: 

• Development of PWM strategies with low harmonic distortion and increased 

output voltage magnitude for a given switching frequency [5]-[8]; 

• Identification of the most efficient methods in terms of inverter's losses or with 

respect to another optimization criteria [9]-[12]. 

• Efficient PWM integration within modem DSP based drive systems [ 13]-[ 15 . 

• Application of known modulation strategies to new inverter topologies. 
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In order to examine the theoretical performance of a particular PWM strategy in 

a specific application, the harmonics, produced in the output voltage and current 

\va\eforms by that strategy, switching frequency and modulation depth, must be 

evaluated. These harmonic effects arrive from two sources: interference and distortion. 

These tvvo sources are quite independent and need to be separately evaluated if a full 

assessment of the PWM performance is to be made [15]. 

Interference is the corruption of the frequency baseband by the intrusion of the 

PW'M switching frequency sidebands into the baseband. Interference is the result of 

high frequency switching and is strongly dependent on the PWM strategy and on the 

low pass fiher characteristics of the load. 

Distortion is the corruption of the baseband region by nonlinear effects of the 

VSI and PWM process, operating directly in the baseband, independent of the 

switching frequency. Distortion is produced by power devices switching time and dead 

time, by time sampling quantization, reference amplitude quantization, and reference 

angle quantization effects of the PWM process. 

Performance Criteria 

Performance criteria provide the means of comparing the qualities of different 

PWM methods and to support the selection of a certain strategy for a particular 

application. The most important performance criteria are [3], [4], [9], [10], [15]: 

1. Total Harmonic Distortion factor - THD 

! ; ( / „ ) ' =100, 
'I rms 

v A y 
- l % (3.11) 

where I, is the RMS value of the fundamental current, I„ is the RMS value of the n^ 

harmonic current and Irms is the RMS value of the entire current waveform. 

2. Weighted Total Harmonic Distortion factor - WTHD 

100 WTHD = o % (3.12) 
A 

WTHD has a first order low pass filter characteristic and is the same as the RMS noise 

to signal ratio of the overall motor current [15]. 
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3. Distortion factor and current hamionics 

The Distortion Factor d, (3.13), is a figure of merit of the PWM strategy with 

regard to increase of copper losses in the machine due to harmonic current. 

d ^ (3.13) 
^h rms six-siep 

where the RMS harmonic current //, is 
/ 

h rms Al 
1 ^ m - h { t ) ) d t (3.14) 
T 

and Ihrmssh-step is the harmonic current of same motor operated in the six-step mode. 

Harmonic copper losses in the motor are proporţional to the square of the 

harmonic current, Pcu where cf is the loss factor. Defmition (3.13) values the 

current distortion of a PWM method independently from the load properties. 

4. Harmonic spectrum 

With the advent of powerflil signal processing tools, it has become a common 

practice to determine and compare the discrete harmonic amplitude spectrum or the 

continuous amplitude density spectrum of the most important quantities involved 

within a motor drive, for different control and modulation strategies. It represents a 

more detailed and comprehensive description than the global distortion factor d. 

5. Maximum modulation index 

max /-) , 
^max^TT (3-15) 

^ 1 six-step 

where Uj „ax is the maximum fundamental RMS vohage obtained with a given PWM 

scheme and = 2-V^Jn, the fundamental RMS voltage at six-step operation. 

The maximum modulation index is an important utilization factor of the VSI. 

6. Torque harmonics 

^j^Zma^LZZk (3 16) 

where T„jax is the maximum torque, Tav is the average torque and is the rated torque. 

7. Switching frequency and inverter looses 

The harmonic distortion on AC side currents reduces almost linearly with 

increase in switching frequency. However, power devices switching looses increase 
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proporţional to switching frequency. Finding a good balance in this contradictory 

situation is of paramount practicai and economical interest. 

Another important issue related to switching frequency is the acoustical noise 

radiated by a load supplied with switched voltages or currents. It is known that the 

human ear is most sensitive to frequencies in the 0.5-10 kHz range, with a maximum 

at about 1-2 kHz. Therefore, increasing the switching frequency above 10 kHz would 

proN'ide an important environmental improvement. 

Although distortion factors were discussed in relation with current harmonics 

that are of interest in a VSI drive, equations (3.11) to (3.14) may also be employed for 

voltage hamionics analysis. 

Puise Width Modulation Strategies 

A large number of Puise Width Modulation techniques have been developed 

and are widely investigated in the literature [1]-[15]. Only a short overview follows. 

1. Feedforward PWM Control 

Feedforward or open-loop schemes for VSI inject voltages into the motor. They 

receive as input a reference voltage space vector û * and generate a switched three 

phase voltage such that the output fundamental space vector u î equals the reference 

voltage Ws • The general feedforward PWM topology is presented in Figure 3.5.a. 

Us* PWM 
Sa.h.c = 

PWM 

^ Us 

V, dc 

Current 
controller 

Sa.b.c — ^ Current 
controller 

© 
a. Feedforward PWM scheme b. Feedback PWM scheme 

Figure 3.5 Basic PWM topologies 
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1.1 Carrier based PWM 

Carrier based strategies are the most widely used PWM methods. They have, as 

common characteristic, cycles of constant time duration, during which, each inverter 

leg assumes two consecutive switching states of opposite voltage polarity. Operation at 

constant carrier frequency is reflected in the harmonic spectrum by pairs of salient 

sidebands symmetric about the carrier frequency and about integer multiples of it. 

1.1.1 Suboscillation method 

The method is based on individual modulators for each of the three phases. The 

three phase components {Ua, Ub, u*), of the reference vector u^*, are compared with a 

triangular, high frequency, constant amplitude carrier signal using three bang-bang 

comparators (electronic comparators). The one-bit outputs of the three comparators are 

directly applied to VSI as switching signals Sa, S ,̂ Sc. 

If the reference voltages are sinusoidal, the maximum value of the modulation 

index, (3.15), is m âx ^ 7i/4 = 0.785 and this value is reached at a point where the 

amplitudes of the reference and the carrier signals become equal. The maximum line to 

line voltage amplitude in this operating point is = V3 • / 2 = 0.866 • V^̂ . For this 

reason, the method exhibits a poor utilization of the available DC voltage, V̂ -̂

The drawback of low DC voltage utilization ratio can be avoided if distorted 

reference voltages are used. Such waveforms contain only zero sequence systems 

(third order harmonics) in addition to the fundamental. If the star point of the load is 

isolated, no distortions are produced in the machine currents and the fundamental 

content of the voltage waveform is increased. Two subclasses of distorted reference 

waveforms, continuous and discontinuous, are identified and widely investigated in 

literature [3], [4], [9], [10]. 

The maximum value of the modulation index, which can be obtained with the 

technique of adding zero sequence components to the reference voltage, without 

employing overmodulation techniques, is m âx = 0.907, [3], [4 . 

Today, the suboscillation method is easily implemented with classical analogue 

electronic circuits, as well as within modem digital DSP based systems. 
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1.1.2 Space Vector Modulation 

The Space Vector Modulation (SVM) processes the reference voltage vector Us* 

as a whole instead of using separate modulators for each phase, as is the case of the 

suboscillation method. This approach is well matched with the space vector theory and 

is capable of producing the highest available fundamental output voltage, with low 

harmonic distortion of the output current [3]-[6]. The method is also well suited for 

digital implementation [11]-[13] and optimization techniques are available [9], [10]. A 

detailed description of this method is presented in the next section. 

1.1.3 Svnchronized Carrier Modulation 

High power inverters are operated at low switching frequency (hundreds of Hz). 

In this case, the carrier frequency must be an integer multiple of the reference voltage 

frequency and the two signals must be synchronized in order to avoid the appearance 

of subharmonic components in the current waveform. These subharmonics are 

undesired as they produce relatively high losses and low-frequency torque harmonics. 

Methods in this class are referred as synchronized PWM methods. 

1.2 Carrierless PWM 

Carrierless modulation or random modulation strategies are those techniques 

where the carrier frequency is not constant. In general, the carrier frequency is varied 

in a random, or pseudo-random manner, over a certain frequency pool [10]. In random 

PWM the spectral distribution of the harmonic energy is equalized over a large 

frequency range, instead of being concentrated in salient sidebands located at several 

fixed frequencies. In this way, the acoustical noise radiated by load is almost white 

noise. 

1.3 Optimized open-loop PWM 

High power inverters are operated at low switching frequency with 

synchronized carrier. The number of pulses per ftindamental period is small and it is 

advantageous to determine off-line the switching instants (switching angles) of a finite 

number of pulses, by optimization procedures. 
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1.3.1 Hamionic elimination 

This technique determines the switching instants of N pulses, such that, a well 

defined number, n=(N-l)/2 of lower order harmonics from the discrete Fourier 

spectrum, are eliminated. The method is applied when specific hamionic torque 

frequencies must be avoided, but is suboptimal with respect to other performance 

criteria. 

1.3.2 Objective flinctions 

Several objective functions can be selected for optimization: the hamionic 

distortion factor ^̂  (3.13) or the loss factor d^, the overall drive system efficiency, the 

highest peak current and other. In general, the numerical solution is time consuming. 

1.3.3 Optimal subcycle method 

This method considers the duration of switching subcycles as optimization 

variable, a subcycle being the time sequence of three consecutive switching vectors. 

The sequence is arranged such that the instantaneous distortion current equals zero at 

the beginning and at the end of the subcycle. The modulation process is based on space 

vector approach with variable, off-line optimized subcycle length [7]. 

2. Feedback PWM Control 

Feedback or closed-loop schemes for VSI inject currents into the motor. They 

receive as input a reference current space vector is* and generate a switched three 

phase voltage such that the output fundamental current vector [si equals the reference 

current is*. The feedback loop is established either for the stator current vector or for 

the stator flux vector. The general feedback PWM scheme is presented in Figure 3.5.b. 

2.1 Nonoptimal feedback PWM 

2.1.1 Hysteresis current control 

This method uses three hysteresis current controllers, one for each phase. The 

one-bit outputs of the three controllers are the inverter switching signals Sa, Sb, Sc. The 

control method is simple and its dynamic performance is excellent. 
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However, the quality of the modulation process is low and favors the generation 

of subharmonic components. The switching frequency of hysteresis current controllers 

is not constant, being strongly dependent on the modulation index and, therefore, the 

switching capability of the inverter is not entirely utilized. This method is preferred for 

higher switching frequency operation to compensate for the poor modulation quality. 

2.1.2 Suboscillation current control 

The basic disadvantages of the hysteresis controller are eliminated by a carrier 

modulation scheme as part of the current control loop. In this case, a PI current vector 

controller outputs the reference voltage vector Wy* that is used by the carrier-based 

modulator to generate the switching signals. The PI controller gain must be relatively 

high. in order to ensure low steady-state current tracking error and fast dynamic 

current response. 

2.1.3 Space vector current control 

Basically, this scheme is similar with the subocillation current control, with the 

only particularit>' that a space vector modulator is used. This method is well suited for 

vector control and digital implementation. Many solutions are proposed in the 

literature [13], [14]. Various improvements are possible: feedforward current control 

and EMF compensation for improved dynamics [3], [4], cross-coupling decoupling 

[14], synchronous regular sampling. 

2.2 Optimized feedback PWM 

2.2.1 Predictive current control 

In this method the current vector is maintained within a two-dimensional 

current error bounded area, symmetric about the tip of the reference current is*. When 

the motor current reaches the boundary, a new switching state is applied, such that 

the current is retained inside the restricted area. The best switching state vector is 

determined by prediction of the current trajectory and minimization, or optimization of 

the switching frequency. The prediction of the switching instants is based on a 

simplified model of the machine. 
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2.2.2 PWM with field orientation 

Further reduction of the switching frequency for high power applications can be 

achieved by defming a current error boundary of rectangular shape, aligned with the 

machine rotor flux vector. This transfers a major portion of the unavoidable current 

harmonics to the rotor field axis where they have no direct influence on the machine 

torque because of the large rotor time constant. The selection of switching state vectors 

is based on prediction, such that the switching frequency and the torque current ripple 

are minimized [1], [3], [4]. 

2.2.3 Trajectory tracking control 

The trajectory tracking approach uses a combination of off-line optimization 

methods for steady-state operation and on-line optimization techniques for transient 

operation. In this way the advantages of both methods are exploited. The steady-state 

current vector trajectories, precalculated off-line from the optimal puise sequences, are 

used as steady-state templates for the actual current waveform. Once an optimal 

trajectory is selected, this is used to defme a time-moving target point. At transient 

operation, an on-line tracking controller counteracts if the actual current vector 

deviates from this given path. This approach defmes a tracking problem to be solved in 

real time. High quality dynamic performance and minimum harmonic distortion have 

been reported [8]. 

Although a large number of PWM techniques have been proposed in the 

literature, only a handful of them gained a foothold in the industry. Apart from the 

very popular SVM method, with or without current control loop, probably the most 

common are the DSP implemented regular sampling strategies that have replaced the 

classic, natural sampling triangular carrier analog technique. In this work, the open-

loop SVM method was selected for practicai implementation. A detailed description of 

this modulation technique follows. 
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3.4 Space Vector Modulation 

The space vector approach to puise width modulation owes its popularity to the 

clear simplicity and elegance of implementation. Space Vector Modulation (SVM) is 

an open-loop PWM strateg>', based on space vectors theory and, therefore, suitable for 

vector controlled ASD-s. SVM has gained widespread recognition after its 

introduction in two simultaneous papers, [5] and [6], in the mid-eighties. 

Since then. research efforts have been directed toward further improvement of 

the classical technique, [9]-[18], and the SVM has proven its numerous advantages: 

• It is capable of producing the highest available fundamental output voltage. 

• It is suitable for variable torque loads and for large power drives. 

• It generates low harmonic distortion of the output current. 

• It is simple and appropriate for digital implementation. 

The SVM principie is illustrated in Figure 3.6. The modulation algorithm is 

derived with reference to the first sector and generalized afterwards for the entire 

complex plane. The input reference voltage vector V* is sampled at constant frequency 

fs=\/Ts. synchronously with the modulator, whose switching frequency is also fs. 

Ts 

a. SVM block diagram b. SVM principie 

a 

Figure 3.6 The Space Vector Modulation principie 
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Considering the two active vectors, adjacent to sector Si, ifi and V2, as 

coordinate axes, the reference vector V*, located in Si, canbe decomposed as 

V (3.17) 

where J;̂  and Vf, are its components in axes directions, as shown in Figure 3.6.b. 

Since only eight voltage vectors are available as instantaneous outputs, during 

each sampling/switching interval of duration Ts, the reference vector V_ =V_a + yKp is 

realized as a linear combination of the two adjacent active voltage vectors, V\ and 

and the two zero vectors, Vq and V-j. The volt-second balance equation, over the 

sampling period Ts, is 

v X + V J , + V J , + (3.18) 

Employing V\ and Vj from (3.10), and Ko ^K? = 0, this complex equation is 

solved for time durations Ti and Tj of the active vectors 

(3.19) 

(3.20) 

As long as the linear modulation range is addressed, the condition T, + Tj < T̂  

holds and one or both zero vectors are inserted for the remaining time 

T, + T , = T ^ - T , - T , (3.21) 

Altematively, the active vectors duty cycles D\ and Dj are calculated as the 

time average of T\ and Ti over the switching period Ts. 

D, = M - s i n ( 7 i / 3 - a ) (3.22) 

D2=M-s in(a ) (3.23) 

(3.24) 

where M = IV^^ is the space vector modulation index, V is the magnitude of F 

and a is the argument of F* with respect to the beginning of the sector. Obviously, the 

foregoing equations apply only when V* is located in the first sector, O < a < 7r/3. 

For the general case, when F* is located within any sector Sk, {k=\...6), the 

problem is solved by rotating Ţ* backward with the angle P - a = (/: - l)7i / 3 . 
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= M s i n a ' 7 c / 3 - p ) (3.25) 

D,,, =A/ s in (p - (Â: - l )7 r /3 ) (3.26) 

where k=\...6 is the modulo-six vector count (Z6+i=Zi), Ac is the duty cycle of vector 

Vj, and P = tan~'(Fp /V^) is the argument of Ţ*, as shown in Figure 3.7.a. 

For further simplification of the signal processing algorithm, in case of digital 

implementation, the reference vector is subjected to a linear coordinate transformation 

that gives the normalized reference voltage vector [13] 

. v; 
+ J 2 V. dc ' dc 

Employing u , from (3.22) and (3.23) the duty cycles for all sectors are 

Sector S, i 69 

6 Sector S2 

, , . / Sector S3 

^ f , . i (ijftSector S4 

, , , ^îPtSector S5 

^-^uoSector S6 

All sectors 

A = " a - « p 

D2=U^+ Wp 

A = 

A = - " a - "C 

De =-2wp 

Dj = 2wp 

A = - 2 u : 

(3.27) 

(3.28a) 

(3.28b) 

(3.28c) 

(3.28d) 

(3.28e) 

(3.28f) 

(3.29) 

/m A p 
V, 

Y4 

V, 

X6 
a. original reference voltage 

a 

b. normalized reference voltage 

Figure 3.7 Space Vector Modulation reference voltage and VSI voltage limit 
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The transformation (3.27) does not change the SVM algorithm, but drastically 

simplifies the voltage sector identification procedure and the duty cycle computation, 

Figure 3.7.b. It is just a different vvay of doing the signal processing. 

The distribution of switching states within a subcycle determines the harmonic 

content of the motor currents and the switching frequency of the VSI. According to 

(3.29), there is a degree of freedom in the choice of zero vectors, FQ and/or F7, and 

their distribution in one subcycle. Continuous SVM schemes are obtained employing 

both zero vectors, ro>0, and Tj>0, while discontinuous schemes are yielded using 

only one zero vector, TQ^O or Tj^O, [3], [4], [9], [10'. 

The standard, symmetrical, continuous SVM scheme employs both zero vectors 

with equal time durations, = - { T ^ - T ^ - T j ) / ! , and distributed so that the 

transition from one state to another involves switching of only one inverter leg. 

Within the first sector Si, the standard SVM switching sequence is 

Zo(ro/2), Zi(r,/2), MT2I2), V 2 { m \ Zi(r,/2), M m ) . 

where Vj^{t) associates each vector Vj, to its time duration t, as shown in Figure 3.8. 

In general, the switching sequence is 

u m ) , Zic.i(rk.,/2), Zk.,(rk.,/2), u m i u m ) 

for all odd sectors (Si, S3 and S5) and 3:):^' •' 

Zo(ro/2), li+,(rk.,/2), M m \ M T i l M m ) 

for all even sectors (S2, S4 and S6), where Z6+i=Zi-

1 

1 

5c 

VO : VI i V2 : V7 . V7 . V2 : VI : VO 

TJ2 r, /2 < — > T2I2 < » 

772 

Tn TJ2 TJ2 
Ts 

m 

Figure 3.8 Space Vector Modulation switching sequence for sector Si 
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With this arrangement, there are only six switchings during T .̂ As shown in 

Figure 3.8. during each cycle 7;, the switching signals Sa, Sb, Sc are single-pulse 

signals, meaning that each transistor switches exactly twice during this time. 

Therefore, the transistors' switching frequency is always fs. Moreover, the symmetry 

of the puise pattem permits sampling of the undistorted fundamental current at the 

same frequency as the modulation rate f^. 

The modulation functiom, or duty cycles, of each phase are determined as the 

time average, over one period Ts, of the switching signals Sa, Si,, Sc. 
Ts 

Sdt, x=a,b,c (3.30) 
1 

5 O 

Phase dut}- cycles, in terms of D^ from (2.28), are given in Table 3.1 for all six sectors. 

Table 3.1 Modulation fiinctions for standard continuous SVM 

Sector Da Db Dc 

S, (1+D,+D2)/2 (1-D,+D2)/2 (1-D,-Z)2)/2 

S 2 {\+D2-D,)/2 (1+Z)2+D3)/2 (1-Z)2-A)/2 

S 3 {\-DrD,)/2 (1+Z)3+A)/2 

S4 (1-D4-DS)/2 (1+D4-D5)/2 (1+D4+A)/2 

S 5 (l-Ds+De)/2 {\-Ds-D,)l2 {\+Ds+D^)l2 

S6 i\+D,+D,)/2 {\+De-D,)/2 

A discontinuous regular-sampled SVM scheme, which employs only one zero 

vector, is the Minimum Loss Space Vector Modulation (MLSVM), introduced in [9] 

and [10]. The MLSVM switching sequence within sector Si, shown in Figure 3.9, is 

Kiimi MTi/i), MTI), MT2/2), hm2). 

In general, the switching sequence is 

ii(7'k/2), Zk+i(rk.,/2), Fk.,(rk.,/2), M m ) 

for all odd sectors (Si, S3 and S5) and 

Zk+i(rk.,/2), M m ) , Vo(To), M m ) , il.i(7'k+i/2) 

for all even sectors (S2, S4 and Se), where Ze+i^Zi-

Phase duty cycles. Da, Db, Dc, are given in Table 3.2 for all six sectors. 
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V2 : VI 

67 

T,/2 < = > 

TJ2 

Ti 
7'v 

r,/2 < > 

Figure 3.9 Minimum Loss Space Vector Modulation switching sequence for S1 

Table 3.2 Modulation functions for minimum loss SVM 

Sector Da Db Dc 

Si D . + A D2 0 

S2 I-D3 1 I-D2-D3 

S 3 0 D3+D4 A 

S4 I-D5 1 

S 5 De 0 Ds+De 

S6 1 1-D6-D, l-D, 

As shown in Figure 3.9, within one sector, one switching signal is always 

constant and the number of switchings is decreased from six to four. This pattem 

results in reduction of the power devices switching frequency with one third, for the 

same modulation frequency as in the standard SVM case. 

The name of the method implies minimization of the inverter switching losses. 

This minimization results from the reduction of power devices switching frequency 

and from the absence of switching in the vicinity of load current peaks in a given 

phase. This favorable property is exploited whenever the power devices are driven 

toward their margin of thermal overload [9]. The disadvantage of MLSVM is that, for 

medium values of the modulation index, it exhibits larger current distortion factor than 

standard SVM, Figure 3.10.a. However, the harmonic distortion of the current 

decreases at higher modulation indexes, approaching that of SVM [13 . 
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m 

a 

MLSVM 

V5 V6 

b. SVM and MLSVM operation range a. SVM and MLSVM distortion factor 

Figure 3.10 SVM and MLSVM distortion factor versus m and operation range [13] 

The harmonic distortion factor, d (3.13), versus modulation index, m (3.15), for 

SVM and MLSVM, is shown in Figure 3.10.a [13]. In both cases, the center-pulse 

switching pattem results in minimization of the current harmonic distortion. Within the 

linear modulation range, the SVM strategy is employed at low modulation indexes and 

MLSVM at high indexes, as in Figure 3.10.b. 

The work described here uses either this SVM-MLSVM mixed strategy, or the 

standard SVM scheme for the entire linear modulation range. 

Considerations presented so far addressed the linear modulation range. This is 

characterized by the condition T,. + < T^, that is, the reference voltage vector F* 

points inside the voltage hexagon defmed by the VSI basic vectors. If the reference 

vector exceeds the voltage hexagon boundary, then this reference cannot be realized as 

demanded and the control is achieved by overmodulation techniques (OVM). 

Traditionally, the linear modulation range was characterized by the condition 

, that is, V points inside the circle tangent to VSI hexagon, [3], [4]. The 

exterior area of that circle was considered the OVM range and two OVM modes have 

been defmed and studied in [16]. This approach relies on the fact that the voltage 

vector trajector>' is circular in steady-state operation and the relationship between that 

trajectory and the voltage hexagon has been considered in a global maimer. 
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For a servo-drive system, whose dynamic behavior is very important, this 

philosophy is not necessarily the best and, as shown in [13], different approaches can 

be considered. In the most general case, no assumption is made about the shape of the 

reference voltage trajectory. If, at any moment, the reference vector points outside the 

hexagon, this is an indication that the DC link voltage, Vĵ , is not large enough to meet 

the control system's requirements and a tradeoff with respect to system's dynamic 

performances must be found [16]-[18 . 

The OVM trades a phase angle error against a higher voltage magnitude and 

leads to increased lower order harmonics in the machine current. Two OVM strategies 

combined with DTC, for improved dynamic behavior, have been implemented and 

tested. In both cases, the limit between linear modulation, either SVM or MLSVM, 

and OVM, is the voltage hexagon, characterized by rk+r^+i = Ts. 

The simplest OVM strategy, called proporţional OVM, is to apply a shorter 

reference vector V, with the same direction as the original reference vector V. The 

phase angle a , of F*, is maintained unchanged, while its magnitude is decreased, so 

that the new reference points to the intersection between the original reference and the 

voltage hexagon. The merit of this approach is that the current distortion is kept low, 

with the price of sacrificing the system's dynamic response. 

V 

a 
> 

\ SVM 

Y 5 V 6 

VDTC 

a 

a. Principie of proporţional OVM b. Operation range of SVM, OVM and DTC 

Figure 3.11 The principie and operation range of proporţional OVM 
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The nevv duty cycles Dk and Dk+u of the active vectors Vjc and P^+y, employed 

to realize the new reference F, are determined from geometric considerations. 

A = 
A . 

Dk + A . i 

A . . = 
D k+\ 

(3.31) 

(3.32) 
A + A . . 

vvhere Dk and D^+i are dut>' cycles of the original reference obtained from (3.28). 

In order to improve the dynamic behavior, enhancement of OVM with DTC has 

been proposed and tested herewith. If the reference vector magnitude is greater than a 

certain circular limit VDTC, V* > Vj^j^^, it means that system's dynamic requirements 

are ver> large and there is no benefit in maintaining the reference vector phase angle. 

In this case, the reference V is disregarded and the fast response classical DTC is 

applied. The principie of proporţional OVM is illustrated in Figure 3.11.a, while 

Figure 3.11 .b shows operation ranges for linear SVM, OVM and DTC. 

The second OVM strategy, implemented and tested in this work, achieves better 

utilization of the VSI voitage capability, together with simple implementation. It is 

called triangular OVM dină its principie is illustrated in Figure 3.12 [13]. 

If the reference voitage vector Ţ* points outside the voitage hexagon, 

k̂ + Â+i > ^rid both time durations, Ty, and T̂ +i are smaller than T ,̂ then the longest 

time is maintained unchanged, while the other is decreased, such that they sum to 

Im Im I 

-rWl 
a 

a. Upper segment triangular OVM b. Lower segment triangular OVM 

Figure 3.12 The principie of triangular OVM for upper and lower half-sectors of Si 
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The new reference V points to hexagon border and is obtained by moving the 

original reference vector V* along either one of dashed lines in Figure 3.12. 

The new duty cycles D ^ and D of the active vectors Vj, and Vĵ û are 

A , , (3.33) 

4 . . = A . , i f A . . > A (3.34) 

where Dk and Dk+\ are duty cycles for the original reference K*, obtained from (3.28). 

Obviously, the above formulas apply only if A<land This condition 

restricts the apphcation of OVM strategy to six equilateral triangles, adjacent to the 

basic hexagon, one for each sector, as shown by shaded areas in Figure 3.13. If the 

reference F* exceeds the triangular boundary, Z)p>l in the lower half of the sector, or 

in the upper half of the sector, and a bang-bang control strategy must be 

employed. In this case, the reference V* is disregarded and the fast response classical 

DTC is applied. SVM, OVM and DTC regions are shown in Figure 3.13. 

Triangular OVM strategy achieves better utilization of the DC voltage, with the 

price of increased current distortion. In comparison with proporţional OVM, the 

magnitude of F is increased, but a phase angle error is introduced. 

^mAp 

Figure 3.13 The operation region of SVM, triangular OVM and DTC 
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For both OVM strategies, using DTC in the high modulation range, as proposed 

herewith, offers several important benefits: 

• The robust, high band-with torque and flux control is maintained. In this 

way, the drive's dynamic performance is preserved or improved. 

• In each sampling period the voUage vector magnitude, is either zero, or at its 

maximum possible value, 2- V^J^. 

• Switching frequency and switching looses are decreased about six times. 

• The voh-second loss caused by the VSI deadtime is reduced. 

Since steady-state DTC operation is characterized by high torque and current 

ripple, it is desirable to operate the drive with linear modulation or overmodulation, in 

steady-state, and to reach the DTC region only during transients. In this way, DTC's 

dynamic merits are exploited without significant current distortion in steady-state. This 

strateg) was called DTC dynamic overmodulation. 

While triangular OVM precisely defmes the OVM-DTC boundary, the 

proporţional OVM offers the freedom to implement this limit, VQTC, as a design 

parameter. This allows the drive's dynamic behavior to be optimized. 

When the steady-state voltage demand increases, the DTC mode gets selected 

for continuous operation. Six-step operation, as suggested in [13] for triangular OVM, 

is not possible with this arrangement. The advantage of DTC over six-step mode is 

that the fast and robust torque control is maintained and the low frequency current 

distortions are smaller in DTC operation. Since six-step mode is an open loop 

uncontrolled switching strategy, the fact that the control is still active with DTC, is 

regarded as an important merit of the proposed DTC-OVM enhancement. 

However, if the six-step operation is desired, because of its higher output 

voltage capability and lower switching looses, the control system must be adequately 

designed [16]. In particular, straightforward implementation of the six-step mode is 

easily achieved with triangular OVM [13]. 

Other OVM dynamic strategies are also possible [17], [18], but only the two 

techniques presented here, proporţional and triangular OVM have been implemented 

and tested. 
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3.5 Inverter Noniinearities 

The development of fast switching power devices and complex modulation 

techniques made possible the production of high performance ASD-s with fast torque 

response, low current harmonics and low audible noise. In such applications, the exact 

knowledge of the inverter output vohage is needed to calculate the system's state. The 

output voltage can be determined from direct measurements or calculated. 

It is rather difficult to measure the output voltage of a PWM VSI because it is 

composed of discrete pulses. Since only the low frequency content is of interest, a low 

pass filter should remove the high frequencies. Due to the low pass filter, the filtered 

voltage is subjected to phase delay and is not adequate for control purposes. 

Calculating the voltage means using the reference voltage as the output voltage. 

Only the average voltage over one switching period is needed because only that can 

follow the commanded voltage. Since the reference voltage vector V* is modified in 

OVM, the best approach is to measure the DC link voltage V̂ c and to use the 

modulation flinctions, determined in Section 3.5 for either SVM or MLSVM. 

Analytically, taking the average over Ts, of the instantaneous voltage vector 

(3.8), gives the VSI output momentary-average voltage vector 

F = (3.35) 

K = VAD, - ^ ( D ^ + D . + D ^ ) ) (3.36a) 

1 
= (3.36b) 

Similarly, the momentary-average phase voltages can be determined from (3.5)-

(3.7) by formally replacing switching signals (Sa, Sf,, Sc) with duty cycles (Da, Db, D^). 

The VSI linear model (3.35)-(3.36), obtained under simplifying assumptions 

invoked in Section 3.2, represents an idealization of the inverter, but provides to be 

very useful and straightforward in most cases when the VSI behavior is investigated. 
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However, compared to the reference voltage, the inverter real output voltage is 

distorted due to VSI nonlinear behavior. 

The most important sources of voltage distortion are: 

- The VSI dead time introduced to avoid the DC link short-circuit; 

- The nonideal turn on and off characteristic of switching power devices; 

- The inherent voltage drop across the power devices during the on state; 

- Quantization and sampling effects in digital implemented SVM. 

Compensation techniques for these nonlinearities are discussed next. 

Dead time analysis and compensation 

To guarantee that both power devices in an inverter leg (see Figure 3.3) never 

conduct simultaneously, a small time delay, T ,̂ called dead time, is added to the gate 

signal of the tuming-on device, Figure 3.14. This delay, added to the device's finite 

turn on and turn off times, introduces a load dependent, magnitude and phase error in 

the output voltage. Since the delay occurs in every PWM cycle, the magnitude of the 

error grows in inverse proportion to the fundamental frequency, introducing a serious 

waveform distortion. The voltage distortion increases also with switching frequency, 

introducing harmonic components that, if not compensated, may cause instabilities and 

additional looses in the machine being driven [3], [4], [12], [19]-[21]. 

The SVM typical signals - ideal switching signal Sa and gating signals Ug] and 

Ug2 - in the first inverter leg, over one carrier period Ts are shown in Figure 3.14. 

Ug, 

Ug2 
T/2 

ideal 

real 

r. 

Figure 3.14 Ideal switching signal Sa, TI gating signal Ugi and T2 gating signal Ug2, taking 

into account the dead time Tj 
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During the dead time T ,̂ both power devices in the same leg cease to conduct 

and one diode conducts. If the first leg current flows to load, 4>0, tlie lower diode 

conducts and the load phase "a" is connected to negative pole "N". Otherwise, the 

current flows firom load, /a<0, the upper diode conducts and the load phase "a" is 

connected to positive pole "P". The VSI effective output phase-to-N voltage, Uas, in 

both situations, is shown in Figure 3.15, where û ĵ . =5* -V^̂  is the desired (ideal) 

voltage. Compared to ideal case, in reality there is a volt-second loss of V̂ T̂̂  if 4>0, 

or a volt-second gain of the same magnitude if /a<0. The effective tum-on duration of 

the upper device is T̂  sgn(/^), where Ta is the commanded duration and 

sgn(/a) is 1 if /a>0 and - l if 4<0. 

At this point, nonlinear effects of power devices tum-on and tum-off delay 

times, Ton and Tg/f, respectively, can be taken into account. It is easy to see that T̂ n 

delays the positive edge of ŵ  v, producing a volt-second loss if /a>0, or a volt-second 

gain if /o<0, in the same manner as T^ does. On the other side, Toff delays the negative 

edge of UaN, achieving an opposite effect. 

The total time error resulting from dead time, tum-on and tum-off times is 

(3.37) 

For safe operation of the VSI, the dead time T^ must be selected so that is 

always positive. Usually, T^ is in the range of 1 to 5 microseconds. 

Since ŵ ^̂  = S^ • V^̂ , the apparent pulse-width of Sa is modified, as in Figure 

3.16. It follows from (3.30) that the duty cycle Da is modified with A = 

Vj. 
UaN 

Vjc 
UaN 

UaN 

Ta 
1 1 1 1 1 

— 

1 1 1 1 

+ 

Tj 
T/2 

Tj 

T 

ideal 

ia>0 

ia<0 

Figure 3.15 Ideal phase voltage UaN and real phase voltage UaN, for ia>0 and ia<Q 
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^ ^ • 

— 

+ 

r. 
r/2 

Tj 
Ts 

ideal 

ia>0 

ia<0 

Figure 3.16 Ideal switching signal Sa and real switching signal Sa, for /a>0 and /a<0 

If similar analysis is performed for all three phases, the real duty cycles are 

Z), = D : - A s g n ( / J (3.38a) 

D , = D ; - A s g n ( / , ) (3.38b) 

D , = D ; - A s g n ( / ; ) (3.38c) 

where superscript denotes reference values, 4, 4 are the load phase currents and 

A is the relative time error that takes into account the effects of Tj, Ton and Toff 
A = (3.39) 

The voltage vector produced by VSI can be determined from (3.35) and (3.38) 

K = K ' - K s (3.40) 

where F is the reference (commanded) voltage vector and the voltage error vector is 

(3.41) 

Âa = A(sgn(/,) - ^ (sgn(/^) + sgn(/^) + sgn(/;))) 

1 

(3.42a) 

(3.42b) 

In a symmetrical three phase voltage system, only six combinations of current 

directions exist. Following the concept of voltage sectors, six current sectors are 

identified, one for each signs combination, as shown in Figure 3.17.a. The error vector 

EA can assume exactly six distinct values of same magnitude, shown in Figure 3.17.b. 

^ = 1 , 2 , 3,4, 5,6 (3.43) 
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/m |(3 

YA2 

a 

b. Voltage error vectors 

Figure 3.17 Current sectors and voltage error vectors 

The dead time compensation is based on (3.38) or (3.40). The effective duty 

cycles, which must be applied to the modulator, are 

Dl = D^ + Asgn(/;), x = a,b,c (3.44) 

where D^ are the duty cycles produced by the SVM algorithm in the ideal case. 

Altematively, the reference voltage vector for the SVM modulator must be 

V =V + V, (3.45) 

where V is the required/desired VSI output vohage vector. 

This compensation method relies on direct current measurement to determine 

the sign of the compensation needed. Accurate measurement of the current polarity is 

difficult and inaccurate around zero crossing because of the PWM noise and current 

clamping. Therefore, it appears that it is better to deactivate the compensation 

whenever the instantaneous current becomes very small. 

A less conservative approach is proposed here. Statistically, the measurement is 

not completely erroneous, especially if provisions for synchronous current sampling 

have been taken. Hence, instead of signum function, the softer saturation function is 

employed in (3.44). This introduces a variable gain for A in the low current range that 

decreases with the increase of the measurement error probability. 

Dl + A sat(/;) X ^ a, b,c (3.46) 

where sat(/0 is 1 if ix>h, - l if ix<-h, and i/h if -h<ix<h, with h a small positive value. 
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Voltage drop analysis and compensation 

The voltage drop across the power devices, either transistors or diodes is also a 

source of voltage distortion. Depending on the current polarity, the voltage drop of the 

current conducting device will add or subtract to the output voltage, Figure 3.18. 

The inverter phase "a" voltage, taking into account the voltage drop, is 

i f / .>0 (3.47) 

i f / .<0 (3.48) 

where UŢ and UQ are voltage drops across the transistor and the diode, respectively 

(3.49) 

(3.50) 

where ujo and udo are the threshold voltages and r j and vq are the on-state dynamic 

resistances of transistor and diode, respectively. 

Combining (3.47) and (3.48) into one equation yields 

".V 2){uo - U r ) - S g n ( / , + ) / 2 (3.51) 

If it is assumed that the transistor and diode have almost identical voltage drop. 

Ud = «7-, the second term in (3.51) may be neglected. The phase voltage becomes 

+ (3.52) 

Taking into account (3.49)-(3.50), the final result for the phase-to-N voltage is 

w.v -sgn(/J(woo + + r ^ ) / 2 (3.53) 

"r = "ro + ^r I 

« D = " D O 

UaN 

UaN 

Ta 

T 

"r i 
. i i — i 

T 1 i 
• n 1 

— i 

K 
UT 

- i - n 

Ud \ 
f — i K 

UT 

- i - n 
" f i 1 1 ± i-

ideal 

ia>0 

ia<0 

Figure 3.18 Ideal phase voltage Uas and real phase voltage UQN, for /a>0 and /a<0, taking 

into account the power devices voltage drop, UT and UD 
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Two important conclusions can be derived from (3.53). First, tlie last term is an 

ohmic voltage drop and { r ^ + r j ) l 2 acts as a ioad resistance. In AC machine drives 

this adds to the real stator resistance Rs, yieiding the apparent stator resistance 

K = R s + i r D + r r ) l 2 (3.54) 

With on-line stator resistance identification and adaptation, as it is the case 

here, the effect of (r^ + r̂ -) /2 is accounted for and there is no need for compensation. 

The second observation is that the second term in (3.53) has dead time voltage 

loss likewise behavior. From (3.53), without the last term, it is evident that the 

apparent switching signal is 

= ^ = (3.55) 

Taking the average over one carrier period of Sa, according to (3.30), gives the 

apparent duty cycle Da- The result can now be generalized for all thee legs 

^Vdc 
sgn(/;) x = a,b,c (3.56) 

Finally, taking into account the effects of T ,̂ Ton and To/f from (3.38) and the 

voltage drop error from (3.56), the combined duty cycle error is 

^^'^d+T^on- Tp/f ^ (̂ z)o + ^ro) /3 
T 7V 

This replaces (3.39) in (3.40)-(3.46) and all considerations presented for the 

dead time compensation remain the same. The combined dead time-voltage drop 

compensation is implemented with (3.46) and (3.57). 

The compensation technique described above is the most popular strategy and 

is called current feedforward compensation of dead time [12], [20]. It is relatively 

simple and gives relatively good results. However, it suffers from the drawback that 

power devices parameters are sometimes uncertain or unknown. Solutions to this 

problem are to measure the VSI output voltage and to perform voltage feedback 

compensation [12], [19], or to employ apriori-measured values for voltage distortion 

compensation and to employ those values in feedforward compensation, as in [21]. 
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Quantization and samplig effects in digital implemented SVM 

Digital modulators introduce ftirther distortions due to limited resolution of the 

digital system that implements the modulation algorithm. Three error sources can be 

identified: the finite word-length of the microprocessor, the limited time resolution of 

the digital modulator and the dead time resolution. 

The fmite word-length quantization error is characteristic to all digital control 

systems. All quantities involved in digital computations are quantised by rounding or 

truncation. Since truncation of a time signal generates even harmonics in a Fourier 

series because of the DC offset it introduces, a rounding type quantisation is always 

preferable and should always be used when signal processing is performed [15]. Using 

16 or 32 bit word length devices and floating point processors, whenever it is possible, 

is desirable, in order to keep this error at a negligible level. 

The limited time resolution of the digital timer that implements the carrier 

signal is determined by the maşter clock frequency of the digital system. For example, 

the time resolution of a system with 20 MHz clock frequency is 50 ns. Within a carrier 

period of 100 |is, there are only 2000 time increments. Hence, the duty cycles D^ will 

assume only 2000 distinct values, regardless of the word-length resolution. This effect 

can be accounted for if the quantised duty cycles are employed in (3.36). 

The dead time resolution error occurs due to the fact that the value of dead time 

determines the minimum width of the output voltage pulses. If the desired duty cycle 

for a certain leg is smaller than A (3.39), no switching will occur in that leg because 

the turn on instant is delayed with the time TA (3.37), which is longer than the desired 

puise width. Compensating for this effect involves the so-called puise drop technique. 

The simplest way to achieve this is to modify the duty cycles to feasible values, 

whenever the calculated values cannot be realized because of the dead time delay. In 

particular, when is rounded to O or A, and when 1-A<A<1, D^ is rounded 

to 1-A or 1. Once more, the modified duty cycles are employed in (3.36) whenever the 

output voltage is calculated. 
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4 STATE OBSERVERS FOR INDUCTION 

MACHINE DRIVES 

4.1 Introduction 

The vast majority of induction machine control strategies are developed with 

the assumption that either ftill or parţial system state information is available. The 

precision and robustness of those controllers depends significantly on accurate 

knowledge of the system state variables. In induction machine drives it is impractical 

to measure all those variables. Therefore, a state observer is needed to estimate the 

unknown states and in some cases this can also provide better estimates of the known 

states that are contaminated by noise. 

The state observer is a dynamic system that produces an approximation of the 

state vector of a real system and whose characteristics are somewhat free to be 

determined by the designer [1]. This system has as inputs the inputs and available 

outputs of the system whose state is to be estimated and has a state vector that is the 

desired estimation. Observers for linear systems have been proposed and developed by 

D.G. Luenberger in 1972 [1] and further extended for nonlinear systems [2]. In 1960 

R.E. Kalman has proposed observers for stochastic systems [3]. 

The theory associated to state observer is intimately related to the fundamental 

concepts of controllability, observability, stability and dynamic response. These are 

exhaustively discussed in literature for linear [4] and nonlinear systems [5]. Stability 

defmitions and fundamentals of Lyapunov theory for nonlinear systems stabilit^' are 

summarized in Appendix A. 
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There are three observer categories employed in adjustabie speed drives: 

• Fuil order and reduced order asymptotical observers have linear structure and 

are used for state estimation of well-defined linear systems [1]. Probably the 

most popular, these observers suffer from lack of robustness. 

• Nonlinear observers are suitable for nonlinear or uncertain systems, exhibiting 

high performance and improved robustness. This category includes variable 

structure observers. stochastic observers and adaptive observers [2], [3". 

• Artificial intelligence based observers are newcomers in this field and display 

high development potential. This category includes observers based on flizzy 

logic, neural networks and genetic algorithms. 

Observers for ASD-s are subjected to several performance criteria: 

• Accuracy is the observer ability to precisely follow the actual states during 

steady-state operation, as well as, during transient operation. 

• Robustness represents the insensitivity to perturbations (dynamic stiffhess or 

disturbance rejection capability) and to model and parameter uncertainties. 

• Fast speed of convergence between estimated and actual states. 

• Behavior at very low and zero rotor speed and at very high rotor speed. 

• Complexity of digital implementation versus performance. 

Nowadays, research efforts are directed toward development of new solutions 

for induction machine state observation and improvement of robustness, accuracy and 

low speed behavior of existing schemes. From this perspective, nonlinear observers 

are ver\' promising due to their recognized robustness and versatility. 

An overview of the most popular asymptotical and adaptive observers for 

induction machine drives is presented in section 4.2. New state observer topologies 

and improvements of existing schemes are proposed in section 4.3. Simulations and 

experimental results are also provided. 
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4.2 Asymptotical Observers - State of the Art 

Asymptotical observers exhibit linear dynamics and are widely employed, with 

good results, for state estimation of sensorless induction motor drives. 

A multivariable linear system is govemed by the state space model 

dx/dt = Ax + Bu (4.1a) 

y = Cx (4.1b) 

where xe'^" is an nx\ state vector, ue)H'' is an rxl input vector, is an mxl 

measurable output vector, Ae'^Jl"''" is the nxn system matrix, ^G'IR'""' is the nxr input 

matrix and Ce^i'"''" is the mxn observability matrix. 

The following theorem is a comerstone of the observation theory [1 . 

Theorem 4.1 A state observer, having arbitrary dynamics, can be designed for 

the linear time-invariant system (4.1) if and only if the system is completely 

observable, that is, if the matrix [C^ | Ă^C^ \ { A ^ f d ' | ... | {Ă^f^C'^] has rank n. 

The Luenberger observer [1], is designed having the same form as the observed 

system, with an additional input depending on the mismatch between the measured 

and estimated output vectors 

dxldt = Ax + Bu + K{y-y) (4.2a) 

y = Cx (4.2b) 

where A'G^Î"'"" is the nxm observer gain matrix and denotes estimated quantities. 

Defming the estimation error as e = x-x,thQ observer motion equation is 

deldt = {A-KC)e (4.3) 

The set of eigenvalues of A-KC can be made to correspond to the set of 

eigenvalues of any nxn real matrix by suitable choice of the real matrix K, if and only 

if the system (4.1) is completely observable. In practice, the observer eigenvalues are 

selected to be negative, more negative than the eigenvalues of the observed system, so 

that the observer state will converge to the state of the observed system faster than 

other system effects. 
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The observer (4.2) is simple, but also possesses a certain degree of redundancy, 

due to the fact that, while the observer constructs an estimate of the entire state, part of 

that state, as given by the system outputs is already availabie by direct measurements. 

This redundancy can be eliminated and an observer of lower dimension, called 

reduced-order observer, still of arbitrary dynamics, can be designed [1]. 

Theorem 4.2 Corresponding to the «-th order, completely controllable, linear 

time-invariant system (4.1), having m linearly independent outputs (i.e. Chas rank m), 

a state observer of order n-m can be constructed having arbitrary eigenvalues. 

One vvay to fmd a reduced-order observer is to transform the system into a 

canonical form in which the output vector is part of the state vector. Due to the fact 

that C has rank w, the output vector can be vvritten as 

= +C2X2 (4.4) 

where the state vector has been conveniently partitioned as x i ] , XIGÎ?"''", 

xjeiH'". and det(C2);^0. 

Using a nonsingular coordinates transformation, Teîî'""', the observed system 

(4.1) can be represented in space (x/, y) as 

dx^ I dt = A^ ,x, + A^jy + 

dy/dt = + A22y + BjU 

(4.5a) 

(4.5b) 

where TAT ^ = Al 'B; [L 0 " Al , TB = 
'B; 

and T = n-m 0 " 

A . 
, with det(7)?i0. 

It is now sufficient to design for xi, an observer of order n-m, in the form 

dx^/dt = (A,, -1^21 + (Al - LA22 )y + (^1 - LB^ )U + Ly (4.6) 

whtrt is the observer gain and, from (4.4), the components of state xi are 

(4.7) 

The output derivative is avoided by using the coordinate transformation 

x'=x,-Ly (4.8) 

Finally, from (4.6), the desired form of the reduced-order observer, forx' , is 

dx'ldt = {A,,-LA2,)x'+{A,2-LA22)y + {A,,-LA2,)Ly + {B,-LB2)u (4.9) 

The estimation error e'= x'-x' is govemed by 
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= (4.10) 

It can be proved that, if the original system is observable, then so is {A\u ^21) 

[1] and the eigenvalues ofAu-LAjx can be arbitrarily assigned, so that (4.10) is stable. 

The components of the original state vector x are found from (4.7) and (4.8). 

It is of paramount importance to determine the effect of an observer on the 

closed-loop stability properties of the system. It would be undesirable if, an otherwise 

stable, control design became unstable when realized by introduction of an observer. 

Fortunately, observers do not disturb stability properties when they are introduced. It 

can be proved that an observer does not change the closed-loop eigenvalues of a 

design, but merely adjoins its own eigenvalues. Thus, a very general key result is that 

stability is not affected by a stable observer [1]. 

It is obvious that the observer gain selection is very important. It is designed so 

that the observer exhibits fast and stable dynamics. The observer poles can be moved 

arbitrarily far toward minus infmity, yielding extremely rapid convergence, but this 

tends to make the observer to act like a differentiator and to become noise sensitive. 

The unavoidable presence of system disturbances and model uncertainties requires 

trading off speed of convergence against lowered noise sensitivity. 

Several approaches for the selection of gain K are possible: 

a. With Jîr=0 an open-loop simulator of the real process, called estimator is 

obtained. The estimation is not corrected by an error term and the error 

dynamics is the same as that of the real system. For sluggish or unstable 

systems this is, typically, unacceptable. 

b. With K constant, the Luenberger observer is obtained. In this case, K is 

designed by standard pole placement techniques, as explained before. 

c. With K variable, a wide class of adaptive observers is obtained. In nonlinear 

and/or time-variable systems, the gain K can be on-line adapted to compensate 

for certain nonlinearities or parameter deviations. The celebrated Kalman filter 

is precisely a variable gain observer in which K is on-line adapted to give 

optimal (minimum) mean square estimation error when the system perturbation 

is modeled as a Gaussian white noise process [3]. 
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4.2.1 Stator and rotor flux estimators 

The voltage model 

The most simple and attractive approach to induction machine flux estimation 

relies on the integration of the back EMF, in stator reference frame. Once the stator 

voltages and currents are measured, the stator and rotor fluxes are 
(4.11) 

The pure integrator (4.11) is marginally stable (has infinite DC gain) and is 

impractical in this form. Unavoidable offsets and quantization errors, always present in 

the voltage and current measurements, make its outputs to progressively drift away 

beyond acceptable limits. Sometimes, iniţial conditions for (4.11) are unknown and 

this causes additional DC errors. 

Instead of the integrator, a low pass filter (LPF) usually serves as substitute [6] 

(4.13) 
~ + (Oq 

where coo=27rŷ  and/Q is the low pass filter cutoff frequency. 

The LPF has finite DC gain that reduces, but does not eliminate the offset 

problem. By choosing/o very small, normally a t / o = 0 . 5 - 2 Hz, ( 4 . 1 3 ) approximates 

well the pure integral ( 4 . 1 1 ) at high stator frequencies. However, the LPF introduces 

severe phase angle and amplitude errors at stator firequencies around and below/Q. The 

drive behavior degrades at stator frequencies below two-three times/Q. 

An improvement of the LPF is to compensate for the phase and gain errors at 

stator fundamental pulsation (xis=2nfs. The estimated flux vector is rotated with an 

angle cp corresponding to phase error between the pure integrator and LPF, and its 

magnitude is muhiplied with a gain compensation term [7]. 

( 4 . 1 4 ) 
5 + COo I co J 

where the phase error angle is (p = TI / 2 - tan"' (cô  / co^) and cô  must be known. 
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Since (4.14) compensates only for errors at f^, the LPF cutoff frequency /q can 

be on-line modified, proportionally to stator frequency, so that to remain below stator 

frequency for any operation point. An adaptive LPF is obtained in this way [7]. 

co0=A:|coJ 0<Â:<0.5 (4.15) 

In this way, errors at frequencies of interest around fs are maintained small. 

Another realization of the pure integrator is based on adaptive cascaded LPF-s 

approach [8]. The single stage LPF is resolved into a number of identical, adaptive, 

cascaded LPF-s, designed such that the total phase shift angle is -nil, the same as the 

one produced by the integrator. The amplitude correction is performed at the filter 

output, by using the same gain correction as in (4.14), K = ylco^ + cOq /1 co^ . 

The low pass filter solution is appropriate for low-cost drives, with speed range 

of about 1 to 10. Sensorless operation results at 50 rpm rotor speed, with simple LPF 

and with adaptive LPF, have been reported in [6] and [7], respectively. Very low speed 

sensorless operation is problematic because of the LPF bandwidth limitations and 

increased sensitivity to stator resistance variations. 

The low pass filter stabilizes the estimation by introducing negative feedback. 

This concept, of impressing some form of feedback, has been recognized as an 

important performance improvement of the flux estimation in the low frequency range 

and has been widely applied. Even if that feedback does not depend on the machine 

states and is not necessary derived from any control theory or mathematical models, it 

is able to stabilize and improve the estimation [6]-[l 1]. 

The most general form of stator flux estimator, incorporating a feedback 

compensation term Hcomp, that remains to be specified, is 

(4.16) 

A simple and practicai selection for Ucomp is to make it proporţional with the 

error between the reference stator flux vector and the estimated flux vector [9 . 

= (4.17) 

where i|// is the reference stator flux magnitude, a = tan"'(\î/^p /vj/̂ ^̂ ) is the estimated 

stator field angle and COQ is the compensation gain. 
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From (4.16) and (4.17), the estimated flux, in stator reference frame, is 

vî/ + (4.18) 

—' 5 + COQ 5 + © O 

The first term is the LPF (4.13) that is dominant at high frequencies while the 

last term prevails the estimation at lower frequencies. As frequency decreases, the 

reference flux compensates for the LPF errors. The bandwidth coo may be constant or 

adapted as in (4.15). Values in the range coo=0.4 ... 0.8 rad/s are suggested in [9]. 

Although this estimator inherits the advantages and limitations of the LPF 

estimator. lower speed sensorless operation is possible. Speeds as low as 10 rpm, 

obtained with a system that compensates for VSI nonlinearities, are reported in [9]. 

A superior solution, based on the same flux vector error, is to generate the 

compensation voltage Ucomp as the output of a dynamic system. A proportional-integral 

compensator (PI) forces the flux vector onto a circular trajectory, [10], Figure 4.25. 
(4.19) 

s 

From (4.16) and (4.19), the estimated flux, in stator reference frame, is 

s , »» . X KpS + K, . + s'+KpS + K, ' s^+KpS + K, =-r-7r—-iUs-Rsis)^ 2 (4-20) 

The first term is a band pass filter (BPF) whose eigenvalues ©1,002 are given by 

Arp=co,+CO2 Â ;=CO,CO2 (4.21) 

Practicai values for coi and C02 are in the range of 1 ... 10 rad/s. 

At frequencies approaching zero, the first term in (4.20) vanishes, as expected, 

since the BPF has zero DC gain, and the estimation is performed by the last term. In 

this way, the measurement offset is completely rejected. At high frequencies, the first 

term approximates the integral (4.11) and takes over in a smooth transition. The most 

important advantage of this estimator is that it operates without phase lag. 

An important limitation of estimators based on reference flux is that ^ = at 

lower frequencies, which means that the flux controller is virtually deactivated. 

Nevertheless, field orientation may be lost at very low stator frequency. The PI based 

estimator (4.20) is superior to (4.18) because the integrator memorizes its output when 

^ = ^ and continues to perform the compensation in open loop. 

BUPT



State Observers for Induction Machine Drives 91 

An interesting solution, based on LPF and a nonlinear compensation strategy 

that takes advantage of the orthogonality between the back EMF vector and the stator 

flux vector, has been proposed in [11]. However, no practicai implementation of this 

method has been reported. It appears that the method exhibits instability and loss of 

field orientation at and after transient operation [9^. 

Advantages of voltage model flux estimators are implementation simplicit>', 

absence of coordinate transformation and robustness with respect to motor parameters 

variation. At high speeds, the voltage modei provides accurate stator flux estimates 

because the back EMF dominates the measured voltage. At low speeds, the stator î Rs 

drop becomes significant causing the flux estimate to be sensitive to stator resistance 

variation. However, the stator resistance can be accurateiy measured offline and/or 

adapted online. Due to that sensitivity and to inherent drift problems at low speeds, the 

voltage model practicai applicability is restricted at higher speeds. 

The current model 

The current model relies on the rotor equation (2.57) in rotor reference frame. 

With measured stator current and rotor position, the rotor and stator fluxes are 

(4.22) 
1 + sT^ 

L . L L -L^ v|/ (4.23) 

The current model (4.22) is globally stable and works well at low and zero 

frequency, provided that the rotor position is known, in order to perform the 

coordinate transformation to rotor frame. It is still parameter sensitive (to L^ and T )̂, 

however, and has been demonstrated to be less accurate than the vohage model at high 

speeds [12]. Besides, it requires a rotor speed or position sensor. An insightful analysis 

of the estimation accuracy, under parameter detuning, for voltage and current models, 

is presented in [12]. 

BUPT



11 o Direct Torque Control of Sensorless Induction Machine Drives 

4.2.2 Stator and rotor flux asymptotical observers 

Jansen-Lorenz observers 

It is possible to apply close loop observer techniques to form closed-loop flux 

observers based on the full order induction motor models. Several configurations are 

possible, depending on the quantities used to build up the error correction term. 

The Jansen-Lorenz observer takes advantage of the best features of both, 

current and voltage models, [12], [13]. It implements a PI correction mechanism based 

on stator flux error for the voltage model, Figure 4.1. The current model operates 

without any correction. The voltage model and the PI feedback compensation are 

implemented in stator reference frame. 

u 

(4.24) 

(4.25) 

The current model operates open-loop, in rotor reference frame. 

l + sT 
(4.26) 

-s (4.27) 

r /Gr (4.28) 

where is the measured rotor position, superscript " j" denotes the stator frame and 

superscript denotes the rotor frame. 

Figure 4.1 Jansen-Lorenz observer using the stator flux error 
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From (4.24) and (4.25), the estimated stator flux, in stator reference frame, is 

(4.29) Ĥ  = 
s . _ . . KpS + K, . s 

s'+KpS + K,^-^ "" s'+KpS + K,-

At frequencies approaching zero, the first term in (4.29) vanishes, since it is the 

same BPF as in (4.20), and the observer tracks the current model reference. At high 

frequencies, the first term approximates the integral (4.11) and takes over the current 

model in a smooth transition. In this way, the best features of both models are utilized. 

The transition between the two models is govemed by the BPF eigenvalues coi 

and CO2, which may be arbitrarily allocated by selecting Kp and Kj so that 

/Cp = co, + CO2 K, = (o,co2 (4.30) 

Practicai values for coi and (02 are in the range of 3 ... 30 rad/s. 

An alternative form is obtained if the rotor flux error is employed for the PI 

correction of the voltage model, in stator reference frame, Figure 4.2, [13]. 

. 4 . L^-Li m ! 

U 

The current model, in rotor reference frame is 

(4.31) 

(4.32) 

(4.33) 

•Is 

where coordinate transformations are given by (4.28). 

(4.34) 

e. 

Current model 
A ,, 

— ' 

U Tr K,> K, 

L 
Rs R • ^ Voltage model 

"v 

Figure 4.2 Jansen-Lorenz observer using the rotor flux error 
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AII design considerations, presented for the first variant, remain the same. 

The main drawback of Jansen-Lorenz observers is that no correction feedback 

is provided for the parameter sensitive current model. In some way, this plays the same 

role as the reference model in a model reference adaptive system, where the voltage 

model would be the adaptive model. Therefore, a lower BPF bandwidth is selected 

when parameter estimation for the current model {L„ and Tr) is poor, This forces the 

transition to the voltage model at lower frequencies, increasing robustness, as the 

voltage model is insensitive to these parameters. The estimation accuracy analysis for 

this observer is presented in [12] and [13\ 

Recalling (4.29), it may be noticed that, in mid-frequencies range, the first term 

behavior is still far from the ideal integrator and the current model estimate is already 

filtered out by the last term. Therefore, the transition range operation is problematic. 

Luenberger observers 

The linear time variable state space models for induction machines, introduced 

in Chapter 2, are adequate for Luenberger observers implementation. Since all models 

are in form (4.1), a full-order observer can be designed as (4.2). The block diagram of 

the Luenberger observer for induction machine is shown in Figure 4.3, where the input 

is the stator voltage, and the measurable output is the stator current, y=y. 

A 

c 

b 

A 

X 

Figure 4.7 Inherent sensorless Luenberger observer for induction machines 
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The most common approach is to design the observer based on the rotor flux 

model in stator reference frame, (2.60)-(2.61), as follows [14], [15^ 

d 
dt 

Ls A l ' Ls ' B ; A l ' 
• + + 

^22. _0_ — J iis-Ls) (4.35) 

where Aij , / - l ,2 ,y - l ,2 are elements of A from (2.58)-(2.59), with cOĝ Ô. 

Another approach is to use the flux model in rotor frame (2.46)-(2.47), [16]. 

d A2~ + 
T 

+ 
' a : , ' 

dt Al A2_ 
—5 iL-Ls) (4.36) 

(4.37) 

where Ay , /= 1,2,7=1,2 are elements of A and C\, Cj are elements of C, from (2.41)-

(2.42), with C0e=C0;.. A signal flow diagram is shown in Figure 4.4. 

Selection of gain matrix K is of paramount importance for stability, dynamic 

response and low sensitivity to parameter errors. The classical approach is to select the 

observer poles, So\̂ 2 (eigenvalues of A-KC) proporţional to the machine poles i e-

"̂ 01.2 = ^ Figure 4.5.a, [15]. At very high speed operation, this method may lead 

to instability, in discrete time implementation because of the very large imaginary 

parts the observer poles reach. At lower speeds the slow pole is closer to the imaginary 

axis than the motor pole, giving unsatisfactory damping. 

Voltage model 

TsC TsC 

.A 
J(0 

J 

•O-*-

Current model 
A 

O), 

1 

A 

Ev 
La 

Figure 4.4 Luenberger observer based on flux model in rotor reference frame 
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saor 300 
s^l 

200 

100 
iL O 

-SOOL— 
-400 300 -200 

Real [rad/s) 
-100 

a. = 1,2, k=\A[l5] 

^ o O> « E 
-100 

-200 
-300 L -

-300 -250 -200 -150 -100 
Real |rad/s] 

-50 

b. Soi2 = S^i,2-k, k=55,[\6] 

Figure 4.5 Luenberger observer poles So\2' and motor poles Smî  for cô  = O to 314 rad/s 

In order to have better damping control, the motor poles complex components 

can be multiplied with constants, kr and kr. 2 = 2) + j^i'^miS^^ j) • Rather 

complicated solution for K results in this way. 

Another approach is to select the observer poles having the same imaginary 

component as the motor poles, but shifted to the left in the s-plane, by a constant 

positive amount k, [16]. In this way, the observer is faster than machine for the whole 

speed range. For rotor flux model in stator reference frame, in order to place the 

obser\'er poles at 2 = •S'̂ , 2 - ^ , as in Figure 4.5.b, the observer gain K is 

K = 
2k 

(4.38) 

vvhere Aij, /=1,2,7=1,2 are elements of A from (2.58) and A:>0. These gains can either 

be calculated online, or precalculated offline and stored in memory [17]. Figure 4.5 

shovvs the observer and motor (Machine 1, Appendix B) eigenvalues trajectories for 

observer proporţional poles ( ^1 .6 ) and left-shifted poles (Â=55). 

The observer error dynamics is given by (4.3). It is speed adaptive, as matrix^ 

is speed dependent. Nevertheless, it is stable and performs equally well at low and 

high speeds. It depends on all machine parameters. However, it is less sensitive than 

Jansen-Lorenz observer to parameter detuning. Parameter adaptation, as proposed in 

15], [16], is a solution to increase the robustness. Low speed sensorless operation at 

10 rpm has been reported in [16], with a stator resistance adaptive scheme. 
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Reduced order observers 

Since the stator current is a measurable quantity, there is no immediate need for 

estimating it. Rather, a reduced order observer can be constructed from the rotor flux 

model, in stator reference frame (2.60)-(2.61), with voltage error for corrective 

(predictive) feedback [\4 . 

^ = + O r - + - wJ dt 
(4.39) 

(4.40) 

There is no loss of information as compared to a flill order observer; both 

equations (2.60), (2.61) have been used. With (4.40) in (4.39), an observer equivalent 

to (4.6) is obtained. Indeed, model (2.60)-(2.61) is already in canonical form (4.5), 

with andj^is, and observer synthesis in form (4.6) is straightforward [18 

(^22 - M 2 + (^21 - 1 )is i. (4.41) 

wherey4,y , /=1,2,7=1,2 are elements of A from (2.58)-(2.59), with cô ^O. 

To avoid the current derivative, dijdt calculation, the coordinate transformation 

(4.8) may be used, or it is avoided at implementation, as the flux estimate is obtained 

by integrating (4.41). The rotor flux error dynamics results from (4.10) and (2.58). 

— ew = O r - —)(1 + ^ )e V|/r (4.42) 

Several possible selections for gain L in (4.39) are suggested in [19]. With L=Q 

the current model is obtained, while L=\ gives the voltage model. It is advantageous to 

select L so that a seamless transition between the current and the voltage models takes 

place within a finite frequency band (coi 0)2)- Possible observer gain selections are: 

L=\z\, or L = -jz, or L = 1 - j{z + / , where 

Z = Zn 
O, co, <©, 

(I (oj-C0,)/(C02 -COi), (O, <|C0j<C02 (4.43) 
sgn(co,), |>C02 

Typical transition band is at about 5%-30% of base speed and ZQ is constant. 
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Another method for selecting L in (4.42) is described in [18]. In this case, the 

obser\'er pole (the observer equation is first order complex) is allocated such that to 

minimize the observer sensitivity to rotor resistance detuning. 

At high and low speeds, the reduced order observer inherits advantages and 

Hmitations of the voltage and current models, respectively. In [19], a detailed analysis 

of the reduced order observer is carried out and experiments at 50 rpm are reported. 

Experiments at 150 rpm and an attempt to run a O rpm are reported in [18\ 

Conclusions 

Nevertheless, a multitude of linear estimators and observers can be constructed 

for induction machines. The voltage and current models are the most basic schemes, 

but their stand-alone performance is very modest. Estimators derived from the voltage 

model are very attractive due to their simplicity and relative robustness. Speeds as low 

as 10 rpm have been reported in [9] with a stator resistance adaptive scheme. 

The best and, probably, the most popular topology is the adaptive Luenberger 

observer that exhibits the best overall performance with the price of highest 

complexit>'. Its behavior is good in the whole speed range, including very low speeds; 

10 rpm is the best low speed performance reported with an adaptive observer [16]. 

Less complex and also less performant, are the reduced order and Jansen-

Lorenz observers. Both are sensitive to current model parameters detuning, especially 

at low speeds, and Jansen-Lorenz observer shows rather poor performance in the mid 

speed range. Continuous operation at about 50 rpm is reported in [19] with a reduced 

order observer. 

The most important drawback of all linear observers is the sensitivity to model 

parameter detuning. This lack of robustness has negative impact on low speed 

behavior, producing loss of field orientation and overall performance degradation. As 

mentioned, many of the proposed schemes that display low speed performance are 

parameter adaptive. 
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4.3 Asymptotical Observers - Proposed Solutions 

4.3.1 Inherent sensorless Luenberger observers 

Observer synthesis 

Standard Luenberger observers, given by (4.35) and (4.36), are speed adaptive 

schemes, Figure 4.6, [14]-[16]. Various machine models and various reference frames 

can be used to implement them, but always the impiementation is carried out in one 

frame. Whatever the model and the reference frame are, at ieast one element of system 

matrix A contains the rotor speed as an adaptive parameter. 

Rather than being an advantage, this is an inconvenience. The speed estimator. 

labeled "Adaptation mechanism" in Figure 4.6, employs the estimated state and, in 

general, in a digital controlled system that operates sequential, it is the last step of the 

state estimation process. Hence, the speed estimate is affected by cumulative errors, 

noise and, most important, is time-delayed. This slightly erroneous estimate is fed-

back to the state observer in the same or in the subsequent sampling cycle. 

Tr-
Ih 

Induction 
Motor 

A 

X 

K 

T 
A A A 

Rs, Tr. CO, 

A 

Ls 1 c Ls 1 c 1 

Ls 

Adaptation 
mechanism 

A 

Figure 4.6 Adaptive Luenberger observer for induction machines 
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In this way the accuracy of state estimation may progressively worsen. 

Although the speed adaptive observer is stable, undesirable effects, such as limit 

cycles. high sensitivity to noise, or phase shifting, tend to occur and to deteriorate the 

overall system's performance. 

The inherent sensorless observer proposed here and illustrated in Figure 4,7 is 

input-output equivalent to Luenberger observer in Figure 4.4. However, using two 

reference frames - stator frame for stator equation and rotor flux frame for rotor 

equation - allows eliminating the speed feedback. 

Consider the flux model in arbitrary reference frame (2.37)-(2.38). An observer 

in form (4.36) can be constructed, with Aij given by (2.41). 

d 
rs. 

îs 'Al A2' ' t ' + 
" f 

+ 
dt Al AI. 0_ 

—s iis-is) (4.44) 

From (2.32), the estimated rotor flux is 

I . L L -L 

m m 

With (4.44) in the first equation of (4.44), the observer is 

d . 
dt-' 

d . 

H' = - yt^e M̂  + + iis - Ls) 

H/ ^ 
dt LT CT Ţ ^ —r 

(4.45) 

(4.46) 

(4.47) 

In (4.45), the current ^ is the measured value rather than the estimated one. 

Rs 

Voltage model 

L 
h/XM V̂,/.) i h/XM V̂,/.) 

± 
\i/r 

o-J%r 
^ r 

1 
^ r A 

Current model 

Figure 4.7 Inherent sensorless Luenberger observer for induction machines 
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Equation (4.46) is implemented in stator reference frame (voltage model), 0^=0 

(4.48) 
dt 

Equation (4.47) is implemented in rotor flux reference frame, cô ĉo»̂ ;. 

- V - - ( — + y (co^, - CO, W + K, (/; - îl) 

In rotor flux frame the rotor flux is vj)̂  =^'rd (4.49) separates into 

(4.49) 

- O ) (4.50a) 

Vr, = O (4.50b) 

Finally the estimated stator current in stator frame is calculated with (4.51). 

(4.51) 

The estimated rotor flux in stator frame is obtained using the transformation 

xj/̂  = . The estimated rotor flux position, needed for coordinate transformations, 

/ \ I 

is = tan" /^Id)^ where the estimated rotor flux, is obtained from (4.45), 

using the estimated stator flux and the measured current. 

The observer is realized with (4.48)-(4.51) and the coordinate transformations to 

and from rotor flux reference frame. It is input-output equivalent to observer (4.44) and 

there is no rotor speed is involved. This scheme is extremely useflil for drives that don't 

need the speed estimate for other purposes, e.g. electric vehicles. 

The observer gain K can be determined by pole placement methods described by 

Figure 4.5. These methods are computation intensive and, sometimes, inconvenient for 

digital implementation. Several simple and practicai methods are discussed next. 

If the rotor speed is available, it is advantageous to make K speed adaptive 

The observer matrix is E^A-KC, with A and C from (2.41)-(2.42), based on 

equivalence with (4.44). Its eigenvalues, So\,2 and Motor 1 poles, S,„\2 are shown in 

Figure 4.8.a for gains /:I=1.5+/co,0.012, A:2=-1-2+/(O,0.012 and co, = 0... 314 rad/s. 

K = (4.52) 
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Figure 4.8 Observer poles S'oi.z and motor poles S„\2 for speed adaptive gains 

Once K\ and K2 have been determined for a motor, a family of curves for Sqi^ 

can be obtained by multiplying K with a constant z, Kr=zK. Figure 4.8.b shows this 

family for z= 1,2,3 with same K], Kj as above. For the entire speed range the observer 

poles are located to the left of motor poles, better than those in Figure 4,5.a. 

Although this method appears simple, there isn't a general design methodology 

adequate for design of K. A trial-and-error approach, with the aid of some dedicated 

software, is a practicai solution. Equation (4.52) offers more flexibility. 

For example, if (4.52) is designed in the form 

K = 

then the observer matrix, E=A-KC. with A and C from (2.41)-(2.42), is 

(4.53) 

k^C^ +1 
(4.54) 

It is easy to prove that, if h\ and hi are eigenvalues of H, then the observer 

eigenvalues are 2 = ( - 1 / 7 ; + yco,)/2, 2. Once So\,2 have been allocated by selection 

of/?i and hi, observer gains k\ and ki can easily be determined using (4.55). 

k, = , k, = + (4.55) 

This method creates poles with constant real component, if /21, /22 are real. Figure 

4.9.a shows the motor and observer pole locus for /î, = 0.4+; 1.2 and /22 = 12+j. 
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Figure 4.9 Observer and motor poles for speed adaptive gain (a) versus constant gain (b) 

The disadvantage of this technique is that, at low speeds, all observer poles have 

very small real components, even smaller than motor poles real components. 

A solution, consistent with the inherent sensorless observer philosophy, would be 

to design a completely speed-independent gain. Hence, the simplest, and yet practicai, 

selection for A" is a constant matrix. 

K = K (4.56) 

Observer and motor pole locus, obtained with constant gains A^i=0.8+7l.2 and 

l.l+yO.9 are shown in Figure 4.9.b. At low speeds, the position of poles is more 

advantageous than that of the speed adaptive solution from Figure 4.9.a. 

The main limitation of all design methods described here is that, at low speeds, 

the observer poles are close to motor poles. Sometimes, this gives unsatisfactory dynamic 

behavior. At high speed, despite their simplicity, all methods respect the requirement to 

place the observer poles to the left of motor poles and display good performance. 

The observer's stability depends on gain K selection. The common practice is to 

assume that the speed is slowly variable if compared to other quantities. Therefore, it 

can be considered a constant parameter and the observer matrix E becomes time-

invariant. In this case, the observer is stable because E is Hurwitz, i.e. its eigenvalues 

are located in the left-half plane, as can bee noticed from Figures 4.5, 4.8 and 4.9. 
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Solutions for offset sensitivity compensation 

Extensive simulations have been performed in order to determine the observer's 

performance with respect to perturbations and model parameter deviations. The most 

important simulation results and conclusions are presented herewith. 

Figure 4.10 shows simulation results with a sensorless drive that employs the 

Linear-DTC and the proposed inherent sensorless observer, under perfect tuning of 

observer and controller. In these conditions, the estimated stator flux and rotor flux 

magnitudes match their actual values without errors. Also, the torque estimation error 

(not shown) is practically zero. As can be observed, the observer's robustness with 

respect to perturbations (dynamic stiffness) is excellent. 

The speed and torque scenario in Figure 4.10 is repeated for all subsequent 

simulations. The motor (Machine 1) is started at rated speed n̂ - and decelerated at 

0.01A2v after 2 sec. Load torque of 27 Nm (motor's rated torque) is applied at 1 sec. 

The stator flux magnitude, rotor flux magnitude, torque and speed estimation 

errors for operation with 0.3 V offset, added on voltage measurements, are shown in 

Figure 4.11. The flux estimation at low speed is significantly deteriorated. 
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Figure 4.10 Sensorless operation of Linear-DTC with asymptotical observer - simulations 
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a. Stator and rotor flux errors b. Torque and speed errors 

Figure 4.11 Estimation errors for asymptotical observer, with 0.3 V measurement offset 

This sensitivity to measurement offset is unacceptable for high performance 

drives. In order to compensate for this, two observers, derived from the basic scheme 

in Figure 4.7, are proposed in Figures 4.12 and 4.14. 

An inherent sensorless asymptotical observer, with PI dynamics on the voltage 

model feedback compensation, is depicted in Figure 4.12. The observer model remains 

(4.46)-(4.47) and only the gain K is redesigned as 

K = 
Kp + Kj/s 

(4.57) 

where Kp, Kj and Kj are determined such that the observer is stable. Kp is the same as 

ATi from (4.48) and Kj design is based on the BPF design procedure (4.21). 
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Figure 4.12 Inherent sensorless observer with added dynamics for offset compensation 
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Figure 4.13 Estimation errors for modified asymptotical observer, with 0.3 V offset 
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Figure 4.14 Simplified observer with added dynamics for offset compensation 

Simulation results with the modified observer, with Kp=40, Kf^^O and 0.3 V 

offset, are shown in Figure 4.13. The flux magnitude and torque estimation errors are 

practically zero for the whole speed range and the speed shows some errors at startup 

and at iow speed. This is an indication that, at high speeds, the offset has a stronger 

influence on flux vector phase, influence that is eventually removed. Overall, the 

modified observer is stable and robust with respect to measurement offset. 

If the current model parameters, and Tr are precisely known, the observer 

can be simplified by eliminating the current model feedback compensation {K2=0), as 

shown in Figure 4.14. It was determined by simulations that both observers with PI 

voltage model compensator exhibit the same, very good performance (Figure 4.13), in 

the presence of measurement offset. 
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Parameter sensitivity analysis 

Like most sensorless schemes, the performance of this observer depends on 

accurate estimation of model parameters, which vary as a flinction of temperature, 

saturation and load. Model parameter mismatch degrades the accuracy of flux and 

speed estimation, at very low speed, eventually leading to unstable operation. 

Simulations with detuned observer have been carried out in order to determine 

the overall system's performance and stability limits in face of parameter detuning. 

The estimated stator and rotor flux magnitude errors, and ê ^ 

with inaccurate L^, Rr and Rs are shown in Figure 4.15. 
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Figure 4.15 Stator and rotor flux estimation errors with L^, Rr and Rs detuning - simulations 

BUPT



108 Direct Torque Control of Sensorless Induction Machine Drives 

System's sensitivity to magnetizing inductance detuning is illustrated in Figure 

4.15.a, b. Large overestimation of L^, even larger than +50%, has only a marginal 

impact on flux estimation at iow speeds and during transients, Figure 4.15.a. However, 

underestimation below -50% produces instability. Thus, in the case when L^ is not 

ver>' well known, an overestimation of it is recommended. 

The magnetizing inductance is saturation dependent (Appendix B, Figure B.l). 

The simplest method to take saturation into account is to consider the magnetizing 

inductance as a function of the main flux and to employ models including 

saturation, as determined in Chapter 2. The funcţional LJ}\fm) can be implemented 

anahlically, as exemplifled in Appendix B (B.l), or as a lookup table. 

In vector-controlled drives, the flux is constant for operation below base speed 

and L,„ can be considered constant. This is the case here and in all subsequent 

simulations and experiments L,„ has been implemented constant. 

The observer is insensitive to rotor resistance detuning, as shown by Figure 

4.15.C, d. There are only small errors during flux transients, due to rotor time constant 

detuning. Errors, even larger than ± 100% in R^ value have no significant influence on 

flux estimation. This is a very important advantage of the proposed observer. 

Stator resistance adaptation 

Simulated stator and rotor flux estimation errors with ±25% stator resistance 

detuning are shown in Figure 4.15.e, f. High-speed operation is marginally affected, 

but low speed operation is ruined. Errors larger than ±25% produce instability at low 

speeds. At no load, the observer is completely insensitive to Rs mismatch, at both, high 

and low speeds. A stator resistance adaptation mechanism is mandatory. 

There are two basic approaches to parameter estimation or adaptation: statistical 

fitting of parameters from measured data and adaptive control to modify parameters 

and force convergence. In general, statistical approaches are most widely used for seif 

commissioning at startup, while adaptive control approaches are used for continuous 

self-tuning during use, as in Figure 4.6. 

A simple solution for stator resistance online tuning, based on voltage model 

(2.15) in stator current reference frame, coĝ co/̂ , is described in [9] and [20]. 
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At sinusoidal steady state operation, the flux is constant, d^ldt=0 and (2.15) is 

(4.58) 

Taking into account that, in current frame, = isd, the stator resistance is 

determined using the measured voltage and current, and the estimated stator flux. 

(4.59) 
hd "Vsd 

This method is applicable at steady state, with the stator flux estimated by the 

current model. Using the voltage model for both, flux and resistance estimation may 

result in estimation errors. At high frequencies, Rs is obtained as the difference of two 

large quantities (v|/5^<0) and this also induces some estimation errors. However, a 

sensorless drive that operates at very low speed (10 rpm), using the voltage model flux 

estimator (4.18) and the resistance estimator (4.59), is reported in [9 . 

Stator resistance adaptation methods based on model reference adaptive system 

(MRAS) are very popular and more accurate. The MRAS approach is based upon 

comparing actual measurements with a feasible model. The adaptation mechanism is 

excited by a nonlinear error that is a cross-correlation product that averages out the 

signals that are uncorrelated with the reference model. 

A MRAS scheme for stator resistance estimation, determined from Lyapunov 

stability analysis, is described [15] and [16]. In stator frame, the estimated resistance is 

K = -Krs ^ + Ifi^is?) (4.60) 

where K^s is a positive gain and =Ls~Ls is the current estimation error. A standard 

Luenberger observer (4.35) is used for current estimation, Figure 4.6. 

Simulations and experiments with the proposed observer indicated that (4.60) is 

able to accurately estimate the resistance in load conditions, at high and low speeds. 

However, at no-load, a disturbing, undesired drift appears in Rs estimation. 

Several forms for the nonlinear error have been experimented and it was found 

that the new stator resistance estimator (4.61) is superior to (4.60). 

(4.61) 
s 

where = (y - Z,^/J/I^ is the estimated rotor current. 
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Figure 4.16 Stator and rotor flux errors with ±50% Rs detuning and adaptation (4.61) 
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Figure 4.17 Stator resistance estimation with ±50% iniţial detuning and adaptation (4.61) 

Simulated stator and rotor flux estimation errors, with ±50% Rs iniţial detuning, 

twice as in Figure 4.15, using Rs adaptation (4.61), are presented in Figure 4.16. The 

estimated stator resistance is shown in Figure 4.17. The correct value, /f5=1.55 Q, is 

accurately estimated in powering operation. As expected, there is no adaptation during 

no-load. The speed and load scenario is the same as in Figure 4.10. 

Experimental results 

Extensive experiments have been carried out in order to demonstrate the 

performance of the proposed observers and adaptation techniques. Very low speed 

sensorless operation was targeted and the system's ability, to operate stable, under full 

load, at zero and very low speed, has been confirmed. 

Zero speed, ftill load, sensorless operation, with Luenberger inherent sensorless 

observer, is presented in Figure 4.18 (estimated and measured speed, estimated torque, 

stator and rotor flux, and stator current). The control strategy is RCG-VSC, with PLL 

speed estimation and the motor under test is Machine 2(1.1 kW, Appendix B). 
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Figure 4.18 Zero speed sensorless operation with RCG Control and Luenberger observer 

The overall system's performance is excellent and the fact that the estimated 

current matches very well the measured one (Figure 4.18.e and f) and estimated speed 

matches the measured speed, with the exception of some high frequency noise, is an 

indication that the estimation system performs very well. 

It is difficult to separate the flux observer and the speed observer contributions. 

In order to prove that the flux observer behaves well in various conditions, speed 

transients and high-speed operation with a different system, are shown in Figure 4.19. 

The system employs Linear-DTC with constant stator flux control, inherent sensorless 

observer, speed estimator and the motor under test is Machine 1 (4 kW). 
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Figure 4.19 Acceleration from 150 to 1500 rpm with Linear-DTC and Luenberger observer 

Aithough Linear-DTC is inferior to RCG-VSC in terms of robustness and the 

speed estimator is inferior to PLL observer during fast transients, the overall system's 

performance is good and the estimated speed matches well the measured one. More 

experiments with this system have been reported in [21]. 

Conclusions 

A new asymptotical observer for induction machines state estimation has been 

developed and analyzed. It is called inherent sensorless observer because there is no 

rotor speed information involved, that is, the observer is not speed adaptive. Design 

considerations for the observer gain selection are presented. 

Two modified observer topologies, insensitive to measurement offset, have 

been derived from the basic scheme. A novei stator resistance adaptation mechanism 

has been proposed and successfiilly tested. The observer's good performance, 

including zero speed and very low speed, flill load operation, has been demonstrated 

by experiments. 
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4.3.2 Modified Jansen-Lorenz observers 

Observer synthesis 

Jansen-Lorenz observers presented in Figures 4.1 and 4.2, employ the measured 

rotor position for coordinate transformations [12], [13]. In a sensorless drive, the rotor 

position is not measured and using the estimated rotor position, if available, presents 

the same inconveniences as for Luenberger observers. An inherent sensorless observer 

based on Jansen-Lorenz approach is developed next. 

The observer is easily obtained if the current model is implemented in rotor flux 

reference frame, as in (2.63), Figure 4.20. From (2.63) one obtain 

In rotor flux frame, - O and (4.62) provides the estimated rotor flux 

/V r ^ r L^ 

(4.62) 

i + ^r. sd (4.63) 

The second equation in (4.62) provides the estimate for rotor slip speed, (2.64). 

The voltage model, the PI compensation and the primary estimation for rotor 

flux remain unchanged, given by (4.31)-(4.33) if rotor flux error is used, or by (4.24), 

(4.25) and (4.27) if stator flux error is used. The coordinate transformation (4.28) uses 

the estimated rotor flux position 0 = tan '(vţ/ l '^rd)-rq 

Figure 4.20 Inherent sensorless Jansen-Lorenz observer using the rotor flux error 
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The observer based on rotor flux error, depicted in Figure 4.20, is equivalent to 

the one in Figure 4.2 and can be directly used in sensorless drives, as it doesn't require 

the rotor position. An observer based on stator flux error can be constructed in the 

same way, using (4.63), (4.24), (4.25) and (4.27). 

The inherent sensorless observer inherits qualities of the original Jansen-Lorenz 

obser\'er. In particular, since the current model is open loop operated, it is expected to 

be sensitive to model parameter detuning. AII considerations on gain selection remain 

the same as for Jansen-Lorenz observers. 

Parameter and offset sensitivity analysis 

Simuiations with the modified Jansen-Lorenz observer and Linear-DTC have 

been carried out in the same scenario as for Figure 4.10. Simuiations under perfect 

tuning of controller and observer are similar with those in Figure 4.10 and not shown. 

Simuiations with 0.5 V offset, added on voltage measurements, are presented in 

Figure 4.21. The estimated stator and rotor flux magnitudes show negligible errors. 

The estimated speed is affected at startup, but the error decays as the BPF compensates 

for the offset. As expected, due to the BPF from (4.29), the observer is robust with 

respect to offset. However, its performance is inferior to that of the modified 

Luenberger observer, as demonstrated by Figures 4.13 and 4.21. The same PI 

compensator gains have been used in both cases. 

The estimated stator and rotor flux magnitude errors, with L^, Rr and R^ 

detuning, are shown in Figure 4.22. Figure 4.15 is referred for comparison. 

2 
Time (s) 

a. Stator and rotor flux estimation errors b. Torque and speed estimation errors 

Figure 4.21 Estimation errors for modified Jansen-Lorenz observer in the presence of offset 
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Figure 4.22 Stator and rotor flux estimation errors with Lm, Rr and Rs detuning - simulations 

This time, the impact of L„ detuning on estimation accuracy is severe at low 

speeds. Underestimation below -30% determine a dramatic increase of oscillations 

leading, eventually, to instability. As expected, at high speeds L^ has no influence. 

The rotor resistance detuning affects only the rotor time constant that has minor 

influence on estimation, during flux transients. Since there is no compensation for the 

current model, the errors are higher than those for Luenberger observer, Figure 4.15. 

The stator resistance detuning has the most serious impact on performance. 

Errors higher than ±25% lead to large oscillations and instability. Since a current 

estimate is not available, adaptations (4.60) or (4.61) are not applicable. 
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Experimental results 

Experimental results at 30 rpm (1 Hz stator frequency), no load, with classical 

DTC. inherent sensorless Jansen-Lorenz observer and MRAS speed observer, are 

shown in Figure 4.23 (estimated and measured speed, estimated torque, estimated 

stator and rotor flux). This represents the best low speed result that was obtained with 

Jansen-Lorenz observer and Machine 1 (4 kW). Very low speed operation, lower than 

30 rpm. was not possible, partly due to the low accuracy of the flux observer that was 

operated without parameters adaptation and partly due to the poor dynamic 

perfonuance of the MRAS speed observer. 
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Figure 4.23 Low speed sensorless operation with DTC and Jansen-Lorenz observer 
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Figure 4.24 Starting transients with Linear-DTC and Jansen-Lorenz observer 

The observer was tested with Linear-DTC also. Starting transients and no load 

operation at 1500 rpm are presented in Figure 4.24. As can be noticed, at high speeds, 

the overall behavior is good. More experiments with the modified Jansen-Lorenz 

observer, Linear-DTC and DTC have been reported in [22]. 

Conclusions 

An inherent sensorless Jansen-Lorenz observer has been proposed and analyzed 

by means of simulations. It was determined that the observer sensitivity to model 

parameters detuning is higher than that of Luenberger observer. The stator resistance 

adaptation schemes developed for Luenberger observers are not applicable. 

Experiments with the modified Jansen-Lorenz observer and two control 

strategies, DTC and Linear-DTC have been presented and discussed. The lowest rotor 

speed that was possible in continuous and stable operation was 30 rpm. 
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4.3.3 Improved Voltage Model Estimator - Experiments 

The voltage model flux estimator is very attractive due to inherent robustness 

with respect to motor parameter detuning, but suffers from sensitivity to measurement 

offset. A voltage model based flux estimator that forces the flux vector onto a circular 

trajectory b> means of a PI offset correction loop has been theoretically introduced in 

[10] and is described by (4.20), Figure 4.25. The loop compensates for errors caused 

by the input DC offset and wrong iniţial conditions. Together with the author of [10], 

experiments have been carried out in order to confirm the validity of this scheme. 

Zero speed, full load, sensorless operation, with improved voltage model based 

estimator, is shown in Figure 4.26. The control strategy is Linear-VSC, with PLL 

speed estimation and the motor under test is Machine 2(1.1 kW). The system is able to 

develop flill torque at standstill, while the stator frequency is about 2.5 Hz. 

Very low speed sensorless operation, with the same estimation and control 

system, is illustrated in Figure 4.27. Motoring and regenerating sensorless operation, at 

6rpm and reversal under full load are shown. Despite its simplicity, the flux estimator 

is stable and performs well at any speed. 

Starting transients and high-speed sensorless operation of Machine 2 are shown 

in Figure 4.28. The system's behavior is good and the estimated speed matches the 

measured one very well. This is an indication that the flux estimator exhibits adequate 

performance in the whole speed range. 
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Figure 4.25 Improved voltage model estimator 
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Figure 4.26 Zero speed sensorless Linear-VSC with improved voltage model observer 
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Figure 4.27 Motoring and regenerating sensorless operation at ±6 rpm with Linear-VSC, 

improved voltage model observer and PLL speed estimation 
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Figure 4.28 Starting transients with Linear-VSC and improved voltage model observer 

Conclusions 

Experimental results, with a system that employs the improved voltage model 

flux estimator proposed in [10], are presented. Zero and very low speed, fiill load 

sensorless operation is possible. Motoring and regenerating sensorless operation has 

been demonstrated at 6 rpm. It was proved that, despite its simplicity, the estimator is 

able to achieve very good performance in a wide speed range. The solution is robust 

with respect to measurement offset. 

BUPT



Variable Structure Observers for Induction Machine Drives 12 

References 

[1] D.G. Luenberger, An Introduction to Observers., IEEE Transactions on Automatic 

Control, voi. AC-16, no. 6, Dec. 1971, pp. 596-602. 

[2] E.A. Misawa, J.K. Hedrick, Nonlinear Observers - A State-of-the-Art Survey., Transactions 

of the ASME Journal of Dynamic Systems, Measurement and Control, voi. 111, Sept. 1989, 

pp. 344-352. 

[3] Robert Grover Brown, Patrick Y. C. Hwang, Introduction to Random Signals and Applied 

Kalman Filtering, third edition., John Wiley & Sons, USA, 1997. 

[4] Karl J. Astrom, Bjom Wittenmark, Computer Controlled Systems: Theory and Design., 

Prentice Hali Intemational, Englewood Cliffs, New Jersey, 1984. 

[5] Jean-Jacques E. Slotine, Weiping Li, Applied Nonlinear Control, Prentice Hali, Englewood 

Cliffs, New Jersey, 1991 

[6] K.D. Hurst, T.G. Habetler, G. Griva, F. Profumo, Zero-Speed Tacholess IM Torque 

Control: Simply a Matter of Stator Voltage Integration., IEEE Transactions on Industry 

Applications, voi. 34, no. 4, July/Aug. 1998, pp. 790-795. 

[7] M.-H. Shin, D.-S. Hyun, S.-B. Cho, S.-Y. Choe, An Improved Stator Flux Estimation for 

Speed Sensorless Stator Flux Orientation Control of Induction Motors., IEEE Transactions 

on Power Electronics, voi. 15, no. 2, Sept. 2000, pp. 312-318. 

[8] B.K. Bose, N.R. Patel, A Programmable CascadedLow-Pass Filter-BasedFlux Synthesis for 

a Stator Flux-Oriented Vector-ControlledInduction Motor., IEEE Transactions on Industrial 

Electronics, voi. 44, no. 1, Feb. 1997, pp. 140-143. 

[9] J. Holtz, J. Quan, Sensorless Vector Control of Induction Motors at Very Low Speed 

Using a Nonlinear Inverter Model and Parameter Identification., The 36^ IEEE Industry 

Applications Society Annual Meeting, 2001, CD-ROM paper 62.3. 

[10]G.D. Andreescu, FIÎ4X Estimator with Offset Correction Loop for Low Speed Sensorless 

Control of AC Drives., Proc. of OPTIM 2002, Braşov Romania, 2002, voi. 2, pp. 531-538. 

[11]J. Hu, B. Wu, New Integration Algorithms for Estimating Motor Flux Over a Wide Speed 

range., IEEE Transactions on Power Electronics, voi. 13, no. 5, Sept. 1998, pp. 969-977. 

[12]P.L. Jansen, R.D. Lorenz, A Physically Insightful Approach to the Design and Accuracy 

Assessment of Flux Observers for Field Oriented IM. Drives., IEEE Transactions on 

Industry Applications, voi. 30, no. 1, Jan./Feb. 1994, pp 101-110. 

BUPT



122 o Direct Torque Control of Sensorless Induction Machine Drives 

[13]P.L. Jansen, R.D. Lorenz, D.W. Novotny, Observer-Based Direct Field Orientation: 

Analysis and Compar ison of Alternative Methods., IEEE Transactions on Industry 

Applications, voi. 30. no. 4, July/Aug. 1994, pp. 945-953. 

[14]G. Verghese. S.R. Sanders, Observers for Flux Estimation in Induction Machines., IEEE 

Transactions on Industrial Electronics, voi. 35, no. 1, Feb. 1988, pp. 85-94. 

[15]H. Kubota. K. Matsuse, T. Nakano, DSP Based Speed Adaptive Flux Observer for 

Induction Motor Applications., IEEE Transactions on Industry Applications, voi. 29, no. 

2. Mar./Apr. 1993. pp. 344-348. 

[16]J. Maes. J. Melkebeek, Speed Sensorless Direct Torque Control of Induction Motors 

using an Adaptive Flux Observer., IEEE Transactions on Industry Applications, voi. 36, 

no. 3, May/June 2000. pp. 778-785. 

[17]M. Abrate, G. Griva, F. Profiimo, A. Tenconi, High Speed Sensorless Fuzzy-Like 

Luenberger Observer., The 30"̂  IEEE PESC99 Record, 1999, voi. 1, pp. 477-481. 

[18]H. Tajima,Y. Hori, Speed Sensorless Field-Oriented Control of the Induction Machine., 

IEEE Transactions on Industry Applications, voi. 29, no.l, Jan./Feb. 1993, pp. 175-180. 

[19]L. Hamefors, Design and Analysis of General Rotor-Flux-Oriented Vector Control Systems. 

IEEE Transactions on Industrial Electronics, voi. 48, no. 2, April 2001, pp. 383-390. 

[20JR.J. Kerkman, B.J. Seibel, T.M. Rowan, D.W. Schlegel, A New Flux and Stator 

Resistance Identifier for AC Drive Systems., IEEE Transactions on Industry Applications, 

voi. 32, no. 3, May/June 1996, pp. 585-593. 

[21]Cristian Lascu, Andrzej M. Trzynadlowski, A Sensorless Hybrid DTC Drive for High-

Volume Applications Using the TMS320F243 DSP Controller., The 36*̂  IEEE Industry 

Applications Society Annual Meeting 2001, Chicago, IL, USA, voi. 1, pp. 482-489. 

[22]Cristian Lascu, Ion Boldea, Frede Blaabjerg, A Modified Direct Torque Control for 

Induction Motor Sensorless Drive., IEEE Transactions on Industry Applications, voi. 36, no. 

l, Jan./Feb. 2000, pp. 122-130. 

BUPT



5 VARIABLE STRUCTURE OBSERVERS FOR 

INDUCTION MACHINE DRIVES 

5.1 Introduction 

Induction machines are nonlinear systems. Dynamic models, currently used for 

induction machine drives, are linear time variable models, obtained by neglecting iron 

losses, magnetic saturation and other nonlinearities. In order to compensate for these 

unmodeled effects that tend to deteriorate the system's overall performance, robust 

control and observation techniques must be employed. 

The popular Luenberger observer is only one possibility to fmd the unknown 

states of linear dynamic systems. Whether the observed system is nonlinear, uncertain 

or affected by noise, nonlinear approaches are preferable [l]-[3]. Among nonlinear 

observers for ASD-s, the (Extended) Kalman Filter (EKF) is, probably, the most 

popular, but not necessary the best [2]. It suffers from lack of inherent robustness 

against modeling errors and disturbances [3'. 

The Variable Structure Observer or Sliding Mode Observer (SMO) is a 

nonlinear state observer supported by the theory of Variable Structure Systems [5], [6]. 

The SMO features excellent robustness properties over a specified magnitude range of 

system parameter uncertainties, unmodeled dynamics and disturbances. It possesses 

invariant dynamic modes, whose performance can be assigned by setting different 

poles, and guaranties finite time convergence. If the nonlinearitites are bounded and 

satisfy certain matching conditions, then the SMO behaves as a reduced order linear 

observer [l]-[9]. 
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The SMO concept has been introduced some time ago and, since then, several 

theoretical solulions evolved. An early SMO appeared as the sliding mode realization 

of a reduced order asymptotic observer [5], [6]. In this formulation, the original system 

is transformed into a canonical form and the sliding mode is induced, on the kno\vn 

output error variables, by a discontinuous ftinction. Later, the equivalent control 

methodolog>' has been exploited from different perspectives and used to design the 

obsen er for systems transformed in block-observable form [5]-[8]. 

Sliding obser\'ers for general nonlinear systems, as well as for nonlinear 

systems in companion form, x ' " - / and for multi-output nonlinear systems, have been 

studied in [4]. The generalization of the sliding mode concept for discrete time sliding 

observ ers is presented in [9] and [10]. 

Despite of the extensive theor>' available, only few sliding mode observers have 

been related to ASD-s. In all cases, a framework, similar to a Luenberger observer 

with the linear innovative term replaced by a discontinuous function of the output 

estimation mismatch, was used, [6], [11]-[17]. A recent study has demonstrated the 

superioritv' of SMO over EKF for induction machine state estimation [2 . 

The main drawback of the sliding-mode method is the existence of high 

frequency chattering that is highly undesirable in practice. Contrar^' to the case of 

controller design, chattering issues in SMO design are related only to numerical 

implementation. Different methods to reduce the chattering have been proposed and 

the most simple is the introduction of the so-called boundary layer. 

Existing SMO solutions for induction machine state estimation are presented in 

the next section. New sliding obser\'ers topologies are proposed subsequently. 

Simulation and experiments are given and discussed. 
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5.2 Variable Structure Observers - State of the Art 

Similarly to VSC design. the SMO design procedure consists of two steps. 

First, a set of sliding surfaces, S(y, Oê -R'" is designed, such that the estimation error 

trajectories, restricted to S(y, t), exhibit the desired stable dynamics. Secondly, the 

observer structure and gain are determined, so that to drive the estimation errors 

trajectories to S and, once intercepted, to maintain them on this set for all subsequent 

time. System's behavior on S is called sliding mode. 

Consider the linear system (4.1), in canonical form (4.5), in which the output 

vector is part of the state vector. A sliding mode observer for it is (5.1), [6 . 

cfcc, / Jr = + + (5.1a) 

dy I dt = + A22y + BjU + V (5.1b) 

v = Ksgn{y-y), ^ > 0 (5.1c) 

Equations describing the error dynamics, = x, - x , and ey= y-y are 

obtained by subtracting (5.1) from (4.5) 

dejdt = + - Lv (5.2a) 

de^ / dt = Aj^e^ + " ^ (5•2b) 

The discontinuous switching fiinction ve'IR'" is designed such that the sliding 

mode is enforced on surface iS = >^-j) = O . I t i s shown in [6], that a large, but finite 

value of K will accomplish that. For bounded iniţial conditions, sliding mode will 

occur on 5=0. According to the equivalent control method, the system in sliding mode 

behaves as if v is replaced by its equivalent value v^ ,̂ which is the solution of equation 

dS I dt = 0. From (5.2b), the equivalent control is v̂ ^ = A^^e^, [6^. 

The error dynamics ofX| in sliding mode is determined from (5.2a) using Vĝ  

d e J d t = {A,,-LA2,)e, (5.3) 

which coincide with the reduced order observer dynamics (4.10). Hence, the SMO in 

sliding mode is equivalent to the reduced order observer (4.9). 
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However. if the plant and the observed signals are affected by noise, the 

nonlinear observer may turn out to be preferable, due to its filtering proprieties, which 

coincide to those of a Kalman filter [6]. The gain L remains to be found so that (5.3) is 

stable and exhibits the desired convergence rate. Finally, x j is given by (4.7). 

Another method of designing the observer is to transform the original system 

(4.1) in block-observable form and to use sliding modes to reconstruct the states of the 

transformed system [5]-[8]. However, since most induction motor models are in form 

(4.5), the SMO design (5.1) is more advantageous. 

The SMO provides a systematic approach to the problem of maintaining 

stabilit}' and consistent performance in the face of model imprecision and noise. 

Let the model of a nonlinear and/or uncertain dynamic system be 

dx^ldt = + (5.4a) 

dyldt = f.{xJ) + B^u (5.4b) 
T" ^ 

where the function f = \f\ fi] is not exactly known, but estimated, as / and the 

estimation error is assumed to be upper bounded by a known continuous function 

F , > \ f , - f , l / = 1,2 (5.5) 

Following the same procedure as before, a SMO for (5.4) is constructed as 

dx,ldt = / , (x, t) + B^u + LK sgniy - y) (5.6a) 

dy/dt = {xj) + B^u + K sgn(>' - y) (5.6b) 

The estimation error dynamics is obtained by subtracting (5.6) from (5.4) 

de^ ldt = f , { x , t ) - f , (x, t) - LK sgn(:^; - y) (5.7a) 

de^. /dt = f , {X, t) - f , (x, t)-K sgn{y - y) (5.7b) 

Sliding mode will occur on the sliding surface 5 = - = O if the reaching and 

stabilit}' condition, S^ dSIdKQ \s satisfied, [4]-[8]. From(5.7b), 

S'-dS/dt = 8''{f^(x, t) - (x, 0 ) - a: 151< O (5.8) 

In order to fulfill (5.8), the SMO gain K is selected so that 

K>F,>\f,{x,t)-f,{x,t)\ (5.9) 

Satisfying (5.8) guaranties the observer stability and finite reaching time. 

BUPT



Variable Structure Observers for Induction Machine Drives 12 

During sliding mode, the system is effectively reduced to an equivalent n-m 

order system. The approximate dynamics of this system is found by using the 

equivalent control method [4]-[8]. In sliding mode 5 = 0 and, formally, dS I dt . 

The equivalent control v̂ ŷ. is found from (5.7b). 

^ e ^ - f l M - f . i x j ) (5.10) 

With (5.10) in (5.7a), the equivalent dynamics on the sliding surface is 

de, ldt = f , ( X , t) - / , ( x , O - ( X , t ) - f , { x j ) ) ( 5 . 1 1 ) 

The gain L is selected so that the SMO dynamics (5.11) is fast and stable. The 

system must be observable, in order for any observer structure to be successful in 

reconstructing the state xi from the measurement >'. Intuitively, for system (5.4) to be 

observable, f i must be a single valued flinction of Xi, in order for the control term 

I ( / 2 (x ,0 - f^ix.t)) to have an influence on error dynamics (5.11) [4 . 

In general, the observability condition is strongly linked to condition (5.8) and 

an unobservable system will result in uncontrollable error dynamics. Condition (5.8) is 

the stability condition derived from Lyapunov stability theory (Appendix A). Indeed, 

the positive definite function V = - S H i s a Lyapunov flinction for system (5.7) if 

dVIdt = S'^ -dS!dt<Q, that is, if (5.8) is satisfied. Hence, selection of gain K 

according to (5.9) guaranties the observer's stability in face of bounded model 

imprecision. Moreover, it guaranties that, after startup, the surface S will nonetheless 

be reached in finite time. 

Sometimes, in practice, the equivalent control is needed. Since (5.10) cannot be 

computed, it is a common practice to determine v̂ q as an average value of the actual 

control v. It is obtained by using a low pass filter whose time constant is sufficiently 

small to pass the slow component of the motion, which is v^ ,̂ but is large enough to 

eliminate the high frequency component caused by the finite frequency switching. 

The induction machine state space models are adequate for observer design. 

Almost invariably, the rotor flux model in stationary reference frame (2.60)-(2.61) is 

used for the SMO design [2], [6], [11]-[15]. The stator flux model, in stator frame 

(2.52)-(2.53), is employed for the same purpose, in [16]. 
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The SMO for the rotor flux model in stator frame can be constructed as in (5.1) 

dt 

A "" 

Ls Al' 'B; " i" 
— 

Al' + y.s + 
X . ^22. 0 L 

Ksgn{S) (5.12) 

where, L and A >̂0 are observer gains, S is the sliding surface, A^, i=\,2, j=\,2 are 

elements of A from (2.58), with cô ^O, and Bi is the first element of B, from (2.59). 

The most common choice for the sliding surface is S = [13]-[16] and 

sgn(5) = sgn(/;^ - ) + jsgn(/,^ - ) (5.13) 

The real gain K is selected large enough, so that to satisfy the stability condition 

(5.9), K > F , , where F, is the modeling uncertainty bound of the first equation in 

(5.12). The most general form for the innovation term v is 

v = K sgn(5) = k, sgn(/;^ - ) + jk^ sgn(/;^ - ) (5.14) 

where k̂  > F^^, k̂  > F,̂  and are separate bounds for the real and imaginary 

components of the first equation in (5.12). It is possible k^=k2 = K > . 

In sliding mode, S = 0, dS/dt = O and the flux estimation error is 

d 
dt v|/r (5.15) 

As expected, the SMO is equivalent to a reduced order observer since (5.15) is 

precisely (4.42), the error dynamics of the asymptotical reduced order observer. 

The observer gain L is selected so that to allocate the pole of Aji-LAu at a 

desired location. If p = a + jb is the desired pole of Aij-LAu, then L is 

4 - 1 (5.16) L = (^22 -

In [13], I is selected with speed dependent imaginary component 

L = (^ - l )E + y / r , s + yco,Y/s (5.17) 

where q and y are constant design parameters and s = L^L^G/L^ . By adjusting q and y, 

the real and imaginary components, of the observer pole, can be freely modified. 

Similar solutions, based on pole placement methods, are suggested in [2], [14]-[16;. 

Experimental resuhs with systems using SMO-s and sliding mode speed 

estimators are reported in [13] and [15]. In both cases, the lowest speed obtained in 

sensorless operation was 50 rpm. 
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A different and more elaborate SMO design is presented in [11]. Simultaneous 

estimation of rotor flux and speed is achieved by defining the complex sliding surface 

S = i L - i s ) £ = S , + j S ^ (5.18a) 

•̂ P -('5a (5-l 9b) 

where superscript denotes the complex conjugate. 

The selection of S is based on energetic considerations (5'p is proporţional to the 

torque error, etc) and allows decoupling of the current estimation problem into two 

independent ones, one for the real axis and the other for the imaginary axis. 

Two nonlinear innovation terms are also defined. 

(5.20) 

V2 = (5.21) 

The speed adaptive sliding mode observer, for the rotor flux model, is 

d 
/V 

is 1̂1 1̂2 
/V 

Is 
— • + u , + 

dt ^22 _ 0_ — S 
(5.22) 

The rotor speed is the adaptive parameter in (5.22) and it is estimated by 

â), =«oSgn(5p) (5.23) 

where is given by (5.19) and no, k\ and ki are design constants. In fact, the average 

value of the discontinuous flinction (5.22) is the estimate of the rotor speed. 

A complex stability analysis of the composite observer-controller system has 

been performed in [11] and it was proved that constant values UQ, k\ and KJ exist, such 

that S^ • dS^ /dt < O and S^ • dS^ /dt <0. Hence, sliding mode occurs on surfaces Sa=0 

and .Sp=0. After the sliding mode arises on the intersection of both surfaces, the current 

estimation errors are equal to zero and the flux estimation errors converge to zero 

asymptotically. In sliding mode, the SMO exhibits reduced order dynamics. 

Sensorless speed control at 300rpm continuous operation is reported in [ IT. 

Lower speed operation was possible only with speed sensor. A simplifled version of 

this observer is proposed in [6] and an implementation is presented in [12] where low 

speed sensorless operation at 19 rpm is reported. 
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5.3 Variable Structure Observers - Proposed Solutions 

Observer synthesis 

The inherent robustness and the existence of invariant dynamic modes make the 

sliding observer an attractive solution for high performance sensorless drives. Since 

the estimation accuracy is also very important in such drives, several solutions based 

on the inherent sensorless scheme have been investigated, in order to determine the 

one that exhibits the best static and dynamic performance. 

The motivation of using the inherent sensorless topology is the same as for 

asymptotical observers. The speed estimate is affected by cumulative errors, noise and 

is time-delayed. Employing this estimate, as an adaptive parameter for the observer, 

ma> result in progressive deterioration of the estimation accuracy. Although the SMO 

guaranties stabilit> over a specified magnitude range of model uncertainties and 

disturbances, it does not necessar>' provide high accuracy. 

It is convenient to develop the SMO using the stator flux model in stator 

reference frame, (2.52)-(2.53) and later to transform it into inherent sensorless form. 

Let the sliding surface be 5 = . The simplest SMO is 

dt 
Ls An 

— ^ Ls 
" 1 " An 

• + + 
^22 _ 1 — ^ L 

(5.24) 

vvhere Aij, and B^ are elements o f ^ and B, respectively, from (2.50)-(2.51). 

The current and flux errors, = L ~ L dynamics are 

dt 
^is' A2 1 
— Vlfs ^22. L 

KsgniS) (5.25) 

In sliding mode S = O and, formally, dS/dt = O, and the equivalent control is 

obtained from the first equation in (5.25): v̂ ^ = • The flux error dynamics is 

d 
dt 

(5.26) 

This represents the dynamics of a reduced order observer. 
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The SMO real gain K is determined from stabiiity considerations. The positive 

definite function V = O.SS^ is a Lyapunov fiinction for system (5.24) if 

^ = = + A i l , . ) - K \ e , , \ < 0 (5.27) 

This condition is accomplished if K is large enough, such that 

(5.28) 

Although not explicitiy shown, the SMO uses estimated values for Ay that differ 

from the real ones. Equation (5.28) is understand in the best sense of (5.9), that is, the 

gain K must dominate the flux and current errors, as well as the model uncertainties 

that are included within estimated yiy. 

The complex gain L is selected such that (5.26) is fast and stable. If L = x + jy, 

then, from (2.50) in stator frame, with CDe=cO;-, the observer dynamics (5.26) is 

+ Â - ^ + (5.29) 
dt 4cy t; t; 

Allocating the pole p = a + jb of (5.29) requires determiningL = x + jy from 

(5.16). Several simple and practicai selections for L are proposed here. 

With X = kL^G and y = kL^csT^d)^, k constant, p results real and stable 

P = (5.30) 

With X = kL^(5 and y = {k- , k and z design constants, p results 

p = -k/T^-{k- +jz(o, (5.31) 

In both cases, the real component of p can be adapted by means of k, while, in 

the second case, z is employed to adjust the imaginary component ofp . 

Another approach is to select the observer poles shifted to the left in the s-plane 

by a constant amount k, so that to constrain p to take the form 

P = + (5.32) 
Tr 

In this case, from (5.15), L is obtained as 

r r 

For practicai implementation the method illustrated by (5.31) has been adopted. 
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Once the gains have been selected, the stator flux model based observer (5.24) 

is transformed into a flux model based observer. This is achieved by means of a 

nonsineular coordinate transformation Tg'îR'""' 

= T ls 
'S 

X . 

Ls 

O 1 

Using this linear transformation, the observer (5.24) becomes 

d 

(5.34) 

dt 
'Au Al' + T 

'B; T —r = T 'Au Al' —î—r + T 
'B; 

X . Al ^22 _ X . 1 — j L 
KsffiiS) (5.35) 

Recalling that the matr ix^ of the original observer (5.24) was given by (2.50), 

it is obvious that the matrix A'= TAT~^ of (5.35) is given by (2.41). Similarly, B'= TB 

is given by (2.42). The flux model based SMO has been obtained in this way. 

The inherent sensorless observer is constructed by taking the second equation 

from (5.24) and the first equation from (5.35). From (2.38) and (2.49), one obtain: 

d 
dt 

d 

¥ , = -Rs is - Me + + sgn(i, - U) 

vj> = \\f - ( — + / ( ( O -coJ)\î/ + K j S g ^ i i - i J 
dt-' LJ^^-' T^a 

where K^ = LK and Kj = K{LL^ - L^L^G)/ L^ are redefmed gains. 

Equation (5.36) is implemented in stator reference frame, with cOĝ O 

d 

(5.36) 

(5.37) 

dt = -Kis + + sgn(/, - L ) (5.38) 

Equation (5.37) is implemented in rotor flux reference frame, with c0e=c0 

I v ; = i : - + - n : + K , s&^a: -1: > 

In rotor flux frame, the rotor flux is vj/̂  = xj/̂ ,̂ = O, and (5.39) gives 

dt LJ^U T^a 

Finally, the estimated stator current, in stator reference frame, is 

Vr 

(5.39) 

(5.40) 

Ls = 
1 -V|/ I.. (5.41) 
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tan"'(v|/„/H/,,/) 

A A 
• / \ 'v 1 

Figure 5.1 Inherent sensorless sliding mode observer for induction machines 

The inherent sensorless sUding mode observer diagram is shown in Figure 5.1. 

The estimated rotor flux position, needed for all coordinate transformations, is 

= tan"' (iţ/̂ ^ / ), where the estimated rotor flux, i]/̂  is 

s L, ^ LsLr-L. 
Ls (5.42) 

Although (5.36) and (5.37) arrive from two different models, they are distinct. 

As shown in section 4.3.1, (5.36) can be transformed into second equation of (5.35) by 

using the linear, algebraic equation (5.41) that gives the estimated stator current. The 

stator flux model (5.24) has been employed just to obtain simpler synthesis for the 

observer gain L. Obviously, (5.24) and (5.38)-(5.41) are input-output equivalent. 

At this point, the generalization of the inherent sensorless observer concept is 

possible. The only difference between the linear observer, Figure 4.7 and SMO, Figure 

5.1, is the linear feedback in the former case, versus nonlinear feedback in the later. 

The most general scheme is the one that employs both methods, as in Figure 5.2. 

The general ized inherent sensorless observer is described by 

d 
dt-' 

d 

+ + sgn(/, - L ) + iis - Ls) (5.43) 

dt^^ + + -Ls) (5.44) 

where (5.43) is in stationary frame and (5.44) is in rotor flux frame. 
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R. 

•JL 
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Figure 5.2 Generalized inherent sensorless observer for induction machines 

The topology in Figure 5.2 offers flexibility. Finding the right balance, between 

the linear behavior and the nonlinear one, is possible by adjusting gains K and K\ If 

the model parameters are precisely known, the linear gain K' = {K\ Kj^ is increased. 

When the model is uncertain, the SMO gain A" = [K'\ K':^increased. 

The most important drawback of the variable structure approach is the existence 

of chattering. It is present in the estimated stator flux, rotor flux and current, and 

increases with the increase of the SMO gain K. However, it was determined by 

simulations and confirmed by experiments that the chattering has only a marginal 

impact and it is not a matter of concern in this case. 

In order to smooth out the control discontinuity, a thin boundary layer, 

neighboring the switching surface, can be introduced, [5], [6], [18]. This is simply 

implemented by replacing the "sign" function with the "saturation" fiinction. 

sgn(x) if \x\>h 
(5.45) 

x! h if -h<x<h 

where the small quantity 2h defmes the boundary layer width. 

The boundary layer has the effect of a low pass filter on the local dynamics of 

the variable S. The invariance property of sliding mode is preserved only outside the 

boundary layer, [5], [6], while inside the layer, the system exhibits linear behavior, like 

an asymptotical observer. Without boundary layer, the robustness of the sliding mode 

approach ensures zero error of the estimated stator current. 

sat(jc) = 

BUPT



Variable Structure Observers for Induction Machine Drives 13 

Offset sensitivity compensation 

Extensive simulations have been performed in order to determine the observer's 

performance. However it is quite difficult to prove the SMO robustness and invariance 

properties by means of simulations because the simulated induction machine is based 

on the same "uncertain" model employed by the state observer. As for the linear 

observer, simulations under detuned conditions have been carried out. 

Simulation resuhs with SMO and Linear-DTC, under perfect tuning of observer 

and controller are identical with those shown in Figure 4.10 for the linear observer. AII 

estimation errors are zero and only some chattering appears when the SMO gain K is 

too much increased. Torque and speed scenario, for all subsequent simulations, is the 

same as in Figure 4.10. The simulated motor is Machine 1. 

The stator flux magnitude, rotor flux magnitude, torque and speed estimation 

errors for operation with 0.3 V offset added on voltage measurements, are shown in 

Figure 5.3. For subfigures a and b, that are very similar with Figure 4.11, the SMO 

gain was while for subfigures c and d, the gain was K=2.5. The robustness of 

the SMO, with large gain, in face of measurement offset is evident. 

a. Stator and rotor flux errors, Â =̂0.5 
0 2 

^ O % 

2 - O 

-02 
2 

Time |s| 

20 

e" 
S. o 

1.1 
-50 

1 2 
Time [s| 

b. Torque and speed errors, 
20 

e" ^ O 

0 1 2 3 
Time [s| 

b. Torque and speed errors, K=2,5 a. Stator and rotor flux errors, K=2.5 

Figure 5.3 Estimation errors for SMO, with 0.3 V offset and two different SMO gains 
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If not othenvise specified, for all subsequent simulations, the SMO gains are: 

A:=0.5, z.= 10+ycô  and /7=0.01. This was the case for Figure 4.11. 

Unfortunately, the increased gain produces larger chattering. As can be noticed 

from Figure 4.11 .d, the speed estimation is quite sensitive to this and, although the 

offset error is canceled. the low speed operation is deteriorated. Therefore, in this 

particular case. it is advantageous to employ offset-free schemes. 

As shown for the linear observer, adding dynamics on the observer feedback 

path can solve the offset problem. A scheme with PI dynamics on the nonlinear 

switching term, for the voltage model, is shown in Figure 5.4. Recalling the SMO 

model. (5.38)-(5.39), the gain matrix A'= [Kx A:2]^is redesigned as 

'Kp+K,/s K = (4.46) 

where Kp, Kj and K2 are determined such that the observer is stable. In general, Kp is 

the same as K], while Ki is selected based on the BPF design considerations. 

The second scheme proposed in Figure 5.5 is derived from the generalized 

obser\er model (5.43)-(5.44). At this time, the nonlinear compensation mechanism 

remains unchanged and a linear PI compensation, completely separate from the 

nonlinear path, is added on the vohage model feedback. 

Rs 

Voltage model 

L tan'WM/rc/) 1 tan'WM/rc/) 

± 
o-J%r 

^ r ^ r 
î 

W 

J%r 

Current model 

K2V 

(Kp-^Kj/sJv 

A 

• O 

A 

Figure 5.4 Modified SMO with offset compensation - Scheme 1 
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L tan\\\lr^/\\)rcd tan\\\lr^/\\)rcd 

Figure 5.5 Modified SMO with offset compensation - Scheme 2 

With reference to observer model (5.43)-(5.44), the gain K ' is 

'Kp+Kj/s 
O 

(4.47) 

This scheme involves more computations, but has the advantage that the PI 

offset compensator can be tuned independently from the nonlinear mechanism. 

Simulation results with the modified SMO from Figure 5.4, with Kp=2^, Kr^Q 

and 0.3 V measurement offset, are presented in Figure 5.6. The flux and torque 

estimation errors are practically zero for the whole speed range. The estimated speed 

shows some errors due to chattering. Similar behavior and results have been obtained 

with the modified observer from Figure 5.5. 

Time (s) 

a. Stator and rotor flux estimation errors 

2 
Time |sl 

b. Torque and speed estimation errors 

Figure 5.6 Estimation errors for modified SMO, with 0.3 V measurement offset 

BUPT



138 Direct Torque Control of Sensorless Induction Machine Drives 

Parameter sensitivity analysis 

Simulations vvith detuned SMO have been carried out in order to determine the 

system's performance in face of parameter detuning. The estimated stator and rotor 

flux magnitude errors, = ij;̂  - vj/̂  and for sensorless operation with 

±25% stator resistance detuning, are shown in Figure 5.7. Results for two SMO gains, 

Ar=0.5 and K=2.5, are presented. With lovv gain, the SMO behaves iike the linear 

observ er, Figure 4.15, exhibiting large estimation errors at low speeds. With high gain 

the estimation error is decreased, at the price of increasing the chattering. 
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r 

Figure 5.7 Stator and rotor flux magnitude errors and stator current magnitude error for 

SMO, with ±25% Rs detuning and two different gains, ^=0.5 and K=2.5 
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It is interesting to observe that both, the asymptotical observer and the SMO, 

are very sensitive to stator resistance detuning. An explanation for that sensitivity is 

suggested by Figures 5.7.e and f that show the current magnitude estimation errors. At 

low speed, where the flux estimation error is large, the current estimation error is 

insignificant. Although not shown, the current phase error is also very small. 

At low speed, the SMO maintains very well the sliding mode, since the sliding 
/V 

surface is S = = 0. Despite of that, the SMO is unable to compensate for the R^ 

detuning. This is an indication that the current and flux errors are uncorrelated for this 

detuning. It is concluded that the current error based observers must employ a stator 

resistance adaptation mechanism excited by a nonlinear error that contains a cross-

correlation product between the current and flux errors, similar to a torque error. 

It is the case of Rs estimator (4.61) that contains the rotor flux - current error 

product (the active power error). This is superior to (4.60) that is based on reactive 

power error. The adaptation strategy (4.61) works well for the SMO, as can bee seen in 

Figure 5.8 that shows Rs estimation with ±50% R^ iniţial detuning and AT/̂ ÎO. 
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Figure 5.8 Stator and rotor flux errors and estimated Rs with ±50% Rs iniţial detuning 
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The stator resistance adaptation takes place only when the torque is nonzero. At 

startup, Rs converges very fast and reaches a value close to the correct one. The rated 

value, .55 Q, is attained in less than 2 sec. of loaded operation. 

The SMO sensitivity to ±50% magnetizing inductance detuning is shown in 

Figure 5.9.a and b, while the sensitivity to ±50% rotor resistance detuning, in Figure 

5.9.C and d. The stator and rotor flux estimation errors are given in all cases. 

The SMO is robust to L,„ overestimation, at both, high and low speeds. At low 

speed. the flux magnitude estimation error is driven to zero after a short transient. 

Unfortunately, the SMO is strongly affected by L,n underestimation. An overestimation 

of Lm is recommended whenever its value is uncertain. 

As the asymptotical observer, the SMO is very robust to rotor resistance 

detuning, Figure 5.9.c, d. Small errors appear during flux transients, due to rotor time 

constant detuning. Errors, even larger than ±100% in Rr value have no significant 

influence on flux estimation, as long as the flux is maintained almost constant or is 

slowly modified. Fast flux transients are impractical in induction machine drives. 
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Figure 5.9 Stator and rotor flux estimation errors with Lm, and Rr - simulations 
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Experimental results with SMO 

Extensive experiments have been carried out in order to demonstrate the 

perfoimance of the SMO, (Figure 5.1), in various speed and load conditions. Very low 

speed sensorless operation was targeted and the system's ability, to operate stable, 

under flill load, at zero and very low speed, has been confirmed. 

Zero speed, full load, sensorless operation, with SMO is presented in Figures 

5.10 and 5.11 (estimated and measured speed, estimated torque, stator and rotor flux, 

estimated stator current and current estimation error). The control strategy is LFSG, 

with PLL speed estimation and the motor under test is Machine 2(1.1 kW). 
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Figure 5.10 Zero speed sensorless operation with LFSG and SMO 
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a. Measured (a,p) stator currents 

0 4 0.6 0.8 
Time (s) 

b. Estimated (a,p) stator flux 

c. Measured current trajectory d. Estimated stator and rotor flux trajectory 

Figure 5.11 Current and flux during zero speed operation with LFSG and SMO 

The SMO performance is iUustrated by the current error in Figure S.lO.f that is 

much smaller than the same error obtained with Luenberger observer, Figure 4.18.f. 

Although some chattering is present in flux estimates, it has no influence on system's 

behavior. Details of the instantaneous current and estimated stator flux, on a time span 

of one second, are shown in Figure 5.11, for the same operating conditions. 

Acceleration transients from standstill to 1500 rpm in sensorless operation, with 

the same system are shown in Figure 5.12. Although the starting torque is 12 Nm, 1.7 

times the motor's rated torque 7 Nm, the staring time is quite long for a 1.1 kW motor. 

1 his is because the motor was mechanically coupled to a heavy-rotor DC generator. 

Although some sensitivity to torque transients is apparent in both fluxes, this is 

due to control system, not to SMO. The estimation error is not at all affected by torque 

transients and even decreases at high torque. This indicates that the SMO maintains 

very well the sliding mode and is very robust, practically invariant with respect to 

torque and speed perturbations. The estimation error and the flux chattering are larger 

than those at zero speed, but the system's overall performance is outstanding. 
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Figure 5.12 Acceleration from standstill to 1500 rpm, with LFSG and SMO 

Experimental results with modified SMO 

The modified SMO schemes (Figures 5.4 and 5.5) have been also tested, in the 

same conditions as the basic SMO. Experimental results at zero speed, full load, 

sensorless operation, with LFSG control, modified SMO (Figure 5.4) and PLL speed 

estimation are presented in Figures 5.13. The observer exhibits very low estimation 

errors and, in general, its performance is similar to that of the basic SMO. However, it 

was noticed that, in some particular situations, especially at low speeds, the modified 

SMO performs better than the basic SMO, due to its offset compensation properties. 
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Figure 5.13 Zero speed sensorless operation with LFSG and modified SMO 

Very low speed, 3 rpm, full load, sensorless operation with the modified SMO 

and LFSG control is illustrated in Figure 5.14. The control activity is larger, so are the 

estimation error, the torque and current ripple, but the overall performance is excellent. 

Partly, the torque ripple is due to the very noisy (in terms of torque) behavior of the 

DC generator employed for loading. Despite of that, the system's acoustical noise 

level was very low. With reference to (4.46), the SMO parameters employed for all 

experiments are: A:=0.5, /2=0.03, L=20+0.1co^, Kp=20, KMO, Krs=\0, almost the same 

with those used for simulations. For zero speed experiments, /î=0.003. 
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Figure 5.14 Very low speed - 3 rpm - sensorless operation with LFSG and modified SMO 

Instantaneous (a,p) components of the current and estimated stator flux, on a 

time span of one second, are shown in Figure 5.15, for 3 rpm sensorless operation, in 

the same conditions and with the same SMO parameters as for Figure 5.14. The fact 

that the current is slightly distorted when compared to the zero speed operation is due 

to the LFSG controller behavior, rather than to SMO performance. 

The startup transients and high speed operation are identical to those shown in 

Figure 5.12 for the basic SMO case. Similar experimental results have been obtained 

with the modified SMO topology proposed in Figure 5.5. 
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Figure 5.15 Current and flux at 3 rpm operation with LFSG and modified SMO 

Experimental results with generalized observer 

The generalized topology, Figure 5.2, allows designing a flexible observer that 

exploits advantages of both, the asymptotical observer and the SMO. The adequate 

balance, between these two basic structures, can be found by selecting adequate gains 

for the linear and the variable structure feedbacks. 

Zero speed, flill load sensorless operation with the generalized observer, LFSG 

control and PLL speed estimation is demonstrated in Figure 5.16. The results are 

comparable to those obtained with SMO, Figures 5.10 and 5.13, since, in this case, the 

SMO feedback gains were quite large. However, the flux chattering is lower, while the 

current error is slightly higher, approaching the linear behavior, Figure 4.18. 

Instantaneous (a,p) components of the stator current and stator flux, and their 

complex plane trajectories, during zero speed, flill load, sensorless operation, with the 

same control system, are presented in Figure 5.17. As can be noticed, the flux estimate 

is sinusoidal, while the current waveform is distorted due to LFSG control. 
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Figure 5.16 Zero speed sensorless operation with LFSG and generalized observer 
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Figure 5.17 Current and flux at zero speed, with LFSG and generalized observer 
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Figure 5.18 Sensorless operation at 3 rpm, with LFSG and generalized observer 

Sensorless operation at 3 rpm, with the generalized observer, LFSG control and 

PLL speed estimation is presented in Figure 5.18. The current estimation error is very 

small. comparable to that obtained for zero speed operation and much smaller than in 

Figure 5.14. This time, the load is lower than the motor's rated load, but the system's 

behavior is still good. The estimation is stable, although the flux and speed show larger 

ripple than before. As the load decreases and the operation approaches the speed 

unobser\'abilit>' point, i.e. zero Hz stator frequency [19], the system's behavior 

progressively degrades. It was determined that the lowest stator frequency that still 

allows stable operation is fiim=0.3 Hz. 
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Figure 5.19 Starting transients to 1500 rpm, with LFSG and generalized observer 

Starting transients to 1500 rpm, in sensorless operation, with the same system is 

presented in Figure 5.19. The motor is accelerated at 12 Nm constant torque, almost 

twice its rated torque, but the acceleration time is quite long, since the motor was 

connected to a DC generator with very large inerţia rotor. 

At the beginning, until the sliding mode is reached, the estimation error is large. 

Once the observer reaches the sliding mode, the error remains low, despite of violent 

torque and speed transients. This is an indication that the SMO maintains very well the 

sliding mode and is invariant with respect to torque and speed transients. Acceleration 

transients are similar to those shown for SMO in Figure 5.12. 
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5.4 Conclusions 

A new, inherent sensorless, variable structure observer for induction machines 

stale estimation has been deveioped and thoroughly analyzed. Several practicai 

methods for observer gain selection have been presented. Two modified topologies, 

insensitive to measurement offset, have been derived from the basic scheme and a 

generalization of the inherent sensorless observer concept, that includes the SMO and 

the Luenberger observers, has been proposed. 

The SMO possesses invariant dynamic modes and robustness with respect to 

modeling uncertainties. It was determined, however, that the SMO is sensitive to 

model parameters detuning, especially to stator resistance mismatch. For very low 

speed operation the stator resistance adaptation is mandatory. The stator resistance 

adaptation mechanism proposed for the asymptotical observer is applicable to SMO 

and was successfiilly employed in all experiments. 

The SMO performance, including zero speed and 3 rpm, fiill load, sensorless 

operation, has been demonstrated by experiments for all proposed schemes. In all 

situations the current estimation error is smaller than that of the asymptotical observer 

and estimated quantities contain some negligible high frequency chattering. The 

system has been proved to be very robust with respect to perturbations and this 

represents the most important advantage of the sliding mode observer. 

Since very low speed operation is the most challenging problem for sensorless 

drives, only some of the best low speed results, obtained with described systems, have 

been extensively presented and discussed herewith. Nevertheless that higher speed, 

steady state and transient operation is absolutely possible and was extensively tested 

20]. At higher speeds, all proposed observers perform equally well, with only small, 

insignificant differences, in the whole speed range, from 3 rpm to 3000 rpm. 
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6 SPEED OBSERVERS FOR INDUCTION 

MACHINE DRIVES 

6.1 Introduction 

Sensorless control of ADS-s in the very low speed range is a challenging area 

of research. The basic idea of this approach is to estimate the speed from measured 

terminal voltages and currents. In induction machine drives, due to the high order and 

nonlinearity of the machine dynamics, speed estimation is not a trivial task. 

The rotor speed estimator is the most important component of the sensorless 

drive system and the quality of the speed estimator is decisive for the system's overall 

performance. A variety of different solutions for sensorless speed and torque control 

have been proposed in the past few years, but only a handful of them have displayed 

satisfactory performance in the low speed range [l . 

There are two categories of rotor speed estimators in ASD-s: estimators based 

on magnetic saliency and signal injection and estimators based on fundamental 

excitation. Methods in the former category can operate stable at zero stator frequency, 

but the high frequency voltage and current components cause torque ripple, loss 

increasing and acoustical noise. This is a major drawback that makes these methods 

unattractive, despite of some good results obtained [2]. 

Methods in the later category employ the fundamental components of stator 

voltages and currents to extract the speed information. The basic limitation of this 

method is the inability to provide speed estimation in continuous operation at zero 

stator frequency. 
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Indeed. at zero stator frequency the stator flux becomes a DC quantity and the 

fundamental EMF is zero, that is û  = (2.21). It means that the stator current is 

exclusi\ ely govemed by the feeding voltage. There is no feedback from rotor and the 

rotor quantities ha\'e no influence on stator current. Since the current is the system's 

output and the onl} measurable quantity used for state estimation, it can be concluded 

that the rotor speed is not observable at zero stator frequency. 

Zero stator frequency occurs in regenerating operation at low speeds or at zero 

speed. no load operation. To reduce at an acceptable level the influence of noise and 

parameter mismatch. that is strong at low speeds, the stator frequency must be raised 

from zero to a minimum value [1]. This is possible by considering the speed equation 

co^=(o,-co^ (6.1) 

At given rotor speed CO;., the field speed coi can be maintained far from zero by 

modif\ ing the slip speed cô . The slip speed, (2.64) depends on torque and rotor flux 

magnitude. Since the torque is flxed by load, the slip can be modifled by changing the 

flux magnitude such that to maintain adequate stator excitation [10]. This method is 

not applicable at no-load, where very low speed operation must be avoided. 

Hence, the zero frequency problem does not represent an important limitation and 

speed estimation methods based on fundamental excitation are viable solutions for 

sensorless drives. The most important methods in this categor>' are described next. 

There are several types of speed estimators based on fimdamental excitation: 

• Open loop speed estimators based on induction machine equations. Herewith, 

these are called ''Speed estimators". 

• Model Reference Adaptive speed estimators. 

• Speed adaptive state observers. This category includes asymptotical observers 

with speed estimators, and SMO-s with sliding mode speed estimators. 

• Extended Kalman fllters. 
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6.2 Speed Observers - State of the Art 

6.2.1 Open-Loop Speed and Torque Estimation 

The simplest and yet one of the best speed estimation methods is based on 

open-loop rotor speed calculation, using the speed equation (6.1) [3], [4]. 

(6-2) 

Using the estimated rotor flux in stator reference frame, the rotor flux speed is 

d ^ d -l .H r̂p. . . 
dt dt M/,^ 

After some manipulations, (6.3) becomes 

(6-4) 

where = + vj/jp. 

The digital realization of (6.4) approximates the flux derivative in the k-\h 

sampling cycle by finite difference = , where ^^^^^ and 

^ ,, are flux estimates fi-om in two consecutive sampling cycles, k-\ and k, and Ts is 
— 1 ) 

the sampling period. The estimated rotor flux speed in the Â:-th sampling cycle is 
/V /V /V /N 

= ^TTTI I I — ( 0 - 5 ) 

The slip speed is calculated from (2.64) and (2.105) as 

vî/J 

Te electromagnetic torque is estimated by either one of the following equations 

(6.6) 

3 

(6-8) 
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In spiţe of simplicity, this method is able to provide accurate estimate during 

speed transients. ailowing fast speed control. However, it suffers from two important 

limitations. First, the slip speed is sensitive to rotor resistance detuning. This is a 

common characteristic of aii methods that employ (6.6) for slip speed estimation. 

Second. equation (6.4) requires evaluation of the flux derivative that acts like a 

noise amplifier. Since all systems contain a certain amount of noise, (6.5) produces 

\ er\ noisy results. The estimated speed must be filtered in order to remove that noise. 

This fi hering reduces the speed tracking bandwidth and the dynamic stiffness. 

Experiments with this estimator are shown in Figure 4.19. The lowest possible 

speed vvas 30 rpm, no load (/i=l Hz). Continuous sensorless operation at 10 rpm, with 

a systern that employs a speed estimator of this type, is reported in [3]. In this case, 

(6.2) is implemented using the stator flux speed and the corresponding slip speed. 

6.2.2 Model Reference Adaptive Systems 

The Model Reference Adaptive System (MRAS) approach makes use of the 

redundancy of two machine models with different structures that estimate the same 

state variables on the basis of the same set of input variables, Figure 6.1. The reference 

model does not involve the speed and is supposed accurate and invariant. It generates 

the state x. The adaptive model does involve the speed information and generates the 

inaccurate state The error 8 between x and is used to drive a suitable adaptation 

mechanism that generates the speed estimate for the adjustable model [4]-[6;. 

Figure 6.1 Model Reference Adaptive System for speed estimation 
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Flux error based MRAS estimator 

One of the most popular MRAS speed estimators is based on the error between 

outputs of two rotor flux estimators, the voltage model and the current model, [4], [5], 

The reference model is the voltage model in stator reference frame 

— Ĥ , ^ - f - { U s - R s l s ) - Ţ ^ ^ i s (6.9) 
dt-' L,„ L„, dt 

The adaptive model is the current model in stator reference frame 

(6.10) 

The adaptation mechanism is a PI controller driven by the error s = ij;^) 

that is proporţional to the angular difference between the two estimated flux vectors. 

â), (6.11) 

As the error gets minimized, the tuning signal approaches the real speed cô .. 

The MRAS can be interpreted as a vector phase-locked loop (PLL) in which the 

reference model generates the reference vector and the adjustable model is a vector 

phase shifter controlled by the estimated speed, as in (6.26)-(6.27). 

Accuracy and drift problems that are inherent to the pure integrator are reduced 

by using a LPF, instead of the integrator in the reference model, as in (4.13). 

— ( 6 . 1 2 ) 
m \) m 

Since the adaptation mechanism is driven by the phase error between the two 

models and the LPF introduces phase shift, an equivalent filter must be added for the 

adaptive model. It is recommended to high-pass filter the measured current as 

i s = ^ — L (6.13) 5 + C0o 

and to employ this value in the current model instead of the measured current. 

+ (6.14) 

Below the cutoff frequency coq, the speed estimation becomes necessarily 

inaccurate, as the reference model produces inaccurate flux estimate. 

BUPT



158 Direct Torque Control of Sensorless Induction Machine Drives 

The selection of Kp and Ki gains can be made by pole placement methods, as 

described in [4] and [5]. Due to noise considerations, these are limited, thereby 

restraining the dynamic behavior. The dynamic response and stability of MRAS speed 

estimator are extensively analyzed in [4] and good dynamic performance is reported at 

2 Hz stator frequency. Speed reversai is also possible, but, if the drive is operated at 

zero frequenc}' for more than a few seconds, the estimated speed vanishes and the 

speed control is iost [4]. In general, at low speed, the estimation is poor. 

EMF and power error based MRAS estimators 

A MRAS scheme that avoids the drift problem related to the pure integrator and 

the LPF low speed inaccuracy is based the back EMF error [7]. The reference model is 

the same voltage model in stator frame and the estimated EMF is calculated as 

i, + - ) (6.15) 
4 dt-' 'dt-' 

The adaptive model is the current model (6.10) that estimates the rotor flux. It is 

followed by the EMF calculation 

+ (6.16) 
L dt-' L ' r T ^ ^ 

The adaptation mechanism is a PI controller driven by the error e = 

that is proporţional to the angular difference between the estimated EMF vectors. 

(6.17) 

In this way, the pure integrator and the LPF have been avoided, but the current 

derivative has appeared instead. In order to avoid the noise amplification related to 

current differentiation, the reference current if available, can replace the measured 

current u in the differential term dijdt when (6.15) is implemented, [7]. 

An alternative, very similar scheme is obtained if the instantaneous reactive 

power = 3Aw(£„,i*) is employed, where Cj,, is estimated either by (6.15), or (6.16). 

The reference model calculates the reactive power using IJJ, from (6.15) 

(6.18) 
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The adaptive model calculates the reactive power using from (6.16) 

The adaptation mechanism is a PI controller driven by the q,„ error 

(6-20) 

This MRAS estimator is robust with respect to stator resistance variations, but 

the sensitivity to rotor time constant persists. Sensorless operation at 20 rpm, with a 

system that employs both, EMF and power based estimator, has been reported in [7]. 

In general, due to noise considerations the PI gains are limited. Therefore, 

MRAS based systems exhibit rather poor dynamic performance. 

6.2.3 Speed Adaptive State Observers 

The most important limitation associated to MRAS speed estimators is the poor 

performance of the reference model that is not accurate and fast enough. In all cases, it 

is a simple, open loop estimator, sensitive to noise and parameter detuning. A superior 

approach is to consider as reference model the motor itself and to employ as adaptive 

model a full-order, speed adaptive state observer. 

The most general, speed adaptive, observer based scheme is depicted in Figure 

4.6. The adaptation mechanism is driven by the error between the measured and 

estimated currents. Since state observers have been discussed in previous chapters, 

only the speed estimation mechanism is presented now. 

Speed adaptive Luenberger observers 

The adaptive asymptotical observer is shown in Figure 4.4 and is described by 

(4.35) if rotor flux model is used, or by (4.36)-(4.37) if flux model is used. The model 

and the compensation gain receive the estimated speed as an adaptive parameter. 

The speed estimator is a PI controller driven by the error s = 3/w(£,^vî/*) that 

represents the torque error and was derived using Lyapunov stability theory [8]-[10;. 
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(6.21) 

where e,̂  = - and Kp and K/ are positive gains. 

A variant of this employs the stator flux based torque error 8 = [11] 

(î), = {Kp + - ) (6.22) 
s 

The estimation accuracy is higher than that of MRAS (6.11), but the PI gains 

stiil have to be limited due to noise considerations. An improvement proposed in [11] 

is to employ a mechanical model, driven by the nonlinear error e. 

Low speed sensoriess operation at 10 rpm, with good dynamic behavior has 

been reported in [11], with a scheme that uses stator resistance adaptation. 

Speed adaptive sliding mode observers 

The effective gains of error compensator can be increased by using a sliding 

mode controller to tune the state observer and to estimate the speed. The state observer 

is an adaptive SMO and the speed estimator is derived from the nonlinear error, using 

the equivalent control approach [12]-[14]. 

The approach in [12] uses (5.12) as adaptive state observer an integrates the 

error 8 = in order to obtain a sliding mode speed estimator 

(î), = sgn(e,,p) - sgn(e,^)) (6.23) 
s 

where Ki and K2 are positive constants. 

The integrator (6.23) plays the role of a LPF for the noisy switching terms. A PI 

controller may also be used with the price of increasing the noise. 

Another simple approach [14] is to employ the same error as in the case of 

asymptotical state observer and to estimate the speed in the form (6.24) 

= « O s g n ( v î / ^ e „ p - ) (6.24) 

In fact, the average value of (6.24) is the estimated speed and this is determined 

by low-pass filtering the very noisy estimate given by (6.24). In this case, the adaptive 

observer is the SMO (5.22). 
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An approach similar to (6.23) is proposed in [13], with the difference that the 

switching component sgn(e,^) is iow-pass filtered before the estimation algorithm. 

Very good dynamic behavior and low speed sensorless operation at 50 rpm is reported 

in both[12]and[13]. 

Speed estimators based on adaptive observers are superior to MRAS estimators. 

mainly because the machine is employed as reference modei. However, their dynamic 

performance is stiil somewhat Hmited due to noise considerations. 

6.2.4 Extended Kalman Filters 

The Kalman Filter is a variable gain asymptotical observer in which the gain is 

on-line adapted to give optimal mean square estimation error when the system 

perturbation is modeled as a white noise process. The Extended Kalman Filter (EKF) 

is the extension of Kalman Filter to nonlinear systems. Both are stochastic observers 

and require Information about the measurement noise statistics. 

The EKF appeared to be the ultimate solution for sensorless drives. It has the 

advantage that is able to handle nonlinear systems and copes well with the fifth order 

complete model (2.15)-(2.20) of the induction machine. Thus, EKF is able to estimate 

all electromagnetic quantities and the speed in the same time [15]. 

However, it has several limitations. It suffers from lack of inherent robustness 

against modeling errors and disturbances. Perfect knowledge of the system model and 

noise characteristics are assumed. There is no a priori performance and stability 

guarantied. Since in ASD-s disturbances are far from white noise, it does not guarantee 

adequate bandwidth for disturbance rejection. The EKF implementation involves 

significant computation complexity and requires powerflil processors. Recent studies 

have demonstrated the superiority of other observers, like SMO, over EKF, [16]. 

Since the EKF theory is extensively presented in literature, it is not discussed 

here anymore. Examples of its application in induction motors sensorless drives are 

[15], [16] and many others. The best low speed sensorless performance is 20 rpm [15 . 
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6.3 Speed Observers - Proposed Solutions 

6.3.1 Phase-Locked Loop Speed Observers 

Theoretical background 

Phase-Locked Loop (PLL) is a very powerful concept employed for phase 

angle and frequency detection in various power applications such as line converters, 

active filters, high-precision servomechanisms, etc. In motion control, PLL systems 

have been exclusively used for rotor speed and position detection from resolver or 

encoder signals, as a part of high precision positioning systems [17]-[20]. 

A PLL systern contains three components: a phase detector, a loop filter and a 

voltage controlled oscillator (VCO). Figure 6.2 shows a two-phase type PLL system 

employed for speed and position angle detection [17\ 

The phase detector plays the role of a comparator. It receives as reference two 

harmonic signals, x* = cos(a) and y* = sin(a), and as feedback other two estimated 

signals x = cos(â) and v = sin(â). It produces the estimation error 

s = sin(a) cos(â) - cos(a) sin(â) = sin(a - â ) (6.25) 

The loop filter is of PI type and produces the estimated pulsation (speed) at the 

output of its integral component. The VCO is an integrator that generates the estimated 

position angle, followed by a harmonic generator that constructs x and y. 

Phase 
detector 

1 i 8 1 Phase 
detector 

ii 

Ki 

Ki 

sin(a) 
cos(a) 

A 
a 

Loop filter 

VCO 

A (Or 

Figure 6.2 Two phase PLL system for speed estimation 

BUPT



Variable Structure Observers for Induction Machine Drives 12 

The loop filter structure and the VCO have been selected such that the PLL 

speed estimator mathematical model is described by the following nonlinear observer 

d a 0 1 
/V 
a 

= + 
dt â). 0 0 

(6.26) 

where K = [Â i is the observer gain. 

This model is, precisely, a nonlinear observer for constant frequency systems. 

The scheme is proposed in [ 18] for speed detection from resolver signals and for speed 

estimation in sensorless synchronous machine drives. 

The reference signals may be formally regarded as a reference vector 

£ =x* + jy*, and the estimated signals into as an estimated vector | = x + . It is 

evident that the MRAS estimator is based on this scheme, where the reference model 

provides reference z* and the adaptive model is the VCO, [4]. Similarly for adaptive 

observers, where the reference is z = and the observer, produces z = i , . 

Since the constant speed assumption is not always correct, the estimator can be 

enhanced with the acceleration equation (y is the acceleration), in the form 

(6.27) 
dt 

/V 
a "0 1 0 ' 

/V 
a 

/N (0, = 0 0 1 /N co. + K2 
/V 

. Y _ 0 0 0 /V 

This PLL model, derived from EKF theory in [19], is proposed for speed 

detection from noisy resolver signals. 

The only known application for induction machine sensorless drives is an 

enhancement of (6.22) with (6.27), described in [11]. In this case, instead of the PI 

based estimator (6.22), which corresponds to (6.26), the model (6.27) is used. 

Observer synthesis 

Obviously, the above models are not suitable for induction machine sensorless 

drives, since the rotor position a, which enters in (6.25) is unknown. It is also clear 

that the rather poor dynamic performance of the MRAS estimators and of the speed 

adaptive schemes is due to the constant speed assumption that is implicitly assumed in 

the model (6.26). From this point of view, (6.27) is a superior solution. 
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Based on (2.20) and (6.1), the mechanical model of the drive is approximated as 

dt 

a "0 1 0 a ^ "1 0 1 

«r 0 0 -pU + 0 pU 
T,. 0 0 0 JL_ 0 0 J 

co. 
(6.28) 

where a is the revolving field position and the load torque TL was assumed constant. 

The slip speed (ô  and the electromagnetic torque Te are regarded as known inputs. 

An observer for this model can be constructed as in (4.2) 

(6.29) 
dt 

a "0 1 0 a "l 0 'K; 'K; 
— 0 0 -pU «r + 0 pU s 

Te 

+ K2 

0 0 0 J L . 0 0 _ e _ 

where the slip speed is given by (6.6) and the torque by (6.7). 

The PLL observer error is obtained from (6.25) where the reference z is the 

rotor flux estimated by the flux observer (any of them) and a is its position. 

8 = sin(e^„) cos(â) - cos(0^,) sin(â) = sin(e^, - â ) (6.30) 

The PLL speed observer block diagram is shown in Figure 6.3. This observer 

estimates the rotor speed and the load torque. However, the load torque estimate is poor. 

The estimated speed is extracted from the input of the last integrator, not by mistake. The 

speed estimation dynamic response is improved in this way. 

Altematively, an asymptotical Luenberger observer is obtained by taking simply 

(6.31) 

The observer block diagram is shown in Figure 6.4. The two observers are 

equivalent, since, in phase-locked operation, (6.37) approximates (6.38). 

Figure 6.3 Phase-Locked Loop speed observer 
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Figure 6.4 Asymptotical Luenberger speed observer 

According to (4.3), the asymptotical observer error dynamics is 

deldt = {A-KC)e (6.32) 

where O 0]^, K=[Ki K j K^f, 0 [ 1 O 0]^and/l is the system's matrix, from (6.28). 

The observer gain is determined by pole placement method. Letp\,p2, Pi, be the 

observer poles (eigenvalues of E=A-KC), allocated such that the observer is fast and 

stable. In this case, the observer gains are 

K, = SP, K^=JP (6.33) 

where S = p^ + p^ + p^, SP2 = p^p2 + P2P3 + P^Px. P = PiPiPs • 

Gain values are limited only by noise considerations. If the noise level is small 

it is possible to select all three poles real, negative. However, for better dynamics, two 

of them can be selected complex conjugates with not too large imaginary components. 

Parameter sensitivity analysis 

Simulations have been performed in order to determine the speed observer's 

dynamic and static performance. Figure 6.5 shows simulation results (startup, loading, 

deceleration, unloading, and acceleration) under perfect tuning of flux and speed 

observers. The speed and torque estimation errors are very small in all situations. The 

system employs Linear-DTC, SMO, PLL observer and Machine 1 (Appendix B). 

It can be seen from (6.29) that the observer depends on estimated slip, 

estimated torque and motor's inerţia. Since the slip speed is a function of torque, rotor 

resistance and flux, and the torque depends on current and flux, it follows that the 

observer is sensitive to flux errors, rotor resistance and inerţia. 
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Figure 6.6 Speed estimation errors with Jobs=lOJ(left) and Jobs=0.U(right) - simulations 

In ASD-s, the equivalent inerţia changes in a wide range. Fortunately, the speed 

observer is very robust, with respect to inerţia mismatch. Figure 6.6 shows estimation 

errors with observer inerţia, Jobs ten times larger and ten times smaller than motor's 

inerţia. Only small errors appear and the drive's behavior is not affected. 

Figure 6.7 shows speed estimation errors with ±50% rotor resistance detuning, 

in the same conditions as for Figure 4.15. At this time, there are large errors that have 

strong influence at low speed and an adaptation mechanism is mandatory. 
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Figure 6.7 Speed estimation errors with +50% (left) and -50% (right) Rr detuning 

It is known that simultaneous identification of rotor resistance and rotor speed, 

by means of adaptive observers is possible oniy when the rotor flux is not constant [6 . 

It is not the case of vector control, where the flux is kept constant most of the time. 

However, it is possible to estimate Rr indirectly and a very simple method 

derived from thermal considerations has been used here. Neglecting the of skin effects, 

the stator and rotor resistances vary linearly with temperature 

+ (6.34) 

+ (6.35) 

where R^o and Rro are nameplate (cold) resistances, at temperature T\ and Ti 

are actual (average) temperatures of stator and rotor, and ac„ and a^/ are the resistance 

temperature coefficients of copper and aluminum, respectively. 

Since the stator resistance is estimated, the rotor resistance may be estimated as 

However, since T\ and Ti are unknown, R^ is estimated in proportion to Rs 

A R 

(6.36) 

R=R 
' R 

rO L -Dl. f^sr - ^s'^srO'^sr 
sO 

(6.37) 

where k̂ r is an empirical coefficient that takes into account that T\<T2. 

Very low speed operation without stator and rotor resistance adaptation is 

possible, but inaccurate. In all experiments that employ the PLL observer, the stator 

resistance estimation was (4.61), with and the rotor resistance estimation was 

(6.37), with Resistances Rsq and /?h) were a priori measured. 
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Experimental results 

Experimental results with the PLL speed observer, LFSG Control and SMO are 

also presented in chapter 5, while experiments with Linear-VSC, improved voltage 

model flux estimator and PLL speed estimation are given in chapter 4. 

Regenerating and motoring sensorless operation at ±6 rpm, with a system that 

employs the RCG control strategy, modified SMO, PLL speed observer and Machine 2 

is shown in Figure 6.8. The speed estimation is relatively accurate, although, at such 

low speeds it is affected by some oscillations. Estimated speed, current and stator flux 

transients during a similar speed reversal are shown in Figure 6.9. 
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Figure 6.8 Low speed reversal, with RCG Control, modified SMO and PLL observer 
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Figure 6.9 Low speed reversal, with RCG Control, modified SMO and PLL observer 
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Figure 6.10 Acceleration from standstill to 1500 rpm, with RCG Control, generalized 

observer and PLL speed observer 
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Acceleration transients, from standstill to 1500 rpm, with a system that employs 

the RCG Control, generalized flux observer, PLL speed observer and Machine 2 

(Appendix B), are shown in Figure 6.10. The quality of speed estimation during 

transients is ver>' good, in spiţe of some oscillations that are present in the estimated 

flux. These oscillations are due to very high gains employed in RCG Control. 

Although only experiments with the PLL observer are shown, the Luenberger 

obser\'er has identical behavior. This was confirmed by simulations and experiments. 

Conclusions 

Speed observers, based on the mechanicai model of the drive and on the PLL 

theor>'. are described. So far, PLL based observers have been widely used for speed 

estimation from resolver and encoder signals, in high performance servo-drives, but no 

solutions for induction machine sensorless drives are known, excepting [11]. 

Two new speed observers for induction machine sensorless drives, based on the 

PLL concept have been developed and analyzed. Both employ the drive's mechanicai 

model that was manipulated such that to allow the speed estimation from the estimated 

rotor flux and torque only. The first topology uses a nonlinear correction term, similar 

to a PLL system, while the second observer uses a linear correction term and has the 

structure of a Hnear Luenberger observer. 

Although the proposed solution resembles the one in [11], since both are based 

on the same mechanicai model, a major difference exists: the solution in [11] is based 

on an adaptive state observer, while the present solution is designed so that to be 

employed together with the inherent sensorless state observer. 

Simulation and experimental results with the PLL observer are presented. Full 

load sensorless operation at zero and very low speed in motoring and regenerating 

regimes is demonstrated. High speed transients and steady state operation is also 

shown. Overall, the drive with PLL observer exhibits excellent dynamic performance 

and accurate low speed behavior. 
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6.3.2 Modified MRAS Speed Estimators 

Model Reference Adaptive speed estimators have been very popular in the past 

years. They exhibit fairy good performance and have simple structure that makes them 

very attractive for low cost digital implementations. However, they exhibit moderate 

dynamic performance and suffer from parameter and noise sensitivity. 

Recalling the basic MRAS estimator (6.9)-(6.11), one of its most important 

limitations is represented by the precision of the reference model that is open loop 

operated. Its accuracy has important influence on the overall estimation performance. 

So far, the reference model has been based on the voltage model (6.9) that is unable to 

operate correctly due to drift problem. Its practicai realization, based on LPF, (6.12), is 

inaccurate at low speeds, while the EMF based solution (6.15) is noise sensitive. 

A simple solution to this problem is to implement the reference model as a state 

observer that realizes accurate flux estimation in a wide speed range. Nevertheless that 

the state observer is not allowed to be explicitly speed adaptive, that is, it must be an 

inherent sensorless observer. Such an observer contains an internai correction loop and 

provides an accurate estimate, as reference for MRAS. 

The block diagram of the proposed MRAS topology for speed estimation is 

illustrated in Figure 6.11. This scheme was developed in the same time with the 

modified Jansen-Lorenz observer and, therefore, the reference model is the inherent 

sensorless Jansen-Lorenz observer shown in Figure 4.20. 

Figure 6.11 Modified MRAS speed estimator 

BUPT



172 Direct Torque Control of Sensorless Induction Machine Drives 

The adaptive model remains the same current model in stator frame, (6.10), and 

the adaptation mechanism is the PI controller (6.11). In this topology, the current 

model appears twice, but these two occurrences do not overlap. The reference model 

operates the current model in rotor flux frame using only the estimated rotor flux 

position for coordinate transformations, while the speed adaptive current model is 

implemented in stator frame and employs the estimated speed. 

The system's complexity has apparently increased. In fact, a flux observer is 

present in most sensorless systems and its output can be directly employed as 

reference for the MRAS estimator. An attractive alternative, due to its simplicity, is to 

use, as reference model, the modified voltage model shown in Figure 4.25. 

Experimental results 

Several experiments with the modified MRAS speed estimator are presented in 

chapter 4. The lowest speed obtained in sensorless operation was 15 rpm, shown in 

Figure 6.12. This represents the best theoretical performance, since the real speed is 

oscillating with amplitude of 5 rpm and the acoustical noise is increased. 
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Figure 6.12 Low speed sensorless operation with DTC and modified MRAS estimator 
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The best practicai low speed performance is 30 rpm, presented in Figure 4.23 in 

the same conditions. In both cases, the control system is classical DTC, with modified 

Jansen-Lorenz flux observer, modified MRAS speed estimator and the motor under 

test is Machine 1 (Appendix B). In both cases the operation is stable. 

Sensorless speed reversal from -750 rpm to 750 rpm (±25 Hz) in no load 

operation is shown in Figure 6.13. The control system is Linear-DTC, with the same 

estimation system and motor as before. The system's response is good and fast. During 

fast transients, however, the speed exhibits some oscillations. Since the estimated flux 

is quite good (subflgures c, d), these oscillations reflect the quality of the torque 

control and the speed estimation dynamic performance. 

This modest dynamic performance of the speed estimator was expected, since 

the adaptation mechanism and the adaptive model are equivalent to PLL estimator 

model (6.26) that assumes constant rotor speed. More experimental results with the 

Linear-DTC and modifier MRAS estimator, including sensorless operation at 30 rpm, 

have been presented in Figure 4.24 and in [21]. 
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Figure 6.13 Sensorless speed reversal with Linear-DTC and modified MRAS estimator 
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6.4 Conclusions 

The most important speed estimation methods for sensorless induction machine 

drives are described in this chapter. Existing solutions, including open loop estimators, 

MRAS estimators and observer based speed estimators are discussed. 

Two new speed observers for induction machine sensorless drives, based on 

mechanical model have been developed and analyzed. The first one uses a nonlinear 

correction error similar to a PLL estimator, while the second one is a Luenberger 

speed obser\'er. Simulations have demonstrated that both topologies are extremely 

robust vvith respect to the moment of inerţia detuning, but are sensitive to rotor 

resistance detuning. A simple and practicai method for rotor resistance adaptation is 

also described and implemented. 

Experiments with proposed observers have demonstrated very good low speed 

perfomiance. Full load, sensorless operation, at zero speed and 3 rpm, with a variety of 

control strategies and state observers is presented. Low and high speed transients, also 

shown here, prove the excellent dynamic behavior of the two proposed schemes. It 

was determined that these observers are superior to MRAS estimators in both, low 

speed and dynamic performance. 

A novei, improved MRAS estimator is described in the last section. This is only 

an enhancement, with a full order observer, of a standard MRAS scheme. This 

topology allows running the drive at relatively low speeds in sensorless operation. 

Different experiments demonstrated that this topology exhibits moderate dynamic 

performance and is inferior to PLL type observers. 
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7 DIRECT TORQUE CONTROL OF 

INDUCTION MACHINE DRIVES 

7.1 Introduction 

The Direct Torque (and Flia) Control (DTC) was developed sixteen years ago 

as a high performance strategy for dead-beat torque and flux control of induction 

machine drives [1], [2]. Since then, this technique has been generalized, as Torque 

Vector Control (TVC), to all AC machine drives [3] and was recognized as a viable 

alternative to Field Oriented Control (FOC) [4]-[6]. Today, industrial ASD-s based on 

DTC are present on the market [7]. 

DTC abandons the analogy to DC motor current control, characteristic to FOC, 

and achieves fast and robust flux and torque control by means of bang-bang control, 

which matches very well the switching operation of VSI. The name DTC is derived 

from the fact that, on the basis of torque and flux errors, it is possible to directly 

determine the next inverter state, so that to maintain these errors within preflxed limits. 

No current control or PWM are employed. 

The fundamental principie of DTC can be stated as: Simultaneous control of 

torque and flux is achieved by exclusive use of the available VSI voltage vectors, 

without intermediate current control and/or decoupling network. 

The most important advantages of DTC are: 

• It provides very good (fast) dynamic response for torque and flux control. 

• It is robust with respect to motor parameter detuning, if compared to FOC. 

• It does not require current controllers and coordinate transformations. 
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• It is simple and vvell matched to the discrete nature of VSI. 

• It is inherently sensorless control since it does not require any mechanical 

information from motor's shaft. 

The fact that DTC does not require PWM and, therefore, no timers in digital 

systems is not regarded as a particular advantage [4], since, in any digital controlled 

drive system, at least one timer is present for sampling period generation. 

The classical DTC presents also several disadvantages: 

• In steady state operation it exhibits high torque, flux and current ripple. 

• The VSI switching frequency is variable and much lower than the sampling 

frequency. 

• It operates with nonzero stead-state torque error. 

• It produces high acoustical noise, especially at low speeds. 

• There are difficulties to control the torque and flux at very low speeds. 

• It is not capable to directly control and limit the current. 

To some extent, the first three problems are related to each other, and solving 

one of them has the effect of improving behavior with respect to all of them. Many 

researchers have tried to improve the DTC behavior and the most important solutions 

will be presented in the next section. 

Recent studies have demonstrated that DTC and FOC offer comparable levels 

of performance, each with particular advantages and disadvantages [4]-[6]. DTC is 

robust and might be preferable for high dynamic applications, but shows higher torque, 

flux and current ripple. FOC is capable to achieve fast and accurate current control, but 

is sensitive to motor parameter detuning and is more complex. 

The DTC strategy and the basic DTC drive are presented in the next section. 

Variable Structure DTC schemes are developed and analyzed in the following 

sections. Simulations and experimental results are provided and discussed. 
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7.2 Classical Direct Torque Control 

Direct Torque Control Principie 

The block diagram of a DTC sensorless drive is shown in Figure 7.1. It contains 

two flux and torque comparators, a switching strategy that generates the switching 

signals for VSI and a torque and stator flux observer. 

In principie, the DTC strategy can be described as: in each sampling period, the 

most appropriate voltage vector is selected so that to rapidly decrease the torque and 

flux magnitude errors. The right application of this principie allows fast, decoupled 

control of torque and flux, without PWM or current control. 

The torque production and control in induction machines is based on torque 

equation (2.19). In stator flux reference frame, = and (2.19) is 

(7.1) 

In FOC, the control quantity is the torque current which linearly controls the 

toque Te, provided that the stator flux magnitude \\fs is constant. In DTC, the torque 

control quantity is the stator flux vector and no current control is involved. 

•< ) • 

>7f 

A y/, 

A 

Flux and 
torque 

observer 

Figure 7.1 Basic Direct Torque Control sensorless drive 
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From (7.1) and (2.32), using the rotor flux magnitude n/̂ , the torque is 

3 L, T=-p— (7.2) 

where Oĵ  is the stator flux vector position vvith respect to rotor flux vector. 

The torque can be controlled by modifying the stator flux vector (magnitude 

and position The stator flux vector is a state variable that can be adjusted by 

means of stator voltage. The stator equation (2.15) in stator flux reference frame is 

(7.4a) 

where cô ^ is the stator flux vector angular speed. 

The stator flux magnitude is controlled according to (7.4a). Assuming that the 

stator voltage drop Rsisd is small, the variation of is proporţional to Usd. A positive 

value of Usd determines the increase of vj/̂ , while a negative value will decrease it. 

From (7.1) and (7.4b), the torque is 

(7.5) 

It is evident that the imaginarv- component of the stator voltage, û q is qualified 

to control the torque. The stator flux vector moves in the direction of the applied 

voltage vector. Thus, selecting the adequate sequence of voltage vectors, it is possible 

to drive the stator flux along a desired trajector>' and to control the torque. 

The rotor flux dynamics with respect to stator flux is given by (2.38). This 

indicates that the rotor flux follows the stator flux vvith a time delay given by the time 

constant T ĉt. When a new voltage vector is applied, the stator flux moves faster than 

the rotor flux, the angle 9̂ ;. is modifled and so is the torque. 

The principie of the classical DTC strategy is illustrated in Figure 7.2. The 

complex plane is divided into six sectors, SI to S6, such that, each of the VSI active 

\ oltage vectors is the symmetr>' axis of one sector. Then, the position of the stator flux 

v ector. VN ith respect to these sectors is found. 
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Im I 
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a. DTC sectors b. DTC principie 

Figure 7.2 The Direct Torque Control sectors and principie 

In Figure 7.2.b the stator flux vector is located in sector Sl. In this case, the 

stator flux magnitude is increased if Vj or V(, are applied and is decreased if Vt, or V̂  

are applied. The stator flux is moved away from the rotor flux, increasing and the 

torque if or jP;̂  are applied and is approaching the rotor flux, decreasing and the 

torque if V5 or V(, are applied. Similar reasoning applies to all six sectors. 

The voltage vector selection is made on the basis of torque and flux errors, as 
* 

shown in Figure 7.3. The torque error e-j-̂  -T^ is applied to a three-level hysteresis 

bang-bang controller that produces the discrete signal Sfe as follows: 

if ej-g> h, or if O < Cj-^ < h and de^g I dt< O 

\fQ<ej^<h and de-j-^ / dt > Q, ox - h < Cj^ and dej^ / < O 

if 

The flux error ê ^ M̂^ ~ is applied to a two-level hysteresis bang-bang 

controller that produces the discrete signal iS'v,;̂  as follows: 

S^s =1 if > ^ ' or if I |< g and dê ^̂  / d t < 0 

S^s = - l if < ' or if I V S and de^J dt > O 

where g and h are the flux and torque comparator hysteresis bands, respectively. These 

can be implemented as constants or as speed and load dependent quantities [7]. 

or \f - h<ej^ <0 and de^^ I dt> O 
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Figure 7.3 The Direct Torque Control block diagram 

The voltage vector is selected from a switching table that receives as entries Sje, 

and the sector in which the stator flux is located. Table 7.1 generalizes, for all six 

sectors, the DTC switching strategy, illustrated in Figure 7.2.b for the first sector. In this 

table, zero voltage vectors, Vq or V-j, are used to decrease the torque whenever the torque 

error is negative, small. At each instant, the voltage vector Vĵ  (3.10), given by Table 7.1, 

is directly applied to motor by the VSI, Figure 7.3. 

This very simple strategy produces fast dynamic torque response. However, in 

steady state the torque and flux ripple are high. The VSI switching frequency is variable 

and its value depends on hysteresis bands g and h, [8]. In digital implementation, the 

switching frequency cannot be higher than the sampling frequency, that is, the voltage 

vector and the VSI state are updated with the sampling frequency. 

Table 7.1 The Direct Torque Control switching table 

Sector 1 2 3 4 5 6 

V, V, V4 le Zi 

Sxî s ~ 1 V, Ko Vi Zo ZT Zo 

Ze Ki Vj Z4 Zs 

57-.= 1 Zs Z4 Vs Ke Zi Vj 
Ko Z7 Zo Vy Zo Vi 

STe = - \ Ks Ke Zi V, Z4 
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Torque and flux ripple analysis 

In digital systems, the hysteresis bands can be set to zero in order to reduce the 

ripple. The torque controller becomes a three-level asymmetric comparator: 

1 ifeTe>hp 
O i f h „ < e r , < h p (7.6) 
- l i f e j ^ < h „ 

A good choice is = O at positive field speed and = O at negative field speed. 

Similarly, the flux controller becomes a two level comparator 

(7.7) 

The torque slope can be determined by differentiating (7.2). Using the flux model 

in stator frame, (2.44)-(2.45), the torque slope is 

at i^G I^G (7.8) 

= a-b + c 

where kj^ = 3 / ( 2 Z - ^ Z - ^ a ) , CO;. is the rotor speed and a, b, c are symbolic names. 

The flrst term in (7.8), a, is due to stator and rotor resistances and is very small 

compared to b and c. The second term, b, is rotor speed dependent and c represents the 

effect of the applied voltage. During a switching period, only one voltage vector is 

applied and, therefore, Usd and Usd are constant. Since fluxes are slowly variable and is 

small, it can be assumed that fluxes are also constant. 

At high speeds, b is large. If an active voltage is applied, c is large, comparable to 

b, which partly cancels the action of c, and the torque increases slowly. If a zero voltage 

is applied, c=0 and -b alone indicates a fast (violent) torque decrease. 

At low speeds ^ is a small quantity. An active vector determines a large value of c 

that dominates b and the torque increases fast. A zero vector makes c=0 and the torque 

decreases slowly, as Z) is a small quantity now. At medium speeds, the torque rising and 

falling slopes are comparable. 

Simulation results with a DTC drive are presented in Figure 7.4. Torque and flux 

behavior at high speed (1500 rpm) and low speed (30 rpm) are shown. The torque 

decreases fast at high speed and increases fast at low speed, as explained above. The 

sampling frequency is7^=10 kHz and the motor is Machine 1 (4 kW, Appendix A). 
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Figure 7.4 Torque and stator flax magnitude for DTC at high and low speeds at7^=10 kHz 

The torque ripple in one switching period can be approximated as 

a t ; = T;^) - La-U = c)T^ (7.9) 

Similar analysis can be carried out for the stator flux. The flux magnitude slope is 

gi\ en by (7.4) and the flux magnitude ripple can be approximated as 

Av. = - = { u ^ , ( 7 . 1 0 ) 

The slope and the ripple are determined by the voltage Usdj which is the projection 

of the commanded vector on the stator flux direction. Since the voltage vectors are fixed 

and the flux vector is rotating, Usd is variable along a sector. Hence, the flux slope 

changes as the flux moves vvithin the sector, Figure 7.4.C. 

Since the motor parameters cannot be modifled and fluxes are also fixed by other 

constraints, it is evident fi-om (7.9) and (7.10) that the most effective way to decrease the 

torque and flux ripple is to increase the vector switching frequency. 
A close look to Figure 7.4.b reveals that the violent torque increase takes place in 

one sampling period (7^=100 ^s) because the zero vector was applied for the entire 

period. The sampling time delay has the effect of a (time) hysteresis band. 
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Improved DTC strategies 

There are two approaches to increase the vector switching frequency T^̂ : 

1. Maintaining the classical strategy that applies only one vector in each sampling 

period and drasticaily increasing the sampling frequency [7], [8]. 

2. Maintaining the sampling time unchanged and increasing the vector frequency 

by applying several vectors in the same sampling period [9]-[15]. 

The sampling frequency f^ is the frequency of the main control loop that realizes 

the voltage and current measurement, the flux and torque estimation and the DTC. In the 

first approach (the brute force approach), this frequency is increased. 

Simulation results (torque only) with DTC, in the same conditions as for Figure 

7.4, with sampling fi-equency 7^=40 kHz, are presented in Figure 7.5. Increasing four 

times the fs has resulted in reduction of torque and flux ripple in the same proportion. 

This approach entirely preserves the classical DTC strategy and its fast dynamic 

response but requires powerflil (and expensive) DSP-s. The commercial drive described 

in [7] uses a dedicated DSP (ASIC) in a multiprocessor architecture and adaptive 

switching thresholds, hp and /2„, In [8], a powerfUl 32 bit floating-point DSP is employed. 

In both cases, the fastest (DTC) sampling frequency is 40 kHz. 

The second approach assumes that several vectors are applied in the same cycle. 

In order to compensate for the torque and flux errors, the control system should be able to 

generate any vector, as a combination of basic vectors, by using some form of PWM. 

This ideal behavior can be approximated by applying in each period different 

vectors, for prefixed time intervals, strategy called Discrete 5'FM(DSVM) in [9], [10]. A 

higher number of vectors determines lower torque and current ripple. 
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Figure 7.5 Simulated torque for DTC at 300 rad/s (left) and 10 rad/s (right), at/,=40 kHz 

BUPT



186 o Direct Torque Control of Sensorless Induction Machine Drives 

In [9]. the switching cycle is subdivided in three equal intervals. For each sector, 

there are 19 interesting combinations of three basic vectors that can control the flux and 

torque simultaneously, in the same forvvard-backward manner as DTC does. For each 

sector, there are four switching tables, one for small EMF range, one for medium EMF 

range and tvvo for large EMF range, for one direction of rotation. 

Each sector is divided into t^\o sub-sectors, the torque controller is a five-level 

h> steresis comparator and the flux controller is t\vo-level. The torque comparator outpuL 

Sre assumes five values: -2 . -1, O, 1,2. The comparison thresholds are selected so that in 

stead> state is -1 . O, 1, while - 2 and 2 are generated only in high dynamic transients 

and the switching tables are designed accordingly. 

In this w ay, it is possible to choose among 19 voltage vectors instead of five, as in 

classical DTC, without significant increase of the computation time. Results reported in 

[9] and [10] show a certain reduction of the torque. flux and current ripple. 

A different, more elaborate approach, which performs dead-beat torque and flux 

control has been described in [11] and [12]. In this case, the torque error represents the 

desired change in torque. AT^ over one sampling period, From (7.8), an equation 

similar to (7.9). in stator frame, can be written in terms of desired torque change 

AT; = T ; - T , = ( a - b ^ k r , - x ^ r / s a ( 7 - 1 1 ) 

where Ju^ is the reference voltage vector and a can be neglected. 

Similarly, the flux error represents the desired change in flux and, if the RsL 

voltage drop is neglected, the reference stator flux magnitude squared is 

- ( " i ^ ; (7.12) 

Equations (7.11) and (7.12) are solved for + yw'p using the estimated 

stator and rotor flux. The reference vector commanded to VSI is constructed as 

+ (7.13) 

Finally, the standard SVM technique is employed to realize the reference vector 

(7.13). In this way, the torque and current pulsations result low. 

Finding the solution of (7.11)-(7.12) requires solving of a quadratic equation. This 

is computation intensive and gives two solutions from which only one is selected. 

Improvements of this technique in transient conditions and in overmodulation region. 
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where dead-beat control is not possible, are described in [12]. A very similar, dead-beat 

DTC scheme is also presented in [13]. 

Another development of the DTC scheme, based on classical SVM is the so-

called Stator Flux Vector Control [14], [15]. The principie of operation relies on driving 

the stator flux vector towards its reference, defmed by the input commands. In this case, 

the input commands are the reference torque and rotor flux magnitude. 

The voltage vector reference calculation is performed in two distinct steps. First, 

the reference stator flux vector, x Ĵ*, in rotor flux reference frame, is computed from the 

flux model (2.38), using the reference torque, T* and rotor flux magnitude, vj;/ 

r* * J^.Tr^ d * ^ 
Lm K dt 

(7.15) 
^P K M̂r 

Next, a stator flux P-type controller is implemented in stator reference frame 

(7.16) 

where vj/* = is the reference stator flux in stator frame and Kp is the controller 

gain. Kp=\IT^,di dead-beat controller is obtained, [14^. 

As before, the reference voltage is realized by means of SVM. In this way, the 

switching frequency is constant and the torque and current ripples are small. 

Apart from the SVM based solutions that give, by far, the best results in terms of 

torque and current ripple, many other DTC schemes have been developed. The presence 

of the switching table that can be designed based on engineering insight suggests that an 

approach based on artificial intelligence methods is realistic. An early DTC solution 

implemented as a flizzy logic controller is described in [16\ 

Recently, solutions that implement the DTC controller as a neural network have 

been developed [17]. The solution described in [18] must be noted for its originality: it 

implements the entire sensorless algorithm (state estimation and DTC) within a single, 

large neural network that receives as inputs the measured currents and voltages and 

produces the VSI switching signals. 
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7.3 Linear Direct Torque Control 

Linear DTC synthesis 

The most efficient vvay to reduce the torque, current and flux ripple is to increase 

the vector svvitching frequency and, from this perspective, solutions based on SVM are 

ver>' attractive. In this section a new Linear Direct Torque and Flux Control scheme, 

called Linear-DTC is developed. 

The philosophy behind this approach is: the classical DTC strategy applies one 

vector in each sampling period; a reduction of torque ripple is obtained if the interval is 

divided in three, and three vectors are applied in one cycle [9], [10]. The interval can be 

further divided in 10, 100, 1000, ... subintervals, and the torque ripple will continue to 

decrease. At the limit, a linear space is obtained and the torque and flux will exhibit an 

asymptotical behavior. A linear controller has to be designed for this space. 

In this case, the switching table approach is not feasible anymore and is replaced 

vvith the SVM algorithm, which converts a linear reference vector into a digital, three-bit 

vvord. In each switching period, the standard SVM scheme, Figure 3.8, applies six 

voltage vectors with variable duration and guaranties constant switching frequency. Due 

to the fact that vectors duration is variable, with a high resolution given by the DSP's 

timer resolution, the SVM achieves very high resolution of voltage control. 

FIILX control 

Sa 

Sb 

Sc 

Figure 7.6 The Linear Direct Torque Control block diagram 
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The block diagram of the Linear-DTC is represented in Figure 7.6. The nonlinear, 

bang-bang torque and flux controllers have been replaced with hnear PI controilers and 

the VSI switching signals are generated by the SVM block. 

A reference voltage vector, = w*̂  + ju]^, in stator flux reference frame, is 

obtained as the output of torque and flux controllers 

+ - ^ j (7-17) s 

- (^/T + ^ / r - ) + (7.18) s 
/V 

where "*" denotes reference quantities and cb̂ ^ = I dt is the stator flux speed. 

The reference voltage is transformed to stator frame using the estimated stator 

flux position, u* = u.e^^ '̂ and u* is applied to the SVM unit that produces the VSI 

switching signals Sa, Sb, Sc. 

The reason for the PI controllers presence can be seen from (7.4) and (7.5) that 

give the flux and torque in induction machines. Replacing, formally, (7.17) in (7.4), 

neglecting the small IR voltage drop and assuming that the estimated flux is the same as 

the real flux, the stator flux control loop transfer function results as 

= % = (7.19) 

It is evident that a proporţional controller would have been enough. In this case, a 

first order (LPF) transfer function is obtained from (7.19), with The PI controller 

was chosen in order to speed up the flux control. 

The torque control loop transfer function is obtained by formally replacing (7.18) 

in (7.5) and assuming that estimated quantities are the same as real ones 

T; {\ + krK,r)s + krK,r 

where k j = / ( l ^ I ^ a ) . 

The open loop transfer function is = k j iKp j + K,Ţ Is) and this indicates 

that the PI controller is required in order to obtain zero steady-state torque error. This is 

an important advantage over classical DTC that operates with steady-state torque error. 
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In order for the torque loop to behave linearly, the stator flux must be constant, or 

slovvly variable. This is the reason for which the flux control loop must be fast and robust 

enough. In this vvay, decoupled torque and flux control has been obtained without 

employing any explicit decoupling network. 

If speed control is desired, the reference torque is produced by a speed controller. 

A PI controller, cascaded with the torque control loop, is fiilly qualified for this task 

s 
(7.21) 

Assuming once more that the estimated and real speed are the same, the block 

diagram of the equivalent mechanical control system of induction machine is represented 

in Figure 7.7. If the stator flux is constant, this represents a linear dynamic system. 

In (7.17), an additional term, representing the Rsls drop can bee added, in the same 

way as in (7.13). This can increase the robustness during large torque transients. Since 

the RsL drop is relatively small, its absence is preferred, for simplicity. 

The Linear-DTC is stator flux oriented, stator flux regulating control. For constant 

stator flux operation, the flux is constant below base speed and inverse proporţional to 

the rotor speed, above base speed. In high performance drives, the flux reference can be 

modified using a field weakening strategy that maximizes the system's torque capability. 

If constant rotor flux operation is desired, then the rotor flux reference is constant 

and the stator flux reference is calculated from (7.14)-(7.15), in steady state, as 

M̂ . = + 
V|/; 

(7.22) 

In this case, however, the stator flux will be variable during torque transients. 

Figure 7.7 Speed and torque equivalent control with Linear-DTC 
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Experimental results 

At this point, enough pieces of information are available, to construct the first 

sensorless Linear-DTC drive. Its scheme, represented in Figure 7.8, contains the Linear-

DTC from Figure 7.5, the PI speed controller (7.21), the modified Jansen-Lorenz 

observer from Figure 4.20, the modified MRAS speed estimator from Figure 6.11, and 

the torque estimator (6.7). The Linear-DTC uses the standard SVM scheme. Table 3.1, 

with DTC dynamic OVM from Figure 3.11 and dead time compensation strategy (3.46). 

The motor is Machine 1 {PN^A kW, Tes=21 Nm, Appendix B). The system operates with 

constant stator flux and no resistance adaptation was employed. 

This was the very first sensorless DTC drive implemented. Experiments reported 

in Figures 4.24 and 6.13 were obtained with this. Experimental results shown in Figure 

4.19 have been realized with a very similar system that employs the inherent sensorless 

Luenberger observer, Figure 4.7 and the speed estimator (6.2)-(6.6). AU these results 

demonstrate the speed sensorless control performance. 

A comparison between Linear-DTC, Figure 7.5 and classical DTC, Figure 7.3, 

implemented in the system described above, is presented in Figures 7.9 to 7.11. Speed, 

torque and flux transients during acceleration from 150 rpm to 1500 rpm are shown 

comparatively for both strategies in Figure 7.9. Figure 7.10 shows the instantaneous 

stator current at 1500 rpm (50 Hz stator frequency). AII experiments have been carried 

out with both systems running at the same sampling frequency, kHz. 

Figure 7.8 The Linear-DTC sensorless drive 
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Figure 7.9 Acceleration from 150 rpm to 1500 rpm with Linear-DTC and Classical DTC, 

using Modified Jansen-Lorenz observer and modified MRAS speed estimator. 
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Figure 7.10 Stator current at 50 Hz steady state, with Linear-DTC and Classical DTC 
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Figure 7.11 Torque and flux dynamic behavior with Linear-DTC and Classical DTC 

The torque, current and flux ripple and the acoustical noise are considerably 

reduced when Linear-DTC is employed. Its superiority over DTC is evident in steady 

state. The flux controller is robust with respect to torque and speed transients. 

One of the most important advantages of DTC is the fast torque response, usually 

in the range of 1-2 ms ("below 2 ms", [7]). Figure 7.11 shows a time-zoom on the torque 

and flux waveforms from Figure 7.9. A reference torque step of 32 Nm (motor's rated 

torque is r̂ A/=27 Nm) is appUed at /=0.1 s. The DTC reaches 30 Nm in 1 ms, while the 

Linear-DTC needs 2 ms to reach 30 Nm. Although the Linear-DTC is slightly slower 

than DTC, its performance is very good and is comparable to that of DTC. 

Better results have been obtained with drives that employ SMO-s. Figure 7.12 

shows torque and flux transients during acceleration from standstill, with a drive that uses 

Linear-DTC, the generalized SMO from Figure 5.2 with resistances adaptation, the PLL 

speed observer Figure 6.3 and Machine 2 (Pyv^l.l kW, TeN=7 Nm). A torque step of 12 

Nm is applied at /=10 ms. Excellent dynamic performance is displayed: the value of 14 

Nm is reached in 1 ms and the set value is firmly maintained after transients. The low 

current estimation error demonstrates the observer's robustness. 
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Figure 7.13 Torque and flux dynamic behavior with classical DTC, generalized SMO, PLL 

speed observer and Machine 2; sampling frequency^ = 10 kHz. 
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Similar torque transients. with the same system, controiled by classical DTC are 

presented in Figure 7.13. The motor is accelerated from standstill with a torque step of 12 

Nm applied at r=10 ms. The torque reaches 15 Nm in 1 ms, but the torque and flux ripple 

is very big. Despite of violent switching, the current estimation error remains low, an 

indication of the generalized SMO performance. 

Compared to Figure 7.13, Figure 7.12 clearly demonstrates the performance of the 

Linear-DTC. The torque dynamic response is the same, while the steady state ripple is 

practically inexistent. In both cases, the sampling frequency w a s = 10 kHz. For Linear-

DTC, the VSI switching frequency is also 10 kHz, while for classical DTC, the VSI 

switching frequency is lower. It can be estimated from Figure 7.13.C that the voltage 

vectors switching frequency is about 3.5 kHz. It is considered that comparison with both 

systems running at = 10 kHz is realistic, since this is a measure of the DSP's 

performance to price ratio. 

Conclusions 

The Linear-DTC strategy is capable to realize the direct torque and flux control 

without decoupling network and/or intermediate current control. It approaches the DTC 

philosophy from the linear control perspective, replacing the bang-bang controllers with 

linear PI controllers and the switching table with the high resolution SVM. 

This solution achieves high dynamic torque response, comparable to that obtained 

with classical DTC. In steady-state, the Linear-DTC exhibits signiflcantly lower torque, 

current and flux ripple. This strategy is simple; it does not require rotor speed or position 

information and operates the VSI at constant switching frequency. 

Overall, the Linear-DTC preserves the DTC dynamic performance and offers 

superior steady state behavior. The robustness is not guarantied by the linear torque and 

flux controllers, but is demonstrated by experiments. The excellent dynamic and static 

performance is also demonstrated by various experimental results. More results with 

Linear-DTC have been reported in [19] and [20]. 
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7.4 Variable Structure Direct Torque Control 

7.4.1 Variable Structure Control 

Variable St?'iicture Control (VSC) or Sliding Mode Control is a general design 

approach for a wide spectrum of control problems and dynamic systems, including 

nonlinear and uncertain systems. It has its roots in relay and bang-bang control theory 

and its most important feature is its ability to result in veiy robust, in many cases, 

in\ariant control systems. The advances in digital signal processing have made the 

practicai application of VSC a viable alternative to other control methods [2\]-[25 . 

Essentially, VSC utilizes high speed switching control laws to drive the state 

trajectorv of a nonlinear system onto a specified surface in the state space, called sliding 

surface, and to maintain the system's trajectory on this surface for all subsequent time. 

The system's evolution, restricted to this surface, represents the desired system dynamics 

and is called sliding mode. The system's structure is intentionally changed each time the 

system"s trajector>' intersects the sliding surface. 

Variable structure control provides a systematic approach to the problem of 

maintaining stabilit}' and consistent performance in face of modeling imprecisions, 

unmodeled dynamics and disturbances. By proper design of the sliding controller and 

surface, this is reached in finite time and VSC attains convenţional control goals, such as 

stabilization, tracking and regulation. 

Implementation of VSC involves high fi-equency switching. This is convenient for 

ASD-s, since the power inverters are, by nature, switching devices. Due to high 

frequency switching the system's states exhibit oscillations, known as chattering. This 

can excite unmodeled dynamics and represents the drawback of VSC. However, several 

methods to reduce the negative effects of chattering are available [25]-[27]. 

Despite of VSC popularity, few applications to induction machine sensorless 

drives have been reported [26]-[31]. Even fewer are directly related to DTC [32]-[33]. 
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VSC principles 

Let, a nonlinear and/or uncertain dynamic system, be described by the linear in 

the output model (7.23) that is convenient for induction machine control. 

dxldt = f{x,t) + B{x,t)u (7.23) 

where xeiR" is a « X 1 state vector and WGÎH'' is a rx 1 input vector and 

The design of VSC for this model consists of the following steps: 

1. Determine a r-dimensional switching flinction 6'(x), such that the system's 

trajectory (sliding mode) on the switching surface, 5'(x) = O, is stable. 

2. Determine a discontinuous control law 

u^{x) whenS{x)>Q u{x) = (7.24) 
u (x) when S{x) < O 

componentwise, such that the reaching condition S -dS/dt < O is satisfied. 

As a resuh, the closed loop system is globally stable. The system's response 

consists in 3 modes: the reaching mode, until the surface is reached, the sliding mode 

on the surface and the steady-state mode at the equilibrium point. 

The state trajectory has the following attributes: Starting from any iniţial point 

xo, the state x will move monotonically toward the surface and will reach it in finite 

time. Once the trajectory has crossed the switching surface for the first time, it will 

cross the surface regularly, resulting in zigzag motion about the surface. The size of 

each successive step is not increasing and the trajectory stays within a specified band. 

The switching flinction design means finding a function that will give the 

desired dynamics. The most common choice for 5 is a linear, r-dimensional function 

S = C^x (7.25) 

The system's trajectory on the switching surface S = 0 can be determined using 

the equivalent control method [26]. The equivalent control, Ugq, is that linear control 

which determines the state trajectory to move along the switching surface S. This is 

found by recognizing that the sliding mode existence implies S = 0 and dS/dt = 0. 

Replacing in (7.23) and solving for u, that becomes Ueq, one gets 

û ^ = -{C 'B{x, t ) ) - 'C ' f{x , t ) (7.26) 

where C^B{x,t) is assumed nonsingular for all x and t. 
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The system's dynamics on the sliding surface (in sliding mode) is given by 

cbcldt = f,^ (x,t) = (I- t){c'B(x, /))-' c" )/(x, O (7.27) 

The matrix c is designed such that (7.27) has the desired dynamics. 

The motion on the surface is govemed by a reduced order set of equations 

because of constrain S{x) = O. This represents a system of r algebraic equations that 

can be soh ed with respect to r components of the state vector, in the form 

A-:=5o(x,) (7.28) 

where x^ = [.xf .x[ ], and xi e'iR'' '̂ , are subvectors of x. 

Replacing .XŢ by 5O(A'I) in the first n-r equations of (7.27) gives a reduced order 

sliding mode equation with state x\ 

= (7.29) 

where (.r, t) = fi(x,, .r,,/) = (x,, x,, O f^^(x,, Xj, /)] 

The motion equation (7.29) depends on function ô̂  i e. on the sliding surface 

equation. This function can be handled as r-dimensional control for the system (7.29). 

The function S must be selected such that the sliding surface can be reached and 

the sliding mode evolution is stable. The condition under which the state will move 

toward the surface is the reaching condition. This is determined from Lyapunov 

stabilit} theorv- (Appendix A).\i V = S dS I dt is a Lyapunov function candidate, then 

a global reaching condition is dV / dt< O when 5 0. If 5 is given by (7.25) with C 

constant, the reaching condition reduces to S dS / dt <0. Finite reaching time is 

guarantied ifthe reaching condition is modified as dV/dt<-s when S^O, 8 > O. 

There are many other possibilities to select S. One of the most intersting is the 

reaching law method that specifies the dynamics of 5 in the form [23] 

dS/dt = -Q sgn(5) - KS (7.30) 

where Q and K are diagonal matrices with positive elements. 

The reaching law (7.30) not only establishes the reaching condition, but also 

specifies the dynamic behavior of the system during the reaching phase [23]. 

The second phase in VSC design is the control law design. Here, the goal is to 

determine the switched feedback gains that will drive the state trajectory on the sliding 

surface and will maintain the sliding mode condition. 
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In many cases, it is convenient to predefine the structure of VSC and then to 

determine the controller gains, such that the desired reaching law is satisfied. 

The most popular predefined VSC laws are [22], [23]: 

1. Relays with Constant Gains - RCG 

u,{x) = K,sgn(s,{x)) (7.31) 

2. Linear Feedback with Switched Gains - LFSG 

«,(x) = A:,xsgn(5,(x)-x) (7.32) 

3. Linear and discontinuous feedback 

i/,(x) = w,^+/:,sgn(5,(x)) (7.33) 

4. Linear continuous feedback 

= (7.34) 

vvhere, in all cases, / = l,2,...,r are components of 5 = [5i(x) ••• •yr(^)]^ and 

Kj < O is determined from the reaching condition. 

Other methods to select the control law, which do not employ a predefined VSC 

scheme, described in literature are: diagonalization method, control hierarchy method, 

integral sliding mode, [22]-[26^. 

In order to reduce the chattering, a boundary layer can be introduced by 

replacing the sign function with the saturation function (5.45). Outside the layer the 

control is VSC, while within the layer, the control is a high gain linear control. 

Robustness is one of the most distinguishing properties of variable structure 

systems. For a system in sliding mode, the equation (7.27) can be entirely independent 

of modeling errors and externai disturbances. In this case, the VSC is invariant to 

modeling uncertainties and disturbances. The invariance property requires certain 

matching conditions to be satisfied. Consider the system (7.35) in the form 

dxldt = / (x , t) + B{x, t)u + A/(x, t) (7.35) 

where A/represents the cumulated effects of all modeling errors and disturbances. 

The sliding mode is invariant if there exist g{x,t), such that (7.36) is satisfied. 

^f{x,t) = B{x,t)g{x,t) (7.36) 

The physical meaning of this condition is that all uncertainties and disturbances 

must enter the system through the control channel [23]. 
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VSC and DTC - Existing solations 

Recognizing that the VSI is a device that changes the stnicture of its electrical 

circuit with high switching frequency. it appears natural to regard the drive control 

from a VSC perspecti\ e. The best example is represented by the classical DTC itself 

that is. preciseh. a VSC system. excellently designed to cope with the eight-state 

discrete nature of the VSI [32], [33]. 

In DTC. the sliding surface is S = and the control quantities are the 

eight available voltage vectors. Another solution, proposed in [26]-[27], employs the flux 

and speed errors to construct the sliding surface 

= Ks + + + "ft + "c) ' (7-37) 

where e^^^ = o ' - . Ua. u^, Uc are motor phase \ oltages and s is the Laplace operator. 

The motor is directly controlled without PWM, by using the control law 

w,, = Wo sgn(5') i = a, b,c (7.38) 

where S' =[5* si s^f =DS, with matrix D adequately designed to drive the motor 

states onto S and u^ = / 3. The implementation of this scheme is presented in [29] 

u here low speed steady-state sensorless operation at 19 rpm is reported. 

A ver> similar solution, which also resembles much to DTC, employs the same 

control law (7.38) and a sliding surface based on torque and flux errors [28] 

S = [en + (7.39) 

Sensorless speed control at 300rpm, continuous operation is reported in [28]. 

The torque control and dynamic response is good, but the torque rippie is quite large, 

because voltage vectors are applied without PWM, as in DTC. 

A complete VSC solution is presented in [33] where the classical DTC is 

employed for torque and flux control and VSC is used for speed control. Low speed 

performance w as obtained, but the speed exhibits rather large chattering. 

Several new Variable Strucmre DTC (VSC-DTC) solutions are presented in the 

following sections. These schemes are VSC realizations of the Linear-DTC. 
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7.4.2 Relays with Constant Gains 

The Linear-DTC achieves good torque and flux control with very low torque 

and current ripple. It preserves the DTC fast torque response and implementation 

simplicity. However, the robustness in face of perturbations and model uncertainties is 

not implicitly guarantied, due to linear controllers. 

A class of Variable Structure Controllers that follow the Linear-DTC principles 

has been developed. It is based on predefined control laws, enhanced with PI control 

and SVM, in order to obtain low torque ripple and constant switching frequency. 

The flrst control law is Relays with Constant Gains - Direct Torque Control 
(RCG Control). Its block diagram is depicted in Figure 7.14. 

The sliding surface is defined as S = s^^ + jsj.^ where 

(7.40a) 

(7.40b) 

where and Cje are design constants and e^s and ejg are the flux and torque errors. 

The control law produces the reference voltage vector u] = u]^ + ju]^ 

(7.41) 

(7.42) 

Flux control 

H/5*-
A 

e 

h/5 -

«M'.v -— f c ^ 

T, ^ 

A T.. 

z f -

Torque control 

Kpj KJŢ 

Sa 

Sb 

Sc 

Figure 7.14 Relays with Constant Gains - Direct Torque Control block diagram 
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The reference voltage vector is applied to SVM, in the same way as for Linear-

DTC. Since w/, given by (7.41)-(7.42), is in stator flux reference frame, it is 

transformed to stator frame, wf = . Next, the SVM unit receives wf and 

generates the VSI switching signals Sa, Sf, and Sc. 

The control law contains a discontinuous part followed by a linear PI controller. 

This combination allows obtaining a good balance between linear behavior, specific to 

Linear-DTC and switching behavior, specific to DTC. In particular, by proper choice 

of parameters Kp and Kj. the torque ripple can be maintained low, while the dynamic 

performance is not compromised. It was determined from experiments that the best 

approach is to increase Kp until the torque ripple attains an upper limit and, then, to 

modil^ Ki such that the desired dynamic response is obtained. 

In order to further reduce the chattering, a boundary layer was implemented by 

replacing the sign function with the saturation flinction (5.45). Inside the layer the 

controller becomes high gain Linear-DTC and the error is driven toward zero by the PI 

controilers. Outside the layer, the system exhibits discontinuous behavior. 

The system's robustness is improved by increasing the PI gains. Once more, an 

adequate tradeoff between low torque ripple and high gain requirement must be found. 

The presence of SVM offers a certain degree of flexibility from this point of view. 

Experimental results 

The generic Variable Structure Direct Torque Control (VSC-DTC) sensorless 

drive block diagram is represented in Figure 7.15. Similarly to Linear-DTC scheme, 

the VSC&SVM block may incorporate any of the VSC strategies presented in this 

section. The flux observer can be either the inherent sensorless Luenberger observer 

described in Figure 4.7, or the SMO from Figure 5.1. AII sub-variants of the basic 

observer schemes are also valid. The speed observer is the PLL observer from Figure 

6.3 and the torque is calculated with (6.7). 

The VSC-DTC uses the standard SVM scheme. Table 3.1, with DTC dynamic 

OVM from Figures 3.12 and 3.13, and dead time compensation strategy (3.46). The 

motor is Machine 2 (PA-1.1 kW, Nm, Appendix B). The system employs stator 

and rotor resistances estimation and adaptation, (4.61) and (6.37). 
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Figure 7.15 Variable Structura Direct Torque Control sensorless drive 

Zero speed, flill load, sensorless operation with RCG Control and modified 

SMO (SMO with offset compensation) is presented in Figures 7.16 and 7.17. Figure 

7.16 shows the speed, torque and flux magnitude, while Figure 7.17 shows the 

instantaneous waveforms of current and stator flux. Similar operation at zero speed, 

with Luenberger observer, was shown in Figure 4.18. In both cases the speed control is 

very good and the torque and current ripple is small. 

Sensorless operation at 3 rpm, full load, with the same system, is demonstrated 

in Figure 7.18. At this time the torque and current ripple is higher, but the low speed 

performance is excellent. Partly, the torque ripple is due to parasitic torques introduced 

by the DC generator used to load the induction machine. 

Low speed reversal with RCG Control was presented in Figures 6.8 and 6.9. In 

this case, the machine was operated as motor and generator at 6 rpm, under fiill load. 

The system's behavior is also very good, although the speed and torque ripple 

increases as much as the stator frequency decreases. 

A problem, associated to RCG, is the flux ripple. Compared to other VSC-DTC 

strategies proposed herewith, this method produces the highest flux ripple. However, 

this torque ripple is much smaller than that obtained with classical DTC. Oscillations 

and a certain lack of robustness on the flux channel have been observed during torque 

and speed transients, for example, in Figure 6.10 that shows acceleration transients 

with RCG Control. On the other hand, the dynamic torque behavior is very good. 
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Figure 7.16 Zero speed sensorless operation with RCG Control and modified SMO 
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Figure 7.17 Current and flux during zero speed operation with RCG and modified SMO 
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Figure 7.18 Very low speed sensorless operation with RCG Control and modified SMO 

Torque transients with RCG Control, during acceleration from standstill, are 

presented in Figure 7.19 for larger PI gains and in Figure 7.20 for smaller PI gains. In 

both cases, the flux observer is the generalized SMO from Figure 5.2. A reference torque 

step of 12 Nm Nm) is applied at /=10 ms. 

With high gains, the reference torque is reached in more than 2 ms and the torque 

ripple is large. With low gains the reference is reached in more than 4 ms and the torque 

ripple is small. These times are longer than those obtained with DTC or Linear-DTC and 

there is no torque overshot. In both cases, the stator flux shows low sensitivity to torque 

transients and the rotor flux exhibits some oscillations. 
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Figure 7.19 Torque transients with RCG Control and generalized SMO - high gains 
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Figure 7.20 Torque transients with RCG Control and generalized SMO - low gains 
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7.4.3 Linear Feedback with Switched Gains 

The RCG Control exhibits the characteristic behavior of a VSC system. The 

torque chattering is moderate, but the torque response is not as fast as in the case of DTC. 

It is of interest to find a control strategy that operates with lower chattering. 

The Linear Feedback with Switched Gains Direct Torque Control (LFSG) is the 

second VSC-DTC strategy proposed. Its biock diagram is represented in Figure 7.21. 

The sliding surface S = + jsj-^ is the same as for RCG Control, defmed in 

(7.40). The design constants ĉ ^̂  and Cjg are selected relatively small, not to amplify the 

high frequency noise content of flux and torque. 

The LFSG control law produces the reference voltage vector w* = u]^ + ju]^ in 

stator flux reference frame 

Usd = (^Pv + sgn(e 5 ) 

sq = (Kpr + s 

(7.43) 

(7.44) 

where gains Kp and Kj of both controllers are selected such that the system is stable. In 

this case, a large enough Kp will accomplish that. 

The reference voltage is transformed to stator frame, wf = ule^^"' and wf is 

realized by SVM that produces the VSI switching signals Sa, Si,, Sc. 

Flux control 

W -
A 

e 

^s -

« V J , , -—HS-

L 

Sb 
Sc 

Figure 7.21 Linear Feedback with Switched Gains - Direct Torque Control block diagram 
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The LFSG controller resembles very much to Linear-DTC. The flux and torque 

errors can be regarded as inputs, while the sign functions only control the PI gains 

signs. Hence, the "switched gains" attribute has an explanation. The LFSG controller 

is expected to behave similar to a linear controller when the torque and flux errors are 

small and to exhibit switching behavior for large errors. 

Similarly to RCG Control, in order to reduce the chattering, a boundary layer 

was implemented by replacing the sign function with the saturation function (5.45). 

Inside the layer the controller becomes high gain Linear-DTC and the error is driven 

toward zero by the PI controllers. Outside the layer, the control system has 

discontinuous behavior. 

Experimental results 

The LFSG sensorless drive implementation is based on the generic block 

diagram from Figure 7.15. The "VSC&SVM" block includes the LFSG control from 

Figure 7.21, while the state observer is one of the SMO-s presented in Chapter 5. The 

motor under test is Machine 2 (PA=1.1 kW, Nm, Appendix B). 

Extensive experiments have been carried out at low and high speeds in order to 

demonstrate the validity of this sensorless scheme. Simulations have been also carried 

out. Since simulations and experiments are very similar, only the most important 

experimental results are presented herewith. 

AU experiments presented in Chapter 5 have been obtained with LFSG and 

various SMO-s. Most of those results show the low speed steady state performance. 

Figures 5.10, 5.11, 5.13, 5.16 and 5.17 show zero speed sensorless operation, while 

Figures 5.14, 5.15 and 5.18 demonstrate sensorless operation at 3 rpm, full load, all 

with LFSG control. In all cases, the low speed performance is evident. 

Startup transients to 1500 rpm, sensorless operation, with LFSG and SMO are 

presented in Figure 7.22. The motor is accelerated at 12 Nm constant torque, almost 

twice its rated torque, but the acceleration time is quite long, since the motor was 

connected to a DC generator with very large inerţia rotor. The steady state torque 

oscillations at high speeds are due to DC generator parasitic torques. The torque 

controller produces very small oscillations, as can be seen when the torque is 12 Nm. 
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Figure 7.22 Starting transients to 1500 rpm, with LFSG and SMO 

At high speed, the flux exhibits small ripple. The same problem is noticeable in 

Figure 5.19 that shows a similar startup, with generalized observer instead of SMO. In 

both cases, however, the torque and flux control is excellent. 

If compared to RCG Control, the LFSG flux control is more robust. For 

example, similar acceleration transients, from standstill to 1500 rpm, are shown in 

Figure 5.12 with LFSG and in Figure 6.10 with RCG Control. The flux control is fast 

and robust in the former case and rather sensitive to torque and speed transients in the 

later. 
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Figure 7.23 Startup on-the-fly transients to 30 rpm, with LFSG and generalized observer 

Figure 7.23 demonstrates the startup on-the-fly capability of the drive. Initially, 

the DC machine rotates the motor at negative speed. At t=0 s, the drive control system 
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is started, with 30 rpm speed reference. The flux and torque are fast installed and the 

PLL speed observer "captures" the rotor speed in O.ls. In less than 0.2 s the induction 

machine runs at 30 rpm, full load. The current error indicates that the generaUzed state 

observer reaches siiding mode in about 10 ms. Thus, the stator frequency and all 

electromagnetic quantities are correctly detected after this time. Flux transients shown 

in Figure 7.23.d,e,f demonstrate the flux controller capability. The flux is fast installed 

and flrmly maintained. The torque pulsations are due to parasitic torque produced by 

the DC machine. 

Torque transients with LFSG, during acceleration from standstill, are presented 

in Figure 7.24 A reference torque step of 12 Nm {Tets=l Nm) is applied at /=10 ms. The 

first torque peak reaches 12 Nm in less than 1 ms. In the next millisecond the torque 

pulsations attenuate and the steady state operation is without torque ripple. It is evident 

that for large torque errors the controller has switching behavior, like DTC, while in 

steady state it exhibits ripple free behavior, like Linear-DTC. The flux control is also 

good and the stator flux shows low sensitivity to torque transients, comparable to that of 

the Linear-DTC. The state observer is also very robust to torque transients. 
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Figure 7.24 Torque transients with LFSG control and generalized observer 
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7.4.4 Linear and Discontinuous Feedback 

The third VSC-DTC strategy is Linear and Discontinuous Feedback Direct 
Torque Control (Linear-VSC). Like LFSG, this is a combination between Linear-DTC 

and VSC that attempts to take advantage of the best features of these two strategies. Its 

block diagram is represented in Figure 7.25. 

The sliding surface S = s^,^ + jSj^ is the same as for RCG Control and LFSG, as 

defined by (7.40). The design constants and cje are seiected relatively small. 

The Linear-VSC control law produces the reference stator voltage vector 

u] = u]j + ju]^, in stator flux reference frame 

1 
s 

1 
Usq = {KpT + K,r + Ky^cr sgnC r̂e)) + s 

(7.45) 

(7.46) 

where gains Kp and Kj are seiected in the same way as for Linear-DTC. 

In particular, Kp and Kj of both controllers are seiected such that the linear part 

of the controller gives adequate dynamic response. An additional gain, Kysc, has been 

used for the discontinuous part of both controllers. Modifying Kysc allows fmding a 

good balance between linear behavior and VSC behavior. With Kysc large enough, the 

system works as a VSC, while small or zero Kysc leads to linear behavior. 
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Figure 7.25 Linear and Discontinuous Feedback - Direct Torque Control block diagram 
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The separation between these two modes, linear and discontinuous, is evident 

from (7.45)-(7.46). During transient operation, tlie torque and flux errors are large and 

the linear PI component action is strong. In steady state, the discontinuous mode is 

dominant and switching behavior is obtained. This situation is the opposite of the one 

in the LFSG case. This scheme has the advantage that the two modes can be easily 

balanced by modifying the PI and VSC gains. 

The reference voltage is transformed to stator frame, wf = , and wf is 

realized by means of SVM, which produces the VSI switching signals Sa, Si,, Sc. The 

DTC enhanced overomodulation from Figure 3.13, is employed whenever the reference 

voltage is too large to be realized by linear modulation. 

Similarly to LFSG, in order to reduce the chattering, a boundary layer was 

introduced, by replacing the sign function with the saturation function (5.45). Inside 

the layer the VSC becomes high gain Linear-DTC and the error is driven toward zero 

by the PI controllers. Outside the layer, the system exhibits discontinuous behavior. 

Experimental results 

The Linear-VSC sensorless drive realization is based on the generic block 

diagram from Figure 7.15. The "VSC&SVM" block includes the Linear-VSC control 

from Figure 7.25, while the state observer is one of the SMO-s presented in Chapter 5. 

The motor under test is Machine 2 (/'A/=1.1 kW, T̂ A—7 Nm, Appendix B). 

Experimental results with Linear-VSC are presented in Figures 4.26 to 4.28. 

These figures show steady state operation at zero speed, reversal at 6 rpm and startup 

transients, all obtained with modified voltage model flux estimator. The Linear-VSC is 

able to sustain zero speed, full load operation with any linear or nonlinear state 

observer, presented in Chapters 4 and 5. 

Very low speed sensorless operation at 3 rpm, flill load, with Linear-VSC and 

modified SMO are presented in Figures 7.26 and 7.27. Compared to all other methods, 

Linear-VSC exhibits the best low speed behavior. However, only minor differences 

exist. As demonstrated, all control methods are capable to run at O rpm and 3 rpm, 

under full load, for an undetermined period. The current estimation error is very low 

and the instantaneous current is not too much distorted, Figure 7.27. 
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Figure 7.26 Very low speed sensorless operation with Linear-VSC and modified SMO 
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Figure 7.27 Estimated instantaneous stator current during 3 rpm sensorless operation with 

Linear-VSC and modified SMO 
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Figure 7.28 Sensorless operation at ±6rpm and reversal under full load, with Linear-VSC 
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Figure 7.29 Estimated stator flux, rotor flux and current during reversal from +6rpm to -6 

rpm, in full load sensorless operation, with Linear-VSC 

BUPT



216 o Direct Torque Control of Sensorless Induction Machine Drives 

Ver>̂  low speed reversaL with the same control system, is presented in Figure 

7.28. In this case, regenerative and motoring sensorless operation at 6 rpm, fiill load is 

demonstrated. The speed control is fast and stable. 

The instantaneous stator flux, rotor flux and stator current and the current 

vector trajectory, during speed reversal from +6 rpm to -6 rpm, are shown in Figure 

7.29. This illustrates the performance of the flux controller. 

Acceleration transients from standstill to 1500 rpm, with Linear-VSC sensorless 

drive are presented in Figure 7.30. The torque response and the speed control are 

excellent despite of some flux oscillations. 
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Figure 7.30 Acceleration from O rpm to 1500 rpm with Linear-VSC and generalized SMO 
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The flux shows certain sensitivity to torque and speed transients. This 

resembles very much to the sensitivity of the RCG Control, shown in Figure 6.10, and 

is due to the flux controller. The current estimation error is low, an indication that the 

state observer is robust and behaves very well. 

Torque transients with Linear-VSC, during acceleration from standstill, are 

presented in Figure 7.31 A reference torque step of 12 Nm {TeN=l Nm) is applied at /=10 

ms. The torque reaches 12 Nm in one millisecond. As expected, the behavior of Linear-

VSC is the opposite of the LFSG behavior. During torque transients it exhibits linear 

behavior, without ripple, while in steady state it shows very small chattering, like VSC. 

This behavior is convenient because the presence of VSC increases the robustness. The 

chattering level can be controlled by the Kysc gain. 

The flux control is also very good. Figure 7.3l.b resembles to Figure 7.20.b for 

RCG Control and both are slightly better than Figure 7.24.b for LFSG. However, the 

Linear-VSC torque response is better than that of the RCG-Control The current 

estimation error is low, indicating the excellent robustness of the SMO. 

E 
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-l 1 1 T" 

o 0.02 0.04 0.06 0.08 0.1 
Time [s] 

a. Estimated torque - Linear-VSC 
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c. Estimated torque - time zoom 
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0 4 
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0.08 0.1 

d. Current estimation error 

Figure 7.31 Torque transients with Linear-VSC control and generalized observer 
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7.5 Conclusions 

Direct torque and flux control (DTC) strategies for sensorless induction machine 

dri\ es are presented in this chapter. The classical DTC strategy and its advantages and 

limitations are presented in the first part. Existing and new DTC solutions based on 

variable structure control are described in the second part. 

Four new schemes for direct torque and flux control of sensorless induction 

machine dri\ es are introduced and analvzed. Extensive experimental results are provided. 

It is of interest to compare the performance of the proposed DTC schemes and to provide 

recommendations for future use. This is not eas\. since all proposed schemes show ver> 

good static and d>Tiamic performance and only minor differences exist. 

All proposed schemes. Linear-DTC. RCG Control, LFSG and Linear-VSC have 

been tested at zero speed under fîill load and all behave satisfactorily. The lowest nonzero 

speed tested was 3 rpm, and all schemes were able to sustain stable, continuous 

sensorless operation at 3 rpm, full load. The highest speed tested with all schemes was 

3000 rpm, corresponding to twice the motor's rated frequency. Thus, the speed range of 

all strategies is 1:1000 in sensorless operation. 

In terms of torque control, all strategies were able to achieve torque response of 

one millisecond, excepting for the RCG Control that realizes two or more milUseconds. 

This performance is obtained at zero speed and is the same as the DTC performance. All 

strategies exhibit vei^' low torque and current ripple, far better than classical DTC. From 

this point of view, aii strategies accompUsh the most important requirement: fast torque 

response and low torque ripple. The acoustical noise associated to these is practically 

inexistent, while the acoustical noise produced by DTC is annoying. 

In terms of flux control there are some small differences. The Linear-DTC and 

LFSG exhibit better flux control during torque and speed transients. The RCG Control 

and Linear-VSC show some sensitivit> and the estimated flux oscillates. However, in all 

situations, the speed and torque control are insensitive to these flux oscillations. In all 

situations, the estimated stator and rotor flux have lower ripple than in a DTC drive. 
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Overall, the torque and flux control performance of all proposed schemes is 

excellent. Compared to classical DTC, they exhibit equally fast torque and flux control 

with very low ripple. Linear-DTC has standard linear behavior, while RCG Control has 

typical sliding mode behavior. LFSG has switching behavior during transients and linear 

behavior in steady state. Linear-VSC has linear behavior during transients and VSC 

behavior in steady state. In all cases, the flux and torque control is achieved directly, 

without current control and Space Vector Modulation is employed. 

Nevertheless that all proposed methods are more complex than DTC. Time 

measurements have shown that, with the available hardware (Appendix C), the classical 

DTC algorithm, including state estimation, takes less than 50 fis, while the proposed 

algorithms take 60 |is to 70 |is. These times are for C language based implementation on 

floating point, 32-bit DSP. It is considered that the advantages of the new methods pay 

off for the small time difference. 

All proposed schemes are stator flux oriented, stator flux controlled schemes. 

These strategies are DTC strategies because there is no current control. The torque and 

flux are directly controlled by means of linear or nonlinear controllers, as in DTC. 

Extensive experimental results support the above statements. Only the most 

significant results have been presented herewith. Most of the results have been obtained 

with the same physical setup (Appendix C) and only the control strategy and/or the state 

observer were changed. In this way, comparing different results is meaningful. For 

example, for all strategies (DTC, Linear-DTC, RCG, LFSG, Linear-VSC) the sampling 

frequency was^=10 kHz (Figures 7.12 to 7.31). Another set of experiments that compare 

Linear-DTC to classical DTC (Figures 7.9 to 7.11), the sampling frequency was 

kHz, for both strategies. 

More experimental results with Linear-DTC and classical DTC have been 

reported in [34], while results with VSC-DTC strategies were reported in [35". 
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8 CONCLUSIONS 

The present thesis is devoted to high performance direct torque and flux control 

of sensorless induction machine drives. It approaches the most important features of 

sensorless drives, the state estimation and the torque and flux control. The most 

important existing solutions for DTC sensorless drives are analyzed and several novei 

or entirely new solutions are proposed. 

The thesis is structured on eight chapters. Chapter one makes a short 

introduction to adjustable speed drives with induction machines. Several basic 

defmitions and classifications are provided here. The basic schemes for induction 

machine vector control are presented. 

Chapter two is devoted to induction machine modeling. The induction machine 

general model based on space vectors is discussed. The most important state space 

models are described. Induction machine models including saturation and iron looses 

are also presented. 

Chapter three is devoted to Voltage Source Inverter modeling. The basic 

topology of the VSI is presented and the space vectors based model of the VSI is 

given. The most important nonlinearities of the VSI are described and methods to 

compensate for those are presented. The Space Vector Modulation strategy is 

described in detail, including overmodulation strategies. 

Chapter four approaches the state estimation for induction machine sensorless 

drives. The most important existing asymptotical observers and estimators are 

described. A new concept of inherent sensorless observer is introduced and several 

new or improved schemes of state observers and estimators are proposed and 

analyzed. Simulations and experimental results are provided. 
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Chapter five approaches the induction machine state estimation by means of 

sliding mode obsen'ers. The most important sliding mode observers are described. The 

inherent sensorless observer concept is extended to sliding mode observers and a new 

sliding mode observer is developed and analyzed. Simulations and experimental 

results are provided. 

Chapter six presents speed observers for induction machine sensorless drives. 

The existing solutions based on fundamental excitation are discussed. A new speed 

observer based on mechanical model is introduced. Simulations and experimental 

results are provided. 

Chapter seven presents the direct torque and flux control for induction 

machines. The classical DTC strategy is presented first. In the second part, four new 

DTC solutions that offer improved behavior and similar dynamic performance as DTC 

are proposed and analyzed. Simulations and experimental results are provided. 

The following contributions are believed to be new: 

• The DTC enhanced overmodulation concept has been proposed in chapter 

three. Two practicai solutions, which enhance with DTC, two existing OVM 

schemes, have been proposed. 

• The inherent sensorless observer concept for induction machine state estimation 

has been developed in chapter four. Three new inherent sensorless schemes 

have been proposed, analyzed, simulated and experimentally tested. This 

observer is very useftil in sensorless drives. 

• A new scheme for stator resistance estimation was proposed and tested. 

• A modified scheme for an existing Jansen-Lorenz flux observer has been 

proposed in chapter four. Simulation and experiments are provided. 

• Experimental results with a modified voltage model estimator have been carried 

out for the first time. The results are presented in chapter four, also. 

• The inherent sensorless observer concept has been extended to sliding mode 

state observers, in chapter five. Four new inherent sensorless sliding mode 

observers have been proposed, analyzed, simulated and experimentally tested. 
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This observer provides increased robustness and is also very useful in 

sensorless drives. Extensive experimental results are provided. 

In chapter six, a new speed observer, based on the meclianical model of the 

drive and on PLL theory, is proposed. Two very similar schemes have been 

analyzed, simulated and tested. Extensive experimental results are provided. 

A modified scheme for Model Reference Adaptive speed estimators has been 

proposed in chapter six. It was experimentally tested, also. 

In chapter seven, a new generic DTC scheme is proposed. Four variants of this 

basic scheme are developed. The fist one, called Linear-DTC is a linear torque 

and flux controller. The other three schemes are based on Variable Structure 

Systems theory and implement the same torque and flux controller in as 

variable structure controllers. AII proposed schemes achieve the same dynamic 

performance as DTC and better steady state performance. 

AH proposed observers and controllers have been integrated into several 

sensorless drives that have been extensively experimentally tested. Some of 

these drives are entirely based on variable structure control, since both, the state 

observer and the controller are variable structure systems. Others use linear 

observers and controllers and are linear systems. 

Experimental results at very low speed, including zero speed and 3 rpm, in 

sensorless operation, have been carried out. Very low speed motoring and 

regenerative operation has been demonstrated. As far as it is known, the 3 rpm 

is the lowest speed ever obtained in sensorless operation. 

The future work on this fascinating subject will be devoted to: 

Induction machine sensorless position control based on sliding mode estimation 

and variable structure control. 

Direct torque control based on nonlinear decoupling, feedback linearization and 

variable structure control. 

Improvements of the proposed solutions and development of very high-speed 

sensorless induction machine drives. 
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APPENDIX A 

FUNDAMENTALS OF NONLINEAR SYSTEMS 

STABILITY THEORY 

Nonlinear systems 

A nonlinear dynamic system can, usually, be represented by a set of nonlinear 

differential equations in the form 

dx/dt = f{x,u,t), (A.l) 

where / i s a «xl nonlinear vector function, x is the «xl state vector and u is the mx\ 

input vector. A solution of (A.l) usually corresponds to a curve in state space, as 

t-^oo and is referred as a state trajectory or a system trajectory. 
Defmition A.l (Autonomom Systems) The nonlinear system (A.l) is said to 

be autonomous i f / does not depend explicitly on time, i.e., if the state equation can be 

written 

d x l d t ^ f i x ) , (A.2) 

Otherwise, the system is called non-autonomous. 

The fundamental difference between autonomous and non-autonomous systems 

is that the state trajectory of an autonomous system is independent of the iniţial time, 

while that of a non-autonomous system generally is not. Autonomous linear systems 

are called time-invariant, while non-autonomous linear systems are called time-

varying systems. 

It is possible for a system trajectory to correspond to only a single point in state 

space. Such a point is called an equilibrium point. 

Defmition A.2 (Equilibrium Points) A state x* is an equilibrium state, or 

equilibrium point of the system (A.l) if, once x{t) is equal to x*, it remains equal to x* 

for all future time. Mathematically, this means that x* satisfies 0=y(x*). 
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Stability and instability 

Nonlinear systems behavior is complex and their analysis involves a number of 

refined stability concepts, such as asymptotic stability, local and global stability, etc. 

Defmition A.3 (Stability) The equilibrium state x* is said to be stable if for 

V / î > 0 , 3 r > 0 , suchthat, if !|x(0)-x*|| < r => ||x(0-x*|| < f o r Vr>0. 

Othervvise. the equilibrium point is unstable. 

Essentially, stability (also called Lyapunov stability) means that the system 

trajectory can be kept arbitrarily close to x* by starting sufficiently close to it. 

Defmition A.4 (Asymptotic Stability) The equilibrium point x* is said to be 

asymptotically stable if it is stable and if, in addition, states started close to x* actually 

converge to x* as time goes to infmity, i.e. 

V/?>0, 3 r > 0 , suchthat, if ||x(0)-x*|| < r => ||x(0-x*|| ^ O, as t^oo. 

An equilibrium point that is Lyapunov stable, but not asymptotically stable is 

called marginally stable. 
Definition A.5 (Global Stability) If asymptotic stability holds for any iniţial 

state, the equilibrium point is said to be globally asymptotically stable (or stable in the 
large). Otherv^'ise, the stability is local. 

Linear time-invariant systems are either asymptotically stable, or marginally 

stable, or unstable. Linear asymptotic stability is always global and linear instability 

always implies exponenţial blow-up. The following theorem is a comerstone of 

nonlinear systems stability analysis. 

Lyapunov theorem for global stability 

Theorem TI (Global Stability) Consider a nonlinear autonomous system 

dx/dt = f{x), (A.3) 

Assume that there exists a scalar function V of the state x, with continuous first 

and second derivatives, such that, for the whole state space 

1. V{x) is positive definite, i.e., F(0)=0 and F(x)>0 for any x̂ ^O, 

2. dV{x)/dt is negative definite, i.e., -V(x) is positive definite, 

3. F(x) is radially unbounded, i.e., V(x) ^ oo as ||x|| —> oo. 

Then the equilibrium point at the origin is globally asymptotically stable. 
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The basic philosophy of Lyapunov theorem is the mathematical extension of a 

fundamental physical observation: if the total energy of a system is continuously 

dissipated. then the system, whether linear or nonlinear, must eventually settle down to 

an equilibrium point. Thus, the system's stability may be examined by means of a 

single, energy like scalar function. 

Although many Lyapunov functions V may exist for the same system, there is 

no general way of fmding such functions for nonlinear systems; the specialized 

literature gives mathematical formal approaches to constructing Lyapunov function 

candidates [1]. However this is of little use for complex systems. 

On the other hand, if engineering insight and physical properties of the system 

are properly exploited, then an elegant and powerfUl Lyapunov analysis may be 

possible for very complex systems. It is the case of electric drives, where properly 

selected Lyapunov function may be helpful in designing certain system parameters, or 

may suggest the structure of an entire subsystem (speed estimators, for example). 

Lyapunov theorem for nonautonomous systems 

Theorem T2 (Global Stability) If, for a non-autonomous dynamic system 

dx/dt = f{x,t), there exist a scalar function V(x,t) with continuous parţial 

derivatives, such that, conditions 1, 2, 3 from Theorem TI, and condition 

4. V(x,t) is descrescent, i.e., V(0,t)=0 and, V(x,t)<V\x) for Vr>0, where V'ix) is 

a time-invariant positive definite function, 

are all satisfied, than the equilibrium point at origin is globally uniformly 

asymptotically stable. 

Global stability for linear time-invariant systems 

Theorem T3 (Asymptotical Stability) A necessary and sufficient condition 

for a linear time-invariant system dx/dt - Ax + Bu to be strictly stable is that, for any 

symmetric positive definite matrix Q, the unique matrix solution P of equation 

Ă'P + PA = -Q, (A.4) 

to be symmetric positive definite. Equation (A.4) is the Lyapunov equation. 
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Defmition A.6 (Positive definite matrices) A square nxn matrix M is 

positive definite if the quadratic function/=x^Mr is a positive definite fiinction, where 

X is an arbitrary nonzero «x 1 vector. 

Altematively. a linear time-invariant system is asymptotically stable if and only 

if the system's matrix is Hurwitz, i.e. aii its eigenvalues are located strictly in the left-

half plane. Unfortunately, this does not apply to linear time-varying systems [1]. For 

such systems a Lyapunov t\'pe analysis must be performed. A simple result, however, 

can be derived in this way. 

Global stability for linear time-varying systems 

Theorem T4 (Asymptotical Stability) The time variable dynamic system 

dx I dt = A{î)x + Bu is asymptotically stable if the eigenvalues of the symmetric 

matrix A{t)+A{t)^ (all of each are real) remain strictly in the left half complex plane. 

Lyapunov stability theorems TI, T2 and T4 are sufficient stability conditions 

for dynamic systems stability. Lyapunov theorem is also known as Lyapunov 's direct 
method. A large number of specialized theorems and other valuable results are 

available for stability and dynamic behavior analysis of nonlinear systems. These 

include Lyapunov's linearization method that serves as the fundamental justification of 

using linear control techniques in practice, Popov's criterion, Barbalat's lemma, 

Kalman-Yakubovich lemma, invariant set theorems and others [1]. 

References 
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APPENDIX B 

INDUCTION MACHINES 

AII experiments and simulations presented herewith have been carried out 

utilizing two industrial standard induction machines. Specifications, nameplate data 

and parameters of these machines are presented next. 

Machine 1 

Producer: ABB 

Type: M2AA112M IP55, isoiation class F. 

Nameplate data: Px = 4.0 kW 

380-420 V, Y 4 = 8.9 A 

U :̂ = 220-240 V, A = 15.4 A 

/A = 50 Hz 

«v= 1430 rpm 

TA-= 27 Nm 

cos(p = 0.8 

Parameters: Rs= 1.55 Q. 1.35 Q 

L, = Lr = 0.172 H !;„ = 0.168 H 

J = 0.015 kgm^ 

Rotor: squirrel cage 

Machine 1 was used for all simulations and for experiments with Classical 

Direct Torque Control (DTC), Linear Direct Torque Control (Linear-DTC) together 

with Luenberger Observers and Jansen-Lorenz observers. 
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Machine 2 

Produceri Electromotor Timişoara, Romania 

Type: B3-90Sxl.lxl500S IP44, isolation ciass F. 

Nameplate data: Ps = 1.1 kW 

f/v = 380 V, Y 4 = 2.77 A 

C/v = 220 V, A /v = 4.82A 

/ v = 5 0 Hz 

1410 rpm 

n = 7A5 Nm 

cos(p = 0.79 

Parameters: R, = 5.46 Q Rr = 4.45 Q 

Ls = Lr = 0.492 H L,„ = 0.475 H 

J = 0.008 kgm^ 

Rotor: squirrel cage 

Measured data for magnetizing inductance L„ versus main flux magnitude v|;;„ 

and shortcircuit inductance Lsc=L\o+L2a versus phase current are presented in Figure 

B.l. The magnetizing inductance is approximated as 

(B.l) 

jt=i 

where co=0.002093 H, c,=3.3311 H, C2=-10.6093 H, C3=17.1183 H, C4=-13.2716 H, 

C5=2.93556 H. 

The shortcircuit inductance is approximated as 
+ (B.l) 

where Co=0.068835 H, c,=-0.03088 HA•® ̂  C2=0.012381 HA"', ^3=0.001773 HA"' ^ 

In both cases, coefficients Ck have been determined by the least square method. 

Experimental torque versus slip and current versus slip characteristics, for 

Machine 2, are presented in Figure B.2. 
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ls(A) 

a. Magnetizing inductance versus main flux b. Shortcircuit inductance versus current 

Figure B.l Magetizing inductance and shortcircuit inductance of Motor 2 

< 1 5 -

Figure B.2 Torque versus slip and current versus slip characteristics of Motor 2 

DC Generator 

Type: Permanent magnet DC servomotor P1COL20 

Nameplate data: T^ = 20.3 Nm T„,a:, = 180 Nm 

h^=36.2 A, 

«mox = 2000 rpm 

4 a . = 321 A 

J = 0.07 kgm^ (measured) 
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APPENDIX C 

EXPERIMENTAL SETUP 

The experimental setup of the sensorless DTC drive is presented in Figure C.l. 

The hardware setup contains a multiprocessor system with two Digital Signal 

Processors (DSP) and other hardware. Its components are: 

1. The personal computer (PC) accomplishes two flinctions: software development 

for the DTC sensorless drive and monitoring and data acquisition. For software 

development, firmware software tools (compilers and debuggers) have been 

used. For monitoring and data acquisition, dedicated software, called Spectrum, 
has been developed. 

2. The ADSP-21062 EZ-LAB board contains the ADSP-21062 SHARC Digital 

Signal Processor (DSP) from Analog Devices. It is a powerftil, floating-point, 

32-bit processor with Super Harvard architecture, powered at 33 MHz clock 

frequency. This subsystem is responsible for the realization of estimation and 

control algorithms. AII algorithms described herewith were developed in C 

language for the ADSP-21062 EZ-LAB platform. 

3. The TMS320F243 EVM board contains the TMS320F243 DSP fi-om Texas 

Instruments. It is a fixed-point, 16-bit DSP with Harvard architecture, powered 

at 20 MHz clock frequency. This subsystem contains the VSI interface and is 

responsible for maşter sampling period generation, and for PWM generation. 

Programs for this platform were developed in C language and in assembler. 

4. The Voltage Source Inverter is an industrial, open architecture inverter, 

VLT5004, from Danfoss, Dermiark. Its nameplate data are: rated power 5,v=4.3 

kVA, motor shaft rated power PA=2.2 kW (3 HP), rated voltage ^4=380 V, 

rated current 4 - 5 . 6 A. It is operated at 10 kHz switching frequency, with 2 |is 

dead time. 
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Figure B.2 Experimental setup of the sensorless DTC drive 

5. The analog interface contains two boards: the current and voltage sensors board 

and the analog to digital conversion (ADC) board. The ADC is a simultaneous 

sampling, four-channel device, with 4 fis conversion time. 

6. The induction machine is either Machine 1, or Machine 2. When Machine 1 

was used, a more powerflil inverter, VLT5008, also from Danfoss, was 

employed. The DC generator was connected to induction machines. 

7. For speed monitoring only, an encoder with 5000 lines was employed. 

This architecture is powerflil and flexible and allows fast software 

development. The interface between the two DSP boards is realized by a fast dual-port 

memory. Another dual-port memory (ADSP internai memory) connects the ADSP to 

PC. The communication between PC and TMS is realized on the standard parallel 

interface using firmware software. In normal operation, three programs run 

simultaneously: one on each DSP platform and one on PC. 

Nevertheless that the dual processor system operates stand-alone. The PC is 

only a supervisor and user interface. The VSI receives the switching signals from the 

EVM module trough a fiber optics interface. The current and vohage information is 

measured by the ADSP with 10 kHz sampling frequency. The ADSP executes the 

estimation and control algorithms and sends the modulation signals to TMS that 

implements the SVM. 
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The software package developed for the induction machine sensorless DTC 

dri\ e contains the following major software projects: 

1. The simulation project. It is developed in C++ language for PC and 

ADSP21062 and contains 21 files and a total of about 17000 lines of code. The 

program is based on object-oriented technology and it is able to perform real 

time simulation (hardware on the loop simulation) in connection with the 

powerful EZ-LAB platform. In this case, the estimation and control algorithms 

run on the ADSP processor and the PC simulates the motor. 

2. The DTC project. It is developed in C language and assembler for the EZ-LAB 

and EVM platforms and implements the proposed estimation and control 

algorithms for the real drive. This project contains 27 files with about 1000 

lines of code. The code is developed for real time execution. 

3. The Spectrum project. It implements a user-friendly interface developed in C++ 

language that realizes the data acquisition from the EZ-LAB platform. It 

implements the sensorless DTC drive user interface that allows the user to 

control the drive operation from the computer's keyboard. This project contains 

7 files with about 2000 lines of code. 
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